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INTRODUCTION

One of the most active and rapidly changing areas of
modern biology is the study of membrane structure and function.
Many new hypotheses are evolving, leading to a concept of the
membrane as a complex, dynamic structure with unique biological
properties which receives signals from and transmits signals to
the environment, controls the permeation of nutrients, regula-
tes the action of certain drugs and hormones, modulates cell
to cell interactions and communications, and influences cell
growth and differentiation.

The present view of biomembrane structure is that a lipid
bilayer is the basic matrix into which and around which the
various proteins are situated. Not only can the proteins be at-
tached to the outside of the lipid bilayer but in many cases
the proteins are embedded within and can span the bilayer. In
the living cell most of the membranes exist in a fluid, "liquid
crystalline" state. The biochemical functions of membrane-
bound proteins may be regulated by the physical state of the
lipid matrix, and, in turn, the proteins might disturb their
lipid environment, significantly changing its mobility.

Numerous physical methods have been applied to elucidate
different aspects of membrane structure - from X-ray diffrac-
tion providing a static, timeraveraged picture of the membrane
to magnetic resonance methods which furnish information on the
dynamic processes in the membranes and are sensitive to both
environment and motion of different chemical groups. A detai-
led structural organization of unaltered biological membranes
cannot be ascertained by direct observation or measurements,
hence a solution to this problem has to be derived indirectly
by piecing together partial informations obtained by several
methods, critically estimating the relevance and relative im-

portance of available data.



Recently it has been proved that laser Raman spectro-
scopy is a powerful method for structural investigations
of both lipidamd protein components of model and biological
membranes. An advantage of this technique is that it does
not require the introduction of a foreign probe molecule
/as in the case of electron paramagnetic resonance/ which
could pertirb the membrane and disrupt the weak ordering
interactions between the membrane constituents. Since wat-
er is a poor Raman scatterer [/in contrast to its strong
infrared absorption/ the drying of membrane preparations
which often complicates the biological applications of IR
spectroscopy, is not necessary. Unlike other physical tech-
niques, Raman measurements can be made with ease in single
crystals, powders, fibers, aqueous solutions or even in-
tact biological specimens.

In the present work laser Raman spectroscopy has been
applied to investigate lipid-ion interactions playing im-
portant role in excitation processes, ion permeation, ion
binding and ion exchange properties of biological membranes.
Prior to understanding the Raman spectra of naturally oc-
curing membranes, it is necessary to examine model membrane
systems. Among others, the phospholipid-water multilayer
dispersions are accepted and widely used as a model for
the more complicated cellular membranes. In our studies
the structural behaviour of dipalmitoyl phosphatidyl choline-

-water multilamellar system was studied in the presence of

+ + + + 2+
mono—- and divalent cations /K+, Na , Cs , Rb , Ca2 , Mg™ ,
- - - - - 2=
ca®*, Ba®*/ and anions /cl”, Br , NO3, so§ , sof1 , 5,037,
szog'/. Special attention was paid to the influence of

iodine species /IZ’ 1, I;/ on the lipid bilayer structure
in order to find supporting data for conduction mechanisms

of iodine-doped bimolecular membranes [BLM/, suggested pre-



viously on the basis of electric measurements. The Raman
spectroscopic data have been evaluated quantitatively by
calculating and comparing the intensity ratios of confor-
mational sensitive Raman bands and trans and lateral order
parameters of which the first gives the fraction of all-
~trans bonds in the lipid hydrocarbon chains while the
second provides a measure of the lateral order between the
chains. Detailed analysis has been performed on the applica-
bility of the introduced order parameters in the case of

interactions of ions with lipid polar groups.

I. RAMAN SPECTROSCOPY AND ITS APPLICATION TO STRUCTURAL

INVESTIGATIONS

Raman scattering /or combination scattering/ is one
of the processes resulting from the interaction of radiation
with matter. A characteristic feature of Raman scattering
is the change in the frequency of the scattered light in
comparison with the primary /exciting/ radiation /[/1-5/.

Raman scattering was discovered in 1928 simultaneously,
by C.V. Raman and K.S. Krishnan in liquids and G.S. Lands-
berg and L.I. Mandelstam in quartz crystals. Long before
these discoveries, Lommel developed the mathematical theory
of light scattering by anharmonic oscillator, according to
which the scattered radiation should contain shifted /[com-
bination/ frequencies. Smecal /1923/ suggested similar re-
sults on the basis of quantum concepts. These theorstical
predictions, however, had no relation to the actual dis-

covery of Raman scattering.



If radiation with frequency v¢ and intensity Io jil=
luminates a suitable transparent specimen along with the
strong scattering at unshifted frequency v, /elastic scat-
tering/, due to Rayleigh and Tindal effects, a low-inten-
sity scattered light at altered frequencies giv‘, /unelas-
tic scattering/ is observed and is called Raman scattering.

The frequency shifts V, are equal to the frequencies of
molecular motions /vibration or rotation/ in the sample.

The frequency units usually employed in vibrational spectro-
sScopy are reciprocal centimeterS/cm_l/, or wave-numbers de-

: SRR 1 ;
fined as ¥ /cm /] = Y where A is the wavelength.

sample
Q ::’0——"——""'> spectrometer
~ Rayleigh
laser scattering
spectrum
Raman Raman
anti- Stokes Stokes

;v_l

vt Vo Vo— W

Fi - l.

Schematic illustration of an arrangement for obtain-
ing a Raman spec¢trum with a laser light source. Ve is
the frequency of the incident light and vibrational
frequencies are represented by v,, . /The Rayleigh peak
in an actual scattering spectrum is several orders of
magnitude larger than the Raman peaks./



Usually the position of a Raman band is characterized not
by the absolute value of its frequency y' /cm-l/ but by
its shift AY from the excitation band V, /cm-l/, i.e.

AV[em™]) = Y, [em™'] - V' (cm™]

Radiation which has increased frequency /9;*-2,/ as a re-
sult of energy transfer from the scattering system is known
as anti-Stokes radiation and that which has decreased energy,
i.e. lower frequency /9,‘ “;/ is known as Stokes radiation.
For energy to be removed from the scattering system, some
excited energy states must be populated initially. In the
equilibrium the population of states is given by the Boltzman
distribution equationand it decreases exponentially with in-
creasing energy difference between the ground and excited
state. From this follows that the intensity of anti-Stokes
bands is lower than that of the corresponding Stokes bands
and decreases rapidly with increasing frequency shift from
the exciting band.

Both infrared [IR/ and Raman spectroscopy provide in-
formation on the vibrational and rotational motion of the
molecules /Fig. 2./. However, the factors which determine
the Raman scattering intensities are different from those
involved in the absorption of IR radiation. The activity
of a particular vibrational mode in the IR spectrum is a
function of dipole moment change during vibration. In con-
trast, Raman active vibration modes are accompanied by a
change in the polarizability of the molecule. This makes
the two techniques complementary in the studies of molec-
ular motions.

It is important to sharply distinguish Raman scatter-
ing from fluorescence, where the frequency of the re-emit-
ted radiation is also changed /Fig. 2./. In the latter re-
sonant absorption occurs and, after a measurable /10_8-10—9
sec/ life-time of the excited electronic state, is followed
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Schematic comparison of various processes: Ray-
leigh, Stokes Raman, anti-Stokes Raman, infra-
red, resonance Raman, and fluorescence.

by emission involving either the same or different lower
state.

Raman effect takes its origin from ' the transitions
between rotational and vibrational levels of the ground
electronic state. In the Raman scattering the life-time
of the excited states is of the order of the vibrational
period-about lo_12 = lo-l4 sec, and excitations are con-
sidered as purely virtual states. In spite of this, es-
pecially for weakly-fluorescent materials, it is difficult
to separate experimentally Raman scattering and fluores-
cence and the theoretical difference is also not so clear-
cut, as could be supposed, if the excitation frequency is
within the absorption band of the scattering material /re-

sonance Raman effect/.



I. 1. Raman scattering - classical approach

I.1. A. Origin of Raman scattering . Polarizability tensor

No complete theory of Raman scattering can be built
without extensive use of quantum concepts., Some basic con-
clusions, however, can be derived from classical treat-
ment also. The fundamental physical principles used in
the classical theory of Raman effect can be formulated as
follows:

1. The light is scattered as a result of forced oscillations
of the molecular dipole induced by the electromagnetic
field of the incident light.

2. The light in the visible and near UV is mainly scatter-
ed by the electron shell of the molecule, the atomic
nuclei being displaced insignificantly due to the in-
cident radiation.

3. Raman scattering reflects the coupling between the move-
ment of electrons and the movements of atomic nuclei.
As the nuclei oscillate about their respective equilib-
rium positions /and also during their periodic motions
e.g. molecular rotations/ the deformability of the
electron cloud and consequently the induced dipole,
vary with the oscillation frequency of the nuclei. On
the other hand, deformation of the electron cloud may
induce addition vibratiors of the molecular nuclei, as
well.

From this classical point of view Raman scattering
is associated with the modulation of the induced dipole
moment by the molecular skeletal vibrations. An elementary
class&pal justification for this is as follows. If a light
wave € = ° cosaut hitsq}he molecule, it induces in it a
dipole moment B(‘U sol€



Here o is the polarizability of the molecule. In the clas-
sical theory polarizability is a phenomenological quantity,
which depends on the distance between the atomic nuclei at
any given time and reflects the deformability of the molec-
ular electron cloud. In general, the scattering system is
anisotropic, i.e. the ability of the electrons to move away
from their equilibrium positions under the action of the
electromagnetic field depends on the orientation of the
field relative to certain preferred axes in the scattering
system. Consequently, the polarizability, ;3 general, is
not a scalar and the induced dipole moment P Q9es not point
in the direction of the electric field vectorf . The com-
ponents of the induced dipole moment and the exciting elec-

tric field are related as follows

P, s §0L.‘.‘E“ (i,¢sxy,2) /1]

The nine coefficients d;x involved are called components of
the polarizability tensor /or scattering tensor/, which de-
scribes the properties of the scattered radiation. In fact,
the polarizability tensor is symmetric and only six of its
components are independent.

In harmonic approximation any vibrational movement of
a polyatomic molecule can be represented as a superposition
of vibrations of simple harmonic oscillators. Assuming that
c‘,::w;‘ ¢Oos (d;tqui) is the coordinate corresponding to vib-
ration with frequency &; , the polarizabilityes as a func-

tion of QJ can be expanded in a power series

(i) =ol, + (ﬁ}o Gi*- 12/



Substituting /2/ in the expression for '1-3' gives
P{t) .[ct. l’DQ/) Yio o5 (W t+5)1c s Wb *
J.. €ycosw,t + £ (,,’ )o Eo §iacos [(Wo-wi)e 5]+ 5,

3 (a?‘ E @.c cos C‘Uo"“’o)t *8.1

This is to be understood as implying'for each of the com-
ponents of the induced dipole moment P taking into account
all the components of the applied electric fiehiz.

The first term in the expression /3/ for ;.is responsible
for the Rayleigh scattering of the incident light at un-
changed frequency @, . The second and the third terms at
shifted frequencies u’,““’; and w,"'ﬂare responsible for the
Stokes and anti-Stokes Raman scattering, respectively. At
low incident intensities the values of the phase angles J'.
are different for different scattering centers and in this
case Raman scattering is incoherent. Evidently the condi-
tion that a particular molecular frequencytJ shall be ac-
tive in Raman scattering is ths the factor (-—-', shall be
different from zero. If higher terms in the expan51on are
taken into consideration, the intensities of overtones
/[vibrations with frequencies 2“’.’, 34 ; ««./ and combination
frequencies ‘J;" “).. can be related to the higher derivatives
of e .

I.1l.B. Intensity and state of polarization of scattered

light
According-.to classical electrodynamics a small oscil-
lating dipole P /induced dipole in the case of Raman scat-

tering/ emits electromagnetic radiation at the frequency



of its oscillation. The radiation intensityJI in a solid angle
4R is defined as the quantity of energy passing in unit time
through a surface element den of a sphere of radius R, centered
at the origin. The scattered intensity in the direction ?b at
distances much g{gater than the diameter of the scattering Sys—

tem for a dipoleP:\dlmating as a harmonic oscillator of fre-
quencyﬁi'is
14

- =, 12
dl = Qa:l‘c.’ ‘ [Pn]‘ dn /4]

It is clear from /1/ and /4/ that the intensity of scattering
depends on the relative directions of observation, illumination

and the electric field vector.

A typical experimental configuration is shown on Fig. 3,
where the incident laser beam travels along the X axis with

HX(Y,0)
Pe *© 'F[xn.n-‘{

Pularizer Scrambicer Schlr:lmi\(;ter
X Sample ;5
e - |
- I
v C ) :
A & Scattercd
¥ 31 Raman Bcam
4 o -~ Y ~ -
r;_ ki(eg,e )k, = X(Y,X)2
1
Incident
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Beam
E—O—# A . 1 - |
[ AV A ) 7 Y
1
I
7
#
1 X(Y,Y)2

Fig. 3.

A typical 90° Raman scattering configuration.



- 11 -

-
electric field € polarized in the directionY/i.e. Ey#o,
EX=O, EZ=O/ and the scattered light is observed along

the Z axis. In case of light scattering by a single
molecule with a fixed orientation in space, the intensities
of the scattered light polarized in the X and Y directions
/i.e. with electric vector parallel to X and Y axes , res-

pectively,/ are expressed according to /l/and/4/ as follows
2 2

I /polarized along the X axis/ ~ o(xy E /5]
I /polarized along the Y ax1s/~£y, Ey 16/
and

2 P 2
I /total]/ o ("‘y + <, ) E, 171

For a system consisting of randomly oriented molecules
in case of incoherent Raman scattering the total scattering
intensity is propertional to the number of scattering mole-
cules, and the expressions /5/ - /7/ should be averaged
over all the various orientations the molecules can have,
relative to a system of fixed axes.

The components of the polarizability tensoref /in our
case atx’. and ",y/ will change upon rotation of the molec-
ular coordinate system. For special coordinate system the
matrixel will take a diagonal form, its components [ely, oy,
6(3/ known as the principle polarizabilities. Of consider-
able importance in Raman spectroscopy are certain functions
of the polarizability tensor components which are invariant
towards the rotation of the coordinate system. These are
the mean polarizability

& = ‘3!" (obux +olyy *elzz) -"3" (&% oty *at3) Y

and the anysotropy
822 3 [(otxx ~tyy)*+ (otyy ~otaz) by fzzmsbm) ® o /9/

-

6(°¢va * oLy - oﬂxll AL RSN CER PR
+ (tg -y)*]



It_can be also shown that the mean square quantities 0(:;, and
c(;', , and consequently the intensity of the scattered radia-

tion are expressible in terms of invariants of the scattering
tensor oL and [5.' . In termg of the scattering tensor invari-
ants the total scattering intensity of a system of randomly
oriented molecules is proportional to(“si""'ﬁ‘)“vl., where Ny
is the number of molecules per unit volume and IO is the in-
tensity of the excitation source.

Usually to characterize the polarization of the scat-
tered radiation the so-called depolarization ratio 9‘ is

.introduced, which in notations used on Fig.3., is expressed

2° 1 (xXLY,X]Z]
S¢ * TrxvMIZ]

The subscript f indicates linearly polarized incident radia-

/10/

tion. Two spectra are needed to determine this ratio: one
with the polarizer oriented parallel to the axisXand the
other with the polarizer oriented parallel to the Y axis.
The scrambler between the polarizer and the spectrometer slit
is to eliminate the polarization dependence of the mono-
chromator response. IIX(Y.X)ZJ and I[x(y.@are often referred
to as I.L and I" , respectively.

In terms of the polarizability tensor invariants the
depolarization ratio is expressed as

3p* /11/
V¢ - 4522+ 4p

The Rayleigh scattering is accounted for by that part

of the incident dipole moment which is determined solely by
the polarizability tensor a(° of the molecule in its equilib-
rium configuration. That is why considering intensities and
the state of polarization of Rayleigh bands, the components

of elg should be used in calculations of tensor invariants

&.'. and P: . The mean-value invariant ;Z, of the polarizability



tensor &g can never vanish, for all molecules are electrical-
ly polarizable to some extent. On the other hand the anyso-
tropy invariant P:'may be zero, as in the case of electrical-
ly isotropic molecules. For these reasons in Rayleigh scat-
tering_fc is always less than 3/4.

The Raman scattering for a particular vibrational mode
of normal coordinate §x is determined by the derived polar-
izability tensor -'-"') ord'ln the same way as the Rayleigh
scatterlng is determined byd . In this case the components
of c( should be used in calculation of the invariants a( and
p‘z. There is a very important difference between e, and o'
o, must be always positive, whethere"may be either positive
or negative, or zero. Thus for Raman scatterlng o{if € 2
In certain circumstances bothe andﬁ may be s:Lmultaneous-
ly zero and Raman scattering will be forbidden. Rayleigh
scattering, in contrast is never forbidden.

Whenf =3/4 for a Raman line, it is conventionally de-
scribed as depolarized. Any line for whichft< 3/4 is said
to be polarized. In particular when = O the line is said
to be completely polarized. As will be discussed later, it
is the molecular symmetry which determines not only whether
a certain normal mode shall be permitted or forbidden in
the Raman scattering but also whether its Raman line shall

be polarized or depolarized.

I.l.C. Vibrational frequencies and modes

In terms of classical mechanics a polyatomic molecule
is treated as a system of point masses and in case of known
~geometry and known forces resisting deformation of bonds
and bond angles /known intramolecular force field/, the
vibrational frequencies and the amplj:tudes of atomic dis-

placements can be calculated. As in classical dynamics of
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isolated systems the problem is to find the form and
periodicity of the displacements which are consistent with
invariance of the total energy of the system.

In a first order of approximation the molecular vibra-
tions can be treated independently of rotational-transla-
tional and electronic motions. The vibrations of a molecule
can be described by a classical equation of motion of
Hamiltonian type. It has especially simple form if special
so called normal coordinates, which are linear combinations
of mass-weighted nuclear displacement coordinates are
chosen. The normal coordinates describe normal modes of
vibrations in which all of the atoms in a molecule move
with the same frequency and the same phase, that is, they
all pass through their equilibrium positions at the same
time. Any complex molecular motion can be regarded as a
superposition of normal modes. There are as many different
normal vibrations as there are vibrational degrees of free-
dom, that is 3N-6 or 3N-5 /for linear molecules/, where N is
the number of atoms in the molecule. After solving the
Hamiltonian equation of motion, the internal vibrational
frequencies of the molecule are obtained together with
the amplitudes of the atomic displacements at the corres-
ponding frequencies, which determines the actual mode of
the particular wvibration.

In practice, it is the vibrational frequencies which
are known /experimentally observable/ and from them, in
principle, the force constants of the intramolecular field
could be calculated. However, grave difficulties arise in
these calculations, for the experimental evidence /[the num-
ber of the observed vibrations/ is usually insufficient
to determine the field completely. Another serious problem

is the correct assignment of the observed vibrations.
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I. 2. Raman scattering - guantum approach

In quantum theory a system of particles immersed in
a radiation field is described by a wave function Y‘t),

which satisfies the wave equation

v A
h 3¢ :HY

112/

A
Here M is the system Hamiltonian which is written as a

sum of the molecule HamiltonianH m’ the electromagnetiAc
field Hamiltonian H and the 1nteraction Hamiltonian ™ int
which are generally assumed to be Hermitian operators.

In order to allow for damping, a molecu‘le Hamiltonian is
taken as a sum of a Hermitian operator Hm and a non-Hermi-
tian "dampinag operator" Hd’ which is assumed to be small
compared to Hm' In terms of Dirac’s time-dependent perturba-
tion theory the damping-free molecule and the radiation
field are cons1dered as the unperturbed" system with the
Hamiltonian H ﬂ + H , whereasH H +5

ded as the perturbation operator.

int is regar-
The solution of the wave equation [/12/ for the unper-
turbed system in the statef Wlth energy En can be repre-
sented as ¥, (1 t) = ‘l’ (x) 3-. .
The perturbation alters the state of the system. The solu-
tion of the fundamental equation /12/ for the perturbed
system is sought as a superposition of the eigenfunctions
of the unperturbed system:

\((x.t) s z 8,,“') Yn ('ct)

113/

2
Physically,‘ 5., (f’)‘ is the probability that at the time
the system occupies the unperturbed statef.
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'sn (¢ can as well be considered as a probability for
the transition from the initial state ™ occupied by the
system to the state®W during the time t under the action
of the electromagnetic field.

In general, the solution of the differential equations
for gn(t) is a highly conplicat'?d problem. In the particular
case when in certain interval¥ can be considered con-

int
stant with time and the p‘grturbatlon operator can be

represented as H (" t) HJ +H; int © “d + 'l “ (x)

/rl is a constant/, the following expression is obtained

for 6,.("}: Hmn 2 Home Hen
g, (t) - - " fomt®- ’3‘1‘: L e gy bamt)e
”‘ /14]

+ g ) Hmc "&n
U ¥ G-

Ay
Here H xi 1s the matrix element of the operator M ("for the
transition of the system from state ! to statek , defined

as

* Aa
A L

' .
EK: E".i"r‘, where (¢ characterized the width of the K-th
f_nergy level and is determined by the matrix elements of
Hd‘ fki/t/ are products of oscillating and damping factors,
~giving the time-dependence of bk/t/.

Equation /14/ contains three termes: the first de-
scribes direct transitions of the system from the initial
stateM to the state” /light absorption and emission/
and the second and third terms correspond to transitions

through intermediate states - Raman scattering and re-
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sonance fluorescence, respectively.

The expressions for the transition probabilities can
be applied in principle to determine the intensities of
the spectral bands corresponding tq, these transitions.
This requires the calculation of the matrix elements H.ki
/15/. In practice, these calculations can be carried out
only partially since the wave functions of complex molecules
are not known. The solution of the problem is nevertheless
of the greatest significance even in particular cases,
since it gives the actual expressions for the matrix ele-
ments and sheds light on the entire gquestion of line in-
tensities,

Taking into consideration the possibilities for the
realization of the Raman scattering through different in-
termediary states and introducing in /14/ the perturbation
operator from the known expression for the particle Hamil-
tonian in the electromagnetic field, the probability of

Raman scattering is found to be proportional to

Z—_ (€ Pem) (€' Pag) L@ P (& Pac’)
“)& wﬂ(tv... ‘Vo,) “)B «@'*i(Ynm—Ye) [16]

s 4 4
Here e and e’ are the unit vectors for the direction of
polarization of the exciting and scattered radiation, res-
[}
pectively,tJL and &) are the frequencies of the exciting
and scattered radiation, respectively, gq i ﬁ) = EC Em’
k1 &‘?q

P de where
is the molecular dipole inclusive of the induced moment.

represents the transition moment. P

In the case of«%'>)a) the following expression is ob-
tained for the intensity of the Raman scattering

IR s anw"‘

117]
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Here I is the intensity of the exciting radiation and @ is
determined by Smn and the term showing the time~dependence
of the probability of Raman scattering. From the compar-
ison of the classical and quantum expressions for the
Raman scattering intensity, the scattering tensor dgr

formally 1ntroduced in /1/ can be written as follows:

» L (Pntle (Pem) &

( f’)nm ( u‘ - @, +i(q/m - Ye) * /18]
(fh,")[ ('ﬂwe)df )

(.)ed- W'+ i (@m = Ye)

Consequently, all the results obtained in classical approxi-

mation are valid for the quantum mechanic expression [18/
which gives the actual form of the scattering tensor.

When the frequency of the incident light approaches
that of a given electronic transition /a%z OC /, i.e. it
is within an absorption band of the scattering system,
Resonance Raman effect is observed. In this case the
first term in the summation /18/, and consequently the in-
duced dipole moment, can become very large for an allowed
electronic transition. It is prevented from reaching in-
finity by inclusion of the damping term, which is a
measure of the width of the electronic transition. Most
of the ordinary Raman lines are attenuated by the absorp-
tion, but some lines can be greatly enhanced in intensity.
In the Resonance Raman scattering only those vibrations
are enhanced which are coupled to the resonant electronic
transition. The magnitude of resonant enhancement is pre-
dicted to vary directly with the oscillator strength of the
resonant electronic transition and inversly with its
breadth. Maximal resonance effects are therefore expected

for strong sharp absorption bands.



- 19 -

I. 3. The concept of symmetry and its application to the

vibrational problem

Molecular symmtery is a very powerful concept. From
symmetry considerations alone without any quantitative cal-
culations, it can be determined how many energy states a
molecule may have and what interactions and transitions
between them may occur. However, to determine the actual
energy difference between the states of the system and
the actual probabilities of the allowed transitions, cal-
culations or measurements must be made.

The symmetry properties of a molecule in its equilib-
rium configuration are described by saying that it possesses
certain symmetry elements, with which are associated
certain symmetry operations. The symmetry elements include
reflection planes O", rotation Cf and reflection-rotation
axes dp and center of symmetry$ . Here the subscript "p"’
identifies the order of the axis. A symmetry operation is
defined as one which, when performed upon the molecular
model /i.e. upon the model of the molecule in its equilib-
rium configuration/ produces a result which is indistin-
guishable from the original model. The full set of symmetry
operations, appropriate to the model of a molecule in its
equilibrium configuration /when certain requirements are
fulfilled/ constitutes a mathematical point group. Each
such group is designated by a conventional symbol. De-
tailed descriptions of different point groups and their
symmetry elements can be found in a number of text books
/1, 4, 6, 7/.

If a coordinate system is appropriately chosen in

the configuration space, each symmtery operation may be
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represented by a matrix, relating the atomic coordinates
before and after the application of the symmetry opera-
tion. Since the complete set of symmetry operations con-
stitutes a mathematical group, it can be shown that a
complete set of matrices, corresponding to these opera-
tions also forms a group and is called a representation
of the group. By suitable choice of the basis it is possible
to bring /reduce/ each matrix of a group representation
into a diagonal-block form. In a completely reduced rep-
resentation the blocks have dimensions 1, 2 and 3 and
are called irreducible representations. One-dimensional,

non-degenerate representation is designed A if the co-

’
ordinate transformed according to this reprisentation
remains unchanged under any symmetry operation of the
point group, and A2 if under some of the group operations
the coordinate is unchanged and under the other - it re-
verses its sign. Two- and three-dimensional representa-
tions are designed E and F, respectively, and are cal-
led degenerated representations. Coordinates mixing
under the symmetry operations of the group, are trans-
formed according to these representations. Double de-
generate species E appear in case if two directions in
the space are symmetrically equivalent and three-fold de-
generate species F occur where all three directions in
physical space are symmetrically equivalent.

For the purposes of applying symmetry considera-
tions to the problem of molecular vibrations it suffices
to know the characters /[the sum of the matrices, diagonal
elements/ of the matrices forming irreducible representa-
tions without knowing the individual matrix elements for
any particular basis choice. Using the characters of the

irreducible representations it is possible to derive the
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structure of the completely reduced form without the nec-
cessity of actually carrying out the complete reduction at
all. Since the representation of any molecular point group
is completely reduced, when based upon the complete set of
normal coordinates, the above considerations can be used
in determining the number of normal coordinates /and vibra-
tional modes/ which belong to various symmetry species. The
actual introduction of normal coordinates is not necessary
for this.

Each class of normal coordinates belonging to particu-
lar symmetry species constitutes a separate vibrational
problem and therefore it is apparent that theoretical
analysis can be greatly facilitated by considering each
class separately. The following notation isused for the
normal modes of various symmetry classes. A and B are re-
served for non-degenerate modes, E designates a doubly de-
generate modes, and F triply degenerate modes. In general
A is assigned to symmetric modes and B to antisymmetric
modes /relative to the preferential axis of the molecule/.
For symmetry groups without preferential axes, the letter
A signifies symmetry relative to three mutually perpendicu-
lar two-fold axes, and the letter B antisymmetry to two
out of the three two-fold axes. The subscriptg and Udde-
signate symmetry or antisymmetry relative to the center of
symmetryi ; 2 prime and double prime indicate symmtery or
antisymmetry relative to a plane of symmetry 8 . The indices
4 and = for degenerate modes indicate symmetry relative to
an axis rotation. If the system has another symmetry element,
the subscript 4 is generally introduced to indicate symmetry
relative to this additional element.

Symmetry considerations are extremely helpful in de-
riving the selection rules in IR and Raman spectroscopy,

i.e. one can find the transitions with non-zero matrix ele-
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ments and, correspondingly, non-zero band intensities.

A matrix element
L
(&A)xn : “(” g’* Y. dx /19/

does not vanish only if the integrand in /19/ is invariant
under a symmetry transformation. The wave functions *1‘”
and ‘V; have definite transformation properties under sym-
metry operations, which depend only on the symmetry of

the system and are well known for any symmetry type.

The derivation of selection rules thus reduces to the
determination of the symmetry properties of the triple
products of the form\m’ A 'k . A transition is allowed
if the product is not affected by symmetry operations,

and it is forbidden if the product reverses its sign
/then(FA)mfo /. The function g'l\ may be a tensor, a vector
or a component of a tensor or a vector. To derive the
selection rules for Raman scattering we have to consider
the behaviour of the components of the scattering tensor,
under symmetry operations. The selection rules for IR
absorption are determined by the behaviour of the compo-
nents of the dipole moment vector.

When sufficiently comprehensive experimental data
are available on the molecular vibrational spectral IR
and Raman,/the selection rules can be applied together
with the numerical values of the depolarization of the
Raman bands to identify the corresponding vibrational
modes thus providing ‘information on the symmetry of the

molecule.
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I. 4. Raman experiment

The total intensity of scattered radiation from a dust-
-free transparent liquid is approximately 0.1 % of that of
the source IO. Most of it occurs at ﬁL /Rayleigh scatter-
ing/ and only less than 10—7 Io occurs as Raman scattering.
For these reasons high performance equipments are required
in Raman'work. In the basic Raman spectrometer the sample
under examination is irradiated by a suitable excitation
source and the Raman spectrum is observed through a system
comprising optics for collecting the Raman emission, mono-
chromator/s/, detector /photomultiplier/, photon-counting
electronics and recorder.

In a Raman spectrometer an intense, monochromatic,
preferably highly polarized light source with minimal back-
ground is required. In this respect lasers offer unique
possibilities as compared to other sources of radiation.
It is generally accepted that a laser source of at least
10 mW power is necessary for routine Raman spectroscopy.
Helium-neon and ruby lasers provide an intense stable
source of red light, especially useful in studying col-~
oured materials. The ionized inert gas /[especially argon/
lasers and some solid state lasers offer higher power /[up
to 1 watt/ in the green-blue region. For wide selection
of wave lenghts mixed gas lasers /krypton-argon/ are ap-
plied.

Almost every laser Raman instrument seems to have
its own unique sampling system and pre-slit optics. How-
ever, the basic requirements are the same in each case:
to illuminate the sample in such a way that an acceptable
image is produced and passed efficiently to the entrance
slit of the monochromator. By focussing the laser beam
an extremely high flux density can be created in the
sample and the violume of the substance required for the

investigation is very small.



- 24 -

Since the intensities of Raman bands are very weak
relative to the radiation at the exciting frequency QL
and the band positions are close to it in frequency, it
is essential to use a monochromator system with very high
resolution. This is why almost all currently available
laser Raman spectrometers incorporate two or more mono-
chromators. Commercially available spectrophotometers
usually assure spectral resolution 0.1-0.3 cm-l and wave
number accuracy O0.5-1. cm-l.

Photoelectric recording is achieved normally with the
aid of low-noise, often cooled photomultiplier, amplifica-
tion system /[usually in photon-counting mode/ and milli-
volt chart recorder.

For polar ization measurements Raman spectrometers
are supplied with polarizers which transmit radiation with
particular orientation of the electric vector. Using po-
larizer the intensity of scattered ligh with electric vec-
tor perpendicular /{L/ or parallel /I,‘/ to the electric
vector of the exciting radiation can be measured and the
degree of depolarization can be calculated. Accurate ex-
perimental measurement of the degree of depolarization is
possible for high-quality single crystals and some liquids,
whereas, in samples with structural inhomogeneities the
depolarization data tend to be inaccurate because of the
depolarization of the exciting laser beam and the Raman
radiation by multiple reflections.

The measurement of absolute intensities is a very
complicated process and usually relative intensities of
the Raman bands are measured. Appropriate reference bands
are choosen either from the spectrum of the sample under
investigation or from the spectrum of a standard compourid

added in small gquantity to the sample.
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Fig. 4. Some of the sample arrangements found in laser Raman
Spectrometers. L sifnigies the incoming laser beam, and the
broken arrows indicate the rays proceeding to the monochroma-
tor. In cases /b/, [/d/ and /h/ the laser need not be focused
on the sample; in /e/ and /f/ a convergent beam is used.
[from ref. 3/.
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Usually no special sample preparation is required
for Raman work. Depending on the amount of the substance
and the aims of investigation, liquids can be placed in
capillary tubes, ampoules, sample bottles and even flasks
/|Fig. 4/. So0lid materials of suitable rigidity and si:ze
can be simply held in the laser beam in an appropriate
orientation. Powders are usually contained in transparent
vessels as for liquids, and one of the best methods is
capillary tube. Single crystals can be easily mounted for
Raman examination in the same fashion as for X~ray work,
For photosensitive materials approperiate wavelength /[usual-
ly red/ and appropriate laser power should be choosen.
Care should be tuken to free the sample from fluorescent
impurities. In many cases the fluorescence can be reduced
by prdbnged exposure to the laser beam. Special sample hold-
ers and cuvettes have been constructed for Raman work at
high pressure, different temperatures, kinetic studies,
etc. Detailed information on the techniques used in Raman
spectroscopy can be found in a number of text books and
reviews /1, 3, 8, 9/.

It should be emphasized that an advantage of Raman
spectroscopy is that practically samples in any state
can be investigated and no perturbation occurs in the
natural state of the system. Unlike in IR absorption the
water content of the sample does not limit the application

of Raman spectroscopy.



IT. RAMAN SPECTROSCOPY OF BIOLOGICAL MEMBRANES

ITI. 1. Structure of biological membranes

The central task of research on membrane structure
and its correlation with physiological and biochemical
functions is to determine the organization principles
for the constituent molecules, lipids and proteins, which
endow the biological membranes with unique functional fea-
tures, qualitatively different from the simple sum of its
parts. The organization of proteins in a lipid bilayer
lends itself to several possibilities and therefore, to
considerable speculation in terms of membrane models. It
must be pointed out that most membrane models are not
mutually exdusive, they seem rather to emphasize the dif-
ferent aspects of membrane organization /[for reviews see

11-15 and ref. therein/.

Gorter and Grendel were the first to suggest the
existence of a lipid bilayer structure in biomembranes,
which was confirmed later by a large numbe%fphysical and
physico-chemical techniques. Inability of a simple lipid
bilayer structure to account for a variety of biomembrane
characteristics led to numerous modifications of the basic
bilayer model, introducing layers of adsorbed proteins
/|Dawson - Danielli mode, Fig. 5A/ on the both sides of the
lipid bilayer, "pores" or "active regions", selective car-
riers embedded, etc. The polar interactions were consgider-
ed the predominant mode of binding proteins to lipid,
though some hydrophobic interactions and partial or total

penetration of protein into the bilayer were not excluded.



Piw. 5.

Diagramatic representation of possible molecular arrange-
ments of proteins and phospholipids in the cell membrane.

The small circles and connected wavy lines represent a
phospholipid bilayer. The amorphous structures on the out-

er surfaces, and in some cases, penetrating the bilayer
represent proteins /from R.W. Hendler /1974/ in "Biomembranes"
vol. 5. /L.A. Manson ed./ pp. 251-273.
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Some quantitative discrepancies of the lipid bilayer
hypothesis and specialized functions of the biomembranes
could be explained only by the presence of proteins em~-
bedded in the lipid bilayer. A large number of models tried
to visualize the orientation of proteins into lipids.

These models, generally speaking, range from proteins dip-
ped in the lipid matrix to lipid embedded in a protein mat-
rix, the organization features depending on the biochemical
function of a particular membrane [Fig. 5, &and C/. The im-
portance of hydrophobic interactions for stabilizing the
lipid-protein association and existence of hydrophilic re-
gions in the proteins for the passage of polar solutes was
suggested by several authors /"iceberg" models/. Others em-
phasized higher proportion, asymmetric distribution, spe-
cific interactions and association of proteins /"protein
crystal" models/. Lipoprotein subunit organization of the
membranes was suggested accounting for allosteric interac-
tions, that is, transfer of information over long distances.
Further development of membrane models was made by
Lenard, Singer and Nicolson /'fluid mosaic" model, Fig. 5D/.
They visualized membrane proteins as globular and folded up
so as to be amphipatic, their hydrophobic end embedded in
the interior of the lipid bilayer, while the hydrophilic
end would project out into the aqueous medium. This model
emphasized the balance between the structural organization
and the fluid disorder of membrane lipids and proteins. It
postulates that some membrane proteins in order to perform
their functions must be free to rotate within their lipid
matrix and to move in the plane of the membrane. So the
basic assumption implicit in the fluid-mosaic model is,
that there is little or no specificity of lateral intermolec-
ular interactions among membrane compounds, especially
lipids, and that they are randomly distributed in the plane

of the membrane. However, experimental evidence which has



accumulated in the last decade suggests clustering of
membrane proteins, phase separation of lipids and associa-
tion of proteins with specific .lipid coat of functional
importance, which all may have yet unappreciated function-
al significance. A considerable amount of work has been
done in the past few years to understand the non-covalent
interactions among various membrane components and the
heterogeneity of biomembrane organization. However, since
the clustering and associations are based on weak interac-
tions, none of the teqchniques available thus far are cap-
able of providing unambiguous evidence for their existance.
The use of molecular probes in membranes, generally speak-
ing would tend to disrupt the weak interactions leading

to the ordering of the components in biomembranes. For
these reasons it is important to look for techniques to in-
vestigate the alignment of membrane constituents at the
molecular level, without altering the natural state of

the membrane. Recently, laser Raman spectroscopy has been
applied with increasing success in the membrane research,
providing a powerful method for studying lipid-protein as-

semblies in aqueous environment.

II. 2. Raman spectroscopy of the main

" membrane constituents

The main experimental approach in the Raman studies
of complex biological macromolecules is the investigation
of the so-called "group-frequencies" and the spectral
changes with changing molecular environment and conforma-

tion.



The spectra of the molecules containing the same char-
acteristic groups of atoms or bonds often show certain com-
mon or slightly shifted frequencies, termed characteristic
group frequencies. The main technique of this method calls
for a systematic examination of large classes of compounds
with progressively increasing complexity of molecular struc-
ture. These structural elements, whose presence in a mole-
cule produces a stable persstent series of characteristic
structural lines, may be referred to as characteristic
structural elements. The spectra of complex polyatomic mole-
cules with several characteristic structural elements are
often formed by additive superposition of the spectra of
the individual structural elements. In some cases a complex
"interaction" breaks the additivity and the molecules con-
tain a dominant characteristic structural element, whose
presence determines the main features of the Raman spectrum.
Since every characteristic structural element is a con-
stituent of the molecule, its vibrations strictly speaking,
are the vibrations of the entire molecule. Therefore, any
change in molecular structure is reflected to a certain
extent in the parameters of the characteristic lines.

The fundamental difficulty in interpretation of the
Raman spectra of biological macromolecules is, that, often
several characteristic elements give contribution to the
same narrow spectral region, which is difficult to ascribe
to any particular group. In some cases it is useful for
band assignment to prepare oriented samples from biologi-
cal macromolecules by drawing fibers and to examine the
Raman-band polarization. Hydrogen-deuterium exchange studies
as well help in band assignment and evaluation of the contri-
butions of different atomic groups to the Raman spectrum.

In the following the results from Raman studies of
biologically important molecules and systems are briefly

summarized.



- 32 -

IT. 2. A. Lipids

Thermodynamic considerations as well as physico-chemic-
cal evidence show rather convincingly that molecules of am-
phypathic lipids dispersed in a high enough concentration
in an aqueous medium tend to aggregate to a bilayer struc-
ture with the hydrocarbon chains pointing inward and the
polar heads facing the water. There is a more or less stiff
region of the hydrocarbon chains near the polar heads and
a region with gradually increasing flexibility towards the
center of the bilayer. The thickness of the bilayer depends
on the repulsive forces between the two planes of lipid
polar heads, hydration, presence of electrolites and other
solutes in the bathing solution, etc. The lateral packing
of the lipids in the bilayer depends primarily upon the
branching and the degree of unsaturation of the fatty
acid residues and presence of non-polar lipids. The most
profound changes in the physical properties of lipids oc-
cur during temperature- or ion-induced phase transitions
from gel to liquid crystalline state, during which so-cal-
led "melting" or disordering of the hydrocarbon chains
occurs [/16-18/.

In biological membranes lipids provide more than a
suitable, inert matrix, in which the proteins are embedded.
In last few years evidence has been gained that the physical
state of the lipid has marked impact on the activity of
the membrane-bound proteins by influencing or determining
their tertiary or quaternary structure and, in turn, that
the proteins affect the state of the surrounding lipids
/19-21/,

First Raman studies of simple model: systems /23, 25,
27, 32/ and biologically important lipids /22, 24, 26/ had

shown the existence of several spectral regions sensitive
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to the conformation, motion, molecular packing and imme-
diate environments of the hydrocarbon moiety of the 1lipids/Fig.6/.
The spctral regions most frequently used for monitoring
the state of the hydrocarbon chains in lipids are around
1100 cm-l and 2900 cm_l. In the region 1000 -1140 cm_l
the peaks were assigned to skeletal optical modes of the
acyl chains /22, 24, 28/. The two intens2 bands at
1066 and 1128 cm_l are C-C stretching vibrations of the
rigid chains in all-trans configuration and they dominate
in ordered state of lipid system$ The band at about 1090
cm_l increases its intensity upon disordering of the sys-
tem and appearance of gauche rotations in the hydrocarbon
chains [Fig. 7 /. The C-C stretches being extremely de-
localized over the hydrocarbon chains provide information
on the intrachain conformation /64/. The delocalization
is reduced by the appearance of gauche conformers upon
disordering of the system which is manifested in the Raman
spectra of lipids in frequency shift and collapse of the
above three bands in this region towards a broad central
maximum at ab out 1100 cm-l.
The bands at about 2900 cm_l have been assigned to
C-H stretching vibrations of the hydrocarbon chains /25,
26, 28, 61/. The C-H stretches are not strongly coupled
to the chain but are particularly sensitive to interchain
or lateral interactions in the bilayer /64/. Experimental
observations have shown that the band at 2850 cm_l /CH2
symmetric stretch/ dominate; in the disordered state, where-
as, that at 2880 — /CH, antisymmetric stretch/ is pe-
culiar to the crystalline state of the lipids. The in-
tensities of the 2930 cm-l and 2960 cm-'l bands depend on
the polarity of the chain environment /27, 36, 49/.
Detailed assignment of the Raman bands of dipalmitoyl

phosphatidyl choline will be discussed later.
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Raman spectrum and band assignment of solid dipalmitoyl phosphatidylcholine /from. ref. 43/
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all—-trans-chain 2g1-Kink

Fig. 7.

The formation cof a 2gl-kink in a fatty acid chain [ from
G. Lagaly and A. Weiss [1971/ Angew. Chem. internatl.
Edit. 10, 558i.



In spite of the complicated structure of the C-C and
C-H stretching spectral regions and some difficulties in
band assignments, the changes in relative intensities /[22-
-34/ and frequency shifts /35/ of the Raman bands have
been correlated with altering conformation, interactions
and environment of the hydrocarbon chains and widely used
to monitor the structure of the lipid bilayer.

Raman spectroscopy has been applied to study the poly-
morphism of the lipid-water systems and proved to be ex-
tremely sensitive to the structure of the mesophase /25,
27;:33].

It was also possible to reveal by Raman spectroscopy
that lipid vesicle curvature causes alterations in the
packing arrangement of lipids and increases trans-gauche
isomaerization as compared to the planar multilayers /31,
40/ .

Phase transitions have been extensively investigated
in pure lipids and lipid mixtures and the cooperativity
of the process could be estimated from Raman spectroscopic
data [/22-24, 26, 35, 44/. The values of the transition tem-
peratures obtained by Raman spectroscopy are in a good ag-
reement with those provided by other techniques. Recently
Raman difference spectroscopy has been applied in studies
of lipid phase transitions showing details of Raman spec-
tral changes with greater clarity than the conventional
Raman technigque since only perturbed Raman bands are ob-
served in the difference spectra and the invariant bands
are missing /53,54/. Some thermodynamic parameters connect-
ed with the phase-transitions and the onset of the hydro-
carbon chain trans-gauche isomerization at low tempera-
tures werm obtained from Raman spectroscopy /44, 50, 51/.

Attempts were made to investigate ordered samples

of fatty acids, which were suggested to be a useful refer-
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ence in quantitative studies of the packing order in lipid
phases [47/.

Theoretically order parameters were introduced recentty
as a quantitative molecular interpretation of the spectral
events accompanying conformational changes /[43/.

Besides the most widely studied lipids - diacyllecithins,
Raman spectra were obtained from dietherlecithins /62/, tri-
glicerides/88/, sphingomyelin/30,60/, phosphatidyiethanol-
amine /24,26,30,59/ and cholesterol/22,46/. Among the lipid
mixtures special attention was paid to lecithin-cholesterol
complex. The mechanism of the cholesterol action on the bi-
layer structure - abolishing the phase transition coopera-
tivity, fluidizing the lipids in gel state and rigidifying
them in the liquid crystalline state,was suggested on the
basis ofRaman data [/22,24,34,35,37,46/. Especially useful in
Raman studies of complex lipid mixtures and biomembranes
as non-perturbing probes, are deuterated phospholipids /39,
52, 58, 59/. They form a thermodynamically ideal mixture
with the normal phospholipids and, therefore, do not per-
turb the structure of the bilayer. However, the influence
of the deuteration itself on the bilayer is not yet comple-
tely understood and caution is necessary in the interpreta-
tion of results obtained with isotopically labelled com-
pounds /56/.

The spectral changes in the conformational sensitive
regions in the Raman spectra of lipids were used in numer-
ous studies of lipid interactions with biologically important
substances as ions /29/, antibiotics /38, 42, 57/, hydro-
carbons [45/, polypeptides [/63/ and aminoacids /[63/.

In the last years some Raman studies appeared on the
conformation of the lipid polar heads [65/, although IR
spectroscopy is more suitable for this purpose [66-68/.
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IT. 2. B. Proteins

Although proteins represent usually more than a half
of the total membrane weight, no general pattern of their
organization in membrane appears to exist. Various optical
methods have shown the proteins to be 30-50 % in the0L¥helic-
cal configuration, with a predominance of random-coil ar-
rangement in the rest. Membrane proteins are now generally
assumed to be of two types - peripheral and the integral
proteins. Peripheral proteins are thought to blanket the
surface of the membrane and are mostly water~soluble.
Integral proteins, on the other hand, are embedded to a
~greater or lesser degree in the lipid continuum and may
span the entire thickness of the membrane.

It is now well established that laser Raman spectro-
scopy is a powerful technique to investigate the structure
of proteins, singe :one can either study their conformations
by non-resonance Raman scattering, or probe their chromo-
phoric sites by resonance Raman scattering /for review see
69-72 and ref. therein/. The obvious advantage of this
technique is the possibility to investigate the structure
of a protein in vivo.

A peptide bond gives rise to many different types of
vibrational modes. Among them Amide I and Amide III yield
very prominent Raman bands which are correlated with the
structural properties of protein molecules /Fig. 8/. Both
Amide I and Amide III bands arise from in-plane vibrations
of the peptide bond. From the Raman spectra of model com-
pounds /different polypeptides / it has been established
that ol -helical structure generate and Amide I bands at
1650 +5 cm_l with strong intensity and sharp peak. The
F—sheet structure also generate a strong and sharp Amide I



Fig. 8.

One possible correlation of /a/ the structurally distinct
subregions of myosin, /b/ their proposed conformational
structures, and /c/ the Raman spectrum of the Amide III
region of myosin .

[from E.B. Carew, I.M. Asher and H.E. Stanley /1975/
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line but at higher frequency of 1665 +5 em™ 1. Random
coiled proteins usually vield a strong but broad Amide I
band at about 1665 cm .

For the Amide III bandel -helical structures usually
show a relatively weak band in the region of 1265 to 1300
cm_l, while p-sheet structures show a strong line at
1235 +5 cm_l. Randoglcoil structuregives a medium intensity
line at 1248 +l0 cm ..

The presence and conformation of disulfide bonds can
also be detected by Raman spectroscopy. Gauche - G - G
shows a strong and sharp band at 510 cm—l, the trans- G - G
and T - G - T give bands at 525 and 540 nm—l, respectively.

Raman spectroscopy provides infromation as well on
the environment of side chains such as tyrosine, tryptophan
and methionyne.

Laser Raman spectroscopy has been applied to the study
of various polypeptide and proteins, for example Bovine
serum albumine, snake toxins, myosine, ribonucleases,

-lactoglobulin etc. The influence of different ions, pH,
temperature has been monitored by the changes of the con-
formational sensitive Raman bands. Information on the pep-
tide backbone structure under different conditions, disul-
fide bonds, denaturation mechanisms has been obtained from
these studies.

In biological macromolecules the sites of physiological
importance usually contain a chromophore such as haems,
flavins or methal ions, hence the potential importance of
Resonance Raman [RR/ spectroscopy is obvious. In the RR
scattering only these vibrations are enhanced which are
coupled to the resonant electronic trandtion. This allowes
selective enhancement of the vibrations of different chro-
mophores and is a sensitive probe of their conformation

and local environment.
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In studies of the visual pigments the resonance enhan-
cement of the chromophore vibrations without enhacing the
protein vibrations allowed to obtain the vibrational spec-
tra of the chromophore in different bleaching intermediates.
Each isomer is characterized by a specific intensity pat-
tern serving as a "fingerprint". The resulting spectra con-
tain important information about the conformation of the
chromophore and its interaction with the opsin.

Heme proteins contain iron-porphyrin as the active
group. These classes include such important proteins as
hemoglobin, cytochromes and oxidases. RR studies of por-
phyrins provide an important correlation between the vibra-
tion frequencies and the oxidation and spin states of the
central metal. Identification of the spin and oxidationstate
markers can help in understanding the detailed function of
the heme system in heme proteins. In systems containing
more than one heme selective enhancement of the vibrations
of different hemes could be obtained. The main point that
emerges from all these studies is the great usefulness of
the RR technique in detailed studies of large multi-compo-
nent biological systems that can hardly be studied by other
approaches. In studies of enzymatic reactions RR spectros-
copy can provide detailed information about the substrates
inside the enzyme active site and thus, contribute to the
understanding of the factors that determine the catalytic
activity of the enzymes. For the investigation of biological
systemswhich do not possess natural chromophores in their
active site RR label technique has been developed /73/. This
technique is analogous to the spin label method used in
ESR spectroscopy. It consists of introducing into the molecule
being studied a chemical grouping chosen to become an in-
trinsic part of the interaction under study and to yield a
RR spectrum. Information can be obtained that relates spe-

cifically to the label and its environment.



II. 3. Raman spectroscopy of reconstituted system, isolated

iR

membranes and intact tissues

Recently attempts have been made to investigate the
structure of lipids and proteins in isolated membranes, as
well as the interactions between these components by Raman
spectmscopy /89/.

These studies have been preceded by extensive experi-
mental and theoretical examinations of the main membrane
components and various lipid-protein model systems.

The characterization of the protein-lipid interaction
is essential to the study of biomembranes and lipoprotein
complexes. The lipid-protein interaction can be modeled
by interactions between lipids and protein subunits such
as polypeptides and amino acids. Using the information
from the conformational-sensitive areas of the lipid Raman
spectra it was shown /80/ that the amino acid-lipid inter-
action is highly specific and lack any simple correlation
with amino acid polarity. The lipid-polypeptide interac-
tions were found to cause conformation changes in the hydro-
carbon chains, probably arising from interactions between
the phospholipid head group and the polypeptides /[/80/.

It has been proved by laser Raman spectroscopy /81/ that in-
trinsic, extrinsic and plasma proteins produced different
changes in the lipid hydrocarbon C-H stretch Raman modes.
The interaction of these three types of proteins can thus

be used to define the interactions of proteins of unknown
type on the bases of the changes in the Raman spectra of
lipids. Raman studies on lipid-protein systems /85/ provide
evidence for the existance of a "boundary layer" of partial-
ly immobilized lipid around membrane proteins and that the
proteins tend to "buffer" membrane fluidity and to reduce

the cooperativity of acyl chain transitions.



In the Raman spectra of isolated membranes the phos-
pholipid structural information is contained primarily in
the 1000-1200 cm™ ! region, while evidence of the protein
secondary structure is found in the Amid III region at
1250-1300 cm—l. The CH2 regions are complicated by contri-
butions from both protein and phospholipid and so are dif-
ficult to interpret. By comparison of the conformation sen-
sitive regions in the Raman spectra of isolated membranes
and those of model lipid and protein systems, the percent-
age of all-trans configuration of the lipid n.c. chains
and the relative amount of different protein structures in
the membrane can be calculated.

As suggested by several authors /76, 77, 79/ resonance
enhanced Raman bands of membrane carotenoids which are sen-
sitive to carotenoid configuration and environment, can be

used as sensitive natural Raman-active probes of membrane
structure.

Well resolved Raman spectra were obtained from hemo-
globin-free erythrocyte ghosts /74, 79, 83/, sarcoplasmic
reticulum /77/, thymocyte plasma membranes [75, 78/. The
thermotropism of thymosite plasma membranes [75/ and eryth-
rocyte membranes /79/ has been investigated and on the
bases of comparison with model system, conclusions about
the cooperativity and role of the membrane proteins in
the phase transitions have been reached.

Raman spectroscopy has been successfully applied in
the studies of virus structure /82, 86/ and intact systems
like single muscle fiber [/84/ and living lenses /87/.



IIT. MATERIALS AND METHODS

ITTI. 1. Chemicals

High purity synthetic p,r—dipalmitoyl-iD]L—.L— phosphatidyl-
choline /DPPC/, exhibiting a single spot in thin layer chro-
matography, was purchased from Fluka A.G. /Switzerland/
and was used without further purification. Aqueous solu-
tions containing analyticargrade purity salts [Reanal, Hun-

gary/, were made in tridistilled water.

ITI. 2. Sample preparation

Several membrane model systems from phospholipids
have been developed and applied to model different membrane
processes: hydrated smectic mesophase, isolated bimolecular
membranes [BLM/, monolayers /90/. Lipid-water multilamellar
dispersions are considered to be a suitable model for vari-
ous structural investigations. Lipid molecules form planar
bilayers separated by layers of water. The thickness of the
aqueous layers depends on the lipid-water ratio. The polar
groups of the lipids face the aqueous phase and can inter-
act with the solutes present in it. This system was chosen
in our investigations since it provides a suitable lipid
concentration in the sample and does not require sonica-
tion as the preparation of lipid vesicles, which may in-
fluence the structure of the bilayer /31, 40, 43/.

Lipid multilamellar systems were prepared by mixing
dry dipalmitoyl phosphtidylcholine /usually about 5 mg/
with aqueous soltions [added by a microsyringe/, in 1:4
weight ratio of lipid-to-water.

The samples were stirred thoroughly and left to

swell for 2 hrs at 55°C [above the phase transition tempera-



ture of dipalmitoyl phosphatidylcholine/ to achieve homo-
genization. Anhydrous samples were dried at 60°C under
vacuum for 48 hrs over P205. After pregration the samples
were sealed in capillary tubes with an inner diameter of 1

mme.

ITT. 3. Raman experiment

Raman spectra were recorded with a Cary 82 Raman spectro-
photometer with a Spectra Physics 164 argon ion laser operat-
ing at 448 nm with a typical power of 500 mW. The optical
diagram of the Cary 82 Raman spectrometer is shown in Fig.

9.

The samples sealed in capillaries were illuminated at
right angle to the tube axis. Scattered light was collected
at right angles to both the incident light beam and the
capillary axis [Fig. 4a/.

The scan speed was usually 0.4 cm—l.sec_l and the count
rate was between 1000 and 15000 counts.sec_l full scale.

All spectra were obtained with a band pass of 4 cm-l.

All the measurements were carried out at room tempera-
ture.

The Raman band intensities were judged by peak heights,
measured from a base line determined individually for each
spectrum. Two-three independent sample preparations were
made for each system studied and at least three spectra
were taken of every sample. The numerical data are aver-
ages of at least 6 measurements. The standard error of the
mean of all intensity ration was 0.02. According to /43/ the
usage of the bands’ area instead of the peaks’ intensities
does not result in any substantial reduction in the scattering

of the data.
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Fig. 9,

Optical diagram of
Cary 82 Raman spectro-
meter.
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IV. RESULTS AND DISCUSSION

IV. 1. Qualitative features of the Raman spectra of phospho-
lipids

In general the Raman spectrum of a phospholipid is
dominated by vibrations of the fatty acid chains with super-
position of a few bands from the head group. The dominant
features of a phospholipid spectrum are depicted on Fig. 6.
Comparative Raman spectra of solid dipalmitoyl phosphatidyl-
choline/DPPC/ and DPPC-water dispersion [/l1l:4 w/w/ are pre-
sented on Fig. 10. In what follows the Raman bands of DPPC
are described in terms of their origin and conformation
sensitivity.

40 - 400 cm * region

The vibrations in this region in the Raman spectra
of lipids have been assigned mainly to acoustical, accor-
dian-like stretches of the whole molecule /22, 26/. In-
vestigations of different hydrocarbons andfatty acids /23, 32/
have shown that the frequencies of acoustical vibrations are
chain-length dependent. In complex lipid molecules the low-
frequency vibrations are sensitive to particular details of
chain packing [/26/ and provide information on the length of
the all-trans segments in the lipid hydrocarbon region /30,43/.
Aceording to some authors, several weak bands in the low-fre-
quency region arise from skeletal deformations of the polar
head as well /65/. However, the usage of this region for
structural investigations is hampered by the low intensity

of the acoustical spectral bands.
720 - 1050 cm—lregion

Several bands originating from the polar head vibrations
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Laser Raman spectra of dipalmitoyl phosphatidyl-
choline.

a/ crystalline

b/ DPPC:HZO - 1:4 w/w at room temperature
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are observed in this region.

1 has been as-

The most intense band at about 712 cm’
signed to the symmetrical C -N stretch of the choline group
/24, 26/. The band is strongly polarized and shows nearly
tetrahedral structure of the choline group /28/. Upon hyd-
ration the band shifts slightly towards higher frequencies
in comparison to the anhydrous crystal. The band is a tem-
perature invariant and is often used as an internal stan-
dart for measuring peak intensities in studies of lipid
thermotropic behaviour /43, 53/.

1 and 833 cm—lhave been as-

Two weak bands at 763 cm
signed to O-P-0O diester symmetric /26,28/ and antisym-
metric /28/ stretches, respectively.

In the 800 - 900 cm-l region weak bands originate
from vibrations of the hydrocarbon chains as well.

The band at 872 cm_l has been assigned to CH2 defor-
mational vibration [/24/, while other authors attribute
the bands in this region to skeletal vibrations of the
hydrocarbon chains sensitive to the trans—-gauche isomeriza-

tion /26, 35/.
1050 - 1150 cm T region

As mentioned above this spectral region has been widely
used for obtaining information on structural behaviour,
particularly trans—gauche isomerization in lipids and
membrane systems.

The bands at about 1063 cm_l and 1128 cm_lhave been
assigned to skeletal optical modes of the hydrocarbon chains
with a motion such that alternate carbon atoms move in op-
posite directions along the chain axis /22, 24, 26, 28, 30/.

Both vibrations are characteristic for the all-trans, fully
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extended zig-zag conformation of highly ordered hydrocar-
bon chains and lose their intensity upon disordering of

the system /22, 24, 63/. The 1063 %
vibrational mode /43/. The 1063 cm_l feature

band has been as-
signed to BIg
is relatively pure stretching mode and although its in-
tensity changes with temperature, no significant frequency
shifts arise /26, 40, 51/. In gel state the 1063 cm~ 1 band is
both chain length and temperature insensitive /22, 50/. The
band at 1129 cmml has been assigned to Ag vibrational mode
/43/. According to normal coordinate calculations in hydro-
carbons this mode is coupled to a C-C-C - angle bending mode
/40/, and/or to the acyl chain terminal methyl rocking mode
/51/. Since the frequencies of the last two molecular mo-
tions depend on conformational rearrangements of the hydro-
carbon chains, the C-C stretching coupled to them exhibits
frequency shifts upont the structural changes in the sys-
tem /50/.

The band at about 1100 cm_1 is a superposition of the
C-C stretching modes of hydrocarbon chains in all-trans
conformation /if the system is in gel or crystalline state/,

the C-C modes of the hydrocarbon chains containing gauche

2
suggest as well contributions from methylene twist and

wagg to the 1100 cm_l band /53/. The band at 1100 cm-1 is

characteristic for the liquid crystalline state of the

bonds and the symmetric PO, streching mode /28/. Some authors

hydrocarbon chains and increases its intensity upon dis-
ordering of the system and appearance of gauche conformers
/22, 24, 28, 35/. The contributions from different vibra-
tions forming the feature at 1100 cm_l are briefly discus-
sed, since its complexity has been the reason for certain
confusion in the band assignment and interpretation of the

experimental results.
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The weak contribution to this region from the all-
—-trans chains is highly chain-length /22, 49, 53/ and
temperature /[/49/ dependent. It was suggested that it might
be the k = 1 mode of the skeletal stretch at 1130 cm—1[53/.
The fiequency of the Po;

wards upon phase transition, probably because of the ex-

symmetric stretch shifts down-

posure of the phosphate group to aqueous environment /[26/.
The POE and all-trans C-C streching bands are not observ-
able as distinct features in dipalmitoyl phosphatidyl
choline Raman spectrum,

According to normal coordinate calculations on normal
paraffines vibrations of hydrocabron chains containing
gauche bonds should appear in the 1065 - 1100 cm.l region
/35/. The asymmetry of the 1080 cm 1

that it is a composite of bands which arise from a variety

gauche band indicates

of local gauche-type conformations [/53/. The gauche band
at about 1080 cm—l is weak when a hydrocarbon chain con-

tained gauche-bonds separated by long trans segments and

gains intensity upon appearance of closely coupled gauche
bonds /53/.

The overall behaviour of the 1100 cm.-l band in the
Raman spectra of dipalmitoyl phosphatidylcholine is as fol-
lows: below the primary gel-liquid crystalline phase transi-
tion the 1090 - 1085 cm-'l gauche feature is weak and is partial-
ly obscured by the 1100 cm_l all-trans C-C stretching mode,
while above the phase transition the 1090 - 1085 cm—lfea-
ture predomintes and has considerable intensity /50/. In
DPPC a frequency shift of this bggguE§om 1097 cm_l in crys-
talline state to 1088 cm_l in liquid crystalline state /35/.
It was shown /51/ that the main contribution to the 1100
cm--l band comes from the hydrocarbon chains. The contribu-
tion from the polar head has been considered constant with

temperature /43, 50, 51/.
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Taking into consideration the above assignment of the skelet-
al vibrations in the hydrocarbon chains, it is clear that
the intensity ratios of either of the trans bands /1064 cm-l
or 1130 cm_l/ to the gauche band /1100 cm_l/ is a reliable
measure of the degree of trans order in the hydrocarbon

chains of phospholipids.

1200 - 1500 cm—l region

The main bands in this region have been assigned to modes
involving bending and rocking of the methylene groups /Fig.
11/ and all undergo sudden alterations in shape as the tem-
perature of the system passes the melting point /26/.

The band at about 1298 cm_l has been assigned to CH
twisting mode /24, 40, 53/. It shifts toward higher fre-

2

guencies, broadens and decreases its intensity in comparison
1

to 1438 cm CH2 deformational band upon disordering of the
system caused by increased temperature /24/, and/or changes
in the packing of lipid molecules /40/. The fiequency shift
of the 1296 cm_l mode upon phase transition is consistent
with a melted state conformation, containing a broad distri-
bution of gauche rotamers. In this case the changed molec-
ular symmetry activates a number of intense IR wagging
modes near 1300 cm_l. Some of this vibrations may enter into
resonance with the Raman active twisting mode, perturbing
the Raman band and shifting its frequency /53/.

The band at about 1450 cm_l
deformational /bending/ modes /24, 26, 40, 49/. Below the
phase transition temperature a strong band exists at 1440
— /Ag CH, bending/ and a shoulder at 1460 — /B3y,
CH, bending/. Above the phase transition temperature a

2
single peak at 1450 cm 1 appears as a consequence of changed

has been assigned to CH2

selection rules in disordered hydrocarbon chains /26, 43/.



Fig. 11,

a/ Section of a polymethylene chain
b/ Vibrations of the methylene groups in the chain.

/|from I. Fischmeister [1975/ Progr. Chem. Fats Other
Lipids, li, 91-162./
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The spectral changes in the 1450 cm-l region appear to be
related primarily to interchain interacions, though forma-
tion of chain rotamers as well affects the band /30, 40,

49, 55/. It was found that the band shape of 1450 cm-l fea-
ture is sensitive to the packing of lipid molecules [25/ and
to the radius of lipid bilayer curvature [40/. Selective
deuteration of the hydocarbon chains in lipids has shown
that the head group methylene vibrations occur at 1451 cm--l

- higher than those of the acyl chain methylens /56/.

2800 - 3000 cm_l region

Since the 2800 - 3000 cm © spectral region contains
the most intense vibrations in the lipid spectrum, the C- H
stretching modes are the most accessible for reflecting
conformational changes under non-ideal conditions of small
molecular perturbations, low lipid concentration, small
sample size or high fluorescence background /52/. Moreover,
it has been shown /25, 33/ that C-H vibrations are more sen-
sitive than the C-C stretching region to differencesin meso-
phase structure. A disadvantage arises, however, in that an
overlapping of methyl and methylene modes from both lipid
acyl chains and polar head groups contributestoward severe-
ly congesting this spectral area. In membrane bilayer sys-—
tems containing other non-lipid components spectral contribu-
tions from the additional C-H containing moieties complicate
the vibrational analysis and require an examination of the
other parts of the spectrum. Considerable progress in the
assignment of complex overlapping bands arising from the
C-H vibrations in the Raman spectra of lipids has been achiev-

ed by using selectively deuterated fatty acids /39, 48/ and



= BB =

/// “Sspi \H/L/\Hf

w, =2872+ 10 cm™' w, = 1375 +5 cm™!
t
e Ce
////C\\\\ ////Ct\\‘
H H H H
' /ﬂ ) rd
H H
¢
w, variable w, = 2962 = 10 cm™!
C» -C
///70\\\\ ////(\\\\
x %
H{ H H H
AN re
“H
w; = 1450 = 20 cm™! wy variable
Fig. 12.

The vibrational modes of the C—CH3 grouping
[from ref. 5./



-~ 56 -

and lipids /52, 54/. In this way methyl and methylene vib-
rations, as well as the vibrations arising from the hydro-
carbon chains and polar heads could be observed separately
and more precisely assigned /55-59/.
The experimental observation of the drastic changes

in the C-H region upon phase transitions in lipids - domina-
tion of the 2850 cm_l
feature in the highly ordered state of the hydrocarbon

band in liquid state and of 2880 cm_l

chains, led to extensive investigation of this spectral re-
gion.

Attempts were made to assign the C-H vibrations on the
basis of normél coordinate analysis of polyethylene and
normal paraffins. It was assumed that the lipid hydrocarbon

chains though not possessing as a whole the C symmetry

characteristic for extended n-paraffines, reti?n this local
symmetry in gel and crystalline state /Fig. 11/, which leads
to different selection rules in the IR absorption andin the
Raman scattering /28/. The terminal methyl groups have Ciy
symmetry [Fig. 12/ and hence the same selection rulesin

IR and Raman.

The band at 2850 cm_l has been assigned to C-H methylene
symmetric stretches of the hydrocarbon chains /25, 26, 28,
34, 40/, which conclusion has been confirmed by the band’s
polarized character /36, 39/. Contrary to some suggestions
|52/, selective deuteration of DPPC showed no significant
contribution to the 2850 cm'-l band from the head group
methylene or terminal methyl groups of the acyl chains /57/.
It was observed that 2850 cm_l band only slightly changes
with temperature /30/.

The band at 2880 cm“l has been initially assigned to
methyl symmetric strech /25, 26/ and its broadening and
loss of intensity upon heating were interpreted as reflect-
ing different environment and increased mobility of the
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terminal CH3 groups in liquid state of the hydrocarbon
chains as compared to the crystalline state. However, on
the basis of theoretical analysis and experimental observa-

tions the band was later reassigned to CH, antisymmetric

stretch /28, 32, 34, 39, 40/. An alternative assignment

originating from the analysis of polyethylene spectra can
be made interpreting 2883 cm_l and 2848 cm_l bands as re-
sulting from splitting of the symmetrical CH2 strechting
mode by Fermi resonance with an overtone of the methylene
deformational mode about 1430-1450 cm_l /28,36/. The 2880

cm™ ! band was found to be depolarized /36/ and was as-

3g and B2u
Combination of crystal splitting and Fermi resonance was

signed to degenerate B vibrational mode /[43/.

as well suggested to explain the antisymmetric character
of the band and its predominance in the crystalline state
/36/. It was shown /54, 57/ that the head group does not

1 but there could be some

contribute intensity to 2880 cm
contribution from the acyl chains’ terminal methyl groups
[57]. The terminal methyl groups, however, do not parti-
cipate significantly in the temperature dependent changes
of the 2880 cm_l band /57/. The conformational sensitivity
of the 2880 cm—l band could be explained on the basis of
Fermi resonance of 2865 cm_l fundamental with environment
sensitive CH2 deformational mode /[/61/.

The band at about 2930 cm-l seems to be composed from
overlapping symmetric methyl streching at 2930 cm_l and
normally IR-active conformation-sensitive methylene anti-
symmetric stretch at 2920 cm_l, which becomes allowed in
the RAMAN scattering as the molecular symmetry. changes
upon disordering of the hydrocarbon chains /25, 26, 42, 49/.
Two types of effects are tentatively assumed to contribute
toward an intensification of the 2930 cm-l feature: exten-

sive disorder in the packing of the hydrocarbon chains,
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Table 1.

Assignments for the Raman bands of the DL-DPPC crystal

Raman bands® Assigments
fem 1/ -
Groups Vibrational modes
40 - 500 [w/ ﬁc Acoustic stretch of the entire molecule skeletal deformation
hg
600 [w/ sc >C = o in-plane deformation
712 /m/ hg Choline c-N symmetric-stretch
762 [w/ hg 0-P-0 diester symmetric stretch
844 [w/ hg 0-P-0 diester antisymmetric stretch
877 [m/ hg Choline C(-N antisymmetric stretch
890 /m/ sc CH; rock + C-C stretch
910 /w/ hg
960 [w/ hg
967 [w/ hg Skeletal stretch
1014 [w/ hg
1052 /sh/ sc C - O stretch
1064 /s/ sc C - C stretch /all-trans conformation/
1092 /m/ sc} C - C stretch /gauche conformation/
hg PO2 - symmetric stretch
1100 /sh/ scC C - C stretch /all-trans conformation/
1130 /s/ sc C - C stretch /all-trans conformation/

- 69 -



|cont. of Table 1/

Raman bandsx

..... . Assignments
/em l/ Groupsxx Vibrational modes.

1174 [vw/ sc CH, rock

1252 [w/ hg POE antisymmetric stretch

1296 [s/ sc CH2 twist

1342 [w/ hg Nt - CHy symmetric deformation

1371 /w/ sc CH2 wagg

1438 /[s/ scC

1460 /s/ hg}' CH2 deformations

1722 [w/

1738 /w/} sC C = 0 stretch

2846 /s/ sc Acyl chain /CHZ/C - H symmetric stretch

2882 /[s/ sC Acyl chain /CH,/C-H antisymmetric strech and /CH,/C-H symmetric
stretch /gossible involvement of crystal spiitting and Fermi
resonance with overtones and combination bands of CH2 deformations/

2936 /m/ sc Mainly /QH3/C-H symmetric stretch /Possible resonance with /CHé/C—H
antisymmetric stretch/

2965 [m/ sc} Side chain /CH,/C-H antisymmetric stretch

hg Choline /CH3/C-H symmetric stretch
3024 [w/
3040 /w[} hg Choline /CH3/C—H antisymmetric stretch

% s - strong; m - medium; w - weak; vw - very weak; sh - shoulder

%% hg - head-group; sc - side chain
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and increased polarity of the acyl chain environment /27,
31/. Unfortunately, the broad feature at about 2930 cm_l
cannot be resolved in separate peaks and cannot be used
alone for characterization of the terminal methyl groups’
motion [49/.

Still the intensity ratio 12930/12850 is expected to
reflect the mobility of methyl termini relative to long
methylene segments /34/. No significant contribution from
the polar head was found to 2930 cm_1 region [/57/.

The bands at 2952 cm_l and 30 35 cm-l were assigned
to antisymmetric methylene vibrations of acyl chains /25,
26, 28, 39, 52/, and choline group /28, 52/, respectively.
No coupling was observed between the vibrations of methyl
and methylene groups [/39/. Some contribution to the 2962
cm—l band from methyl symmetric stretch of the choline
groups is suggested /28, 36, 49/.

The bands’ assignment in the Raman spectrum of di-
palmitoyl phosphatidylcholine and the possible vibrational
modes of /-CH, - CH —/n chain are summarized in Table 1

2 2
and on Fig. 13., respectively.
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IV. 2. Quantitative evaluation of Raman spectroscopic
data

IV:2.A. Intensity ratios

In the present work the following intensity ratios of
the conformational sensitive Raman bands were used to evaduate
the structural changes in the DPPC bilayers caused by lipid-

—-ionic interactions:

I1128 I1064 I,880
I ’ I_— ’ I__" /20/
1100 1100 2850

As was liscussed above the first two intensity ratios in
/20/ reflect the degree of trans order in the hydrocarbon
region of the lipid systems.

Our observations showed that the tendencies in the
results obtained by using either of the two trans bands -
1064 cm_l or 1128 cm_l were the same, although the absolute
values of the intensity ratios for the 1128 cm_l band were
higher than those for the 1064 cm_l band /Table 6/. Some
authors /91/ prefer to use the 1064 cm_l band since it is
an almost pure trans C-C stretching mode and its frequency
is independent of temperature. However, at least at con-
stant temperature, the scattering of the data obtained
by us tended to be less for I1128 intensity ratio, especial-

11100
ly in disordered systems. As was mentioned above in disorder-

er systems the 1100 cm_l band shifts to lower frequencies
/Fig. 22/ and its partial overlapping with the 1064 cm™t
makes the determination of I1064 intensity ratio less

T1100

12880 :
intensity ratio reflects the changes in

1,850

accurate. The



the packing of the lipid hydrocarbon chains. The two C-H

1 and 2880 cm !, have consider-

stratching bands - 2850 cm
able intensity and the scattering of the values of their
intensity ratio was less than for the firg two intensity
ratios /[usually 0.01/.

The decreased values of I as

1069/T1100 279 I3728/T1100"

well as of IZBSO/I intensity ratios in the presence of

2850
additives were interpretted as a reduction in the trans or
lateral order, respectively, in the lipid hydrocarbon chains

in comparison with DPPC - H,0 dispersion.

IV. 2, B. Order parameters

Recently an attempt has been made by Gaber and Peticolas
[43/ to evaluate quantitatively the laser Raman spectra of
lipids. Following order parameters have been introduced:

a/ The trans order parameter defined as
- /I1128/Iref/ observed

S

T /21

11128/ Tres! DPPC solid

The 1128 cm_l band is considered as a trans marker and in-

creases its intensity in systems with ordered, all-trans
configuration of the hydrocarbon chains, I et is the in-
tensity of a reference line. As reference bands the authors
suggested those at 1100 em L or 722 em™t /| the 722 cm™ ! band
is the C-N symmetric stretch of the choline group/. Solid
dipalmitoyl phosphatidylcholine was chosen as a standard

for S assuming it has the highest possible trans order.

’
zs an approximation Gaber and Peticolas suggested that
for an all-t¢rans standard the intensity of the trans bands
is the sum of intensities associated with individual bands.
Assuming a similar additive relationship for shorter trans

segments, ST becomes a measure for the fraction of C-C bonds
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in a trans conformation under a given set of conditions.
b/ The lateral order parameter defined as
ICH [sample/ - ICHZ/llq.hexadecane/

3 2
S1at™ 122/

/cryst.hexadecane/ - ICH /lig.hexadecane/

I
CH, 2

where ICH2 = I5890/T2850

After substitution in /22/ of the experimentally obtained
values of the intensity ratios for hexadecane the follow-

ing expressions for S was obtained:

lat
ICHZ/sample/ - 0.7

1.5

Since the change in the intensity of the 2890 cm_l band is

due both to decrease in vibrational coupling /change in the
lateral packing/ and phonon dispersion broadening /appea-
rance of several chain conformations/, the expression for
Slat is only approximate. It is a good estimate of the degree
of lateral interaction if the frequency of the antisymmetric
CH2 stretch remains constant. Both order parameters were in-
terpreted as probabilities. ST was introduced as a measure

of the all-trans chain probability /ST = 1 for crystalline
dipalmitoyl phosphatidylcholine, if all C-C bands are in trans
conformation and ST = O if none of them is in trans conforma-
tion/. S1at
packing probability /S

was considered to be a measure of the closest
lat = O for the completely disordered

state, as in liquid hexadecane, = 1 for the closest pos-

S
lat
sible packing, as in crystalline hexadecane/.
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The order parameters , as defined above, were applied
by Gaber and Peticolas to show the thermally-induced struc-
tural changes in vesicles and aqueous lamellar dispersions
of dipalmitoyl phosphatidylcholine. The convincing agree-
ment between the data obtained by laser Raman and calorimetric
techniques may give the impression that the suggested pro-
cedure of standardization and quantitation of the Raman data
is of general validity. The sensitivity of the membrane
structure to the ionic composition of the aqueous solution
is particularly intersting physiologically, while the thermal
effects are usually of secondary importance. .For this rea
son we examined the applicability of the order parameters
suggested by Gaber and Peticolas to ion-induced structural
alterations of model membranes [/92/ and suggested some re-
finements and modifications of the order parameters /100/
in order to achieve a more correct molecular interpretation
of the laser Raman spectra of lipids in either aqueous dis-
perions or biomembranes if ion-membrane interactions take
place.

Obviously, in the choice of reference bands it was
tacitly assumed by Gaber and Peticolas that temperature
does not affect the head-group vibrations and thus their
and I

contributionto to I This implies on an en-

tirely theoretical giiis tha%oﬁgdrocarbon chain order-dis-
order transitions induced by interadions with polar head
groups cannot be included in Gaber and Peticolas’ pic-
ture. Considerable deviations and inconclusive data can be
expected in these cases, primarily in the ST values. To
demonstrate this, the effects of some simple ions in high
concentrations on the structure of lipid-water dispersion
were monitored by laser Raman spectroscopy. The laser Raman

spectra, in the relevant spectral regions, of dipalmitoyl
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phosphatidylcholine in the presence of different ions are
shown on Fig. 14,
Both 722 and 1096 cm_l lines were taken as reference

in accordance with Gaber and Peticolas’ suggestions. Inten-

. . 1 -
s;ty ratios and order parameters ST/ST for Iref = I722 and
ST for Iref= I1096/ and SL calculated via Eqgns /21/ and

/23] are listed in Table 2. These data reveal that /a/ the
intensity ratios Ilo96/I722 usually deviate from unity and,
/b/ the trans order parameters may exceed the theoretical-
ly predicted maximum value, the deviations being far above
the inherent experimental measurement error. These imply
that the structural changes induced by ions in multi-bi-
lyaer systems cannot be conclusively described by the
trans order parameters defined by Egn. /21/.

On the basis of the assignments of the Raman bands
used in the calculations of S% and S;,
the anomalously high values of ST for various ions are to

it is plausible that

be ascribed to the interactions between ions and the zwit-
ter-ionic polar head of phosphatidylcholine. The nature

and points of attack of these interactions are not yet
completely understood, but there is evidence /93/ that

they can change the hydration state of the phospholipid
molecules, Such interactions certainly may affect the polar-
izability of the phosphoryl moiety, and are reflected in

the Raman spectra of lipids as changes in the intensities
of the corresponding bands. Such changes were, in fact, ob-
served. [Fig. 14/.

As regards the lateral order parameter, S no anomaly

’
appeared. According to the SL data, none of thg salts con-
sidered loosened the packing density of the hydrocarbon
tails, whereas molecular iodine did /Table 2/. This latter
observation coincides with Szundi’s recent results obtained

in monolayer investigations /unpublished results/, indicat-
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Fi . l4.

Laser Raman spectra of dipalmitoyl phosphatidylcholine
in lamellar agueous dispersions containing different
ions in the Raman spectral range 1000- 1200 cm~ 1.
a-1MCaCly,; b - 1M MgCl,; ¢ -1 MBaCly; d - 1M

2

NaCl; e - 1 M CdClz; f - 10 M Na28303.
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ing the suitability and fairly high sensitivity of SL for
quantitative description of lateral order and packing den-
sity in aqueous lipid dispersions. Since the divalént ions
considered have only a very slight ordering effect on the
hydrocarbon moiety, it indicates that the ordering is pro-
bably due to secondary /perhaps head-group mediated/ inter-
actions [/"tightening"/ or ion-head group interactions may
equally be the cause of any apparent changes observed.

To summarize, it is shown on theoretical and experimental
grounds that the trans order parameter defined in Egn 21
can only be applied to quantitative.characterization of the
all-trans—- gauche relations in lipid systems if the polar
head groups are not influenced by the external effect in-
ducing the phase transition. There is only a restricted cor-
respondence between the structural transitions and intensity
ratios 11128/1722 and/or 11128/11100’ they being determined
not only by the trans-gauche relationship but even by the
changes in the C-N stretching modes and Po; vibrations,
etc. as well. Thus, the concerted action of the different
events may result in an unreal variation of ST with respect
to the trans-gauche isomaerization and therefore, the com-
parison of different structures on the basis of ST with
or I

either I as reference may lead to misinterpre-

722 1100
tation of the trans order situation. If the perturbation of
the polar heads of lipids results in a decrease of the
polarizability /dehydration or partial dehydration /94//,
ST may exceed the theoretical maximum, unity, indicating that
the polar head is also involved. Since ST was originally con-
sidered as a probability, there is no masonable way to in-
terpret values higher than 1.

The structural arrangments of fatty acid chains in the

solid and differently hydrated states are rather multifarious
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as revealed by X-ray diffretion technique /95-99/. For this

reason we consider the quantity

I1128
I

ref sample

1128

Iref hydrated lipid

to be somewhat more correct from the viewpoint of physics
than . the analogous ST parameter, and may give more realistic
measure of the trans structure-modifying effectiveness of
the solute /100/.d is only a phenomenological parameter
for monitoring the conformational states of fatty acid re-
sidues and polar head groups in membranes, as compared to those
of an identically hydrated lipid sample at a fixed reference
temperature. Recently the hydrated lipid was accepted as a
reference system by other authors as well /9. In the fol-
lowing apparent ordering means that {20 , while apparent
disordering is used when k<0 ; In the effectiveness se-
quences to be introduced below Hgo < A denotes if ion A
causes apparent ordering, and A >HLO applied appparent dis-
ordering. Otherwise the ions will be arranged according to
{4 |. clearly, no probability meaning is ascribed to & .

The intensity ratios i1128/I722, 11128/1100 and

L
ily used to evaluate the effects of various cations and an-

12880I12850’ as well as the parameters and S_. were primar-

ions on the structures of the aqueous disperions of lecithin
at constant temperature. For the sake of comparison the ST
values will also be given in the tables below. S% and od 4

. while 82

o and ey correspond

were obtained with Ir
to I

ef 1722
ref=Illoo'
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IV. 3. Laser Raman studies of molecular interactions

with phosphatidylcholine multilayers

IV. 3. 1. Effects of mono- and divalent ions on the lipid

bilayer structure

There is understandable interest in the interactions
of phospholipids with ions as regards excitability, ion per-
meation, ion binding and ion exchange properties at the sur-
faces of biological membranes. The lipid moiety of membranes
is affected directly by ionic interactions depending upon
the chemical nature of the polar head groups, and indirect-
ly by the charge-induced structural changes in the vicinal
and absorbed water. Although the influences of ions on phos-
pholipid-water systems have been extensively investigated,
the results obtained by different authors with various tech-
niques are rather contradictory. Several investigators have
observed in monos bi- and multibilayer studies /101-109/,
thermal phase transition /110,111/ and X-ray diffraction /95/
experiments, NMR /112,113/ measurements that divalent cations
interact directly with neutral phospholipids, Ca2+ having
been found especially effective. Other authors failed to
observe any cation binding /114-118/, or it appeared only
at fairly high ionic concentrations [119/. Because of the
diverse experimental antecendents we have reexamined the ef-
fects of various mono- and divalent ions on the lipid con-
formation and conformational changes at constant temperature

by using laser Raman technique.

Monovalent cations

Due to the slight changes in the spectra, monovalent
salt effects were examined only at high salt concentrations,

such as 1 M /Figs. 15 and 16/. The experimental results show
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Fig. 15.

Laser Raman spectra of DPPC:HZO in lamellar aqueous
dispersions containing 1 M chloride salts of dif-
ferent monovalent cations in the Raman spectral range

of 950 - 1250 cm .

a - NaCl; b - KC1; ¢ - RbCl; 4 - CsCl
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Fig. 16.

Laser Raman spectra of DPPC:H.,O in lamellar aqueous

2
dispersions containing 1 M chloride salts of dif-

ferent monovalent cations in the Raman spectral range

of 2650 - 3050 cm_l.

a - NaCl; b - KC1l; ¢ - RbCl; 4 - CsCl.
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Table 3

Characteristic intensity ratios and order parameters for

dry dipalmitoyl phosphatidylcholine and aqueous dipalmitoyl
phosphatidylcholine dispersions in the presence of 1 M
chloride salts of different monovalent cations. Phospholipid:

c:water = 1:4 [w/w/.

Compo-

sition

of T1100 T1128 T1128 2880 sé sz o, o, %
apld  Igss  Igas . Tiiop00 T285p

sample

Dry 1.18 1.76 1.49 1.37 1.00 1.00 - -  0.45
H,0 1.20 1.74 1.45 1.28 0.99 0.97 0.00 0.00 0.39
NaCl 1.10 1.49 1.35 1.28 0.85 0.91-0.15-0.07 0.39
KC1 1.38  1.92 1.39 1.28 1.09 0.93+0.10-0.04 0.39
RbC1 1.45 2.10 1.45 1.28 1.19 0.97+0.21 0.00 0.39
cscl 1.45 1.96 1.35 1.28 1.12 0.9 0.12-0.07 0.39

that in 1 M concentration all of them cause detectable altera-
tions in the Raman spectra and order parameters /[Table 3/.
On the basis of the phenomenological parameter°C4the following

effectivenes order can be defined:
Na©® > H,0 £ kT € cst <€ mot /25]

The same sequence is obtained with S% and 11128/1722 | see
Table 3/. Since ST was originally interpreted as a measure
of the all-trans probability the obtained numerical values
for it, for K+, Rb+
being higher than the theoretical maximum, unity. This is

and Cs+,are lacking in meaning, they

probably due to the interactions between the polar head
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groups of lecithin molecules and cations as it was suggested
above. The effectiveness sequence [25/ alos suggests that
the interaction of Na+ with hydrated lecithin may be dif-
ferent from those of K+, Cs+ and Rb+. respectively.

Another effectiveness sequence for monovalent cations
can be given on the bases of the intensity ratios I1128/11100

and the corresponding order parameters S; anddL2 as follows

Nat2 cst 2 xF 2 ot & H,0 /26

This is in agreement with the sequence obtained by differen-
tial scanning calorimetry /11l1l/ except for Na+, but non of
the criteria suggested in ref. 111 provided a satisfactory
explanation for our results. According to effectiveness

order [26]/ Na+ and Cs+ are the most effective in producing
structural changes in the phospholipid multibilayer system.
These behaviours of Na+ and Cs+ are, at first glance, in

line with their structure breaking effects on water /[120/.
Most plausibly, the monopositive ions interact with the
hydrated polar head both electrostatically and by changing
its hydration shell. This latter may alter both the hydrogen
bond network at the interface /99, 121/ and the polarizability
of some Raman-active groups /probably the phosphoryl group,
etc./ in the polar head, and lead to an apparent enhancement
in gauche formation as revealed by the decreasing values of
11066/I1100’ I1128/ 11007 S; and oy respectively. Since

no appreciable alteration in SL accompanied the changes of
the intensity parameters used above during monovalent salt
exposure, one inclines to believe that the effectiveness
order is detefmined by both cation-head group interactions
and the perturbation /26/ of the acyl chains and, in fact,
asmallér increase, if any, in the gauche formation occurs
than would follow from the corresponding intensity ratios

2
and order parameters. Interestingly, the order parameter ST
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does not exhibit any anomaly, indicating that the 1100 cm-l

line as reference is probably less sensitive to ion-head
group interactions and can be, at least for monovalent
cations, more suitable than the 722 cm_l.

The intensity ratios of the two reference lines,
T1100/ %722
/| see Tables 3-5/. They can be considerably higher and lower
than that for hydrated phosphatidykholine, 1.18, and exhibit

the following sequence.

vary ion to ion and depend also upon concentration

Nat< H,0O 2 dry dipalmitoyl phosphatidylcholine< K<cst = Rb'

2
127]

This reminds very much of sequence [/25/, indicating that
sequences [25/ and /27/ are determined basically by the
same interactions. Considering the origins of the Raman
lines at 722 and 1100 cm_l sequence [27/ seems to reflect
the effectiveness of the different monopositive ions in
their interactions with the polar head of lecithin. If so
the changes in all the quantities defined by means of I722

may be dominated by the cation-head group interactions.

Divalent cations

The influence of the divalent cations Ca2+, Cd2+,
Mg2+ and Ba2+ on the structures of dipalmitoyl phosphatidyl-
choline-water lamellar phases were investigated in the con-
centration range 0.5 mM = 1 : M of their chloride salts.
/Figs. 14, 17 and 18/. Detectable changes in the Raman
spectra occurred even at lower salt concentrations, depend-

ing upon the dipositive ion.
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Fig. 17.

Laser Raman spectra of dipalmitoyl phosphatidylcholine
in lamellar aqueous dispersions containing CaCl, in
different concentrations, in the Raman spectral

range 950 - 1250 cm~1l.

a-1M;, b-100mM; ¢ - 50mM; d - 10mM; e - 5 mM;
f-1mM; g - 0.5 mM.

[from BBA, 514 [/1978/ 274-285/.
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Fig. 18.

Laser Raman spectra of dipalmitoyl phosphatidylcholine in
lamellar aqgueous disperions containing CaCl,in different con-
centrations in the Raman spectral range 2700 - 3050 cm~L.
a-1M; b- 100mM; ¢ - 50 mM; d - 10 mM;
g — 0.5 m;

| from BBA, 514 /1978/ 274-285./

e - 5mM; f - 1 mM;
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At 1 - 5 mM and/or 1 - 10 mM Ca2+, depending upon the
reference line chosen /Fig. 19 and Table 4/, a well-pro-
nounced apparent disordering was observed in the hydrocarbon
chains, which is probably related to the partial destruction
of the lamellar phase revealed by X-ray diffraction measu-
rements /95/. At higher concentrations the intensity ratios
were close to those of ion-free phospholipid-water sys-
tems, indicating the "reappearance of the lamellar phase"
/95/. It should be emphasized here that the trans order
parameters calculatéd from Eqn. 1 with either Iref=I722 or

I =I
ref “1lloo
in the concentration range above 10 mM. On the basis of

exceed the theoretical maximum value, unity,

the corresponding values, strong and concentration-de-
pendent interactions with the head groups can be deduced,
the intensity ratios and order parameters used being af-
fected by the changes in head-group polarizability and
the PO,

2
the same way as in the case of monovalent cations. An es-

vibrations as well /92/, but very probably not in

sential difference between mono- and divalent cations in
their overall interactions with polar heads of phosphatidyl-
choline molecules is exhibited in the opposite behaviour of
the 722 cm 1 line.

The lower values of the trans order parametersC‘Q and
&b in the concentration range of 1-10 mM suggest the exis-
tence and the competition of two opposing forces, both Ca2+-
-dependent; an attractive force favoring close-packing /self-
-association/ of the membrane constituents, and a repulsive
force that is essential to keep the lipid molecules apart
and maintains membrane stability. The van der Waals forces,
the hydrogen bond network due to the hydration of the polar
heads, as well as the blanketing cloud of counter ions pro-
vide the main contributions to the resultant attractive

force. Primarily, the electrostatic charges on the head
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Characteristic intensity ratios and order parameters (S, Sp, @1 and a4 for the all-trans configuration of
hydrocarbon chains; Sy, for the lateral packing density) for dry dipalmitoyl phosphatidylcholine and
aqueous dipalmitoyl phosphatidylcholine dispersions in the presence of chloride salts of different concen-

trations. Phospholipid : water = 1 : 4 (w/w).

Composition 11100 It128 IN128 I2880 s,lr s%. ay ag Sy,
of lipid I7212 I723 Iy100 I850

sample

Dry 1.18 1.76 1.49 1.37 1.00 1.00 — —_ 0.45
H,0 1.20 1.74 1.46 1.28 0.99 0.97 0.00 0.00 0.39
Ca2*

0.5 mM 1.40 2.01 1.45 1.28 1.15 0.97 +0.17 0.00 0.39
1mM 1.25 1.66 1.32 1.25 0.94 0.89 —0.05 —0.09 0.37
5mM 1.24 1.74 1.41 1.22 0.99 0.96 0.00 —0.03 0.35

10 mM 1.23 1.81 1.47 1.26 1.02 0.99 +0.04 +0.01 0.37
50 mM 1.20 1.79 1.49 1.26 1.02 1.00 +0.03 +0.03 0.37

100 mM 1.36 2.12 1.56 1.28 1.20 1.056 +0.22 +0.07 0.39

500 mM 1.30 2.46 1.89 1.30 1.40 1.27 +0.41 +0.30 0.40
1M 0.98 2.46 2.560 1.32 1.39 1.68 +0.41 +0.72 0.42
2M 1.07 2.35 2.20 1.46 1.34 1.48 +0.35 +0.562 0.51

Mg2+
1mM 1.38 2.00 1.45 1.28 1.14 0.97 +0.15 0.00 0.39
5mM 1.12 1.568 1.41 1.25 0.90 0.95 —0.08 —0.03 0.37
10 mM 1.17 1.67 1.43 1.25 0.95 0.96 —0.04 —0.01 0.37
50 mM 1.11 1.66 1.49 1.26 0.94 1.00 —0.05 +0.03 0.37

100 mM 1.39 2.16 1.565 1.25 1.22 1.14 +0.24 +0.07 0.37

1M }.42 2.30 1.61 1.30 1.30 1.19 +0.31 +0.11 0.40

Ba24~
1mM 1.34 2.06 1.54 1.28 1.17 1.03 +0.18 +0.06 0.39
10 mM 1.24 1.88 1.62 1.28 1.07 1.02 +0.08 +0.05 0.39

100 mM 1.47 2.20 1.49 1.28 1.24 1.00 +0.26 +0.03 0.39

1M 1.38 2.03 1.47 1.26 1.15 0.92 +0.17 +0.01 0.37

cd?+
10 mM 1.46 2.09 1.43 1.26 1.18 0.96 +0.20 —0.01 0.37
100 mM 1.11 1.61 1.45 1.26 0.92 0.97 —0.07 0.00 0.37

1M 0.98 1.79 1.82 1.41 1.01 1.22 +0.02 +0.26 0.47




Fig, 19,

Dependences of the phenomenological order parameters o4 and ola,
for dipalmitoyl phosphatidylcholine in lamellar aqueous disper-
sions upon the CaCl2 concentration.

[from BBA, 514 [/1978/ 274-285/
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groups, which may come either from zwitterionic charges,

or from adsorption of foreign ions from the surrounding
solution furnish the repulsive interactions. /A further as-
pect of the hydration of the polar head is similar to the
role of identical electric charges; it tends to cause the
lipid molecules to keep apart/. Obviously, the balance bet-
ween net attractive and repulsive forces, as well as the
hydration shell will determine the existing structure of
lipid-water dispemsion.

The measurements of Seimiya and Ohko /106/ and those
of Belmonte et al. /122/ indicate that : /a/ when the inter-
lipid specing is relatively lage the divalent cation inter-
acts only with one lipid molecule; /b/ when the interlipid
distance is relatively small the dipositive ion binds two
lipid molecules. Keeping these in mind our observations
presented in Fig. 19 can be qualitatively explained in the
following way. In the absence of electrolyte the structure
of the lipid dispersion is essentially determined by van
der Waals interactions and the hydrogen bond network /as
attractive forces/, and by the electrostatic and hydration
effects tending to separate the lipid molecules. As a con-
sequence, a rather loose bilayer structure with relatively
large intermolecular spacing will be formed. If a small
amount of Ca2+ /in chloride form/ is introduced, divalent
cations will be adsorbed on single lipid molecules, partial-
ly dehydrating the polar head and converting the head group’s
charge into positive. Although the dehydration of the polar
moiety and the presence of the Cl  /as counter ions/ favor
close packing of the lipid molecules, the electrostatic re-
pulsion due to the large positive charge on the head groups
surmounting the attractive forces and a larger equilibrium

distance between lipid molecules with adsorbed Ca2+ will be



established, resulting in the disordering of hydrocarbon
chains |/ 0, Fig. 19/. If the electrolyte concentration

is increased, the chloride counter-ions present in suffi-
cient amounts can effectively mask the charge of the ad-
sorbed ion and will not allow the Ca2+-induced disordering
to proceed. A further rise in the electrolyte concentration
leads to the interpenetration of the blanketing counter-ion
clouds of neighbouring lipid molecules with adsorbed Ca2+
and hence, to the approach of the bilayer constituents.
This process must be manifested in a moderate chain order-
ing as it was in fact observed /Table 4/. At a certain
interlipid distance a fairly sudden drop can be expected

in the binding of Ca2+ /106 /, which must be reflected in
increases in tﬁe order parameters and SL; It is believed
that this transition occurs already at the concentration

of 100 mM and the bridging interaction promotes ordering

of hydrocarbon chains /Fig. 19 and Table 4/. The effects

of Cd2+ and Mg2+ and, their concentration dependences are
similar to those of Ca2+, but somewhat weaker /Table 4/.
Ba2+ practically does not affect the lateral structure of
the phospholipid multibilayers, but the tendency of the
concentration dependence of dtis also qualitatively similar
to those for Ca2+, Cd2+ and Mg2+, with the difference that
the minimum apparent order is at higher salt concentrations.
This again provides arguments in favor of the possible two-
-step binding of divalent cations to bilayered neutral phos-
pholipids.

A great variety of effectiveness sequences can be con-
structed on the basis of intensity ratios and order param-
eters given in Table 4. These sequences depend, however,
not only upon the reference line as was the case for mono-

valent cations, but even upon the concentration of salt.
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The sequence of divalent cation effectiveness for lecithin
found above 5 mM /Table 4/ is in good agreement with the

results obtadined with various other thechniques /29,11i0,111/,
though some other authors reported the reverse order of
Mg

these two divalent cations/113/. These latter observations

4

and Ca /123/ or the same magnitude of the effect for

can perhaps be attributed to the concentration-effect mentioned.
The differences between the influences of different divalent
cations on membrane may be due to differences in Goordination
numbers, geometrical requirements for binding ligands, etc.
as suggested by Williams /124/.

Since practically no frequency shift was found for the
2880 cm_l line, SL defined as in Egn.23 could be used to
evaluate the influence of dipositive ions on the lateral
packing of the lipid molequles. There are mostly insignifi-
‘cant differences in the lateral order of hydrocarbon chains
for different divalent cations in comparison with aqueous
dispersions, even at high ionic concentrations. This sug-
gests thst either the parameter SL is rather insiensitive
to the packing density or these cations interact with the
head groups and directly affect mainly the polar region of
the bilayers. In this latter case the ordering effect on the
fatty acid residues is indirect and their structure may be
quike close to that of the ion-free phospholipid-water dis-
persions. If so, this means that Ca2+ and other dipositive
ions control the permeability properties primarily not via
the structure of the membrane interior, but rather at the
interface.
Mono- and divalent anions

We have investigated the structural influences of 1M
sodiyn salts of the anions Cl_,Br—,I? NOS,Sog_,SOi- and the

very effective szog', and Szog_ in 10 mM concentrations
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/Figs.20, 21 and Table5/. In the following it will be
assumed, as a first approximation, that anions and cations
affectthe lecithin molecules independently of each other,
i.e. the changes observed are to be ascribed to anions, the
sodium concentration being the same in all cases, except for
5,05 and szog'.

The results obtained /Table 5/ show that the intensity

ratios for wvarious mono- and divalent anions mirror different

anion effects. That the anions NO_, sog", szog' and szog'
may in fact give rise to higher trans order follows from the

slightly enhanced packing densities monitored by SL [Table 5/

and from the appearances of the.corresponding spectra/Figs.20,21/
Table 5

Characteristic intensity ratios and order parameters for

dry dipalmitoyl phosphatidylcholine and aqueous dipalmitoyl
phosphatidylcholine dispersions in the presence of sodium

salts of various mono- and divalent anions.

Composition

of lipid 11100 1128 T1128 2880 st s2  ay ety S

ERmpEe I722 T922 ‘1100 T2850

Dry 1.18 1.76 1.49 1.37 1.00 1.00  0.45

H,0 1.20 1.74 1.45 1.28 0.99 0.97 0.00 0.00 O.39
1M NaCl 1.10 1.49 1.35 1.28 0.85 0.91 -0.15 -0.07 0.39
1M NaBr 1.27 1.93 1.52 1.28 1.10 1.02 +0.1l +0.05 O.39
1M NaTI 5.3 4.1 0.77 1.02 2.33 0.52 +1.36 -0.47 0.21
1M NaNoO, 1.06 1.58 1.49 1.30 0.90 1.00 -0.09 +0.03 0.40
1M Na,S0, 1.46 2.06 1.41 1.30 1.17 0.95 +0.18 —-0.03 0.40
1M Na,S0, 1.44 2.09 1.45 1.28 1.19 0.97 +0.20 0.00 O.39
107%M Na

25203 1,48 2.38 1.61 1.32 1.35 1.08 +0.37 +0.11 0.41
2

10 "M Na,5,0g 7 46 2.08 1.49 1.25 1.18 0.95 +0.02 —0.20 O.37
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Fig. 20.

Laser Raman spectra of dipalmitoyl phosphatidyl-
choline in lamellar disperions containing 1 M
sodium salts of different anions in the Raman
spectral range 950 - 1200 cm~ 1,

a - Na2804; b - NaBr; ¢ - NaCl; d - Na
e - NaNO3
[from BBA 514 [/1978/ 274-285/

SO

29737
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Fig. 21,

Laser Raman spectra of dipalmitoyl phosphatidyl-
choline in lamellar disperions containing 1 M
sodium salts of different anions in the Raman
spetral range 2650 - 3100 em~ L.

a - NaZSO4; b - NaBr; ¢ - NaCl; d4 - Na,SO

e - NaNO3.

[from BBA, 514 [/1978/ 274-285/.

2°Y37
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It is very likely that all the anions act as counter-ions for
the trimethylammonium groups and they change the conformatio-
nal states of headgroups, leading to an altered freedom in
charge displacement of polarization origin. Besides this, at
least NOS and the divalent species have a further particular
effect on the polar head motion and polarizability, o being
positive. Just for structural reasons, it is plausible that in
the presence of divalent anions, the phosphatidylcholine mo-
lecules can rearrange themselves so that a divalent anion can
be shared by trimethylammonium groups of neighbouring phospho-
lipid molecules and thus, a more closely packed bilayer emerges.
The spectral data suggest that cations, especially the
monovalent ones, and anions may have opposite effects on the
structure of phospholipid-water systems; anions appear more
effective. The structure of the zwitterionic head group of
neutral phosphatidylcholine and its orientation indicate that
the negative groups, being closer to the hydrocarbon chains
and partially neutralized by the quaternary nitrogen of the
same molecule/104/, are rather well masked and thus, less ac-
cessible for the cations than the trimethylammonium groups
for anions. No correlation seems to exist between /either ef-
fective or crystal/ ionic radii and strength of interaction of
anions with lecithin bilayers, indicating that their effects
are rather specific and not entirely of an electrostatic nature.
It appears also that the charge distribution on the anion is
an important factor in the structural effects, In contrast to
the observations of Lis et al./29/on the structure influencing
effects of potassium salts of various anions, we found anion-
dependent structural changes for the anions investigated. The
origin of this discrepancy is not yet well understood. A pos-
sible explanation is the different cation used: potassium by
Lis et al. /29/ and sodium by us. As mentioned above, sodium

was the most effective in altering the structure of DPPC,
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and thus, it can be imagined that the anion effects are ma-
nifested differently for sodium and potassium. This would
mean that the structures and structural transitions of lipid
dispersions are determined and governed by cations and anions
mutually rather than independently /29/. Whether the effects
of anions and cations are interlinked at the level of a cer-
tain kind of competition or somehow else, the possible signi-
ficance of the interactions postulated in the transport and
regulatory processes, etc. all remain open, and are interesting
tasks of further investigations.

IV. 3. 2. Effect of iodine-iodide system on the

lipid bilayer structure

The influence of iodine species /IZ,I-,I; and other poly-
iodide ions/ on the electric properties of bimoleculare lipid
membranes /BLM/ has been extensively investigated. It was found
that in the presense of iodine and iodide the conductivity of a
BLM is drastically increased. Different basic mechanisms for
their action have been proposed, such as ionic conduction
/125,126/, electronic conduction with donor-acceptor complex
formation /127,128/, transport of electro-chemically injected
holes via triiodide chains /129/, interfacial electron/hole
injection /130-133/, charge injection by a catalized redox
reaction /134/ and electrostenolysis /135/. It was shown that
molecular iodine is necessary to produce the resistance-low-
ering effect /125,126,136/ and it was suggested that I2 is a
carrier of I , forming I3, which diffuses through the membrane
/125,126,136,137/. Although the role of iodine and its species
is of secondary importance in biology, except for the thyro-
genous function, the mechanism of electric conduction of BLMs
in the presence of iodide has become a matter of principle and
its understan-ing requires clarification of the nature of iodine
species interactions with lipids and lipid membranes. In our
work Raman spectroscopy has been applied to study the in-
teractions of iodine, iodide and triiodide with phosphati-
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dylcholine multilayers in order to find supporting data for
conduction mechanisms of iodine-doped bimolecular lipid mem-
branes. The intensity ratios 11066/11100' I1128/I1100 and
12880/12850 were mainly used to charactfrife and compare in-
teractions between iodine species /Iz,I ,I3/ and lamellar
dispersions of DPPC [143/,

In order to investigate the influence of I ion, potassium
iodide solutions in different concentrations were used. In-
creasing KI concentration made the lecithin spectra noisy
and caused changes in the positions, shapes and intensities
of the Raman bands /Fig.22/In the region 1000-1200 cm—l iodide
in concentrations 2.10 °M and 2.10 2
lecithin spectra /Fig.23,b and ¢/, the intensity ratios being
very similar to those obtained for the aqueous dispersion
/Table 6/.At 2.10 1M KI the intensities of the 1066 and 1128 cm
bands decrease, while that at 1096 cm—lbroadens, its inten-

M has no influence on hhe

sity strongly increasing/Fig.23d/.In the presence of 2M KI

the bands at 1066 and 1128 cm—l almost disappear, and the
spectrum becomes noisy and unsuitable for quantitative ana-
lysis. These data imply that the original all-trans confi-
guration of the fatty acid chains starts breaking up, leading
to gauche conformation. On the other hand, the interaction

of iodine and its ionic species with polar head groups,

which can be reflected in the modification of the symmetric
vibrations of the phosphate groups, may elso contribute to

the broadening and intensification of the 1096 cm_lline.
Changes in the configuration and motion of polar heads attacked
by iodine may result in the loosening of the hydrocarbon phase,
therby promoting gauche formation in the fatty acid region.
Although the presence of gauche structures in thr hydrocarbon
region is favorable in principle to ionic charge-transporg,
little is known for the time being about the posibility of
ionic charge-transfer through the polar head group layer.

1
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Fig. 22.

Spectra of dipalmitoyl phsophatidylcholine

lamellar dispgfions in the Raman spectral range
600 - 1600 cm .
a - l1l:4 w/w DPPC- H,0 lamellar system.

b -1:4 w/w DPPC- HZO lamellar system in the
presence of 161 “M KI.

/from Chem. Phys. Lipids 19 /1977/ 159-168/
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Fig. 23.

Raman spectra of dipalmitoyl phosphatidylcholine
lamellar dispersions with different concentrations
of KI in the Raman_ipectral ranges 950 - 1200 cm™1,
and 2650 - 3100 cm ~. Iodide concentrations:

a-0; b-2.10°>"M; c ~2.1072M; 4 - 1071 M.
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Table 6
Intensity ratios for dipalmitoyl phosphatidylcholine-water

dispersions in the presence of different iodine species.

Composition of

lipid sample L1066 T1128 I2880

I1100 T1100 T2850
Dry 1.58 1.49 1.37
H,0 1.96 1.45 1.28
3.10 7M1, 1.49 1.17 1.16
2.1073M KT 1.96 1.49 1.23
2.10" %M KI 1.81 1.38 1.25
2.10 M kI 0.96 0.51 0.89
1.5.107°M I, + 5.10 °M KI 1.49 1.23 1.19
1.5.10 3m I, + 1072 k1 1.61 1.20 1.09
1.5.10 %M I, + 10" lu kT 0.89 0,62 0.90
1.5.1073M 1. + 1M KI 0.74 0.52 0.89
1M KI + 1o'§M Na,S,04 1.75 1.42 1.31
1.5.107°m 12+1o'2M Na,$,0g 1.31 1.13 1.17

The enhanced mechanical and dielectric strength of the bilayers
doped with iodine indicate that the altered surface proper-
ties need special consideration and further investigations
from the point of view of ion translocation. Similarly, the
possible significance of the gauche density in membrane saa-
bility still remains unanswered, and the influence of the
interactions with polar heads on the liquid-crystalline-gel
transition is also to be explored. Important questions such as
the change in the water content of the hydrocarbon region
during gauche formation, the physical state of intramembrane

water, etc. are still open.
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The bands in the region 1200 = 1500 cm_l /Fig.22b/,
assigned to bending and rocking vibrations of the methylene
groups in the hydrocarbon chains, undergo alterations as the
lM. The band at 1299 cm_l, at-

tributed to a CH2 twisting vibration, broadens and shifts

concentration of KI exeeds 10

to 1302 cm_l, and its intensity decreases in comparison to

that of the CH. deformational vibration at 1450 cm-l. At

2
low KI concentrations there is a sharp band at 1441 cm 1
-1

and a shoulder at 1460 cm_lwhile at concentrations above 10 M
KI there appears & single peak at 1440 cm_l. These changes

are characteristic of completely disordered hydrocarbon chains
/26/. The same is confermed by the decrease of the intensity

2880/ 12850
Using several intermediate concentrations, it was found

ratio I at high KI concentrations /Fig.23/.

that the order-disorder transition occurs in the concentra-
tion range 6.10_2 - 10-lM KI. Our results differ from those
of Lis et al. /29/ who did not find any influence of 1M KI
on theDPPC Raman spectra under experimental conditjions similar
to ours. During exposure to the laser beam tha samples chan-
ged in colour to yellowish, probably due to the formation
of 12 and polyiodide ions as a result of oxidation process.
In order to establish whether the effect obtained at high
KI concentrations is produced by 1~ or Izor even by poly-
iodide ions, a reducing agent /10_2M Na28203/ was used be-
sides 1M KI in the aqueous phase. The intensity ratios had
values very close to those of water dispersions, suggesting
that I itself, even at a concentration of 1M has a negligi-
ble effect on DPPC /Fig. 244/ and the observed effects are
due to oxidation products of iodide /12' I; /.

The next question to be answered is whether the disor-

dering effect is caused by I,or by polyiodide ions formed

2
in the simultaneous presence of I2 and I . Accordingly, the



Fig. 24.

Raman spectra of dipalmitoyl phosphatidylcholine

lamellar dispersion in the presence of different

jodine species_in the Raman spectrgi ranges

950 - 1200 cm~ 1 and 2650 - 3100 cm

a-10 MK b -3.10°MIy; c- 101 M KI+1.5.10 M I,
-2

d -1MZKI + 10 M Na28203.

/from Chem. Phys. Lipids 19 /1977/ 159-168/.
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Raman spectra of lecithin dispersions containing 1.5.10—3M 12

alone /i.e. the water added was saturated with 12/, and
mixtures of 1.5.10-3M I, and KI in fout different concentra-
tions /5.10_3M,10—2,10-EM and 1M/ were taken. It was found
that I2 caused a slight disorder /Fig.24b/ and that the
mixtures of 1.5.10-3M I, and 5.10-3M KI as well as l.5.lO-3MI
and lO—ZM KI had the same effect as 12 alone /Table 6/. Just
the same was established by ESR spectroscopy for egg yolk
lecithin vesicles by Jendrasiak and Haves /138/, thuogh they

2

interpreted their results as a rapid conversion of I, to I;
and interaction of the latter with the membrane. This inter-
pretation is not, however, free from objections, since inour
latter two cases the triiodide concentration is much higher
than in the presence of 12 alone. If the differences in the
orders of magnitude of triiodide concentrationare not reflec-
ted in the Raman spectra, it is hard to believe, that the
dominant effect can be attributed to any triiodide interac-
tion. To eliminate triiodide and iodide ions from the aqueous
iodine solution, 2.10—2M potassium persulfate was used as

an oxidizing agent. Although the spectra obtained in the pre-
sence of iodine and persulfate are more noisy, the order-
disorder relations estimated on the basis of the intensity
ratios do not change noticeably /Table 6/. These @bservas-.
tions clearly demonstrate that the primary effect has to be
attributed to iodine and not to complex iodide species. An
enhanced disordering effect of iodide-iodine mixtures was
observed when iodide was present in lo_lM or higher concen-
trations, whichwere effective even without iodine as seen
earlier/Fig 24,a and c/. It can be concluded that I; at lO_3M
or higher concentrations has practically no effect different
from that of iodine on the structure of lecithin lamellar

dispersions. Here again, the disordering ef/fect is probably
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due to the I, molecules, which may in part penetrate in the
hydrocarbon region and also interact with the polar heads.
These conclusions are in agreement with the complexing abi-
lity and the lipophilic character of I2 /the partition co-

efficient of I. between water and hexadecane ie 1:50 /139//.

To check ihe state of iodine in the hydrocarbon phase,
iodine transferred from aqueous iodine and triiodide soluti-
ons into tetradecane was investigated through its Raman
spectrum. In the first case the well-known fundamental vib-
ration of iodine at 211 cm-l with two overtones was found
/140/., whereas in the second case Raman lines characteris-
tic of triiodide could not be detected in any of the tetra-
decane samples. Thus, supporting evedence for the appearance
of triiodide ions in the hydrocarbon phase was not obtained.

At concentrations of 10_l
red at 106 cm *

to the symmetric stretching vibration of I3

M and 1M KI a strong band appea-
in the spectra of DPPC dispersions, peculiar
During exposure
to the laser beam its intensity increased, reaching a con-

3
pearing in the sample during illumination, and I present

stant value, probably because of I, formation from IZ’ ap-

in the aqueous phase. According to refs. 140 and 141, the
spectra obtained belong to free, non-complexed form of I3—.
Thus, I, is probably present in the aqueous phase rather
than in the hydrocarbon region of the lipid system /see
also the data of the tetradecane experiments/

On the basis of the present studies, therefore, no sup-
porting data could be found for an ionic conduction mecha-
nism based upon triiodide formation and for the existence
of triiodide chains as hole pathways in iodine-dopped bi-
layers. Conversely, the data presented demonstrate that
phospholipids interact with iodine rather than with its
ionic forms. These results conferm that the primary event
in the resistance-lowering effect of iodine could be based
upon direct lipid-iodine interaction and iodine penetration
into the bilayer membrane /130-134/.
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V. CONCLUSIONS

On the basis of the results obtained in the present
work the following conclusions were made:

1. Raman spectroscopy is applicable to structural
studies of model membrane systems in general and lipid-
ion interactions in particular.

2. Sp order parameter introduced by Gaber and Petico-
las [/43/ as a measure of the all-trans probability in li-
pids, has a restricted applicability in the case of order-
disorder transitions in the lipid hydrocarbon chains, in-
duced by interactions of ions with the polar heads and, in
general, in transitions affecting the motion and confor-
mation of the polar groups.

3. A phenomenological parameterOC , analogous to ST'
was introduced for monitiring the conformational states of
fatty acid. residues and polar head groups in the presence
of ions, accounting for the structural changes in lipids
upon hydration.

4, Lateral order parameter S as defined by Gaber and

LI
Peticolas [/43/, proved to be suitable for the evaluation
of the lipid chain packing even in the case of lipid-ion
interactions.

+, Cs+/ in high con-

5. Monovalent cations /Na+, K+, Rb
centrations caused detectable alterations in the Raman spec-—
tra of DPPC.

6. Different effectivness sequences in affecting the
bilayer structure could be constructed for monovalent ca-
tions on the basis of ST and o , depending on the reference
line chosen. The slight disordering effect on the lipid bi~
layer, observed with Na® and cs* is in line with the struc-

ture breaking effect of these ions on water.
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7. Since no appreciable changes in SL were observed
upon exposure of the lipid bilayer to monovalent cations,
it is believed that the effectiveness sequences are deter-
mined mainly by cation-head group interactions and that a
smaller increase, if any, occurs in the gauche formation
than would follow from the corresponding intensity ratios
and trans order parameters.

8. Divalent cations /Ca2+, Mg2+, Cd2+, Ba2+/ were found
more effective in changing the structure of lecithin bilayers
than the monovalent ones and with divalent cations detecta-
ble changes in the DPPC Raman spectra occured even at lower
salt concentrations.

9. On the basis of the 0& values strong and concentra-
tion-dependent interactions of divalent cations with the
DPPC polar heads could be deduced. At lower concentrations
[5-10 mM/ a slight disordering of the lipid systems was
observed, but with increasing the cation concentration
/10-100 mM/ the order has been restored and at high ionic
concentrations [above 100 mM/ a strong ordering effect of
divalent cations was found as judged from the values of the
order parameters.

10. Two-step binding mode of divalent cations to DPPC
was suggested on the basis of the experimental data.

11. The most pronounced effect was observed with Ca2+.
The mode of action and the concentration dependences of
Cd2+ and Mg2+'were similar to those of Ca2+ but somewhat
weaker. Bazfﬂproved to be the least effective.

i2. On the basie of the small changes in the SL values
it was concluded that the divalent cations interact with
the head groups and directly affect mainly the polar region

of the bilayers. The ordering effect on the fatty acid re-



sidues is indirect and their arrangement might be close
to that found in ion-free phospholipid dispersions.

13. Different effects of monb— and divalent anions
on the structure of the lecithin bilayer were deduced
from the values of the correspording order parameters.
No correlation seems to exist between the ionic radii
and the strengths of interaction of anions with DPPC
bilayers, indicating that the effects are not entirely
of electrostatic nature. It is believed that, at least
in some cases, the effects of anions and cations are
rather interlinked, than independent.

14. In studies on the influence of the iodine-iodide
system on the structure of DPPC bilayers, no supporting da-
ta could be found for the ionic conduction mechanism of
iodine-doped BLMs. It was demonstrated that DPPC inter-

acts with iodine rather than with its ionic forms.
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