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FOREWORD

The Sixth Brazilian Symposium on Theoretical Physics was held in Rio de
Janeiro from 7 to 18 January 1980, consisting in lectures and seminars on
topics of current interest to Theoretical Physics. The program covered several
branches of modern research, as can be seen in this publication, which presents
most of the material discussed in the two weeks of the meeting.

The Symposium was held thanks to the generous sponsorship of Conselho
Nacional de Desenvolvimento Científico e Tecnológico - CNPq (Brazil),
Academia Brasileira de Ciências, Fundação do Amparo a Pesquisas do Estado de
São Paulo (Brazil), Organization of American States, Sociedade Cultural Brasil-
Israel (Brazil), Comissão Nacional de Energia Nuclear (Brazil), and the
governments of France and Portugal.

The meeting was attended by a large fraction of the theoretical
physicists working in Brasil, and by about 30 scientists who come from other
countries. The list of participants — about 250 - is given at the end of this book.

The Pontifical Catholic University of Rio de Janeiro was, for the sixth
consecutive time, the host institution, providing excellent facilities and most of
the structural support for the efficient running of the activities.

The community of Brazilian Theoretical Physicists is grateful to the
sponsors, the host institution, the lecturers and the administrative and technical
staff for their contributions to the cooperative effort which made the VI
Brazilian Symposium on Theoretical Physics a successful and pleasant event.

Organizing Comittee
Guido Beck (CBPF)
Carlos Bollini (CBPF)
Hélio Coelho (UFPe)
Darcy Dillenburg (UFRGS)
Erasmo Ferreira (PUC/RJ)
Henrique Fleming (USP)
Belita Koiller (PUC/RJ)
Roberto Lobo (CBPF)
Moysés Nussenzveig (USP)
Antônio F. Toledo Piza (USP)
Ronald Shellard (IFT)
Jorge A. Swieca (U.F. São Carlos e PUC/RJ)
Zieli D. Thomé (UFRJ)
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WELCOME ADDRESS

Ladies and Gentlemen:

It is a great pleasure and honor for me to welcome to our University the
participants of the Sixth Brazilian Symposium on Theoretical Physics.

It is on such occasions that the true spirit of the university is manifested
in the search for new knowledge and in the communication of new discoveries.

Renowned physicists in several areas of Physics, and from leading
institutions in Brazil and abroad, gather here to share their latest results of
research, new hypotheses and unanswered questions.

Through the exchange of new insights, suggestions and critical reactions,
the academic community emerges, united in its commitment to truth and in
its effort to contribute to the understanding of the world in which man lives.

The understanding of Nature — which is the original meaning of Physics in
'j Greek — is indeed the goal of this Symposium on Theoretical Physics. Events of

recent years have taught us to be cautious in our dealing with Nature, since we
; do not understand all of its interrelations. The precipitate use of nature's forces,
í made possible by scientific progress, though intended to make the world more

livable, threatens to destroy mankind itself.

It is not possible to reduce nature to a single model and it is not possible
to reduce history to a human project.

The full understanding of nature demands humility and respect in dealing
with it. Only under such conditions will the knowledge and use of nature be of
serve to man.

One of the basic goals of this Symposium is to show the fundamental
unity of physical theory. The rediscovery of the deep unity of all the
phenomena of nature is undoubtly a step forward in the understanding of
nature, because understanding requires unification of many phenomena in one
law or theory.

But a unified theory, in order to be faithful to its object, must recognize
? the variety of levels through its use of analogy. It must respect the limits of its
j understanding of nature through the continual perfection and superseding of

its own models. It must admit the existence of other dimensions and other
approaches to reality, through openess to interdisciplinary dialogue.

It is through the pluralism of viewpoints, consciously accepted as relative
and interchangeable, that the global vision of reality progressively emerges, and

\ converges to its final goal, which is man in all his complexity and his
self-transcendence.

May this attitude — so proper to the spirit of the university - be present
in all the work of this Symposium.
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In closing I would like to thank all the Brazilian and foreign foundations
and government agencies which are sponsoring this meeting.

May the bold initiative of the Department of Physics at PUC in
hosting this Symposium, and the generous efforts of its organizers be rewarded
by the scientific and human growth of all the participants.

Thank you.

Rev. João A. Mac Dowell, S.J.
Rector, Pontifícia Universidade Católica do Rio de Janeiro
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SCATTERING OF POLARIZED LOW-ENERGY ELECTRONS BY
FERROMAGNETIC METALS

J. S. Helman
Departamento de Física - Centro de Investigation del 1, P. N.

Apartado Postal 14-740, México 14, D. F., México

ABSTRACT

A source of spin polarized electrons with remarkable characteris-

tics based on negative electron affinity (NEA) GaAs has recently been

developed. It constitutes a unique tool to investigate spin dependent

interactions in electron scattering processes. The characteristics and

working principles of the source are briefly described. Some theoreti-

cal aspects of the scattering of polarized low-energy electrons by fer-

romagnetic metals are discussed. Finally, the results of the first po-

larized low-energy electron diffraction experiment using the NEA GaAs

source are reviewed; they give information about the surface magnetiza-

tion of ferromagnetic Hi (110).

1. INTRODUCTION

A source of spin polarized electrons based on photoemission from

GaAs, proposed by Siegmann et al. at ETH-Ziirich in 1974, has now beco-

me operational2. The availability of spin polarized electron beams

opens new fields of research in almost every area of fundamental phys-

ics3; its importance can be appreciated by considering the optical

analogous, namely the advantages that may represent in many situations

the use of polarized over non-polarized light.

The remarkable characteristics of the GaAs source allow for the

first time to perform scattering experiments which give direct infor-

mation on electron spin dependent interactions. Besides providing

this basic knowledge the source had already an immediate application

to solid state physics as a unique tool to determine the surface mag-

netic structure of ferromagnetic materials'*.

In this paper I describe some recent experimental results which

constitute the first application of the source to the determination

of the surface magnetic structure of Ni. They are completed by some

theoretical considerations regarding the scattering of polarized low
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enery electrons by ferromagnetic metals. I will start, however, with

a brief description of the characteristics and working principles of

the GaAs source.

2. THE GaAs SOURCE

Under suitable conditions, electrons photoemitted from GaAs are

spin polarized. GaAs is a direct gap semiconductor (Eg = 1.52 eV at

110 K) whose valence band is spin orbit split by 0.34 eV. A scheme

of the band structure and the energy levels at the r point are shown

in Fig. 1. The relative transition probabilities from the valence

to the conduction band levels induced by circularly polarized light

of helicity a and cr are also shown in Fig. 1. For instance, if

sl/2

Eg* 1.52 eV

mj=+l/2

mj •+3/2

mj—1/2

Fig. 1.- a) Band structure of GaAs in the neighborhood of the T
point (center of the Brillouin zone) showing the spin-
orbit split valence band and the direct energy gap.
b) Energy levels corresponding to the r point. The elec-
tronic transitions induced by light of helicity a+ (a )
are indicated by full (dotted) arrows. The encircled num-
bers on the arrows denote the relative intensity of the
transitions. (Taken from Ref. 2).
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a light of energy just above the threshold for excitation from the
: upper valence band to the conduction band is used, electrons are pro-

moted from the level j 3/2; -3/2> of the valence band to the level

11/2; -l/2> (spin down) of the conduction band with relative intensity

3, and from the level |3/2; -l/2> of the valence band to the level

|1/2; l/2> (spin up) of the conduction band with relative intensity

Í 1. Thus, the theoretical negative (spin down) polarization of the

electrons promoted to the bottom of the conduction band is P= -50%.

The spin quantization axis is taken parallel to the light beam which

is at normal incidence. Analogously, if a" light is used, the elec-

tron spin polarization is reversed, that is, P = 50%.

Notice that if the light has enough energy to promote electrons

from both the upper and lower spin orbit split bands the net polari-

zation of the electrons in the conduction band is zero5. Thus, in

order to obtain polarized electrons in the conduction band circular-

ly polarized light of energy just above threshold has to be used.

.} Light from a GaAlAs laser has the adequate wavelength (T-800 nm) for

this purpose. In the device the laser light is circularly polarized

by means of a quarter wavelength plate.

Under normal conditions, GaAs has a large work function (̂  4 eV)

so that the electrons at the bottom of the conduction band cannot be

extracted, and hot electrons have a short mean free path (% 10 Â) lead-

ing to a very small quantum yield for photoemission. However, when
19 —3p-type GaAs single crystals (doping ^10 cm ) are cleaved along the

(100) direction and the surface is activated by successive depositions

of Cs and O 2 the work function is lowered until negative electron af-

finity (NEA) is reached (Fig. 2). In this situation a large fraction

of the electrons photoexcited to the conduction band may leave the

crystal. The photoemission is only limited by the diffusion length

of the thermalized electrons, which is very large (•%> 1 ym) , and the

transmission probability through the surface (̂  0.1). Quantum yield

curves for NEA GaAs are shown in Fig. 3. ,

I At present, the NEA GaAs source, although not fully optimized

| yet, produces a 20 uA beam of 42% spin polarized electrons per mW of

exciting radiation of 1.6 eV .

Spin flip mechanisms, mainly exchange scattering with neutral

}' Cs atoms at the surface, reduce the 50% theoretical polarization.
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GoAs Vacuum

Fig. 2.- Energy band diagram at the surface of NEA GaAs.
from Ref. 2) .

(Taken

Furthermore, this source has the remarkable characteristic that

the electron spin polarization can be modulated (up and down) at a

given frequency u without introducing any changes in the intensity

of the beam. This is accomplished by rotating mechanically the

quarter wavelength polarizer at a frequency co/2. This is the essen-

tial feature which allows the use of sensitive lock-in techniques to

measure directly the effect of spin dependent interactions in scat-

tering processes.

The polarization of the photoemitted electrons is normal to the

crystal surface. For low-energy electron scattering experiments the

beam is deflected by a 90° angle so that the outcoming beam has trans-

verse polarization (spin perpendicular to the direction of propaga-

tion) .

It is noteworthy that this source does not involve any magnetic

field which might hamper some scattering experiments.

Full details about the design, construction, operation and per-

formance of the HEA-GaAs source are given in Ref. 2.
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Fig. 3.-
PHOTON ENERGY (eV)

Quantum yield vs photon energy for a NEA GaAs sample at
110 and 300 K. (Taken from Ref. 2).

3. THEORY

When low energy primary electrons (100-1000 eV) strike a metal,

several scattering processes happen. There is elastic scattering and

also inelastic scattering due to the excitation of single electrons

(inter-and intraband transitions) and of collective modes (plasmons,

spin waves). The inelastic scattering gives rise to a characteristic

energy-loss spectrum whose peaks correspond to the characteristic e-

lectronic excitation energies of the metal.

The interaction potential between the primary electron and the

electrons of the target contains a spin dependent exchange interac-

tion which is small compared with the total potential. In nonmagne-

tic metals it is impossible to observa the exchange interaction sepa-

rately since there is no distinction between electrons with spin up

and down. However, in magnetic metals it is possible to observe this
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effect by using a beam of spin-polarized primary electrons. In this

case the exchange interaction leads to different cross sections de-

pending on the relative orientation of the primary beam polarization

with respect to the magnetization of the metal.

This type of experiments can now be performed due to the availa-

bility of the intense NEA GaAs source of polarized electrons whose

spin orientation can be reversed at a high rate without perturbing

the beam intensity. Thus, the difference between the cross sections

in any scattering process for an alternately spin-up and spin-down

polarized primary beam can be measured by a lock-in technique. At

present this technique can reach a sensitivity of 10 . These expe-

riments provide direct evidence of the role played by the exchange

interaction on the elastic and inelastic scattering processes and al-

low the determination of exchange coupling constants as well as the

behavior of the surface magnetization.

To fix- the ideas let us consider the following experimental set-

up: The target consists of a ring shaped Ni crystal whose domains are

oriented by means of a small coil (Fig. 4). This special shape is

Source
of GaAs

Ni ring

Magnetization

Einzel Lens

•'I ) Lock-in
LIJ 'Detector

Fig. 4.- Schematic setup for a polarized low-energy electron scat-
tering experiment.

chosen to avoid stray magnetic fields. A beam of low-energy electrons,

whose polarization is modulated at about 30 Hz, is directed against
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the border of the ring. The outcoming primary electrons, selected

in a given energy interval, are detected through a lock-in technique

that picks up only the 30 Hz component of the current. The amplitu-

de of the current is a measure of the differential effect due to the

spin dependent part of the interaction between the primary electrons

and the Ni crystal.

A. Elastic and magnon-inelastic differential cross sections of spin-

polarized low-energy electrons in magnetic Ni and Pe7.

The interaction Hamiltonian between the primary electron and

the target is

H± = H m + V. (1)

Here V = I v(r-R.) describes the spin independent part of the prima-
j 3

ry electron interacti

sition of the atom j.

j
ry electron interaction with each atom in the target. R. is the po-

Hm = I Jir-RjJs-Sj (2)

describes the exchange interaction between the spin s of the primary

electron and the spin S. of the magnetic metal ion at R.. J(r) is

the exchange coupling constant. A localized spin model for the mag-

netic metal is used, although its validity may be doubtful for the

transition metals under consideration. In second quantized formalism

and in the spin-wave region (T << T c = Curie temperature), tt± can be

written in the form

k+ q

-*• •*• • cr c r ' l r l + l c + V • 4» l e x
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where

v = |d3r v(r) e'1^'1 (4)
Q

and

= I d3r JCrJe"^' 1 (5)

a + and a + are the creation and destruction electron operators,
k,a k,a +
respectively, b_». and b + are the creation and destruction magnon ope-

rators. Q = k"-k' and N is the number of magnetic ions in the norma-

lization volume ft.

The differential cross sections for electrons with spin up

(dot/du)) and down (da+/dd)) are calculated in the Born approximation.

If the magnon energy loss (^0.1 eV) cannot be resolved in the scat-

tered electron spectrum, the processes involving elastic scattering

and magnon creation and destruction can be incorporated together in

the differential cross sections. In this case the result is 7

(6)
Q 5 q

and

f
+i I (n+ + 1) S(Q-q) (7)
Q + q

q

where M denotes the mean thermodynamical value $f S at temperature

T, m is the electron mass, S(3) = <E Z e^' (^i" RJ J^ is the static

structure factor of the target and n*. is the number of magnons in
q
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the state q at temperature T.

The relative current IQ measured with the experimental set up

described above i s given by

IQ - Pig (8)

with

o = fdoj, _ doij /rda£ da£| {9)

Q |_ do) dwj / |_da> dwj

e
Here Q = IQI = 23; sin-r*where k is the momentum of the primary elec-

tron, e is the scattering angle and P is the polarization of the in-

cident electron beam.

The nain contribution to 1° comes from processes in which the

spin of the electron is conserved. The processes involving the emi-

ssion or absorption of magnons are of the order |JQ|
Z. Neglecting

terms of order lJQ|
zwe are left with

v J* + v*J
12 - - - 2- 2 S-S M. (10)

In this approximation the structure factor drops out and the

result depends only on the interaction between the electron and a

single atom.

The self-consistent Hartree-Fock-Slater potentials for fully

polarized Ni (0.6 y_ per atom) and Fe (1.72 u_ per atom) have been

calculated by Wakoh8. The results for the self consistent poten-

tial for spin-up electrons V+(r) and for spin-down electrons V^(r)

are tabulated. We can write v(r) and J(r) in terms of Wakoh1s po-

tentials as follows

v(r) = | Jv+(r) + V+(r)l (11)

a"hd

J(r) = V+(r) - V +(r). (12)

The Fourier transforms (Eqs. (4) and (5)) were calculated numerical
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ly. Since v_ and JQ are real Eq. (10) reduces to

J. Helman

1° = - (J^/vJM,
Q Q' Q'

(13)

where M is the reduced magnetization. 1° as a function of Q for M=l

is shown in Pig. 5 for Hi and Fe.

• io3 rQ

8 9
Q(a.u.)

Fig. 5.- Theoretical IQ VS momentum transfer Q (in atomic units)
for fully magnetized Ni and Fe. The arrows indicate mo-
mentum transfers at which experiments were performed in
Ni.

Wakoh's self consistent potentials are calculated for fully

The evaluation of I Q at a finitepolarized Ni and Fe (T = 0 K).

temperature T would require the calculation of the self consistent

potentials corresponding to a reduced magnetization M. This infor-

At low temperature (T << T )mation is not available at present.

the behavior of I_ can be estimated using the spin wave approximation

together with Wakoh's potentials (Eq. 13).

In the experimental setup described above the primary electrons



ELECTRON SCATTERING BY METALS 229

may penetrate only a few angstroms in the metal, therefore in Eq.

(13) one should use the surface rather than the bulk magnetization.

On the other hand, the dependence of the electron penetration on the

primary energy could be used to measure the magnetization profile

near the surface.

It is convenient to stress that Wakoh's selfconsistent potentials

were derived from a band calculation, while in this work they are as-

sumed to hold for an additional electron in the range 100-1000 eV

which is rather doubtful. The idea, however, was to obtain only an

order of magnitude of the effect to estimate if it was within the sen-

sitivity of the lock-in technique.

B. Inelastic scattering of polarized electons by plasmons in ferro-

magnetic metals9.

In a spin polarized electron gas a plasmon involves a charge po-

larization together with a spin density modulation. Therefore it can

be excited by an external electron through both the coulomb and ex-

change coupling. Using for the exchange energy the form Ge2n'3 with

G = 0.84, where n^ is the electron density for spin a 1 0, the Born ap-

proximation leads to a reciprocal mean free path for plasmon excita-

tion by an electron of energy E and spin a = ± 1

2/'

Gk N" -

Here u = (N, - N,)/N is the relative spin polarization of the elec-

tron gas kc is the plasmon cut-off wave vector, u is the plasmon

frequency and a Q the Bohr radius. Then, Gk^N""/3 / 12*2 ̂  =0.084rg

with (4TT/3) (rgao)
 3 = N"1

The first term of Eq. (14) was given by Ferrell11 and Pines12.

The electron scattering techniques using spin modulated beams should

allow a measurement of the last term.

4. ELASTIC SCATTERING OF POLARIZED LOW ENERGY ELECTRONS BY Ni

I will describe recent experimental results by Celotta, Pierce,
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Wang, Bader and Felcher performed at National Bureau of Standards'*.

The experiments were made on a thin Ni crystal (0.3x5x10 mm )

with the large surface oriented along the (110) direction. The

crystal was suspended by Ta rods so that it closed a magnetic cir-

cuit of a small c-shaped electromagnet as shown in Pig. 6. The di-

rection (111) of the surface, which is an easy magnetization direc-

tion, was chosen to be the magnetization axis and it was oriented to

e

Fig. 6.- The electron beam at an angle of incidence 6 is diffracted
into the detector. The incident electron spin polarization
and the crystal magnetization lie in the scattering plane.
(Taken from Hef. 4).

lie in the scattering plane determined by the electron beam. The

spin polarization of the incoming beam was also in the scattering

plane to avoid spin-orbit effects on the electron scattering.

The experimental details regarding the preparation of the sam-

ple and the setup are given in the original paper by Celotta et al .

Measurements were made at an intensity maximum of the specular-

ly reflected (00) beam at an angle of incidence e = 12° end energy

E = 125 eV. This corresponds to a momentum transfer Q = 5.9 a.u.

Fig 7. shows IQ at about 400Kas a function of the magnetic field.

IQ follows a known hysteresis curve indicating that it is indeed re-

lated to the local magnetization.
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Fig. 7.- A hysteresis curve, I_, at E = 125 eV and 6
(Taken from Ref. 4). Q'

12c

Fig. 8 shows i" as a function of temperature in the range

0.5 < T/T < 0.8. The upper half of the graph corresponds to one

orientation of the sample magnetization while the lower part was ob-

tained after reversing the magnetization by means of the small coil.

Both the upper and lower curves extrapolate to zero at the bulk. Curie

temperature. However, if 1° is indeed proportional to the magnetiza-

tion as an extrapolation of the validity of Eq. (13) to finite tempe-

ratures would suggest, then this curve indicates that the surface

magnetization differs from the bulk magnetization. The latter has

the usual shape predicted by molecular field theory instead of the

observed straight line. This effect has already been observed in

other magnetic materials, where the surface magnetization is smaller
1 3

than that of the bulk at the same temperature

An experiment was also made at 6 = 12° and incident energy E=20

eV, which corresponds to a momentum transfer Q = 2.3 a.u.. A value

IQ = -0.04 was obtained which is larger in absolute value and nega-

tive. Comparing the experimental values of l2 with those predicted

in Fig. 5 (indicated by arrows) it can be seen that although the sim-

ple theory using Wakoh's potential predicts correctly the change of
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«o o

-.01 -

-.02
.6 .7 .8 .9
TEMPERATURE (T/Tc)

1.0

Fig. 8.~ IQ vs temperature, at E = 125 eV and 6 = 12° in the range
0.5 < T/Tc< 0.8. The upper half of the graph corresponds
to one orientation of the sample magnetization while the
lower part is obtained by reversing the magnetization.
The full lines indicate that a linear extrapolation to ze-
ro at T is not inconsistent with the data. (Taken from
Ref. 4)7

sign of I? it underestimates its absolute value by a factor of about

20.

5. CONCLUSION

The purpose of this paper was essentially to call the attention

towards a new tool which to my view is going to play a very important

role in the study of electron spin dependent interactions in the

various fields of physics. In particular, in solid state physics,

the NEA GaAs source together with lock-in electronics provides a

unique technique to determine the surface magnetic structure of fer-

romagnetic materials under a variety of controlled experimental con-

ditions including the effect of contaminants. This is not only in-

teresting from the point of view of understanding basic interactions,

it may also be of great practical interest.
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Nothing has been said here about the application of the tech-

nique- to the study of the spin-orbit effect in magnetic and non-mag-

netic materials. Although measurements of a similar kind were al-

ready performed in W and contain a wealth of information they have

not been fully interpreted yet.
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SUMMARY

A physical model is presented to describe theoretically the temperature

dependent interactions of lipid bilayers with anaesthetic molecules.

Based on an earlier model, a triangular lattice in which each site

is occupied by a single lipid chain is constructed and the site of interaction

of the anaesthetic molecules is then considered.

Small anaesthetics and local anaesthetics at low concentration are

assumed to occupy interstitial sites in the centre of each lattice triangle.

The phase characteristics of such lipid-anaesthetic mixtures are described in

terms of the interaction parameters between lipid-lipid, lipid-anaesthetic

and anaesthetic-anaesthetic molecules.

Depending on the chemical nature of the interacting species the

following three models are formulated:

Mçdel I. An interstitial model in which the only perturbation is

in the head group region of the bilayer and direct interactions between

neighbouring anaesthetic molecules are taken into account.

Model II. Here only hydrophobic interactions between anaesthetics

and lipids are considered.

Model III. Both van der Waals and Coulombic interactions are taken

into account.

Phase diagrams for the three models are obtained by numerical calcula-

tion over a wide range of interaction parameters. It is shown that in all

three models lateral phase separation takes place due to the presence of

anaesthetics. The heat of transition, however, is found to be virtually

independent of the anaesthetic concentration.

*based on lecture given by M. J. Zuckennann
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1. INTRODUCTION

Many theories of anaesthetic action are based on the change of fluid-

ity of membrane phospholipids by solute anaesthetic molecules [1,2,3] . In

consequence there is a considerable range of in-vitro experiments which

examine the fluidity of pure and mixed phospholipids as a function of

anaesthetic concentration. The experimental methods include differential

scanning calorimetry (DSC) [4,5] , turbidity [6], dilatometry

[71, electron spin resonance (ESR) with spin labels such as TEMPO [ 8,9 ]

fluorescence spectroscopy [5,10 ] and nuclear magnetic resonance (NÍIR) [ 11,

12,13 ] . The anaesthetic molecules used are both local anaesthetics such

as synthetic cocaine derivatives (e.g. procaine, dibucaine, tetracaine),

benzyl alcohol, long chain alcohols as well as general anaesthetics (e.g.

halothane, enflurane and other inhalation anaesthetics).

The main conclusion of the studies listed above is that most anaes-

thetics increase the fluidity of phospholipids in the liquid crystalline

or disordered state. This increase is related to a decrease in the gel-

liquid crystal transition temperature, T , with increasing anaesthetic con-

centration. Exceptions to this result are the trans saturated and unsat-

urated isomers of tetradecanol and hexadecanol which produce an increase

in T of dimyristoyl phosphatidylcholine (DMPC) and distearoyl phospha-

tidylcholine (DSPC) bilayers with increasing anaesthetic concentration [14] .

However, all anaesthetics appear to broaden the phase transition region

in lipid bilayers.

The purpose of this paper is to present a physical model which pro-

vides a framework for a systematic analysis of these experimental results.

This requires, however, a more detailed description of the pertinent experi-

mental data:
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The DSC experiments of Mountcastle et al.[4] are of particular interest

in this context. Here the effects of the volatile general anaesthetics,

halothane and enflurane, on dipalmitoylphospnatidylcholine (DPPC) bilayers

were examined. Both anaesthetics decreased T and broadened the phase

transition region with increasing drug concentration. However, the heat uf.

transition was found to be nearly independent of the anaesthetic concentra-

tion. Similar results were obtained by Papahadjopoulos et al. [5] in their

extensive analysis on the effects of dibucaine dissolved in acidic phospho-

lipid membranes using both DSC and fluorescent probes. It is also interesting

to note that Cater et al. [15] in examining the effect of drugs on the phase

transition temperature of DMPC and DPPC show that the heats of transition are

effectively independent of drug concentration up to 50 mole % for both the

morphine derivative MIV and the tricyclic antidepressant desipramine.

The analysis of DSC data using our model requires some knowledge of

the location of the anaesthetic molecules in the bilayer. Shieh et al. [11]

have shown by high resolution proton magnetic resonance (PMR) that volatile

general anaesthetics act on the hydrophilic groups of the phospholipid mole-

cules at physiological anaesthetic concentrations,and then diffuse into the

hydrophobic region of the bilayer at high concentrations. They conclude that

the general anaesthetics increase the motion of the positively charged head

groups by weakening Coulombic interactions.

Recently Turner and 01dfield[l2] used deuteron magnetic resonance (DMR)

to study the interactions of benzyl alcohol with DMPC bilayers. They find

that the average orientational order parameter of the hydrocarbon chain de-

creases with increasing benzyl alcohol concentration, and the thickness of

the bilayer is unchanged by the anaesthetic at physiological concentrations.
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They also show that benzyl alcohol causes a decrease in the quadrupole splitting

and hence in the ordar parameter along the hydrocarbon chains. This is in con-

trast to the action of cholesterol in phospholipid bilayers [16] since choles-

terol was found to cause an increase in bilayer thickness at comparable con-

centrations and a large increase in the order parameter along the hydrocarbon

chain. Finally, some preliminary results using DMR on egg phosphatidyl choline

(PC) and PC-phosphatidyl serine (PS) mixtures containing procaine and tetra-

caine have been reported by Boulanger et al.[13]. In this case both the

hydrocarbon ctialtvs of the phospholipid molecules and the aromatic rings of the

Cetracaine were deuterated. 1'he experimental data indicated that charged

tetracaine molecules ware attached to the bilayer at two different sites. At

the first site, the tetracaine molecules are in the aqueous medium and seem

to interact with the polar heads of the lipids through their charged H (CH3)2

group and fast exchange with the aqueous medium takes place. At the second

site, the tetracaine molecules are oriented parallel to the lipid hydrocarbon

chains and hence their aromatic groups lie in the hydrophobic region of the

bilayer. Only slow exchange with the aqueous medium may occur at this site.

2. THEORY

The theory presented in this paper is based on Pink's model for lipid

hydrocarbon chain dynamics in bilayers [17]. This model has been used to

analyse several properties of tilayers, including the enhanced diffusion of Ha+

out of DPPC vesicles at Tc and the DMPC-dPPC phase diagram in the region of 300 K

[17]. The theory accounts for the temperature dependence of the Raman inten-

sities of the "1130 cm" " band of the hydrocarbon chain of pure bilayer

lipids [18]. The effects of intrinsic molecules such as cholesterol and

proteins have teen examined in detail [19]. In particular, the model leads to
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an understanding of the rigidifying effect of cholesterol in fluid bilayers

and its fluidizing effect on bilayers in the gel state.

The model assumes that each site of a triangul^a: lattice is occupied

by a single lipid chain as'shown in Fig. l(a). Each lipid chain can exist in

a number of configurations, some of which are shown in Fig. l(b); an all

°2
trans state with zero internal energy which projects an area of 20.4 A onto

a plane perpendicular to the long molecular axis, and a number of intermed-

iate degenerate states which can be excited below the main transition temper-

ature with kittle steric hindrance. AÍ1T other physically realistiĉ ; config-

urations may be included in one excited or melted state of high internal

energy, Ey, high degeneracy, D , and "cross sectional" area of 34 A . The

internal energy., and degeneracy of each state are related to the formation

of 2-fold degenerate gauche states and depend on the number of CH' groups

°2
per chain. Eight intermediate states each of area less than 26 A were used

by Pink et al. [18] to study the Raman data. The details of the excited state v .

are unknown and its parameters must be determined from experiment. For pure DPPC

bilayers E and D were found to be 2.74 x 10 ergs and 6 x 3 respectively

[17] . The hydrocarbon chains interact via a quadrupole-quadrupole interaction

J due to London dispersion forces as described by Wulf [20]. The interaction

between the polar head groups as modified by the surrounding water may be

represented either by an effective lateral pressure,H ,first introduced by

Marcelja [21] or by an effective Coulombic interaction,K . Positive values

of K correspond to attractive Coulombic interactions and negative values of

K^ correspond to repulsive Coulombic interactions. The Hamiltonian using

H is described in detail in several publications [17-19] and will not be

discussed here.
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Fig. 1 (a) A schematic representation of the 2-dimensional triangular

lattice. The dots (•) represent the sites of individual

lipid hydrocarbon chains or substitutional impurities and

the triangles (À) represent interstitial sites for anaesthetic

molecules.
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Fig. 1 (t>) The a l l - t r ans s ta te and some intermediate s t a t e s for a

saturated hydrocarbon chain with l 6 carbon atoms. The in te rna l

energies 'E) , areas (A) and degeneracies (D) a r e : (a) E = 0,

A = 20.1* A2, D = 1 ; Ob) E = E , A = 23.5^ A2, D = 2;

(c) Kink. E = 2E , A = 21.86 A.2, D = k; (d) E = 3E ,
6 6

A = 25.5 A2, D = 8; (e) E = 3E , A = 25.5 A2, D = h. Inter-

mediate states do not have gauche rotations around the two

bonds above the dashed line. E (=0.1(5 x 10 erg) is the

energy of a single gauche rotation (see [l?]).



The next step is to model the site o£ interaction of the anaesthetic

molecules in such a lattice. In this context it should again be emphasized

that cholesterol and anaesthetics have opposite effects on bilayers. For

example, anaesthetics do not effectively alter the heat of transition, AH,

at T whereas cholesterol alters AH drastically and destroys the phase tran-

sition at sufficiently high concentrations. Moreover, cholesterol rigidities

neighbouring lipids in the fluid state whereas most anaesthetics tend to flui-

dize them. Pink et al. [19] calculated such changes in AH and obtained a

theoretical phase diagram for DMPC-cholesterol mixtures assuming that a

cholesterol molecule can occupy a lattice site. Cholesterol is thus treated

as a "substitutional impurity" which interacts strongly via a quadruuole-quad-

rupole interaction with lipid chains in the all trans state and very weakly

with lipid chains in the excited state.

The insensitivity of the heat of transition to the presence of volatile

anaesthetics in the bilayer therefore indicates that such small anaesthetic

molecules cannot be considered as "substitutionai impurities" in the triangular

lattice model. Moreover, the results of Shieh et al. [11] indicate that the

effect of these anaestheticson bilayer dynamics is predominantly a surface

effect which weakens the electrostatic interactions between the polar head

groups of the phospholipid molecules. Hence,we place small anaesthetic mole-

cules at interstitial sites in the centre of each lattice triangle in our

model, allowing one anaesthetic site for every two lipid chains (vid. Fig.l(a)).

Any change in the Goulombic interaction due to the anaesthetics is modelled

by allowing the interaction, K^, between charges on nearest neighbour lattice

sites to be altered to K Q + K.̂ , if an anaesthetic site is occupied in a tri-

angle having both sites as vertices. Here K can be either positive or

negative. This allows either an increase or decrease in the interaction between
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neighbouring head groups due to the presencie of small interstitial impurities.

A complete description of this model requires the inclusion of a direct inter-

action, J,between neighbouring anaesthetic molecules. Positive J.. corresponds

to an attractive interaction. The interstitial model defined by the parameters

K , It, , J and J Q will be referred to below as Model I.

Certain local anaesthetics such as dibucaine and tetracaine have hydro-

phobic groups (e.g. aromatic rings) which will interact directly with the

hydrocarbon chains of the lipids via London dispersion forces if part or all

of the molecule penetrates into the interior of the biiayer. Since the experi-

ments of Papahadjopoulos et al. [5] indicate that the heat of transition is

independent of dibucaine concentration, we may assume that local anaesthetics

can also be considered to occupy interstitial sites in the triangular lattice

model at low concentrations. The hydrophobic interactions can then be modelled

by quadrupole—quadrupole interactions between the hydrophobic groups of the

anaesthetics and flexible hydrocarbon chains. These can also be written in

the form derived by Wulf [20]. Since the anaesthetics should interact

differently vith rigid and with fluid lipid chains, at least two interaction

parameters J._ and J^, must be defined. J.- describes the interaction between

a lipid chain in the ground state or in any of the eight intermediate states

with an anaesthetic molecule and J-j. describes the same interaction for lipids

in the excited or "melted" state. We can now construct two further models:

(a) Model II. In this case the interaction between the polar heads is modelled

by using Marcelja's lateral surface pressure He(= 30 dyne/cm ). In this model

electrostatic interactions in the surface of the bilayer are not taken into

account explicitly, i.e. only hydrophobic interactions between the anaesthetic

molecules and the lipid chains are considered. Model II then is an interstitial

model defined by IIe, JAG, J^, J M and J Q. In general Ite can be replaced by
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It + H'x, where x is the fraction of interstitial sites occupied by anaesthetic

molecules and II' is the change in latent pressure per anaesthetic molecule.

(b) Model III. When anaesthetic molecules are charged, e.g. dibucaine, both

electrostatic and London dispersion forces need to be taken into account. j

Model III. is therefore an interstitial model which is described by the

parameters K , K, , J._, J.,,, J.. and J .r o 1 AG AM AA o

In order to calculate thermodynamic quantities and phase diagrams, the

Hamiltonians describing models I, II and III were written in the molecular

field (Bragg-Williams) approximation in terms of an order parameter, ?.„, for

the hydrocarbon chains for all models and an order parameter, X , for the polar

head region for models I and III. Next, an expression for the free energy»? , -'

is derived in terms of \,, X and x. F(X,T, X , x) is then minimised with "$
Ti' p V p' ~j'

respect to the order parameters and self-consistent expressions for X and X jL.
P w

 A £ ' <

are derived. The expressions for F, \ and Xw can now be used to calculate .'àíj

the tb.ermodyn.amic quantities for a homogeneous mixture of lipids and anaes- j'l

thetics. Let c be the anaesthetic concentration for the interstitial model

described above. Then c and x are related by the equation: c = 2x/(l + 2x).

The calculation of phase diagrams for lipid-anaesthetic mixtures requires ;s

a calculation of the free energy F'(c , c_) for two homogeneous mixtures each

with different anaesthetic concentrations c and c_ and a fixed total concen-

tration ,c ̂ uch that c.̂  < c < c [17,19]. c^ and c^ are varied at a fixed temp-

erature ,T ,until a minimum in F1(c , c ) is found. The values of c and c ? at

the minimum value of F' are limiting concentrations of a phase separation

region at temperature T providing c. < c < Cp. Phase diagrams were obtained by

numerical calculation for models I, II and III over a wide range of interaction

parameters. The results of these and other calculations are discussed in the

next section. The mathematical details will be published elsewhere [17].
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3. RESULTS AND DISCUSSION

The phase diagrams for lipid-anaesthetic mixtures found from numerical

calculations for model I are shown in Figs. 2-5. The lipid was chosen to be

DPPC and in consequence the values for J" and K are those used to

fit Pink's model to experimental data: J"Q = 0.73 x 10 ergs and KQ = 0.6125

x 10 ergs [17]. Arbitrary values of the parameters K_ and J . were chosen

and varied systematically to cover a broad range of physical situations.

Since there is insufficient experimental data available, it is somewhat difficult

to match the theoretically obtained behaviour with physically realistic

situations. This point will be elaborated below.

In the first calculation, the direct interaction between anaesthetics

is taken to be attractive and weaker than the interaction J between the lipid

chains i.e., J = 0.3 x 10 ergs. The interaction IC was chosen to have a

negative sign and its magnitude was increased up to a value of -0.55 x 10

ergs. This corresponds to a weakening of the interaction K between polar

heads by the anaesthetic molecules. In this case a narrow gel-fluid phase

separation region was found in the vicinity of T for all values of ÍC, which

broadened as the magnitude of TL, increased (Fig. 2). The value of IC was then

fixed at -0.55 x 10~ ergs in order to maintain bilayer integrity and J was

increased in magnitude. Fig. 3 shows that the phase separated region retains

its shape, but broadens considerably for higher anaesthetic concentrations

(0.2 < c < 0.6) when J ^ = 0.U5 x 10~ ergs. The nature of the phase diagram

changes completely when J.. is increased to 0.6 x 10~ ergs. This is shown

in Fig. h. The broadened region of Fig. 3 becomes a bell shaped curve with

three different phase separated regions: gel-gel, gel-fluid and fluid-fluid.

The phase diagram also exhibits a euteciic point and is similar to the phase

diagram found by Pink and Chapman [19] for small substitutional molecules

which interact strongly with rigid chains. The reason for the bell shaped
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Fig. 2 (a) Phase diagram near the gel to liquid crystal transition in a

mixture of DPPC and anaesthetic molecules described

by Model I. The parameters used (in units of 10~ ergs) are

Jo =0.731*, KQ = 0.6125, 1^=2.78, J M = 0.3,

1^ = -0.55-

(b) The heat of transition,AH,as a function of anaesthetic concen-

tration,c,across the phase separation region. G and F stand

for the gel and liquid crystal phases respectively in all

phase diagrams.
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Fig. 3 (a) Phase diagram near the gel to liquid crystal transition in a

mixutre of DPPC and anaesthetic molecules described toy Model I.

3 = °-13k'

= -0.55-

The parameters used {in xmits of 10~ ergs) are

K = 0.6125, K = 2.78, J =0.1*5,

The heat of transition, AH,vs. concentration,c,across the

phase separation region.
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Fig. h (a) Phase diagram near the gel to liquid crystal transition in a

mixture of DPPC and anaesthetic molecules described hy Model I .

The parameters usea (in units of 10" ergs) are J Q = 0.731*,

i^ = 2.78, JM= 0.6,KQ = 0.6125, = -0.55-

T u and T refer to the upper and lower main phase transition

temperatures respectively.

Cb) The transition enthalpy,AH,vs. concentration,c,across the

phase separation region.
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curve is that the interstitial impurities begin to form clusters at a given

anaesthetic concentration for high enough values of J^. This gives rise to

fluid-fluid, and gel-gel phase separation in the appropriate temperature range,

since the interstitial impurities are always surrounded by lipid chains. The

broad fluid-gel region beneath the bell-shaped curve occurs because the

interstitial anaesthetic molecules fluidize the neighbouring lipid chains in

the anaesthetic rich phase, which therefore has a lower main transition temper-

ature T . The phase with a lower anaesthetic concentration, however, has a

higher value T of T and therefore remains in the gel state to higher temper-

atures .VhenJJJ. is increased to 10~ ergs, the attractive interaction between

the anaesthetics dominates all other interactions. In this case phase

separation occurs for all but the lowest concentrations as shown in Fig. 5.

The calculated heat of transition only shows a small change as a function

of concentration across the phase separation region except in the bell shaped

portion (see Fig. 2 to 5). Fig. 6 shows that the entropy is a continuous

function of temperature which increases sharply across the phase separation

region when J ^ = 0.6 x 10~ ergs, i^ = -0.55 x 10~ 1 3 ergs and c = 0.2.

This implies that the peak at T in the DSC measurements should broaden as a

function of anaesthetic concentration. This is indeed the case for DPPC-

volatile anaesthetic systems as described by Mountcastle et al.[U]. This does

not apply to the bell shaped phase separated region of Fig. U. (j = 0.6 x 10~

ergs), and to the phase separated regions of Fig. 5 (Jiyi = 1 x 10~ ergs).

The heat of transition is now distributed between a sharp lower phase transition

for the anaesthetic rich phase at T and a sharp upper phase transition for the

weakly concentrated phase at T^ (see Fig. T). Thus,there should be two separate

peaks in the DSC data. In this context it is interesting to note the shape of

Cater's heating curves obtained with DPMC and DPPC in the presence of the drugs

morphine MIY and amitriptyline [15]. The model here presented may provide the

explanation for the appearance of the two peaks in the DSC scans.
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Fig. 5 The phase diagram near the gel to liquid crystal transition

in a mixture of DPPC and anaesthetic molecules described by

I. The parameters used (in units of 10~ ergs) are

Jo = 0.73U,

K_ = -0.55.

K Q = 0.6125, JAA =
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In Model II, where the anaesthetic-lipid interactions are strictly

hydrophobic, the phase diagrams are qualitatively the same as those obtained

for Model I. Again, the nature of the phase diagram depends on the magnitude

of J... Fig. 8 shows a typical "solid solution" phase separation

(JA(J = 0.0, Jm = 0.5 x 10~
13 ergs and J M = 0.1*5 x 10~

1 3 ergs (c.f. Fig. 2).

If J > J interstitial impurities prefer melted chains as neighbours

resulting in a decrease in the value of T , corresponding to a negative K_ .

Similarly, the case J > J corresponds to positive ¥L , and T increases

with increasing anaesthetic concentration. The phase diagram resulting from

such an increase in T is shown in Fig. 9 for JA(} = 0.1 x 10~ ergs and

JAA = °"3 x 10~13 ergs#

Lastly Model III is of interest when the Coulombic interaction,!^,and the

hydrophobic interaction between the anaesthetics and the lipid chains have

opposite effects o n l , e.g. when K. > 0 and J < J.w. The phase separation

region nay then become much narrower because of the competition between the

two types of interactions. This is shown in Fig. 10a, for ÍL = 0.55 x 10~

ergs, J ^ = 0.3 x 10~ ergs, JA = 0.0, and J = 0.3 x 10 ergs and in

Fig. 10b, for IC = 0.4 x 10~13 ergs, J = 0.1»5 x 10~13 ergs, J = 0.0 and

JAM = °*3 x 1 0~ erSS- The heat of transition for Models II and III is

again weakly dependent on anaesthetic concentration, at lov values of J...

These results theoretically confirm the extreme sensitivity of the bilayer

to the presence of small molecules such as anaesthetics. Such molecules will

always cause lateral phase separations in the bilayer. When the anaesthetic

molecules are "interstitial", the phase separation has the "solid solution"

behaviour of Fig. 2 (i.e., a fluid-gel phase separation in the vicinity of T )

at low concentrations or when the direct intermolecular interactions J.. are

AA
veai. If J ^ is attractive and increases in magnitude, the anaesthetic
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Fig. 9 (a) Phase diagram near the gel to liquid crystal transition in a

mixture of DPPC and anaesthetic molecules described

by Model II. The parameters used (in units of 10~ ergs) are

J* = Q.73^i ^ ~ 2.78 J = 0.3. 3 — 0.0.o AA AM

(e) J.., = 0.1. The internal pressure II = 30 dynes/cm.

(b) The heat of transit ion, AH,as a function of anaesthetic concen-

tration ,c,across the phase separation region.
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Fig. 10 The phase diagram and the corresponding heat of transition ,AH ,

as a function of anaesthetic concentration ,c ,near the gel to

liquid crystal transition in a mixture of DPPC and

anaesthetic molecules described by Model III. The parameters

used (in units of 10~ ergs) are J = 0.T3U, E = 2.78,

JAG = °-°. J ^ = 0.3. Fig. 10(i),(ii) corresponds to

values 1^ = O.U and J M = 0.1+5, and Fig. lC(iii) ,(iv> corresponds to

the values iĈ  = 0.55 and J = 0.3 respectively.
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molecules tend to cluster. This results in broad fluid-fluid, fluid-gel and

gel-gel phase separations. The existence of a "solid solution" phase separa-

tion explains the temperature broadening of the main phase transition region

seen in the experiments listed in the introduction. Further, the insensitivity

of the heat of transition to low anaesthetic concentrations evidenced both

experimentally and in the calcualtions for Models I, II and III implies that i t

is reasonable to treat the anaesthetic molecules as interstit ial impurities.

It is now possible to correlate actual lipid-anaesthetic systems with

each of the 3 Models. Model I can be used to describe the behaviour of lipid-

volatile anaesthetic mixtures at low anaesthetic concentrations, vhere the

anaesthetic molecules only perturb the polar head group interactions. Model II

can be related to systems such as lipid-benzyl alcohol mixtures. In this case

the polar head region of the lipid bilayer should be much less perturbed than

the hydrocarbon chains provided that the benzene ring of the anaesthetic lies

in the bydrophobic region of the bilayer. The experimental results of Turner

and Oldfield [12] indicate that benzyl alcohol fluidizes the membrane vhich is

manifested by a decreasing order parameter at each carbon atom of the hydro-

carbon chains. This implies that J > J for this system. Calculations of

the order parameter as a function of position along the hydrocarbon chains

using Model II are in progress. Model III provides a description of lipid-

local anaesthetic systems such as lipid-dibucaine or lipid-tetracaine mixtures

where the anaesthetics are polarizable and the benzene rings l ie in the hydro-

phobic regions of the bilayer. This situation corresponds to the second site

found by Boulanger et al.[l3] for tetracaine molecules in phospholipid bilayers,

where the anaesthetic molecules are oriented parallel to the lipid hydrocarbon

chains and the aromatic rings are located in the hydrocarbon interior of the

bilayer.
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In general, the bilayer interfaces with an aqueous medium in the polar

head region, resulting in the partition of the anaesthetic molecules between

the bilayer and the surrounding medium. For single phase homogeneous bilayer-

anaesthetic mixtures with a well-defined main phase transition temperature,

such partitioning implies that the anaesthetic concentration in the gel phase,

c_, is not equal to that in the fluid phase cp. Such a partition effect has

not teen included in the formalism leading to the results described above and

will now be theoretically analyzed for single phase homogeneous mixtures.

Previous authors [3,22,2-3] neglect lipid-anaesthetic and direct

anaesthetic-anaesthetic interactions and examine the change in TQ with

anaesthetic concentrations using the solution thermodynamics. This theory

gives the following well-known expression for the change,AT ,in T [3,22,23]

at low anaesthetic concentrations

<V CG « lJ 2

where T is the transition temperature and AH is the heat of transition of
co * o

the pure "solvent" bilayer in the appropriate units. In expression (l) the

lipid-lipid interactions are the only interactions considered and are

implicit in the parameters T and AH . In order to investigate the general

case c # c^, the number of anaesthetic molecules in the bilayer was treated

as a variable and the anaesthetics were considered to be adsorbed molecules

on the bilayer surface. An extra term representing the free energy for a

single adsorbed anaesthetic molecule was therefore added to the free energy of

model I. The new free energy term F = F(X , X , NL, x) is now minimised with

respect to both the number of lipid chains, H , and the fraction of interstitial

sites occupied by anaesthetic molecules, x. The lipid components of F can now

be written as follows: F (c ,T) represents the free energy of the gel phase
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lipid at a fixed anaesthetic concentration cQ and at temperature T and

T?

F:(c.-,,T) is the corresponding quantity for the fluid phase lipid. The

expression for the main transition temperature T is now given by the condition:

Equation (2) reduces to equation (l) if the anaesthetic-lipid and anaesthetic-

anaesthetic interactions are reglected, i .e. 1^ = J ^ = 0.

Minimisation of the free energy F vith respect to x gives an expression

for the equilibrium value for x in terms of the partition function q,. for a

single adsorbed anaesthetic molecule and in terms of the parameters J ^ , IĈ  and

X . When 1C = J = 0 this expression reduces to the Langmuir isotherm if q
p X A A

is identified as[C ]k,where[C ]is the concentration of anaesthetic molecules

in the aqueous medium in equilibrium with the bilayer surface and k is the

rate constant for the binding reaction.

Preliminary results of numerical calculations using the expressions for F^ and

F. with J. = 0 and K_ < 0 (i.e. decreasing polar head group interaction) are

shown in Table I. The parameters for DPPC were used and c^ was taken to be
r

Q.I. Table I shows that (i) the maximum decrease in the main transition

temperature for c., = 0 occurs when KL = O and (ii) AT decreases in magnitude

with increasing values of IKJJ. Lee t23] points out that such a departure from

the result of equation (l) occurs for DPPC-n-octanol mixtures and ascribes this

departure to the existence of a phase separated region near T . However, the

results shown in Table I indicate that this behaviour can be explained by the

inclusion of interactions of the required sign between the lipid and the

anaesthetic molecules. These interactions will also cause a phase separated

region near T .

The phase diagram for any lipid-anaesthetic mixture must therefore be

adjusted so as to include the partition effect just described. Detailed
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TABLE I

Effect o£ Interactions and Anaesthetic Partition on the Main

Transition Temperature

K (x 10~13ergs) 0,0 -0.2 -0.4 -0.55 -0.61

T,.*(K) 309.9 ' 311.8 313.6 315 315.6

) 3 U - ° 313.55 313.3 313 312.9

* Tc. i s the main transition temperature for ananaesthetic-DPPC mixture with

anaesthetic fraction x - 0.05, x*f = 0

**T£B is the corresponding temperature for x. = x | = 0.05. The parameters for

DPPC were used with KQ = 0.6125 x 10~13 ergs and J , = 0.

calculations v i l l he presented in a future a r t i c le . Preliminary calculations

indicate that although the par t i t ion effect will cause quantitative changes in

the phase boundaries, the quali tat ive behaviour of the phase diagrams described

above should not change.

Wu and McConnell [2k] used spin labels to obtain phase diagrams for mixed

phospholipid systems. In par t icu lar , they obtained a b e l l shaped curve with

one eutectic point for dielaidoylphosphotydylcholine (DEPC) and dipalmytoyl

phosphotydylethanolaaine (DPPE) mixtures, which has the same qualitative

behaviour as the phase diagram of Fig. h. However,for DEPODPPC mixtures,

only a broad solid-solution phase diagram was found. This implies that th i s

bell-shaped phase diagram i s due t o the strong interactions between the polar

heads of the DPPE molecules. This i s precisely the reason for the be l l shaped

region of F ig .h , i . e . , strong a t t rac t ive anaesthetic-anaesthetic in teract ions .

The same formalism will therefore be used to study mixtures of charged and

uncharged l ip ids with identical hydrocarbon chains, provided the impurities

are now treated substitutionally.
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4. CONCLUSIONS

There are many possible extensions of the theory presented in this paper.

In particular, anaesthetic-lipid correlations are required for an analysis of

the effects of short • range order in the bilayer. Calculations leading to the

behaviour of the lateral compressibility are needed for an analysis of the

effect of anaesthetics on the passive ionic permeability of the bilayer near

T . Pink's model has already been extended to include the effect of proteins

on the physical properties of the bilayer (Pink, D.A. and Zuckermann, M.J.,

unpublished work; Pink, D.A. and Chapman, D., unpublished work). In this

context it is of interest to discuss again the near invariance of the heat of

transition with anaesthetic concentration.

All the models predict that the heat of transition should be nearly independent

of the anaesthetic concentration for simple mixtures of lipids and interstitial

small molecules - a prediction born out by Cater et al. experimentally [15]•

However, when proteins are included in the bilayer we must consider the

possibility of highly selective, stereospecific interactions between the

protein and. anaesthetic or drug molecules. It has been shown experimentally

by Hosein et al.[£5] that the heat of transition becomes a function of drug

concentration when treating brain lipid extracts containing the opiate

receptor with increasing amounts of morphine. This problem requires a totally

different theoretical approach in order to include receptor mediated phenomena.

Interactions in such systems are being modelled at present. From an experi-

mental point of view, more microscopic measurements designed to examine the

exact location of anaesthetics in model bilayers are needed and more detailed

investigation of the phase separations should also prove to be very useful.
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RECENT PROGRESS IN BIOPHYSICS *

G.Bemski
Departamento de Física, Pontifícia Universidade Católica Cx. P. 38071,
Rio de Janeiro, RJ, Brasil and Instituto Venezolano de Investigaciones

Científicas Caracas, Venezuela

íiBSTRACT

Recent Progress in Biophysics is reviewed, and three examples of

the use of physical techniques and ideas in biological research are given.

The first one deals with the oxygen transporting protein-hanoglobin, the

second one with photosynthesis, and the third one with image formation,

using nuclear magnetic resonance.,

1. HHRCDDCTICN

I feel honored to speak at a Symposium on Theoretical Physics. I am

sure that this is going to be the most experimental talk at this Symposium,

and this for two reasons. In the first place Biophysics is still a strongly

„' experimental discipline, and secondly my interest are in the experimental

aspects. This is not the only bias - I will concentrate on Biophysics on

molecular level which by no means implies a lack of progress on other

"levels", but just a personal preference.

Nothing similar to the DNA breakthrough of the 1950's has occurred

in the last two decades in biophysical research. Spectacular achievements

have given place to a gradual increase in the understanding of the biological

processes. No new principles of physics had to be evoked to explain the

workings of nature, thus the vitalist era seems to be behind us. Yet the sheer

size of the biological systems, for instance the number of atoms in a typical

protein - of the order of 15000 - allows for appearance of new phencmena

absent in every day physics. One such important problem, is that of

allostery - change in conf ormaticn of proteins produced by binding of small

molecule to some well defined site in the protein. This is a good example of

connection between structure and function, one of the main problems in today's

i Biophysics. This fact raises important questions. Hew is the shape of a

' protein determined by its composition? Can we produce a protein with a given

function by properly lining up (or having the DNA do it for us) the carponent

*Vfork partially supported by FINEP and CNPq.
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amtoo acids which constitute the building blocks of each protein?

There exists a tendency among the physicists to

attack this and other biological problems from the atomic

side. It is an outgrowth of success of solid state physics

in the 50's and 60's. The progress in DNA research gave

impetus to the molecular approach in Biophysics. Yet it is

doubtful that this "small scale" approach will be sufficient

to explain some "large" scale problems. There is certainly

more to neurobiology than understanding of the working of a

neuron. A difficulty in the "large scale" approach is the

scarcity of models which correctly predict the mechanisms

used by nature in solving a given problem. Nature surprises

us, time and again, by inventing solutions to important

problems which could hardly have been thought of by a

theoretical physicist faced with them.It seems to me that

experimentation remains the only avenue to the understanding

of the fundamental processes.

We will examine here three problems as examples of

the use of physics in biologically important questions. I

allowed myself not only to be biased in their selection, but

also to leave out references of many who should be represented,

keeping only a few directly connected to our discussion.

2. HEMOGLOBIN

The first problem deals with the oxygen transporting

protein-hemoglobin. The understanding of how this transport is

performed is of great interest in the general problem of

allostery in proteins, mentioned in the Introduction.
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Hemoglobin is an almost spherical protein, of an
o

approximate diameter of 50 A, composed of about 10000 atoms

which endow it with a molecular weight of about 65000. Among

the component atoms, mostly H, C, N and P, there are also

four iron atoms which even if numerically few, are fundamental

in the oxygen transport, since O2 binds directly to them.

The functioning of hemoglobin raises many questions.

How is the shape of hemoglobin related to the characteristics

of O2 transport? How does oxygen enter and leave the protein?

Why are other similarly iron containing proteins (the so called

heme proteins) performing functions different than hemoglobin?

Myoglobin for instance stores oxygen in the muscles, while

cytochrome c shuffles electrons back and forth in oxidation-

reduction process.

Studies of hemoglobin have attracted many physicists,

in part because of the presence of iron and of the resulting

magnetism. This protein has also a virtue of existing in large,

easily available quantities for research purposes. Even

isolated laboratory,is self sufficient in this row material.

As a result the array of techniques employed in

these studies is quite impressive, and becomes more and more

sophisticated. Hemoglobin became for biology the equivalent

of silicon in the studies of semiconductors in the 1950's.

The three dimensional structure of hemoglobin has

been established through a heroic effort of Perutz's by

X-ray diffraction and become known in the 1960's [l]. This

was the first determination of a three dimensional structure

of any protein,and formed the basis for all the future studies.
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One of the exciting outcomes of the X-ray studies was the

realization that the structure of a hemoglobin molecule while

i t is not transporting oxygen (deoxyhemoglobin) , is substantially

different from the structure of hemoglobin saturated with

oxygen (oxyhemoglobin). The distances between various pairs of
o

iron ions vary as much as 6 A during this transition.

FIG. 1 Equilibrium curves
showing the af f in i ty for
oxygen of hemoglobin (4 hemes)
and myoglobin (1 heme). The
presence of more than one heme
in hemoglobin i s responsible
for the sigmoidal shape of
the curve as opposed to the
hyperbolic curve of myoglobin.

PARTIAL PRESSURE OF OXYGEN (MILLIMETERS OF MERCURY)

As this point one should have a look at the very

important curve of oxygenation of hemoglobin. One plots in

fig. 1, the percentage of the saturation of the four iron ions

with oxygen, as a function of the partial pressure of oxygen.

For comparison a curve for myoglobin, one iron containing heme

protein, is also shown.

The myoglobin curve is hyperbolic while the hemoglobin

curve is sigmoidal. The former can be obtained on the basis of

a simple bimolecular reaction between iron and 0 2, the latter

implies the notion of cooperativity. In hemoglobin the iron

ions communicate, with the result that any iron "knows" whether

the other three have already captured their 0 2 molecules. The
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sigmoidal curve is obtained by assigning increasing values for

affinity of oxygen to the yet unoccupied sites, as compared

to the affinity of the f irst iron for oxygen.

I t can be seen in the figure that the sigmoidal shape

of the curve is fundamental for the functioning of hemoglobin.

It allows for 0z to dissociate from iron and from the molecule

at partial pressures existing outside the lungs, allowing for

effective transport and utilization of oxygen by the body-

something that myoglobin's hyperbolic curve does not permit.

Another experimental fact involves the magnetic

properties of iron ions. As Pauling was first to show [2]

they are paramagnetic with spin 2 in deoxy, and diamagnetic

in oxyhemoglobin.

FIG. 2 Triggering mechanism for the
transi t ion between the 2 structures
of hemoglobin i s a movement of the
heme iron into the plane of the
prophyrin r ing . This 0.6 angstrom
movement produces a chain of s t ruc tura l
changes in the en t i r e molecule. There
a small part ion of hemoglobin is shown
in the two structures (From: M. Perutz,
Scientific Amer, Dec. (1978), p.77)

At the present time a certain amount of healthy

controversy exists regarding the conformational transformation

from deoxy to oxy form. Perutz has come to the conclusion, on

the basis of X-ray data, that , starting with deoxyhemoglobin,

the iron ion (Fe2+)is located about 0.7 A below the plane of
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the heme, a plane formed by a square of four nitrogen atonswith

iron at the center (or below,in this case). On oxygenation a

series of events takes place: Fe 2 + changes its spin state fran

2 to 0, decreases its ionic radius, moves into a new equilibrium

position at the center of the heme and,as a consequence of this

0.7 A displacement,it pulls with it the attached residues (Fig-2)

producing an overall change in the conformation of the entire

molecule. The distant parts of the protein amplify this motion,

with the result that an overall,large rearrangement takes place.

As a result,the geometry around the positions of the other irons

changes in such a way that they become more acessible to O 2,

increasing the affinity of the irons for Oj molecules in agreement

with observation. These changes can be fit by an allosteric

theory of Changeux, Monod and Wyman £3] which is essentially

based on the existence of two overall conformations of hemoglobin,

with two different kinetic factors, k, characterizing them.

This stereochemical approach has been challenged

recently by Shulman et al [V] ,as a consequence of EXAFS

experiments (Extended X-ray absorption fine structure). In

these experiments the X-rays produced in high intensity by

the linear accelerator, are monochromated by a crystal, and

directed against the sample. Measurements of the absorption

edge near iron K shell absorption, show a fine structure which

reflects and its N. nitrogen neighbors which reflects the

distribution of nitrogen atoms near iron, through a factor

proportional to t^.sin (2K Rpe + a) where R ^ represents the

distances between the iron atom and its N. nitrogen neighbors

which modulate this absorption; k is the wave vector of the

photoelectron, and a the phase (fig. 3).
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FIG. 3 X ray absorption spectrum
of Fe in HbO2 measured using
fluorescence EXAFS technique.
Rapid r i s e near 7100 ev i s the Fe,
K-edge and the small modulation
above the edge i s the EXAFS (From:
P. Eisenberger, R. Shulman,
B. Kincaid, G. Brown, S. Ogawa,
Nature 274, 30 (1978)).

7.000 7.200 7.400 7.600 7,800 8,000
Photon energy (eV)

The intense X-ray source allows to obtain full

spectra in reasonable times compared to normal X-ray diffraction

spectrometers, and the determination of the F e " " N
n distances

o
has an accuracy of 0.01A, or 100 times better than in X-ray

o
diffraction experiments. The results show only a 0.07 A

difference in these distances between oxy and deoxy forms of

hemoglobin, which argues against a motion of iron in and out
o

of plane by 0.7 A. Thus the resulting rearrangements must be

due to many small distortions in the neigborhood of the heme

during the oxygenation process.

A beautiful series of flash photolysis experiments

performed by the Illinois [5] group dealt with a seemingly

different aspect of hemoglobin behavior. Here a strong pulse

of light has been used to dissociate CO from hemoglobin or

myoglobin. CO, as well as O2, binds to iron, but i t s binding

is much stronger-a fact responsible for a serious health

hazard. After the light pulse, the rebinding of CO to the

heme iron is studied. The kinetics of this rebinding indicate
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that below 20 K CO hops back to i t s original position next

to iron, by quantum mechanical tunneling (fig. 4) . At higher

temperatures a fraction of CO leaves hemoglobin and moves into

the solvent, while the portion which remained within the

molecule rebinds to Fe. Several barriers have to be overcome

in this process and since i t is no more a tunneling process

the heights of these barriers are obtained (Arrhenius process).

The innermost barrier has to do with heme i t se l f , while the

outermost, with hemoglobin-solvent interface. The former may

be caused ny the accompanying motion of iron-the motions of

Fe and CO being correlated. All the barriers ref lect of course

changes in the local geometry around the heme, hence these

experiments provide microscopic details of the potential

distribution in the region which i s tied to the aff ini t ies

of hemoglobin for ligand binding. CO has been chosen for

purely experimental convenience.

Another aspect of these results throws some more

light on the problem of hemoglobin's conformation. The barriers'

FIG. 4 a) Schematic showing positions
of the his t id ine group of the f i f th
ligand, heme group, Fe and CO in
sta tes A and B; b) Potential energy
surfaces of the system in B and A.
The arrhenius and tunneling processes
are indicated schematically in the
figure (From: N. Alberding et a l . ,
Biochem. 17, 47 (1978)).

REACTION COORDINATE
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VoL 2SO 16 August 1979

FIG. 5 a) The possible conformations of
the herae (conformational substates)
correspond to the minima in the conforma-
tional potential Vc. Bottoms of the wells
are parametrized by power law Vc ax

12, and
3 cases are shown.
b) Temperature dependence of confonnational
(<x>z

c), vibrational (<x>
2
v) and total

mean square displacement as a function of
temperature (From: H. Frauenfelder,
G. Setsko, D. Tsernoglou, Nature 280,
561 (1979)).

UK)

heights and widths had to be described by en enthalpy spectrum,

indicating a distribution of conformational states (not all

the heights and widths were equal). At low temperatures the

relaxation time which describes the rate of change from one

conformation to another is longer than the rebinding time,

while at higher temperatures the converse is true. These

results have interesting implications. They tell us that at

room temperatures X-ray diffraction sees an average confoimation

of the molecule which rapidly switches fran one configuration to another

(fig. 5}, they all correspond of course to a group of states,

Very close to that of minimum energy. This has actually been

predicted theoretically by Karplus [6] and has now been also

observed by X-ray diffraction experiments performed at different

temperatures [7] (fig. 6).

These results concord with the intuitive feeling

of surprise one has,when seeing that a protein,when disturbed.
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FIG. 6 Backbone structure of myoglobin.
The solid lines indicate the static
structure, circles denote the Ca carbons.
The shaded area gives the region reached
by conformational substates with a 99%
probability. Scale bar, 2R (From
H. Frauenfelder, G. Petsko, D. Tsernoglou,
Nature 280, 561 (1979)).

knows how to reconstitute i t s original 3 dimensional form.

The protein simply goes back to one among the group of very similar

conformations,characterized by the minimum Gibbs energy.

Simultaneously with the experiments considerable

amount of theoretical work goes into obtaining the stereochemistry

of binding of ligands to Mb and Hb, calculating the conformations

which reduce the hindrance due to Fe-ligand bonds, etc. [8] .

Others [9i] calculate the electronic structure of Fe^porphyrin,

Fe-ligand-porphyrin , to obtain the proper electronic

ground state of these complexes, and to correlate the

modifications in the protein with these states.

I tried to show here that the very active field of

heme protein research has not yet yielded the full

description in physical or molecular terms of the

detailed behavior of these molecules. Its dynamism is such

that many new and fascinating results will be forthcoming.
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3. PHOTOSYNTHESIS

101"* kg. of organic matter is synthesized a year

by the photosynthetic process in green plants and in certain

bacteria.

This alone should make research in photosynthesis

very active, as it actually has been, particularly since days

of Calvin [JLO~]. In the last years, it has attracted physicists

who study the first, fundamental step in the reaction between

incoming photon and chlorophyll molecule. The overall,famous

reaction is, in case of plants:

hv + nH2O + nCO •* (CH2O) + nO2

and a slightly different one for bacteria. While the outcome

of the reaction, and the chain of events leading to formation

of sugars has been known, the details of the first,photochanical

step remained obscure.

There exist several intriguing questions in this

prodess from the physicists point of view. The photon is

captured by anyone in a group of chlorophylls, but is transmitted

to a privileged one, a so called reaction center, which is the

only one to perform the photochemical reaction. What makes this

center different from the remaining chlorophylls? Chemically

no difference could be found.

Feher [ll] has studied the electron paramagnetic

resonance (EPR) signal which appears during illumination. This

signal is due to the following reaction:

DA + hv •+ D+A~
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where D (donor) stands for chlorophyll and A is an acceptor

molecule near by. Reaction centers in bacteria with which Feher has

been performing his studies,can be separated from all other

chlorophylls. It has been observed that the EPR signal from

the extracted reaction centers has a signal /2 wider than

signals from entire bacteria, where the reaction centers are

in minority and are not seen (- 1%). Why is that so? The photo

produced electron interacts with all the nuclei which possess

a nuclear magnetic moment,and are encountered in its path

(i.e. =re the electronic wave function is non-zero). This

hyper interactions are responsible for the width of the

Ei 1 i. . Chlorophyll is a conjugated molecule,and the unpaired

electron is spread over nitrogen and proton nuclei. The width

of the EPR line depends on the number of nuclei (N) and on the

st igth of the interaction (A), in such a way that width A/N.

: s compare two interactions, one in which the electron

: acts with a monomer of N nuclei, and the other one where

i ateracts with a dimer of 2N nuclei. The respective line

widths,AW ,will be related:

AW A / N ~ A / N ~

-.m _ m / m _ m _ / "m
AWd A a ^ " 1/2 Affi

since N was doubled in the dimer, A was halved/because the

electron spends only 1/2 of its previously spent time in

interaction with each nucleus.

This is exactly what Feher has observed, implying

that the reaction centers are dimers of chlorophyll molecules.
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An even more persuasive experiment has been performed Plf]

using the technique of electron nuclear double resonance (ENDOR).

It consists of saturating the electronic transition,and applying

RF frequencies corresponding to nuclear spin transitions at the

frequencies which correspond to such transitions in the nuclei

within the electron wave function. It can be shown that the

ENDOR lines for a given nucleus are separated in frequency by

the hyperfine constant A. The comparison of ENDOR lines in

the bacteria and in an extract of reaction centers shows

A . . = 1/2 AD -, as required by the monomer vs dimer

distinction (fig. 7).
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EIG. 7 Comparison of ENDOR spectra
from bacteriochlorophyll (in vitro)
(top) with chromatophores of
R. Spheroides R-26 (bottom) (From
G. Feher, A. Hoff, R. Isaacson,
L. Ackerson, Ann. N.Y. Acad. Sci. 244,
244 (1975)).

Another interesting aspect of this work,particularly

for physicists, has been that the length of time taken for the

EPR signal to disappear, after photons stop arriving (light

off condition) has been shown to be independent of temperature,

at least between 4°K and 77°K. The only temperature independent

process in quantum mechanical tunneling. This lead Feher to

postulate the physical model shown in fig. 8 for the first

step of the reaction of photosynthesis in bacteria:
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D - A D*- A D+ - A D -

- t -
(•) w

FIG. 8 Representation of
the primary photochemical
step. D - bacteriochlorophyll,
A - an acceptor (From:
G. Feher, "Electron Para-
magnetic Resonance with
applications to selected
problems in Biology",
p. 103, ed. Gordon and
Breach, 1970).

DA + hv + D+A~

It is interesting to note here that tunneling

phenomenon is involved in several fundamental biological

processes, such as first step in vision D-23 , photo association

in heme proteins, previously discussed, etc. While this process

occurs at temperatures well below physiological, where the

Arrhenius, activated reactions take place (the particle moves

over the potential hill, rather than through it) , it nevertheless

may have more profound significance p.3] .

4. SPIN DENSITY IMAGING BY NUCLEAR MAGNETIC RESONANCE TECHNIQUE

In order to change somewhat emphasis, I would like

to discuss now an experimental approach for formation of

images by nuclear magnetic resonance-technique. This has been

first suggested some 6 years ago by Lauterbur [14] and

elaborated by Mansfied et al, in several papers £15] . The

idea is relatively simple. Normal NMR is performed in a

magnetic field which has to be extremely constant, both in

space and in time, in order to obtain very narrow lines of
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true, undisturbed shape. If a magnetic field gradient is

applied to a sample of water, the protons will be precessing

at Larmor frequencies which will vary along the field gradient.

Hence the total line width from protons in a water sample

contained in a capillary will increase greatly. If we now have

two capillaries somewhat separated in space and if the gradient

is perpendicular to the capillaries, two resonance lines will

be observed. If one now rotates the samples (or the direction

of the gradient perpendicular to the samples), one can combine

several projections and reconstruct the objects (fig. 9) in

two dimensions. The size of the reconstructed objects is

proportional to the number of spins of each, and depends on the

relaxation times of the water protons. If the two capillaries

contain water with two different relaxation times (i.e. by

adding paramagnetic impurities to one of them) one notices

•that applying high power levels one saturates the proton spins

of the sample with longer relaxation time. This is due to the

equalization of proton populations between the two Zeeman

levels corresponding to the two projections of the spin with

the result that the signal amplitude goes to zero. Hence, one

can establish a situation where protons of only one capillary

contribute to the signal (fig. 10).

After these first attempts a great deal of

sophistication has been applied to this problem. The whole

arsenal of NMR methods, accumulated over a period of 30 years

has been let loose. The gradients can be consecutively applied

in all three directions, pulsed methods can be used to

selectively saturate slices of a large sample, etc.

Biological materials contain regions of water

protons and other, relatively dry. The distribution of hard
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FIG. 9 Relationship between a
three dimensional object, its two
dimensional projection along Y-axis
and four one dimensional projections
at 45° intervals in XZ plane.
Arrows indicate gradient directions.
(From: P. C. Lauterbur, Nature 242,
190 (1973)).

FIG. 10 Proton NMR zeugmatogram
of two capillaries containing
protons of different relaxation
times: a) at low RF power, b) at
high power. The high relaxation time
capillary exhibits saturation
behavior in b), hence there is no
net resonance absorption (From:
P. C. Lauterbur, Nature 242, 191
(1973)).

FIG. 11 Cross sectional view of
mobile proton distribution in
chicken wing bone. Light ring is
the bone, dark region is the marrow
(From: P. Mansfield, Contemp.
Physics, Fig. 10, 17, 553 (1976)).



PROGRESS IN BIOPHYSICS 279

matter and water is quite apparent in the chicken bone (fig.11).

One can expect that with some technical progress

pictures equivalent to X-rays could be obtained without

radiation hazards involved. This will require low magnetic

fields of very uniform gradients, and of large extension.

It has been shown in the last few years that the

nuclear relaxation times of protons and nuclei of phosphorous

in malignant tumors are longer than in normal tissues p.6] .

Hence there seems to exist a potentiality for detection of

tumors by distinguishing them from the normal tissues.

Other intriguing applications may involve the

studies in vivo of water movement in plants.

I have described this method, still in its infancy,

as an indication of changing times. Physics, in great part

through its techniques, has entered the field of biology. We

have been talking in the above examples of quantum mechanical

tunneling. EXAFS, pulsed NMR, ENDOR, etc. I believe that the

progress in Biophysics will be due to the use of these and

other sophisticated techniques taken over from the experimental

physicists' arsenal. This is also true about the theoretical

progress. Fifteen years ago the "Spin Hamiltonian biology"

would raise many brows. Today,very serious attempts to describe

electronic structures of at least some important regions of

macromolecules meet with approval and hope. I am sure that

physicists working both, on the experimental and theoretical

aspects of biology,will see bright days ahead.
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Summary

Contrasting with inorganic homogeneous catalysis there is not

an electronic theory of enzymatic catalysis. The reason for this is

that enzymes are large aperiodic structures. This precludes both ab

i.ni.ti.0 molecular orbital calculations and Bloch-type band theory ap-

proaches. However, because enzymes and substrates have evolved for two

billion years, frontier orbital perturbation methods may be profitable

used. It is proposed that the induced-fit conformational changes of

enzymes, essential to their catalytic action, leads to a sharp increase

in the electronic eigenvalue density at the active site, enhancing the

catalytic orbital mixing. This effect is being tested computationally,

and it is pointed out how it could be detected with pico-second sepec-

troscopic techniques. As for óxidoreductases, the Mott-Anderson theory

of amorphous semiconductors may explain important features of this class

of enzyme systems.

1. Introduction

As we look at the current theories of chemical catalysis we

are struck with a dichotomy with regard to the level of our understanding

of this phenomenon. Inorganic catalysts, notably homogeneous ones but

including heterogeneous systems as well, are described as providing suit

able orbital pathways for electrons to flow between reactants, whenever

direct flow is forbidden by symmetry restrictions and/or unfavourable

eigenvalue differences (Johnson, 1977) . Enzymes, by contrast,are ration-

alized as binding the transition state tighther than the ground state

of their substrates (Pauling, 1948, 1957; Lienhard, 1973). Details of

the atomic arrangement of inorganic catalysts are, of course,important,

and many processes are "structurally demanding" (Boudart, 1970). Once
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the geometry of the catalytic site is known (or surmized) the eigen-

functions of reactants and catalyst can be calculated, thereby provid

ing a quantum-mechanical rationale for the catalytic activity (Johnscn ,

1977; Abermark e.t at, 1977; Grabowski, Misono & Yoneda, 1977; Ugo,

1975; Somorjai, 1975). Enzymatic catalysis, on the other hand, is des_

cribed in terms of van der Waals, hydrogen bond, and electrostatic in-

teractions between the enzyme active site and the transition state of

the reaction, the two being complementary in Pauling's sense (Pauling,

1948, 1957; Jencks, 1966; Wolfenden, 1969, 1972).

This non-electronic approach to bio-molecular interactions

has had a persistent critic in Szent-Gyflrgyi, whom, for almost forty

years has stated his belief that electronic processes within protein

molecules should be significant to the underlying sublety of biological

phenomena (Szent-Gyôrgyi, 1941; Pethig and Szent-Gyôrgyi, 1977; Holden,

1979). The untractable character of enzymatic catalysis, from a quantum-

-chemical view-point, stems from the fact that proteins are very large

aperiodic structures. Schrfldinger (1944) firstly pointed-out that pro-

teins are aperiodic solids, and even before that Jordan (1938) suggested

that they are semi-conductors. The existence of valence and conduction

bands in proteins is supported by experimental and theoretical evi-

dences (Cardew & Eley, 1959; Eley & Spivey, 1960, 1962; Douzon &

Thuillier, 1960; Vartanyan, 1962; Eley, 1962; Pullman, 1965). However,

most enzymes work at about the same concentrations as their substrates

in cells (Eigen & Hammes, 1963) and solid-state concepts should be

applied with caution. At best enzymes are like amorphous te.e.,aperiodic)

solids, and the absence os sharp Bragg reflections in amorphous systems

makes it difficult to understand their semiconductivity. It was only

in the late 1960's that Mott succeeded, on the basis of Anderson's

early work (Anderson, 1958), to describe the behaviour of these materials

(Mott, 1967, 1968, 1978).

It is convenient to our discussion to distinguish enzymes

that catalyse electron-transfer reactions from those catalysing other

processes. Some years ago Lõwdin (1964) suggested that the semiconductor

properties of proteins may be significant to the former group, and we

have recently put forward a model based on Mott's theory of non-crystalline

t Very recently Bolis, dementi, Ragazzi, Salvador! & Ferro (1978)

tried a quantum-mechanical calculation of papain.
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semiconductors (Gomes & Ferreira, 1980) . As for the latter class of

enzymes we develop here an orbital pertubation theory proposed a few

years ago (Ferreira, 1973; Gomes, da Gama & Ferreira, 1978 a, 1978 b ) .

Before proceding, however, we will briefly analyse the present state

of enzymatic catalysis theory.

II. Enzymatic Catalysis and Transition - State Theory

For clarity we will consider the case of one-substrate reac-

tions, which is the simplest case and as relevant to our discussion as

the more general ones. For one-substrate reactions the transition-state

theory predicts that the enzymatic catalytic factor, given by the ratio

of the ijrzymatic and the non-snzymatic rate constants, kg/kN,
 i s equal

to the ratio KT/KS, where K^ and Kg are the binding constants for the

processes E + S* -:—> ES*, and E + S - — > ES, respectively; S and S*

represent the substrate molecules in the ground-state and in the tran-

sition-state (Lienhard, 1973) . Typical K^A N values fall in the range

10" to 10l"(Koshland Jr., 1956; Jencks, 1969; Wolfenden, 1972). Since

Kg is in the range 103 to 10s, the expected values of K_, are from 10ll

to 10ls. The theory receives its strongest confirmation from studies

with transition-state analogs. The best transition state analogs divised

so far have KT values of 10
5 to 10l° (Lienhard, 1972). Se are still far

from the observed kg/k^ rations, but the discrepancies are largely

attributed to the "imperfect" structures of the analogs. It is signify

cative that the analogs do not induce in the enzymes the same confor-

mational change as the substrates themselves, which constitutes a

strong indication that the induced-fit changes are essential for the

catalytic action (Anderson, Zucker & Steitz, 1979).

The transition-state theory is undoubtly correct, but it is

phenomenological in that the van der Waals and other such enzyme-substrate

interactions reflect underlying electronic processes. Our proposition

is that the electronic changes due to the induced-fit modifications

(electron-phonon interactions, in solid-state parlance)ensure activation

and contftoZ of enzymatic catalysis. This paper provides theoretical

support for these effects and suggests experimental tests for them.

III. The Orbital Perturbation Theory of CataTysis

A predictive theory of catalysis will certainly come from ab
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ínítío calculations such as those of Abermark e.t a.1. (1977) on the

reactivity of nickel-ethy-lene complexes. It is also clear that many

catalytic processes cannot profitably be described by perturbation tech

nigues. Thus, Armstrong, Novaro, Ruiz-Vyscaya & Linarte (1977) have made

a M.O. study of the hydrogenation of styrene,with tetrachloropalladate ion

as a catalyst. The H-H,Pd-Cl, H-Cl and Pd-H bond orders were calculated

along the reaction coordinate and it was shown that in the initial step

one hydrogen atom substitutes one chlorine atom of the tetrachloropalladate

ion. Clearly, the involvement of the species PdCli,2 in the process is

too severe for an orbital perturbation description to be useful. In

other cases, however, the catalyst-substrate interaction is weaker,and

perturbation theory can be used (e..g. Imamura & Hirano, 1975) . It is

our contention that enzymes, being the (almost) finished products of

2 x 109 years of evolutionary history, belong to the latter class.

Our approach is based on the Frontier Orbital

ory of chemical reactivity (Fukui, Yonezawa & Shingu, 1952, 1954;Fukui,

1971; Dewar, 1952; Ferreira, 1976; Gomes, da Gama & Ferreira, 1978 a,

1978 b) . Other interpretations of reaction pathways in terms of orbital

symmetry considerations have been proposed (Bader, 1962; Woodward &

Hoffmann, 1965; Longuet-Higgins & Abrahamson, 19.65; Klopman, 1968;

Pearson, 1969, 1970, 1972). In particular Mango & Schachschneider(1967,

1969; Mango 1969, 1971), Caldow & McGregor (1971), and Klopman (1974),

have considered catalysis as providing a perturbation potential acting

on the frontier orbitais of the reacting species. Actual calculations

have been made for some reactions, among others by Houk & Strozier

(1973), Fujimoto & Hoffmann (1974) , Imamura & Hirano (1975), and Fukui

& Inagaki (1975). It should be pointed-out that the Frontier Orbital

description of chemical reactions is as sound as the molecular orbital

method itself. For example, the interaction between two helium atoms

can be described by a whole gamut of techniques; an acceptable one

starts with the formation of a species with configuration (lag)2(lau)2

and can be refined to give a very detailed picture of the interaction

(Margenau & Kestner, 1971).

In these approaches the key step in a chemical reaction is

the flow of electrons from the HOMO of a reactant a to the LUMO of another

reactant 0 (or to the LUMO of a itself in unimolecular processes). If

the HOMO is a bonding orbital and the LUMO an antibonding one,the flow

of electrons leads to a reactive collision. The symmetries of these

highest occupied and lowest unoccupied orbitais, k° and Zi , should
a p

refer to the nuclear framework of the rising part of the U (Q) curve
6
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leading to the transition-state. Because the interaction Hamiltonian

is totally symmetric, once a process starts on a given reaction-path

i t must stay within the same point group until i t reaches the transition

state. Q transforms like the scalar representation of the given point

group,

I t is sometimes stated that this approach is limited to con-

cetLttd Aea.ci-c.on4. By concerted i t is meant one-step processes; hence

the approach can describe the rate-determining step of any reaction.

For example, the Ni(II)-catalysed cycloaddition of ethylene is though

to occurr by the following mechanism (Traumüller, Polansky, Heimbach &

Wilke, 1969):

+

X

Step 2 is a concerted process in which electrons from the HOMO of one

ethylene molecule (of Ai symmetry) are allowed to flow into the

catalyst-perturbed LUMO of the other ethylene molecule. The unperturbed

LDMO was of B2 symmetry but the Ni(II) catalyst mixed i t with some

higherlying at orbital(s).

For brevity we will limit our discussion to bimolecular re-

actions. The transition moment is <k° H ll>, where ft is the interaction
a p

Hamiltonian. ft transform like the identity representation of the tran-

sition-state point group; hence the reaction is symmetry allowed if

the direct product r. o x V^ contains the identity representation.
a B

Even if this condition obtains, <k° ft l°o> will be small if
a p

{e»o(Q) - e.o(Q)} is large. Since the rate constant is proportional to

|<k° ft £g>|2, the reaction will be slow.
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A catalyst introduces a potential that perturbs k£ and/or l'.

Supposing it is the LOMO of B which is perturbed we will have.

I = ll + Z c, m° (1)

where:

<£! H1 m°>
B£m
mB " £3

ft1 is the catalyst perturbation Hamiltonian. The transition moment

for the perturbed system is:

U = <k»iH|U° + m^c £ mm»)> (3)

•J
! The transition moment will not vanish if c» f 0 and simultaneously,

there is at least one m° which has the same symmetry of k° .This means

; that H1 must contain the direct product r.o x r.o (Ferreira, 1976).
Ka B̂

Although first-order perturbation can break the symmetry re-

strictions to a reactive collision, i t is easily shown that i t cannot

change the difference {E£0(Q) - e^oiQ)}. Thus, the first-order per-

turbation energy is e'i)o= <£g H1 £g>r and this vanishes because H1 does

not transform like the totally symmetric representation. The second-order

energy term, however, i s :

A = E ~ B (4)

Clearly e^0 ̂  0; because (e,o ~ e o)* 0, z
2
po< 0, which means that

•Cp í.g m g i s

E . = e»o + e'ffO is more negative than e^o- Since for most systems the
H 4B ^B ^B
(LUMO)„ is above the (HOMO) , the difference {e 0(Q) - eko(Q)1 is

reduced by the perturbation of í'. B a

A detailed «..i.xysis of the interaction of an electron in £l
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with another electron in the catalyst j° orbital (Gomes, da Gama &

Ferreira, 1978b) shows that the potential that mixes Zi with higher

orbitais of £5 that transforms like k° is due to the tAa.nAi£Lon de.nt>i.ty,

P-;o = fi-oD° (Longuet-Higgins, 1956; Bader, 1962). The significant term
j Jo p C

in H' is:

H'(r') = e
z

o(r")
dr1 (5,

where p(r'') = e (see Figure 1) .

Figure 1 - The coordinate system of orbitais C° and j
p

J C is the

position vector of p.. relatively to the origin of SL;
jx, t

It is easily shown that H{ has the symmetry of the direct product

r.o x r.o . The transition density, which corresponds to the integrand

*e :c
of the density matrix of Landau and von Neumann, does not represent any

amount of charge, but gives instead a three dementional representation

of the diAplacement of charge density.

Convergence of the terms in e<jnation (4) r e q u i r e s t h a t

|<2.g R' m°>|<<|{ej,o - e 0 } | . But" t h i s means t h a t t h e second-order

energy cor rec t ion w i l l be l a rge only i f the summation in (4) conta ins

many terms. Reca l l ing t h a t ft1 i s t he per tu rba t ion Hamiltonian of j u s t

one c a t a l y s t o r b i t a l , j ° , i t i s seen t h a t an e f f i c i e n t c a t a l y s t should

have many closed-spaced o r b i t a i s of appropria te symmetry.
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IV. Enzymatic Catalysis

Enzymes very much conform with these requirements. As typical

globular proteins enzymes have an almost band-like density of states

(Eley, 1962; Pullman, 1965), and we are justified in substituting a

Hamiltonian manyfold for H1. That is, the transition density is now

given by:

p(r") = e l ' (r") f j° (r) S(e. ) de. (6)
p J Jc Jc

where S(e. ) i s the distribution function of the highest occupied enzyme
3c

orbitais. Under this condition, and considering further that the tran-

sition-state for an enzymatic reaction belongs to a pure rotational

point group, with very few irreducible representations, one expects

large negative values for eo0 , which will lower the activation energy
6

of the uncatalysed process, ie.o(Q) - e-o(Q)}-
^B a

The induced-fit theory of Koshland (1959) is now firmly es-

tablished and there is a growing body of evidence from various tech-

niques for large substrate-induced distortions of enzymes in solution

(Buttlaire & Cohn, 1974; Peters & Neet, 1978; McDonald, Steitz & Engeliran,

1979). These conformational changes seem to be essential to the cata-

lytic action, since transition-state analogs do not produce the same

changes as the substrates themselves (Anderson, Zucker & Steitz,1979) .

These displacements of the nuclear framework (up to ± 15° in bond angles)

affect the electronic levels. This effect corresponds to the electron-phonon

interactions in solids, but is more convenient to describe it in terms

known to the molecular spectrocopists. As shown by Walsh (1953) the

electronic eigenvalues of molecules are altered in differing degree

by a change of molecular geometry. In small molecules critical effects

in the electronic properties caused by slight bending of the nuclear

framework are known, such as the appearance of optical rotatory power

in excited states of aliene (Rank, Drake & Mason, 1979) . The critical

dependence of enzymatic catalysis on the induced-fit changes leads us

to propose that the density of electronic states at the active site

is drastically increased during a reactive collision (~10~ sec). The

total change must, of course, be compatible with the induced-fit changes

0.1 e V ) . Of 9. is a conformational parameter, we can write:

|E I (̂ |i) AG.,1 < 0.1 e V (7)
j dej J
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Provided there are both positive and negative terms in (7) the induced-

-fit changes can produce a sharp increase in the density of states,

enhancing the catalytic action.

Experimental evidence for this effect can eventually cane from

pico-second techniques applied to the UV absorption spectra of enzymes

in the presence of substrate molecules*. In the meantine the effect

can be tested computationally. Mrs. F.G. Stamato at our laboratory is

performing molecular orbital calculations of the active sites of a few

enzymes, isolated for this purpose from the macromolecular framework .

Calculations are done first for the geometries revealed by crystallogra_

phic data of the pure enzymes (which OAe not the active conformations) ,

and repeated for slightly different conformers.

It has always been a puzzle that the allosteric effects of

small molecules on the catalytic action of enzymes are severe, compar-

able even with reversible denaturation effects, and yet only slight

quatern&ry structural changes have been detected. This behaviour is,on

the other hand, what one may expect if the allosteric control is due

to small but critical changes in the density of electronic states caused

by the binding, away from the active site, of effectors.

This is not to say that all control of biomolecular processes

is electronic in character. For example, Perutz (1970) has shown that

a substantial conformational change oE the polypeptide chains of haemo

globin is responsible for the cooperative effect in the oxygenation of

this important emphore (Pardee, 1968) . The same is probably true £or the

binding of isozyme units. We feel, however, that one cannot dismiss the

possibility of electronic contro] of the active forms (in Koshland's

sense) of enzymes.

V. Oxidoreductases and Semiconductors

Most enzyme-catalysed reactions involve closed-shell molecules,

but oxidoreductase systems are an exception in that they catalyse

electron-transfer processes between open-shell species. Except for the

Wigner-Witmer rules,• symmetry restrictions play no significant role in

the kinetics of such reactions, which depends on the relative depth of

* Broad bands, originating frcm transitions from the highest occupied levels to the
lowest unoccupied ones, would, upon concentration of both bonding and
lerels, became narrower, without any shift in the band centers.
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the potential wells of electron donnors and acceptors, and the distance

from one another (Hbby, 1963). Any theory of the electron-transfer

chain must explain two features of the metalloproteins involved: the
o

transition metal ion (t.m.i.) is a few Angstroms away from the side of

substrate attachment, and, secondly, the ratio of t.m.i. to aminoacid

residues is small (10~l to 10~ 3). Built in such a theory must be the

facts that globular proteins are aperiodic structures, and that electrons

in organic semiconductors are localized (Boguslavskii & Vannikov,1970).

It is known (Pomonis & Vickerman, 1978) that the catalytic

efficiency of t.m.i.-doped diamagnetic oxides such as A^(2-x)Crx^3 '
M9(l_x)Ni Of etc., has the same dependence on the degree of doping as

the decrease in the valence to conduction-band gap. Polaron hopping

(Mott, Davis & Street, 1975) is particularly likely in proteins with

their easily deformable structures. We think that an electron-hopping

mechanism explains the characteristic features of oxidoreductases.

The fact that the t.m.i. is some distance away from the enzyme

active site does not rule-out its participation in the pertinent redox

processes, since the electron transport can occur through "variable

range hopping" (Mott, 1968). In this mechanism, a phonon momentarily

equalizes the energies of a pair of donnor and acceptor sites, and the

electron can tunnel through the barrier separating the sites. In enzymes

the induced-fit conformational changes may substitute for the phonons.

The small (t.m.i.)/(a.a.r.) ratio (10~ to 10~ ) confers kinetic

advantages to oxidoreductases if the desorption of the reduced species

is a rate limiting step. Suppose desorption requires that the nega-

tively charged species S~ looses its charge. Electron hopping between

S and M (the oxidized form of the t.m.i.) competes favourably

w'LL hooping from bulk M n ions as long as concentration of t.m.i. in

the host macromolecule is low. If the concentration is 10-1 or higher

a localized-non-localized transition occurs and S~ to M hcpping

becomes very unfavourable. Details of such mechanisms will beoome clear

as we known more about optical and transport properties of metallo-

proteins .
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