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Dextranase bacteriana isolada de placa dental de humanos

T. da Costa, L.C.Bier & F. Gaida

Resumo

A hidrélise do dextrano em nove amostras de placa dental revelou que todas mostraram capacidade
de desdobra-lo. Fusobacterium nucleatum foi, dentre os microrganismos isolados, o mais frequente e
estdvel no metabolismo do dextrano. Obteve-se uma enzima — dextranase — altamente ativa, tanto em
relagdo ao polissacarideo obtido do Leuconostoc mesenteroides (Nutritional Biochemicals Cor.), quanto
em relacdo aos depdsitos acumulados sobre bastdes de vidro, por amostras de Streptococcus mutans.
Esta enzima, estudada em maiores detalhas, mostrou-se associada a célula e capaz de atuar pela remog¢édo
de unidades de glicose do final da molééula do dextrano, apresentando o 6timo de atividade no
pH 6.8.

Summary

Bacterial dextranase isolated from human dental plaque

Dextran hydrolysis in dental plaque was investigated. All of the nine plague samples studied showed
hydrolytic ability. The search for the microorganisms responsible for such dextranase activity showed
Fusobacterium as one of the more frequent and stable. Fusobacterium-dextranase was studied in
more detail. The enzyme was found to be cell-associated, working by removing glucose units from the
ends of the dextran molecule. The enzyme preparation exhibited a maximal activity at pH 6.8.

Plaque-like deposits “in vitro” accumulated were partly dissolved.

Introducdo

Muito embora seja referido qua algumas espécies
de fungos do género Penicillium {10) produzem dex-
tranases extracelulares, entre as bactérias somente
membros dos géneros Bacteroides (9) e Lactobaci-
llus (10) s3o mencionados como produtores desta
enzima.

A placa dental pode acumular polissacaridios quan-
do exposto a solugBes de sacarose (7, 11, 14) que,
identificados como dextrano, seriam resistente ao
ataque dos microrganismos salivares (8). Entretanto
Wood (15) e Manly & col. (12) observaram que o
dextrano pode ser parcialmente metabolizado na
placa dental, quando na auséncia de uma fonte ex6-
gena de substrato, sugerindo a presenca de dextra-
nase em algumas placas.

A presente investigagdo procura determinar as
fontes desta enzima na placa dental e a estuda em
maiores detalhes.

Material e Métodos

Isolamento de bactérias hidrolizadoras do dex-
trano — Amostras de placa dental foram obtidas de
nove pacientes que exibiram baixa atividade de cérie.
Dispersas em tampdo fosfato {0.067 M, pH 7.2}, em
homogeneizador de tecido, foram a seguir diluidas e
aliquotas de 0.1ml inoculadas no meio de cultura
sugerido por Da Costa & col. (5}.

As culturas foram incubadas de 2 a 3 dias, aer6-
bica e anaerobicamente e, a seguir, centrifugadas para
remover o crescimento bacteriano misto. A hidrélise
do dextrano foi determinada pela adigdo de 2 volumes
de etanol ao sobrenadante das culturas livres de
células. Tubos com caldo-dextrano ndo inoculados,
serviram como controle. A ndo obtencdo de um
precipitado com etanol serviu como indicagdo de que
o polissacaridio havia sido hidrolisado pelo cresci-
mento bacteriano misto.

De uma amostra de placa, mostrando capacidade

* Departamento de Patologia, Seccdo de Microbiologia, Universidade‘FederaI de Santa Maria — RS. Trabalho realizado
com auxilio do CNPq —HConselho Nacional de Desenvolvimento Cientifico e Tecnoldgico.
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hidrolitica, uma aliquota foi retirada, espalhada na
superficie de agardextrano e incubada anaerobica-
mente, durante 72 horas. As coldnias desenvolvidas
foram recultivadas em caldo-dextrano e testadas em
sua capacidade hidrolitica.

Uma amostra de Fusobacterium foi isolada e,
estudada em maiores detalhes, serviu como fonte
de dextranase.

Preparacdo da dextranase — Prepara¢Ges enzimdaticas
foram obtidas apds 3 dias de subcultivo de uma (inica
amostra de Fusobacterium, em caldo-dextrano a
0.15% (p.m. 5-50 X 10° - NBC), incubada anaerobi-
camente. Essas culturas foram centrifugadas e o
sedimento celular coletado, lavado 3 vezes e ressus-
penso em tampao fosfato (0.067 M, pH 7.0) & den-
sidade oOtica de 1.5 (Espectrofotdmetro Bausch
Lomb), usando-se 540 nm como comprimento de
onda.

A dextranase associada a célula pdde ser obtida
numa forma sollvel. Vinte mililitros foram tratados
com 1ml de Desoxicolato de soédio a 5%, durante
30 min., centrifugando-se a seguir para remover os
restos celulares e, finalmente, dializando-se.

Medida da atividade enzimdtica — A atividade da
dextranase foi determinada pela incubacdo de 4ml
da preparagdo enzimética com 2mi de tampdo fos-
fato (0.067 M, pH 6.8) e 2m! de uma solucdo de
dextrano a 1%, em banho-maria a 35°C. Misturas
de: (a) enzima inativada em &gua em ebulicdo mais
dextrano; (b) dextrano e (c} dextranase, foram in-
cluidas como controles.

Amostras da mistura reativa foram removidas pe-
riodicamente durante 60 min. de incubacdo. Apds
desproteinizagdo com ZnSO, e Ba(OH),, os a¢licares
redutores foram  analisados pelo método de
Somogyi (16).

Os produtos formados durante a hidrélse foram
analisados cromatograficamente em camada delgada,
usando-se Kieselguhr {Merck). Amostras da mistura
reativa foram aplicadas nas placas, utilizando-se como
solvente acetato de etila, dcido acético e dgua (3:3:1}.
Os pontos correspondentes a migragdo das substancias
-em estudo nos cromatogramas foram visualizados,
borrifando-se uma solugdo de anilina difenilamina.

Estudou-se, também, a capacidade de preparacSes
enziméticas dialisadas hidrolisarem placas formadas
“in vitro”" pelo Streptococcus mutans amostra
GS-5 (7), QUando cultivado em caldo sacarose. De-
positos semelhantes a placas, acumulados sobre bas-
toes de vidro, foram expostos a prepara¢Ses enzimé-
ticas e observados durante 60min..

Resultados

Bacterias hidrolisadoras de dextrano na placa dental —

Bier & F. Gaida

Verificamos que o dextrano pode ser hidrolizado por
culturas bacterianas da placa dental. Nas amostras
de placa estudadas, foi observada atividade hidroli-
tica nos tubos de cultura correspondentes as baixas
diluigBes (1073 e 107%); entretanto, em duas dessas
amostras, a hidrolise foi também observada nos tubos
de alta diluicgo (107%).

Uma fusobactéria, isolada e caracterizada bio-
quimicamente como Fusobacterium nucleatum (2),
serviu como fonte de dextranase (5), por ser con-
siderada como principal responsavel pelo metabolismo
do dextrano. Este microrganismo ndo produziu polis-
sacaridio extracelular, quando cultivado em caldo-
sacarose a 5%.

Esfregagos de culturas puras em caldo-dextrano,

corados com solugdo de iodo, apresentaram uma
coloracdo varidvel de pdrpura a violeta, indicacdo
provédvel de armazenamento de polissacaridio intra-
celular. A fusobactéria exibiu também intensa acdo
hidrolitica sobre o levano e o amido, quando culti-
tivada em presenga destes polimeros.

Caracteristicas da dextranase fusobacteriana — Fil-
trados da cultura de Fusobacterium em caldo-dex-
trano ndo apresentaram atividade hidrolitica.

A enzima, revelando-se associada a célula, liberou,
do dextrano, aproximadamente 700ng de aclcar
redutor por h/ml de solucdo enzimética, mostrando-se
também, nas condi¢Oes empregadas, proporcional a
sua concentragdo.

O 6timo da atividade enzimatica estd no pH 6.8,
quando determinada em tampdo fosfato. SolugGes
enzimaticas podem ser armazenadas durante vérias
semanas, sem marcante diminuicdo da atividade.

A acdo da dextranase foi demonstrada parcial-
mente sobre placas artificialmente formadas "in vitro’’
por amostras de Streptococcus mutans. Quando
estas placas foram incubadas, juntamente com a
enzima, durante 60min., foram liberados 280ng de
aglcares redutores por h/ml de solugdo enzimatica.

Discussdo

A importéncia da placa dental no inicio da lesdo
de carie tem recebido maior ateng¢do no Gltimos anos.
Evidéncias acumularam-se de que a sintese de dex-
tranos, por representantes da flora oral, desempenha
um importante papel na sua formagédo (3, 8, 13, 15).
Estes polimeros eram até bem pouco considerados
como resistentes ao ataque bacteriano na cavidade
oral {8). Entretanto, Wood (15) e mais recentemente
Manly & col. (12) relataram seu desdobramento
parcial na placa dental.

O presente trabalho, investigando o metabolismo
do dextrano na cavidade oral, revelou como principal
responsavel pela hidrélise, uma fusobactéria. Proprie-
dade semelhante foi exibida por cocos gram-positivos,
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quando no isolamento primério, observando-se, en-
tretanto, a perda dessa caracteristica nos subcultivos.

Sugere-se que a dextranase fusobacteriana em es-
tudo seja ligada a célula e atue pela remncdo terminal
de unidades de glicose da molécula do dextrano.
Assim, uma continua liberacdo de glicose ocorreria
na superficie da célula, permitindo sua facil utili-
zacdo. Este mecanismo de acdo seria, em parte,
similar ao da dextranase produzida por bacterdides
intestinais (1, 9) e o da frutan-hidrolase descrita por
Da Costa & Gibbons (4). As unidades de glicose
poderiam ainda ser parcialmente acumuladas intrace-
lularmente, sob a forma de granulos de reserva, con-
forme foi possivel concluir da reagdo tintorial obser-
vada nos esfragaco preparados de cultura de Fuso-

bacterium em caldo-dextrano, corados com solugdo
de iodo.

Uma vez que a placa dental é capaz de sintetizar
e parcialmente utilizar o dextrano, na falta de uma
fonte exdgena de substrato energético, pode-se admi-
tir que este polissacaridio funcione como material
de reserva, & semelhanca da amilopectina (6) e do
levano (4).

A presenca de dextranase, em altas diluicSes de
material de placa, estd provavelmente relacionada a
um aumento do nUmero de fusobactérias naguelas
placas. Estes resultados, entretanto, ndo excluem a
possibilidade de placas dental sem dextranase, estan-
do a explicacdo destas diferencas por ser determinada.
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Ineficicia da tobramicina in vitro sobre Pseudomonas gentamicina-resistentes

Marcelo Magalhdes *& Adelma Véras*

RESUMO

Quarenta amostras gentamicina-resistentes de Pseudomonas aeruginosa, clinicamente significativas, foram
testadas frente a tobramicina, pelos métodos das diluicSes ¢ da difusdo em agar. Os resultados foram
concordantes & mostraram inequivoca resisténcia cruzada entre gentamicina e tobramicina. Isso sugere
o emprego de apenas uma das drogas, nos antibiogramas rotineiros, em bacteriotogia clinica.

SUMMARY

In vitro failure of tobramycin against gentamicin-resistant Pseudomonas

Forty gentamicin-resistant strains of Pseudomonas aeruginosa, clinically important, were tested against
tobramycin by using both agar dilution and single-disc susceptibility technigues. The results were
concordant and showed a distinct cross-resistance between gentamicin and tobramycin. This suggests
that either one of the drugs might be employed for routine sensitivity testing, in clinical bacteriology.

Introdugdo

A tobramicina é um novo aminoglicosideo, de
espectro antibacteriano semelhante ao da gentamicina
(3). Sua principal vantagem sobre a gentamicina
reside na maior atividade in vitro contra as pseudo-
monas (4, 10, 11). Por outro lado, existem diver-
géncias de opinifo sobre a ocorréncia de resisténcia
cruzada entre aqguelas drogas (3, 5, 6, 8). Neste
trabalho, empregando-se os métodos das diluicBes
e da difusio em agar, concluiu-se pela ineficicia,
in vitro, da tobramicina sobre linhagens gentamicina-
resistentes de Pseudomonas aeruginosa.

Materiais e Métodos

Bactérias. Foram selecionadas 40 culturas de P. aeru-
ginosa, clinicamente significativas, resistentes a gen-
tamicina ao método de Bauer & Kirby (1). As amos-
tras foram isoladas em diferentes hospitais e ambu-
latorios do Recife, e identificadas com o emprego dos
seguintes testes (9): oxidagdo-fermentagdo da glicose,

oxidase, motilidade, producdo de pigmento, oxidagio
do gluconato, crescimento em citrato de Simmons,
lisina e ornitina descarboxilase, arginina deidrolase,
. ~ 3 o
e crescimento em caldo de coragédo e cérebroa 42°C.

Antibiéticos. Sulfato de tobramicina, da Eli Lilly
& Co. e sulfato de gentamicina, da Schering Cor-
poration.

Antibiogramas. Os niveis de resisténcia a gentamicina
e tobramicina foram determinados pelo método das
diluices em meio solido. As drogas foram incor-
poradas ao Agar de Muller-Hinton (Difco), em con-
centragdes 1 — 2 —- 4 — 8 — 16 e 32 vézes superiores
a concentragdo inibitéria minima (CiM) da amostra
susceptivel padrdo. Os resultados foram fornecidos
em razoes de resisténcia (RR), isto 8, relacionando-se
a CIM da cultura sob teste e a CIM da amostra padrio.
Na avaliacdo da resisténcia, pelo método da difusdo
em agar, foram usados discos Ginicos de 6 mm conten-
do 10ug de tobramicina ou 10ug de gentamicina (1).

* Depto. de Microbiologia, Faculdade de Medicina, Cidade Universitdria 50000 Recife, PE.
Os autores sdo gratos ao Dr. Barros ‘Barreto, Diretor Médico da Eli Lily do Brasil pelo sulfato de tobramicina e

literatura a respeito fornecidos.
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RESULTADOS

Com referéncia & amostra susceptivel de Pseudo-
monas, as ClMs foram de 8 e 2ug/ml e os diametros
dos halos de inibigdo de 21 a 25 mm, respectivamente
para gentamicina e tobramicina.

Os resultados comparativos entre a atividade da
gentamicina e tobramicina, contra as 40 amostras
gentamicina-resistentes de P. aeruginosa, estdo sinte-
tisados na Figura 1, e a correlagdo entre os métodos
das diluicBes e dos discos, nos testes para a tobrami-
cina, na Figura 2.
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Fig. 1 — Atividade da tobramicina sobre 40 cepas genta-
micina-resistentes de Pseudomonas. RR = razdo de resistencia.
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Fig. 2 — Correlagdo entre os métodos dAas diluigGes e dos
discos (104ig) para a tobramicina.

DISCUSSAO

Os resultados substanciam observacOes anteriores
(4, 5, 6, 7), e indicam nitida resisténcia cruzada
entre a gentamicina e a tobramicina. A esse respeito,
é possivel que as discordancias existentes dependam
do mecanismo de resisténcia envolvido, cromosomal
ou plasmidial, nos diferentes lotes de culturas exa-
minadas. No Recife, pelo menos em relacdo as ente-
robactérias, a gentamicina-resisténcia é transferivel e
estd vinculada ao plasmidio Gk (M. Magalhées, A.
Véras & A. Damaso, no prelo) que governa a sintese
de uma adeniltransferase que inativa, além da genta-
micina, a kanamicina e a tobramicina (2). Embora
ndo se tenha ainda caracterizado a natureza da gen-
tamicina-resisténcia, seus elevados niveis em nossas
culturas de P, aeruginosa sugerem o carater plasmidial.
E, portanto, improvaiel que a tobramicina tenha
possibilidades terapéuticas contra essas linhagens, ape-

sar de sua maior atividade, /n vitro, contra as cepas

sensiveis.

A notdvel correlacdo entre os métodos das dilui-
¢Bes e da difusdo em agar apéia a sugestdo (8} de
utilizar-se um UGnico disco, contendo 10ug de tobra-

‘micina, na avaliacdo rotineira da resisténcia bacteriana

a essa draga. Por outro lado, a nédo inclusdo de um
nGmero significativo de culturas susceptiveis, neste
estudo, dificulta dedugdes sobre quais os didmetros
criticos, dos halos de inibi¢do, indicativos de resis-
téncia ou susceptibilidade. Todavia, é questiondvel
se ha realmente necessidade de testar-se simultanea-
mente a tobramicina e a gentamicina em bacteriolo-
gia clinica. Nas recomendacles da Food and Drug
Administration, para a realizagdo de antibiogramas
rotineiros, estd a introducdo do conceito de famflia.
Isto &, deve-se usar apenas um membro represen-
tativo de cada grupe de antibiéticos relacionados
(12). Este parece ser o caso da tobramicina e gen-
tamicina. Essas drogas, além de idénticos espectros de
atividade antibacteriana (3), apresentam inequivoca
resisténcia cruzada, pelo menos, no sentido genta-
micina-tobramicina.
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Microbial membranes 1. Structure and molecular organization®

Luiz R. Travassos & W. de Souza

Summary

Review on membrane isolation, composition, structure and molecular organization, structure deter-
mination, with emphasis on the experiments with microorganisms.

Resumo

Membranas de microrganismos 1. Estrutura e organizacdo molecular

Revisio sobre o isolamento, composi¢do, estrutura e organizagdo de membranas, com énfase nos

experimentos com microrganismos.

Introduction

The formation of membranes is a major event

in creation of a cell and hence of a unicellular

microbe. Besides maintaining the cell contents apart
from the suspension medium thus conferring indi-
viduality to the cytoplasmic elements, biological
membranes determine the rate of passage of inorganic
and organic molecules inward and outward the cell.
This is accomplished by a selective process that
involves either a facilitated diffusion or an active
transport. Such a property makes the cell membrane
an important structure able to determine the growth
rate and the metabolic activity of cells in particular
environments.

Membranes play a dynamic biochemical role in
providing a supporting matrix for the location of
proteins with varied enzymatic activities. Due in
part to their lack of rigidity, tendence to coalesce
and ability to accomodate a great variety of proteins,
membranes are important agents in the biogenesis of
specialized organelles such as mitochondria, chlo-
roplasts, bacterial mesosomes and chromatophores.
in forming intracellular compartments membranes
enclose several molecules which have increased pro-
bability of reacting with each other thus favoring

the metabolic process. The possibility of ranking
reacting elements along a single supporting structure
would also provide a basis for an efficient low-
-energy-consuming sequence of biochemical reactions.
Depending on the nature of the membrane, com-
partments can also exist less active metabolically
and sometimes acting only as storage parts. There
are membranes that encircle nuclei of eukaryotic
cells. In bacteria, mesosomes deeply intruded into
the cytoplasm closely associate with the bacterial
DNA possibly playing a role in the equal distribution
of nucleic acid into each of the daughter cells.

Several functions of biological membranes are
presently known. Their intimate structure and mo-
lecular organization are nevertheless far from being
completely understood. Models have been proposed
for membranes of animal and microbial cells based
on certain aspects of membrane chemical compo-
sition and morphology. These models are still under
study mainly with the introduction of new ex-
perimental methods only recently employed in the
investigation of biological membranes.

Rothfield (138) so defines biological membranes:
they "‘are continuous structures separating two aque-
ous phases. They are relatively impermeable to
water-soluble compounds, show a characteristic tri-

* Departamento de Microbiologia Geral, Instituto de Microbiologia e Instituto de Biofisica, Universidade Federal do Rio

de Janeiro, Rio de Janeiro, RJ, 20.000.
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laminar appearance when fixed sections are examined
by electron microscopy, and contain significant
amounts of lipids and proteins”.

In the following sections some of the studies on
membranes will be discussed. Emphasis is given to
the experiments with microorganisms.

Isolation

a — Isolation of intact membrane fragments — The
isolation of membranes from various types of cells
is the primary step in the study of their chemical
composition and structural organization. The pro-
cedures selected in this purpose must lead to mem-
brane preparations not contaminated with adjacent
structures originally present in the cell or with other
materials accessible to the inner (cytoplasmic) or to
the outer surface of the membrane. The most
likely contaminants in bacteria and yeasts are com-
ponents of the cell wall, ribosomes and other
cytoplasmic materials. In some cases membranes

prepared by layering in the centrifuge tubes solutions
of increasingly lower concentrations of appropriate
solutes, e.g. sucrose. In bacteria, osmotic lysis can
be used to isolate membranes from protoplasts.
True protoplasts are not usually obtained from
Gram-negative cells because of the close association
of the cell wall components with the membrane.
Upon removal of the cell wall from these bacteria
residues of that structure usually remain attached
to the membrane. These residues can be dem-
onstrated through selective reactions using specific
cell wall receptors. “"Protoplasts’” with remaining
residues of the cell wall are called spheroplasts.
Birdsell and Cota-Robles (9) apparently succeeded
in separating the cytoplasmic membrane from the
“outer membranes’’ of E. coli: the procedure involved
the suspension of the bacteria in 0.5 M sucrose prior
to the lysozyme-EDTA treatment generally used
in spheroplasting bacteria. The “outer membranes’
visualized in the electron microscope are thought
to contain the lipopolysaccharide component of

are isolated completely free of contaminants. In
other instances adjacent structures are so tightly
bound to the membranes that pure preparations
are hard to obtain. This is frequently the case with
Gram-negative bacteria. The cell envelopes of these
bacteria contain large amounts of lipopolysaccharide
in addition to the usual bacteria! mucopeptide.
These outer layers are intimately associated with
the inner lipid-protein membrane. Connections be-
tween specific regions of the cytoplasmic membrane
and the inner layer of the cell wall can be seen
in thin sections of plasmolysed celis of Escherichia
coli (4). In freeze-etched preparations of bacilli
(49, 102) strands or fibres seem to connect the inner
layer of the cell wall with the membrane. Bridges
extending from the outer regions of the cytoplasmic
membrane are also visible in thin sections of B.
licheniformis (136). These observations show that
a close association between the cell wall and the
membrane can occur in certain microorganisms.

The isolation of membranes from animal cells
usually involves cell-disruption by osmotic lysis or
by mechanical means. Methods for the mechanical
disruption of cells include freezing and thawing,
sonication and rapid decompression. The isolation
of membranes is accomplished by differential cen-
trifugation and density gradient sedimentation. In
this latter procedure a material of known buoyant
density can be predictably sedimented through a
solution of variable density {(gradient) until its den-
sity equilibrates with the density of the solvent.
The material which forms a band at this point
can be removed with relatively little contamina-
tion of adjoining materials as the centrifuge tubes
are perforated at the bottom and the various bands
drip out in succession. Gradients can be easily

the cell wall {11). The lysozyme-EDTA treatment
is a routine method for the removal of the cell wall
components from Gram-negative bacteria. While ly-
sozyme destroys the mucopeptide polymer, EDTA
chelates divalent ions presumably important in main-
taining ionic cross-links between the lipopolysac-
charide and the other polymers of the cell envelope.
The cytoplasmic membrane of Salmonella typhimu-
rium was isolated from the "outer membranes” by
use of equilibrium density gradient centrifugation
of the total membrane fraction obtained by lysis
of spheroplasts (109). Spheroplasts were prepared
by the method of Birdsell-Cota-Robles (9). The
“outer membrane” fraction and the cytoplasmic
membrane from S. typhimurium differed markedly
in their specific enzyme activities as well as in their
over-all protein composition' as determined by poly-
acrylamide gel electrophoresis in sodium dodecyl-
sulfate. The ratios of phosphatidylglycerol to phos-
phatidylethanolamine and of cardiolipin to phos-
phatidylethanolamine in the "‘outer membrane’’ were
approximately one half and 1/4 of those for the
cytoplasmic membrane respectively.

Protoplasts from Gram-positive bacteria, e.g. Mi-
crococcus lysodeikticus have been routinely used
as sources of membranes. Membranes are also easily
obtained from mycoplasmas and L-forms. Electron -
microscopy and chemical analysis of these microor-
ganisms indicate that their cells contain no cell wall
material external to the membrane (119). Membranes
of mycoplasmas can be isolated by differential
centrifugation of lysates of the microorganisms in
hypotonic solutions (123).

Membranes from yeast cells were prepared by
osmotic shock of yeast spheroplasts (13). Unlike
bacteria yeast cell walls are not susceptible to
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lysozyme attack; spheroplasts are usually prepared
by treatment with a mulitiple enzyme preparation
from the digestive juice of the snail Helix pomatia.
Yeast spheroplasts can be lysed in suspension with
ice-cold Tris buffer (pH 7.2) containing MgCl,.
The pellet of intact membranes and debris are
then isolated by centrifuging at 20,000 g. Such a
procedure has been used to prepare membranes
from Candida utilis {40) and from Saccharomyces
cerevisiae (78).

b — Isolation of membrane constituents — Membranes
are composed mainly of lipids and proteins. While
lipids are usually extracted in arganic solvents under
N, a more elaborated methodology is usually nec-
gssary for the extraction of membrane proteins.
Since many of these proteins are enzymes the
success of a given isolation procedure is followed
by determining the specific enzymatic activity of
the preparation.

Proteins found in biological membranes are special
in their high percentage of hydrophobic residues
which tend to dissolve in non-polar solvents rather
than in water. Since non-polar compounds can
induce reversible changes in protein structure (185)
one should expect that the removal of protein
hydrophobic residues from the lipid phase may
change the special conformation of the protein.
A change in the native conformation of the protein
may be followed by the loss of its biological ac-
" tivity in the case of an enzyme. The guestion so
arises as whether the methods used in the ex-
traction of membrane proteins will or will not
result in structural changes which may impair, in
the case of enzymes, their catalytic activity.

In Micrococcus lysodeikticus the following pro-
cedures have been used for the isolation of bacterial
enzymes from membranes (100):

1. Solutions of low-ionic strength. A Cd™" -de-
pendent ATPase from M. lysodeikticus membranes
was released by washing several times in 0.03 M
Tris buffer (pH 7.5) and then with 0.003 M Tris
(pH 7.5). The specific activities of the 5th and
6th washes were 4 to 5 times that of the preceding
wash (99). ATPase appears in particles which are
distributed throughout the bacterial membrane. The
release of the ATPase particles by use of the above
procedure was also followed by electron microscopy
of the membrane fragments.

2. Cation depletion by chelating agents (EDTA).
Treatment of membranes with 0.006'M EDTA in
0.03 M Tris buffer (pH 7.5) -was used to release
membrane NADH-dehydrogenase. The extracted ma-
terial which contained also cardiolipin displayed a
vesicular form.

3. Detergents. Cytochrome ¢ was released from
the bacterial membranes by dissociation in 0.5%
sodium dodecylsulfate followed by ammonium sulfa-
te precipitation. While cytochrome ¢ is soluble,
cytochromes a and b were precipitated. Deoxycho-
late (1%) has been used for extracting most of
the membrane phospholipids and carotenoids leaving
behind sheets of extracted membrane showing the
absorption spectra of the cytochromes and retaining
an activity for succinic dehydrogenase. Complete
membrane solubilization was achieved with sodium
dodecylsulfate, Nonidet P-40 (a polyoxyethylated
alkyl phonel), Triton X-100 (1% with 0.04 M AICl3),
or 10 M acetic acid (10(}). Cationic detergents are
generally ineffective in solubilizing membranes (149).

4. Organic solvents. n-Butanol solubilizes enzymes
such as ATPase in the active form but other enzymes,
e.g. NADH-dehydrogenase are destroyed. 3-Pentanol
extraction preserves 30-40% of the NADH-dehy-
drogenase activity while removes more than 90%
of the lipids {100,146). Nachbar, Winkler and Salton
(101) investigated the ability of several aliphatic
alcohols in extracting 2 P-labelled phospholipids from
bacterial membranes dispersed in water. The fol-
lowing order of efficiency of extraction was observed:
tert-amylalcohol = n-butanol = Jso-butanol = sec-
butanol > n-amylalcohol > jso-amylalcohol > 3-
pentanol. ATPase was well preserved upon extraction
with several alcohols; NADH-dehydrogenase was still
active following extraction with tert-amylalcohol.

Bacterial membrane proteins can also be solu-
bilized by the so-called chaotropic agents (133).
These are inorganic ions favoring the transfer of
non-polar residues into an aqueous environment.
This efect is possibly achieved due to the ability
of chaotropic agents to disorder the structure of
water. The relative effectiveness of some of these
inorganic ions (140) is shown below:

SCN™ > ClO,” > NO3> I~ > Br™ > ClI™ > S0y,

CH,C00", F~

The various procedures so far discussed do not
lead to a random solubilization of the components
of the membrane (10,188). Concentrations of sodium
dodecylsulfate sufficient to solubilize the NADH -2,6
-dichlorophenolindophenol  oxido-reductase  from
membranes of Bacillus subtilis do not solubilize the
succinate dehydrogenase from this same microor-
ganism. With higher concentrations of SDS, mem-
brane protein is solubilized rather than the lipid.
in some instances an enzymatic system can be
restored by combining fractions obtained through
extraction procedures which selectively solubilize
certain components of the membrane. A procedure
for the sequential extraction of fractions contaihing
the primary dehydrogenase and the cytochromes
of the NADH oxidase system of B. megaterium
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membranes was developed (189). Several components
were released from the original membrane structure
being inactive unless combined in the presence of
Mg"™ jons. Supernatants A and B (Fig. 1) are inactive
when assayed alone for enzymatic activity; they
become active when joined in the presence of Mg*™.
Under these conditions the NADH oxidase activity
is similar to that of the sonicated membranes.
The deoxycholate~KCl pellet is inactive. The res-
toration of the NADH oxidase activity is inhibited
when either fraction is treated with phospholipase
A indicating a requirement for a phospholipid in
each fraction for the oxidase reconstitution (189)

Sonically treated membranes

Wash once with 0.01M Tris
pH 7.4
27,000g, 30min

Pellet ' Supernatant
(discard)

Extract with

0,01M Tris + 0.4% DOC, pH 7.4
30min, 4°C

27,0008, 1hr

Peltet Supernatant A
(DOC petlet)
Extract with
0.01M Tris + 0.4% DOC + tM KCt
oH 7.4, 30min, 25°C
27,000g, thr

Pellet
{DOC-KCI pellet} Supernatant 8

Fig. 1 - Sequential extraction of NADH oxidase compo-
nents (after Yu and Wolin, ref. 189},

General composition of membranes

Analysis of ghosts from red blood cells showed
a gross composition of approx. 60% proteins/approx.
40% lipids by weight (82). Van Deenen (28) reviewed
the data on the composition of lipids in human
erythrocytes: approximately 70% are phospholipids
— lecithin, phosphatidylethanolamine, phosphatidyl-
serine, sphingomyelin, phosphatidic acid, inositol
phosphoglycerides — and 30% is cholesterol. There
are also small amounts of glycolipids. The proteins
of red blood cell membranes vary in molecular
weight with two major peaks at approx. 200,000
and 100,000 (132). About 95% of the mitochondrial
lipid is phospholipid. Cholesterol, ubiquinone, to-
copherol, carotenoids and neutral fat account for
the remaining 5% (44). Phospholipids found in
mitochondria are lecithin, phosphatidylethanolamine,
cardiolipin. Other types account for 5% of the

total phospholipid fraction. The so-called membrane.

“structural proteins’’ appear rather heterogenous in
nature (150,151). Data are uniform in showing
that animal membranes have a high percentage of
phospholipids as well as a varied composition of
proteins including molecules of several molecular
weights. The types of phospholipids vary aiso in
different organelles and in different species {(3,85)

The lipid bilayer of erythrocytes has compo-
sitional asymmetry: choline phospholipids are present
on the external side while amino phospholipids face
the cytoplasm. It is probable that such an asymmetry
occurs also in other membranes (17). Lecithin,
sphingomyelin and glycolipid contain few polyunsat-
urated fatty acid residues. On the contrary, phos-
phatidylethanolamine and phosphatidylserine are rich
in unsaturated fatty acids such as arachidonic acid.
Bretscher (17) suggests that polyunsaturated residues
in the inner half of the lipid bilayer provide a less
ordered phase that may be a better solvent for
proteins as compared to the outer half of the bilayer.

In bacteria, phosphatidylethanolamine is the com-
mon phospholipid. Noteworthy is the absence of
lecithin in most bacteria with the exception of
some species of Agrobacterium (42,62) and Rhj-
zobium (81). In addition bacterial lipids which are

some fractions include several unusual lipids. Some
of them have been characterized: aminoacylesters
of phosphatidylglycerol (52,80), a variety of glycosyl
diglycerides, cyclopropane fatty acids in the phos-
pholipids (in Gram-negative bacteria and Lactobacil-
lus), branched chain fatty acids (in Gram-positive
bacteria), branched high molecular weight fatty
acids (in Corynebacteria and Mycobacteria). Glycosyl
diglycerides are widely distributed in Gram-positive
bacteria (154) and in mycoplasmas but aré absent
in Gram-negative bacteria. Cholesterol (and other
sterols) present in the membranes of algae, fungi
and membranes from higher organisms is not found
in bacteria but occurs in mycoplasmas (161). The
distribution of the various lipid categories in microor-
ganisms is shown in Table 1.

The chemical composition of the membranes
from Micrococcus lysodeikticus was studied in detail
and was found to contain (% by weight): 49-64.5
(depending on the method) protein, 23.8 lipids,
4.2 carbohydrate, 1-2 RNA. Lipids included phos-
pholipids, carotenoids and menaquinones (147). The
area ratio of protein to lipid in several bacterial
membranes — from B. licheniformis and M. ly-
sodeikticus (148), B. megaterium (184), Streptococ-
cus faecalis (155) and Mycoplasma laidlawii (125)
— varied from 3.4 to 5.4. The areas were calculated
considering that an amino acid occupies approx-
imately 17A2 (184), a phospholipid approx. 7042 and
cholesterol approx. 38A% (179). Besides phosphati-
dylethanolamine already referred to as a common
phospholipid of bacteria, phosphatidylglycerol and
diphosphatidylglycerol were identified in B. subtilis
(10), S. faecalis {58), Staphylococcus aureus (183).

The content of RNA of bacterial membranes
seems to be directly related to the concentration
of magnesium in the membrane washings. By low-
ering the magnesium content of the solutions used
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Table 1

Distribution of various lipid

categories in microorganisms (modified from

Law and Snyder, ref. 73)

Lipid Eubacteria
Saturated fatty acids +
Mongounsaturated fatty acids +a
Polyunsaturated fatty acids -
Cyclopropane fatty acids +
Branched-chain fatty acids +
Phospholipids +
Phosphonolipids -
Triglycerides Traces
Sterols -
Sphingolipids Rare 9
Aliphatic hydrocarbons -
Saturated ethers Rare
Glycolipids +
Sulfolipids ?
Quinones +

Mpycobacteria Fungi Protozoa
+ + +
+ + +
+, rare b + +
+c - +d
+e Rare Rare
+ + +
- - +
Rare + +
- - + f
- + +
? ? ?
? ? +
+ + +
? ? +
+ + +

Thus far found only in Crithidia

Q o Q0 oD

Limited so far to anaerobic Bacteroides

in washing membranes from B. licheniformis, the
RNA content decreased from 13-16% to 2-3%
{137).

The composition of membranes from yeast spe-
cies is given in Table 2. The yeast membrane lipids
consist of triacylglycerols, phospholipids — lecithin,
phosphatidylethanolamine, phosphatidylinositol,

phosphatidylserine and phosphatidic acid — and
sterols. Under certain conditions ergosterol is the

major sterol component of yeast membrane lipids
{rather than its precursor ADb, 7, 22, 24 (28)-ergosta-
tetraene~3B-ol) (65). Other sterol commonly found
in yeast membranes is zymosterol. A large proportion
of the sterols is found in the esterified form. Hunter

Table 2

Chemical composition of membranes from Saccharomyces
cerevisiae and Candida utilis (modified from Hunter and

Rose, ref. 65)
S." cerevisiae C. utilis S. cerevisiae

{13) (40) (78}
Protein 46-47.5 38.5 49.3
Lipid 37.8-45.6 40.4 39.1
DNA 0.97 0 -
RNA 6.7 1.1 7.0
Carbohydrate 3.2 5.2 4.0-6.0
Ergosterol 5.6 - 6.0

A few species lack unsaturated acids, which are replaced by branched-chain cyclopropane acids.
Some mycobacteria produce unconjugated polyene acids of a unique type
Mycobacteria produce extremely long chain mono- or polycyclopropane acids

The major fatty acid of mycobacterial phospholipids is 10-methylstearic acid (tuberculostearic acid)
Tetrahymena lacks sterois but contains the triterpene tetrahymenol.

and Rose (B55) reported also the occurrence of
cardiolipin and squalene in yeasts and Baraud,
Maurice and Napias {2) identified galactosyldigly-
cerides in the plasma membrane from S. cerevisiae.
Mitochondria from S. cerevisiae resemble mammalian
mitochondria in their oxidative activity (79) but
differ in their lipid composition. Yeast mitochondria
contain a lower proportion of phospholipids and a
higher proportion of triacylglycerols as well as a
higher proportion of mono-unsaturated fatty acids
in the place of the poly-unsaturated fatty acids of
mammalian mitochondria.

The proteins present in the membranes of microor-
ganisms (128) follow the same pattern of other
systems, that is they comprise molecules of several
molecular weights (66). Protein distribution is re-
producible for a given type of membrane but differs
for different membranes. Mirsky (96) counted 12
bands in gel electrophoresis of proteins from B.
megaterium membranes but this is probably an
underestimate of the real number because of the
limitations of the technigue employed. About three
times as many bands were detected for B. lichenifor-
mis membrane proteins (128).

Carbohydrates are minor components of the mem-
branes from microorganisms. {n mycoplasmas they
can determine the antigenic specificity of the
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cell {83). In bacteria most of the surface antigens
are located in the cell wall and capsule which coat
the cytoplasmic membrane. In yeasts a detergent-
-extracted membrane preparation by the method
of Matile, Moor and Muhlethaler (87) liberated
globular particles composed of mannan-protein. The-
se particles could be seen through electron micros-
copy of freeze-etched membranes.

a — Chemical composition and the environment
— There are several reports on the influence of the
environment on the chemical composition of micro-
bial membranes. Some reports suggest that depending
on their composition membranes are more resistant
to osmotic lysis. Rod-like forms rather than the
usual spherical forms appear in the lysozyme treated
suspensions of B. megaterium and B. subtilis provided
the cells are in pH 5. Rod-like forms are more
resistant to osmotic lysis than the usual spherical
protoplasts formed at neutral pH (67,108). The
change in shape was correlated to the replacement
of phosphatidylglycerol by glucosaminylphosphati-
dylglycerol in the membranes of B. megaterium
and by the lysil derivative in B. subtilis. \n S. faecalis
and S. aureus (52,53) the lysil ester of phospha-
tidylglycerol accumulated at acid pH values. In
addition, S. faecalis forms the alanyl ester of
phosphatidylglycerol which is the main phospholipid
irrespective of the pH value (68). When anaerobic
growing cells of S. aureus were allowed to change
to an aerobic environment the amount of phos-
phatidylglycerol in the cells increased 2 fold, that of
diphosphatidylglycerol increased 1.6 fold whereas
the amount of lysilphosphatidylglycerol remained
constante (37).

Depending on the conditions of growth the fatty
acids of the cytoplasmic membranes from several
Gram-positive bacteria — B. licheniformis, M. ly-
sodeikticus, Sarcina lutea (22), S. aureus (183), B.
subtilis (10), and B. megaterium (190) — are iso or
antifso C5 branch-chain acids: the ratio of antiiso to
iso forms depends on the availability of precursors
in the growth medium (61,173).

Mutants of £. co/i unable to synthesize unsaturated
fatty acids are also unable to grow in the absence
of an appropriate supplement of those acids (156).
Membrane phospholipids from such cells contain a
much lower percentage of unsaturated residues,
resulting in disturbances of several functions of
the cell including membrane transport (38). The
extreme case of replacement of membrane lipids
by incorporation of externally supplied fatty acids
occurs in mycoplasmas. Mycoplasma laidlawii will
tolerate a replacement of nearly 90% of membrane
acyl residues by stearic acid saturated groups {166).

Temperature is another environmental condition
which frequently alters the lipid composition of

membranes. Fatty acyl chains of several organisms
become richer in unsaturated groups as growth
temperature is lowered. While increasing the growth
temperature does not result in the increase of the
average chain length of the fatty acids, the amount
of branching decreases (26).

b — The membranes of mycoplasmas — Due to
the importance of these microorganisms in the study
of the fundamental aspects of membrane structure
a more detailed description of the composition of
their membranes is given below.

Mycoplasma membranes have 50-59% protein,
32-40% lipid, 0.5-2% carbohydrate, 2-5% RNA,
and about 1% DNA (120,121). The RNA and DNA
were regarded as contaminants in the membrane
preparations. Engelman and Morowitz (33) observed
that glucosamine and galactosamine can be present
in amounts as large as 5% in Acholeplasma laidlawii
membranes as blocks of long-chain polysaccharides
(98). Membrane-incorporated glucosamine does not
seem to be covalently attached to membrane proteins.
Apparently, it is utilized in the synthesis of a
polymer weakly associated with the membrane which
may reside on the exterior surface (170). Polyacryl-
amide gel electrophoresis of mycoplasma membrane
proteins revealed 20 to 30 bands (83). The protein
amino acid composition in mycoplasmas as compared
with those in erythrocytes and B. megaterium s
given in Table 3.

The polar lipids of M. /laidlawii can be divided
in the following fractions: 1) phosphatidylglycerol
{(36%); 2) O-amino acid ester of phosphatidylglycerol
{6%}; 3} monoglucosyldiglyceride (14%); 4) diglu-
cosyldiglyceride (32%) and 5) a phosphorylated
derivative of monoglucosyldiglyceride (the phosphate
is esterified on one of the hydroxyls of glucose)
{12%). Most of the polar lipids are glycolipids
rather than phospholipids {174). Cholesterol rep-
resents 12 -30% of the total lipid (1).

Membrane lipid and protein syntheses are not
synchronized in non-growing cells of A. laidlawii
(60). Accordingly, since mycoplasma membrane Ii-
pids can be drastically altered by growing the
organisms with appropriate fatty supplements, it
seems that proteins and lipids are largely independent
in these membranes.

‘Mycoplasmas are more osmotically stable than
bacterial protoplasts (122). By enriching mycoplasma
membranes with specific fatty acids both char-
acteristics — rate of glycerol permeability (89) and
osmotic fragility (126,144) — could be associated
with the predominance of a certain type of fatty
acid in the following order: linoleic {18:2) > oleic
(18:1 cis) > eladic (18:1 trans). A. Jaidlawii is much
more osmotically fragile than other Acholeplasma
species (83).
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Table 3

Amino acid composition of membranes (in mole%) (after Maniloff and Morowitz, ref. 83)

. . Mycoplasma Acholeplasma laidlawii Erythrocytes Bacillus
Amino acid . . :
gallisepticum? Ab BC Bd megaterium

Lysine 9.38 7.1 6.37 5.77 5.17 6.7
Histidine 1.41 1.4 1.46 1.32 2.31 1.6
Arginine 3.41 3.0 2.95 2.76 4.74 3.3
Aspartic acid 12.32 12.6 1143 1230 8.94 8.8
Threonine 6.21 7.5 6.77 7.90 .75 5.7
Serine 6.70 6.4 6.40 7.44 7.20 5.5
Glutamic acid 10.34 9.4 8.23 9.59 13.34 7.2
Proline 442 3.9 3.60 4.29 4.4 5.0
Glycine 6.60 8.1 6.95 8.31 6.68 7.8
Alanine 7.48 8.1 8.23 9.62 171 7.0
Cysteine 0.30 tr 0.19 0.12 1.16 0.1
Valine 7.31 7.0 7.55 5.18 6.57 7.0
Methionine 1.83 2.3 2.33 2.15 1.86 2.3
Isoleucine 6.11 7.0 7.39 5.27 4,71 6.6
Leucine 8.60 9.5 9.79 8.96 11.50 8.6
Tyrosine 3.93 4.1 4.81 4.36 2.36 2.1
Phenylalamine 4.54 4.8 5.40 4.70 3.95 4.6
Tryptophan - 2.3 - - 1.43 -

Amide - 6.4 - - 3.3

2 Cells grown on Tryptose medium

b Cells grown on peptone-yeast extract medium
¢ Cells grown on Tryptose medium

d Cells grown on beef-heart infusion medium

Traditional models for membrane structure
and molecular organization

During the past years the generally accepted
model for membrane structure has been the one
proposed by Davson and Danielli (25,27}, In this
model tipids are disposed in a bilayer sandwiched
between protein monolayers. Robertson (131} ac-
cepted the general idea of the Davson and Danielli
‘model and in a recent review (132) points out the
following aspects of membrane structure:

1. Lipids in membranes are in a liquid state and
the ratios of different types of lipids are variable;

2. Lipids and proteins are bound electrostatically
with the mediation of divalent cations;

3. Monolayers of proteins cover the lipid bilayer
but the molecular architecture of membranes may
be asymmetric i.e. there may be differences in the
composition of the inner surface as compared with
the outer surface of membranes.

Such a model is subject to criticism as discussed
later.

In 1964 Benson (5) proposed an opposing model
in which the membrane is made of closely packed

globules of protein inserted randomically with lipid
molecules. The main interactions among proteins
and lipids were supposed to be hydrophobic in
nature (5,6). This model does not accept the lipid
bilayer as a common feature in all membranes.
A third model suggests that membranes are composed
of discrete subunits (45,160} without establishing
any restrictions as to the nature of the lipid-protein
interactions thus being in accordance with Benson’s
model.

In order to propose their models for membrane
structure authors gave different interpretations to
the available experimental data. Some proved to
be quite illusive as it is the case with the inter-
pretations to electron micrographs of membranes.
In conventional electron microscopy of thin sections
of fixed materials treated with heavy metals, mem-
branes appear in a characteristic rail-road feature.
A pair of dense lines (approx. 20A thick) are
separated by a light central zone approx. 35A wide.
This structure has been called a '‘unit membrane”
(133) and should correspond to the proposed model
of membrane structure by Davson and Danielli.
The dense lines represented the protein monolayers
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and the light central zone the lipid bilayer.

A specimen to be analysed in an electron mi-
croscope is often fixed with aldehydes like form-
aldehyde or glutaraldehyde. These aldehydes cross-
link proteins making them insoluble. In addition
the material can be fixed with OsO,4 or potassium
permanganate previously to the addition of heavy
metal atoms which will provide a high contrast
to the preparation. Fixation with OsO, and with
KMnO4; may however alter markedly the structure
of membrane proteins (75,76). The mechanism of
the staining reactions after OsO, or KMnQO, fixation
is only partially understood (69). It is possible that
staining occurs due to a reaction with membrane
hydrophilic and not with hydrophobic groups no
matter whether these groups are provided by pro-
teins or lipids (157). It is noteworthy that mem-
branes previously extracted for lipids have a staining
pattern similar to that of the “intact”
These arguments preclude a clear interpretation to
the electron micrographs in support of the Davson-
Danielli model.

Conflicting results arose also with preparations of
membrane components. To provide an experimental
basis for the Benson’s model several attempts were
made to isolate what should be the basic lipoprotein
of the membrane. This reasoning followed a similar
suggestion for a “structural protein’ by Richardson,
Hultin and Green {130}. Razin, Morowitz and Terry
(125) claimed to have isolated a lipoprotein subunit
for the membrane of Mycoplasma laidlawii. This
molecule was thought to be homogenous showing a
single 3.3S schlieren peak when analysed in an
ultracentrifuge. Engelman, Terry and Morowitz (34),
however, showed later that components of the
sodium dodecylsulfate-solubilized membrane could
be resolved in more than one fraction by prolonged
centrifugation in sucrose gradients,

Proteins exist in biological membranes which
are closely associated with lipids. Such interactions
may determine the native conformation of the
protein. However, no matter how frequent is a
particular association of this type in a membrane,
there is no evidence so far for repeating lipoprotein
subunits taking part in building up the membrane
structure. If a close and often specific association
of proteins and lipids sometimes occurs as in the
case of lipid-dependent enzymes, it is also true
that proteins and lipids are relatively free to
undergo independent conformational changes in situ,
translational migration, or replacement by exoge-
nously supplied molecules not necessarily identical
to the original ones present in the membrane (159).
These observations are rather difficult to reconcile
with the Davson-Danielli model in which the elec-
trostatic interactions hetween proteins and lipids
would confer a less versatile type of association
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and hence little independence of proteins to lipids.
The dynamics of lipids and proteins in biological
membranes is further discussed in another section.

New Methods for studying
membrane structure

Recently, several methods have been introduced
for the study of membrane structure and molecular
organization. Among these methods the following
gave a significant contribution to a better under-
standing of membranes: electron microscopy of
freeze-etched materials, nuclear magnetic resonance
spectroscopy, electron-spin resonance spectroscopy,
fluorescence methods, circular dischroism and optical
rotatory dispersion, X-ray diffraction, calorimetry
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phospholipases, immunochemical and other surface
reactions. This section will briefly review these

methods.

a — Electron microscopy of freeze-etched materials
-~ This method was introduced by Steere (164).
It was further studied by Moor & col. (97) and
by Pinto da Silva and Branton (11B). A fresh
specimen is frozen in liquid Freon 22. The frozen
specimen is fractured under vacuum at -100°C with
a microtome knife and this is followed by sublimation
of some of the water of the fractured surface. This
surface is then shadowed with metal (e.g. evaporated
platinum) and replicated. The fracture on the frozen
specimen occurs at the point of greater weakness
in the structure. Through electron microscopy of
freeze-etched replicas a characteristic feature is evi-
dent for membranes from several types of cells,
including microorganisms: a mosaic-like structure
with a smooth matrix studded with fairly uniform-
sized particles (18). It is probable that most of
these particles are integral proteins deeply inter-
calated in the interior of the membrane and dispersed
in the lipid matrix (157).

Micrographs of chloroplast lamellae prepared by
the freeze-etching procedure seem to indicate that
the cleavage plane occurs at the lipid-lipid interface
of the lipid bilayer {16). Since the preparations show
the outer surface of the membranes and also expose
the inner hydrophobic face it is possible to study
the topographic distribution of the particles referred
to above. The inner face while smooth in the case
of myelin (14) had, in chloroplast membranes, the
same pattern of globular particles forming a mosaic
as generally observed on the outer surface of most
membranes. This is compatible with a structure in
which giobular proteins intercalate with the hydro-
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carbon portion of the lipid bilayer rather than
coating the bilayer at the periphery. Through the
observation of freeze-etched preparations one can
also study the surface orientation of components
of the membrane whether towards the outer agueous
phase or towards the inner hydrophobic non-aqueous
phase. In the study of the surface orientation of
glycoproteins in human erythrocytes a phytohemag-
glutinin from Phaseolus vulgaris conjugated to ferritin
was used to map the distribution of the glycoprotein
receptors over the surfaces of intact erythrocytes.
Cells were then freeze-etched and observed in the
electron microscope. The phytohemagglutinin reacted
on sites of the membrane overlying intramembranous
particles. No label was found covering the particles
of the inner face of the membrane. These ob-
servations suggest that the glycoprotein is oriented
so that the oligosaccharides are exposed to the
agueous environment while the C-terminal segment
of the protein interacts with other components in
the interior of the membrane to form intramem-
branous particles (84)

b — Nuclear magnetic resonance Spectroscopy -
The nuclei of the constituent atoms of a given substance
may behave like charged spinning bodies thus possessing
a non-zero nuclear spin {. The following nuclei among
others have this property: - 1/2), 240 - 1), Be
{(t = 1/2), N (1 = 1). These nuclei behave like small magnets
which can be lined up when placed in a magnetic field. In
order to have magnetic properties the nuclei must have either
an even mass but odd atomic number or an odd-numbered
mass. Nuclei such as 12C, 160 and S with an even mass and
atomic numbers do not have magnetic properties. When a
nucleus has a spin | of 1/2 — as is the case with the Ty
nucleus — it means that the magnitude of its magnetic
moments can have only two equal but opposite values that
correspond to spin gquantum numbers +1/2 and - 1/2. Nuclei
with magnetic properties will assume different orientations
depending on whether the nuclear magnets are aligned with
or against the externally applied field. The energy required
to change the original alignment of the magnetic nuclei when
an external magnetic field is applied can be measured
through nuclear magnetic resonance {NMR) spectroscopy.
While the absorption of U.V. and visible radiations is followed
by alterations in the electronic states of the molecule, and
that of infra-red radiation by alterations in the vibrational-
-translational states, in the NMR spectroscopy radiation
involved is in the radio-frequency or microwave region and
affects the rotational energetic states of the molecule.
Transitions observed in NMR spectra are between states
separated by extremely small energy differences. The differ-
ence in energy between the states is proportional to the
strengh Hg of the applied magnetic field at the nucleus.
It can be expressed as AE = uHq/l where U is the magnetic
moment. Absorfotion of energy by the spins occurs when a
radiofrequency fietd Hy of frequency vg is applied perpendic-
ular to Hg but only when hvg = AE = UHg/l where h is
Planck’s constant. NMR data can then be expressed in field
units (Hg) or frequency units {vg).

When an external magnetic field is applied at a compound
it causes the local electrons to precess about the direction
of this field. This precession which opposes in direction to

the external field generates a local magnetic field the
magnitude of which is approximately 10% times smaller than
that of the external field. The magnitude of the local
magnetic field depends upon the number of electrons sur-
rounding the nucleus as well as on the molecular or bonding
orbitals in which they exist. The magnetic field strength of a
particular nucleus is then influenced by contributions from
sources other than the nucleus itself. These small changes in
the field cause the nucleus to absorb at a frequency slightly
different from that initially predicted. The diamagnetic
shielding effect is a measure of the magnitude of the locally
induced fields which cause a displacement in the position of
the resonance signals. Such a displacement is called chemical
shift, Since the magnitude of the absolute shift is relatively
small, the absolute value is multiplied by 10° thus giving the
chemical shift in parts per million (ppm). This indicates a
shift in the position of resonance of a given number of gauss
per million gauss. Chemical shifts are measured with reference
to a standard. For protons in organic molecules the common
standard is tetramethylsilane (CH3)4Si.

The NMR spectra of complex molecules or struc-
tures like cell membranes will show signals from
several groups which may have the characteristics of
a high-resolution spectrum depending on the relative
freedom of these groups in relation to adjacent
groups and molecules. In simple lipid-water systems
when lipids though in a bilayer arrangement are
forming large aggregates. no high-resolution NMR
spectrum is obtained. Sonication of the lipids in this
state is accompanied by a high-resolution NMR
spectrum {19). In such systems — e.g. water dis-
persions of phosphatidylcholine or phosphatidyise-
rine — the interaction of lipids and peptides can be
studied. This has been done with cyclic polypep-
tides: valinomycin, alamethicin and gramicidin S.
In presence of alamethicin the ‘hydrocarbon chain
signal is broadened due to a reduction in motion of
the lipid chains (20). The effect of alamethicin (as
well as of valinomycin but not of gramicidin S) is due
to the interaction of the polypeptide with the hydro-
phobic parts of the lipids. Each molecule by sort of
a cooperative action appears to inhibit the motion
of a considerable number of lipid chains. In contrast
high resolution signals from the (CH,),, (CH3) and
N* (CH,); groups of the lipids are observed when
biological membranes are treated with denaturing
agents like trifluoroacetic adic and sodium dodecyl-
sulfate. The NMR spectra of erythrocyte membrane
preparations revealed that (21):

a — The protons of the sugar residues are located
in an environment which allows considerable freedom
of movement as interpreted by the narrow signals
at 6.3 and 7.8 ppm.

b — The protons of the N'{CH,); groups of
lipids are in an environment which also allows
freedom of molecular motion.

¢ — The lipid hydrocarbon chains in the mem-
brane are restricted in their freedom of molecular
motion; this is probably due to the effect exerted
by adjacent lipid molecules or proteins.
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These results suggest that most of the polar groups
of the lipids as well as the carbohydrate residues
of the proteins are directed to the aqueous envi-
ronment thus keeping their freedom of molecular
motion. The hydrocarbon chains of lipids should
be restricted in molecular motion because they are
closely packed through hydrophobic interactions
with other lipids and with the hydrophobic portions
of proteins. If the Davson-Danielli’s model is true
then a completely different result should be ob-
tained as far as the relative freedom of the polar
groups of lipids is concerned. These groups should
be restricted in their molecular motion because of
the ionic bonding with the charged groups of the
proteins. This effect can be achieved in artificial
systems with high concentrations of gramicidin S.
In a system consisting of a sonicated aqueous
dispersion of phosphatidylcholine, gramicidin S causes
the choline signal to be reduced indicating that the
polypeptide interacts primarily with the head polar
groups of lipid molecules (20).

¢ — Electron spin resonance — Another useful
spectroscopic method in the study of the molecular
organization of membranes is the electron spin
resonance of materials labelled with paramagnetic
reporter molecules (spin-labels). The label can be
either covalently attached to the normal groups of
the membrane constituents or be diffused into certain
hydrophobic regions in the case of label molecules
with a non-polar moiety."Common labels are certain
organic free radicals like the nitroxides with the
general structure:

Ry R, R><R2
Me/t\/‘\wle or 0 N—O
\*—F—Me

0] Me

The N-O group has the unpaired electron that renders
the molecule paramagnetic and hence detectabie by
electron spin resonance spectroscopy (ESR).

An unpaired electron has a spin and a magnetic moment
with two possible orientations in a magnetic field cor-
responding to the magnetic quantum numbers +1/2 and
-1/2. The states defined by the two orientations differ in

AE = (hy/2m H
where Y is the gyromagnetic ratio of the electron. The
frequency of the radiation being absorbed by the transition
is given by

v o= (Y21 H
For free electrons 7Y is about 103 times larger than that for
the protons; the frequency is then 10° times that of protons
at the same magnetic field.

When the spin label is introduced into the mem-
brane it will give signals according to the orientation

and spatial freedom of the label as well as to the

polarity of the environment. The motion of doxyl
(4’4" - dimethyloxazolidine-N -oxyl) - fatty acids
— such as the 5-doxylstearic acid — was studied in
membranes of Mycoplasma organisms (143}, As it
was emphasized before, cells of Mycoplasma offer a
good model for these studies because the compo-
sition of their membranes can be easily altered by
growing the organisms in appropriate media. Mem-
branes with a high degree of unsaturation of the
lipids were obtained when Mycoplasma thrived in
presence of cis-A°-octadecenoic acid at low incu-
bation temperatures. Membranes with high and low
degrees of unsaturation could then be compared in
their ability to limit the motion of the previously
diffused-in spin labels. The mobility of the label was
higher in membranes with a high percentage of
unsaturated lipids than in membranes with more

saturated lipids (58). In addition membranes con-

taining the cis isomer of A°-octadecenocic provided
an environment in which the spin label was more
mobile than when the trans isomer predominated.
Among several conclusions that could be drawn by
studies of the mobility of spin labels the fact that
the lipids (at least in part) in biological membranes
have a fluid nature is certainly one of basic im-
portance.

d — Thermal transitions — Steim & col. {166) studied
the absorption of heat by lipids in a bilayer. Curves
were obtained which could be correlated to the
melting of the carbon chains of the lipids in the
bilayers. Isolated membranes from Mycoplasma when
studied bu this technique exhibited the same charac-
teristic curves of lipid bilayers.

The technique involves a differential thermal
analysis in which the sample is heated along with
an inert material and the temperatures of the two
materials recorded. If a thermal reaction occurs in
the sample a differential temperature increase is
measured in relation to the reference material. Peaks
so recorded can indicate whether the transition is
endothermic or exothermic. Upon studying the tran-
sition temperatures in membranes from Mycoplasma
laidlawii it was concluded that at least 75% of the
membrane lipids contributed to the transition: such
a result is in accordance with an extensive bilayer
of lipids in the membrane structure.

e - X-Ray diffraction — Interference between scattered

x-rays is observed when 2Dsin @ = n\, where D is the distance
between electron-dense regions of the sample, A is the
wavelenght of the. x-ray source {usually 1.54A for 2Cu
radiation), and 20 is the angle between the incident beam
and n'™ maximun of the scattered beam.

For hexagonally arranged lipid chains the size
of the ordered region is determined by the width
of the inter-hydrocarbonchain diffraction bands. The
interchain distance in phospholipids is approximately
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4.8A for hexagonal packing. Such a structure gives
by the x-ray diffraction method a sharp peak at
D = 4.2A. Upon increasing temperature the hydro-
carbon packing is more irregular and a diffuse
scattering maximum at 4.6A replaces the sharp 4.2A
peak. Similarly, a lipid phase change is evidenced
by a change of the high-angle peak from the sharp
4.2A hexagonal packing diffraction to a broad 4.6A
peak (64).

Thermal phase transitions as detected by x-rays
have been studied in A. laidlawii B and E. coli K12
membranes (31,32,35).

f — Fluorescence — Emission of light can occur when
an electron returns from an excited state (e.g. 7, T* or n, T7)
to its ground state. Excited states are formed upon intro-
ducing energy through light or chemical reactions. The
energy of the fluorescent light is generally lower than that
of the absorbed light and hence emission will take place
on the side of the absorption band.
This can be expressed by

iong-wave-length

E:hv:h%

where E is the energy of the transition, h is Planck's constant,
v is the frequency of light, ¢ is the velocity of light and Athe
wavelength of light. The energy of the excited state can be
transferred to another molecule by collisional quenching
or by a vibrational coupling interaction between the excited
states of two molecules, one acting as the energy donor
and the other as the acceptor. This can be summarized
as follows:

hv

1- A ——> A* A = ground state molecule

A* = excited state molecule

A* ———— A + hv; (fluorescence)

\Q+

Q + A {quenching)

Q = quenching molecule
v and v{ = frequencies of
and emitted light

hv
A ——> A*

A* + B ——> A + B*

B* —— B + hv; (fluorescence)
A* = excited state donor
) B* = excited state acceptor
While the quantum yield of the intrinsic fluo-
rescence of proteins is low — possibly due to
collisional quenching energy transfer reactions — ex-
trinsic fluorescence can be introduced in proteins
through covalently or non-covalently bound fluo-
rescent probes. The most employed is l-anilino-
-naphthalene-8-sulfonate which has a very low fluo-
rescence guantum vyield in sotution; when this sub-
stance binds to proteins, however, the quantum
yield of the dye increases up to 200-fold (167).
1-Anilino-naphthalene-8-sulfonate interacts with
erythrocyte membranes (36) probably by dissolving
into the membrane lipids. Such an interaction could
be related then to the hydrophobic phase determined
mainly bv lipids: one can predict that treatment of

7 —

[6\ = 2.303

Paulo), 7(1), 1976 17

membranes with lipases will reduce the fluorescence
guantum vyield of the dye. These properties make
fluorescence techniques quite useful in determining
small conformational changes in the membrane.
Probes like 1-anilino-naphthalene-8-sulfonate re-
spond to localized changes and indicate transitions
in proteins that are not detected by other methods.
On the other hand, intact structures or cells can
be examined by this procedure (20).

g — Optical rotatory dispersion and circular dichroism
— When plane-polarized light passes through a solution of an
optically active compound the plane of polarization is
rotated. The angle of rotation is a function of the light's
wavelength the differences in rotation with varying
wavelengths determine the optical rotatory dispersion. When
the light of a given wavelength is absorbed by the molecule
the curve of rotatory dispersion becomes inverse. Plane-
-polarized light can be resoived in two circularly polarized
components by passage through an appropriate quarter
wave plate {for details see ref. 7). When light passes through
an optically active material one of the circularly polarized
components may be absorbed to a greater extent than the
other. In consequence the resolution of this unequal ab-
sorption will be characterized by a vibration which is no
jonger linearly polarized but rather elliptically polarized.
In circular dichroism the molar ellipticity is proportional
to the difference in the molar extinction coefficients for
the two hands of light — €1 - € (¥). The relation between
the ellipticity and the difference in the molar extinction
coefficients for left and right circularly polarized light is
45730 {e; ~ €) = 3300 (€ - €&l

where {0]7\ is the molecuiar ellipticity at a given wavelength
A. In practice the difference in optical density for the two
circularty polarized components, which is measured directly,
is converted to a difference in extinction coefficients. The
main difference between the optical rotatory dispersion and
circular dichroism spectra is that ORD measurements can be
made at wavelengths distant from the absorption bands while
CD spectra are confined to wavelengths of the absorption
bands.

CD spectra of polypeptides are influenced by
their conformation so that three spectra are obtained
in the case of the a-helix, the antiparallel pleated
sheet or f§-conformation, or the random coil struc-
tures.

The general features of the ORD spectra of
a~helical and random coil polypeptides are known
{8,12). A characteristic trough at 233nm is observed
with the right-handed a-helix with a value of [m'] =
= - 15000 deg cm?/decimole. The CD spectra of
a-helical and random coil polypeptides were recorded
by Holzwarth et al. (50,51). The helix of helical
polypeptides usually shows bands at 222, 206 to
207 and 190 to 192nm with maximum ellipticities
of -29000 to -31000, -26000 to -31000 and
52600 to 55000 deg cm?/decimole respectively (8).
The ORD and CD spectra of red blood cell mem-
branes (74), Ehrlich ascites tumor plasma membrane
(182), mitochondria and sub-mitochondrial particles
{178) show several features in common. In the ORD
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spectra a curve resembling that of the right-handed
a-helix is observed in the far U.V. with the charac-
teristic 233nm trough displaced by 4 to 6nm: the
depth of the trough at 237 to 239nm suggests a
helix content of 20 to 25% in membrane fragments
and about 5% in whole mitochondria. The CD spectra
show also a shifted n-n" band located at 225mn
rather than at the characteristic wavelength of 222nm.
Wallach and Zahler (182) have suggested a model of
hydrophobic interactions and helical segments which
may account for the shift in the n-n" trough. Urry,
Medniecks and Bejnarowitz (178) proposed that the
optical activity of membrane phospholipids may

contribute to the observed anomalies in the spectra.

Recently, Singer (157) reviewed the data so far
obtained in the study of the optical activity of
membrane proteins. At least 40% of the proteins
in biological membranes have a helical structure
being in a globular form. Since globular proteins
have variable but significant amounts of §-structure
it was not a surprise to find some B-structure in
the -proteins of intact membranes (181). Infrared
studies (82) indicate also the absence of significant
amounts of f-structure in membrane proteins. As
discussed by Singer (157) the Davson-Danielli model
predicts a predominant §-structure conformation of
membrane proteins which opposes the ORD and CD
results.

h - Action of phospholipases — The most promising
phospholipase for studying membrane structure is
phospholipase C because unlike other phospholipases
it does not liberate products with detergent prop-
erties. Phospholipase C catalyses the hydrolysis of
phospholipids liberating the phosphorylamine moi-
eties. Lenard and Singer {76) showed that a crude
preparation of phospholipase C liberated abhout 70%
of the phosphorus from intact red cell membranes
without disrupting the membrane. Circular dichroism
spectra of the membrane proteins were not altered
after phospholipase C treatment. Two major con-
clusions could be drawn from these experiments:
“a) the polar heads of the phospholipids in intact
membranes are accessible to the enzyme and are
probably not linked electrostaticlly to the proteins;
b) if there are electrostatic bonds between lipids
and proteins they are not important for stabilizing
the membrane since the removal of 70% of the polar
heads from the lipids leaves the membrane un-
disrupted. The fact that the CD spectra of the
membrane proteins are not altered after phospho-
lipase C treatment suggests that proteins and iipids
are somewhat independent and thereby an alteration
in the lipid constituents is not necessarily followed
by a conformational change in the proteins.

i — Immunockemical and other surface reactions
— Surface reactions are useful to locate certain
components of the membrane orienting their active
groups to the outside milieu. If surface reactions are
coupled with electron microscopy techniques one
may also discern whether a certain component de-
tected by specific reactions is present on the inner
or on the outer surface of the membrane. In fact,
by observing the whole membrane sac with certain
parts of the preparation folded back it is possible to
analyze at the same time both the inner and the outer
surfaces. By use of concanavalin A — which reacts
with o-D-glucopyranosyl or a-D-mannopyranosyl
residues (118} — labelled with ferritin it was possible
to demonstrate that the oligosaccharides in mem-
branes are directed to the outside milieu and are
asymmetrically distributed (105). Depending on the
presence of suitable receptors, ricin {which reacts with
B-D-galactopyranosy! and sterically refated residues)
can also be used in such experiments. Ferritin con-
jugates of concanavalin A and ricin have been used to
locate covalently-bound saccharide residues on mem-
brane fragments from a myeloma-cell homogenate
{48). The ferritin-concanavalin A conjugate appeared
bound to the inner surface of the smooth-membrane
vesicles as well as to a single surface of the membrane
fragments of the rough endoplasmic reticulum. The
results obtained support the scheme suggested by
Palade (111) for the biosynthesis of membranes: a
membrane “‘asscmbly line” is the precursor in the
formation of vesicles which fuse with the previously
existing cell membrane in such a way that the inner
surface of the membrane vesicles become the outer
surface of the newly synthesized cell membrane (48).

To determine the distribution of specific proteins
in red cell membranes several immunological systems
coupled to electron microscopy were used. Indirect
systems using human red cells 0, Rh* + 1?5 _anti-
bodies to the Rhgy(D) antigen + ferritin-conjugated
goat antibodies to human y~globulin {104) or mouse
erythrocytes + antibodies to the H-2P histocompatibi-
lity alloantigen + ferritin-conjugated antibodies
against 7S mouse Y- globulin (103), were used. In the
former system ferritin was distributed in discrete
clusters in random array suggesting that the Rh, (D)
antigen — an integral protein (43) — is distributed
randomically throughout the human erythrocyte
membrane. In the latter system clusters of ferritin
formed patches on the membrane outer surface.

Immunological techniques were also used to prove
the mobility of certain antigens in the membrane.
This mobility would provide support for a more
dynamic structure of biological membranes. Human
and mouse cells were induced to fuse — as hete-
rokaryons — by use of a Sendai virus as the fusing

(*) The term Cotton effect includes the three related phenomena: circular dichroism, inverse curve of rotatory dispersion

and ellipticity.
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agent. |mmunofluorescence techniques were used
to follow the distribution of the antigens from both
cells. After fusion of the cells, mouse and human
antigens were initially segregated in different halves
of the heterokaryon membrane; on incubating at
37°C the antigens gradually intermixed. By lowering
the temperature below 15°C the intermixing was
inhibited. |t was suggested that the intermixing of
antigens resulted from the diffusion of components
within the membrane (39). Diffusion of the antigens
{proteins) depended on the relative fluidity of the
lipid phase which should have an apparent viscosity
about 10° to 10*-fold that of water (159). Lateral
diffusion of lipids also occurs. The rate at which
lateral diffusion of lipids takes place was determined
by Kornberg and McConnell (70,71). Phospholipids
have an estimated neighbour exchange rate of less
than 1079 second. Such a motion is slightly affected
by adding cholesterol to the bilayer (29). Lipids as
well as proteins do not flip-flop or rotate accross the
membrane. Lateral motion or rotaion of these com-
ponents in the plane of the bilayer is a likely event
{17). .
Dynamics of lipids and proteins
in biological membranes

The interaction of lipids and proteins on one side
and the relative independence of these components
in biological membranes on the other side are
fundamental aspects to be accounted for in the
proposition of a model for the structural organization
of membranes. The changes in the conformation of
membrane proteins induced by external ligands is
another aspects motivating further study: such
changes may influence cell’s normal physiology and
viability.

Some membrane-bound enzymes and antigens
require lipids, usually specific phospholipids, for the
expression of their activities (177). This requirement
suggests a close association of proteins and lipids
which however may not be a general characteristics
of the majority of membrane proteins. Indeed the
expeifiments with phospholipase C suggest that phos-
pholipids and proteins do not generally interact
strongly; they appear to be largely independent
(159). It is possible that in most cases lipids act
mainly as a matrix in which proteins embed. In such a
structure proteins are free to undergo translational
diffusion within the membrane. One imposing charac-
teristics of membrane proteins besides the fact of
assuming a globular conformation is the presence of a
larger percentage of non-polar groups in their amino
acids. This has been confirmed for several membrane
proteins which generally contained 47 to 60% of
non-polar amino acids, about 28 to 34% of acidic
and polar amino acids, and 7 to 11% of basic amino
acids {46). Evidence that a hydrophobic region in
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red-cell membrane glycoproteins does exist was ob-
tained by Winzler (186). A hydrophobic sequence
of 23 residues has recently been determined in these
molecules (1562).

Since the effective viscosity of the lipid bilayer
varies depending on the particular lipid composition
of membranes, the migration of proteins in the case
of translational diffusion may occur at different
rates. 1t is also possible that conformation changes
of proteins only take place at a certain range of
viscosity values for the lipid bilayer. it is well known
that the presence of double bonds in the alkyl chains
lowers the melting point of the lipids. Double
bonds provide a steric hindrance to the tight packing
of alkyl chains and in consequence the ordered ar-
rangement of methylene groups. The axial symmetry
of the alky! chains of phospholipids thus disturbed
by the occurrence of c¢is-double bonds permits a
lower temperature for a order-to-disorder phase
transition. The strict correlation between the physical
state of membrane lipids and the biologica! activity
of cells may explain why fatty acyl chains of
bacteria, fungi, plants, insects and marine organisms
become richer in unsaturated groups as the growth
temperature is lowered (47,77,86,112). The organisms
are able to adjust their membrane lipid composition
so as to prevent lipid fluidity from decreasing
below a level critical to the favorable functioning of
membrane-bound enzymes. The transition temperatu-
re is usually slightly below the growth temperature:
cells try to grow on the disorder side of the order-
-disorder phase transition (90).

The correlation of lipid fluidity and the phy-
siological state of membranes has been questioned
recently by Oldfield (107).. Some organisms contain
crystalline or gel-state lipids in addition to the fluid
liquid crystalline domains. . The plasma membranes of
A. laidlawii B and E. coli undergo reversible thermo-
tropic gel-to-liquid crystal phase transitions of low
cooperativity (90,165,166). In unsupplemented or
stearate-supplemented cells of A. laidlawii B, the
thermal transition encompasses the growth tem-
perature — 37°C. The transition extends from 35 to
73°C. As discussed by Oldfield (107) lipids are
predominantly in a crystalline gel state at 37°C.
For E. coli therma! transition extends from 15
to 43°C. Both crystalline gel (“solid”) and liquid
crystalline (“liquid’’) phases coexist on the transition.
Engelman {32) by use of x-rays observed also that
the termal phase transition in palmitate-supplemented
membranes from A. /aidlawii B encompasses the
growth temperature of 37°C. Some microorganisms
particularly those that lack cholesterol appear to be
capable of growing with large quantities of their
lipids in a rigid crystalline gel state (107). However,
as pointed out by Singer (158) there are numerous
reports establishing that the molecular components
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of many cell membranes are rotationally and trans-
lationally mobile and that such mobility has profound
biological significance. The evidences discussed by
Oldfield (107) could also be interpreted as a limita-
tion of ‘the x-rays method in determining the low
temperature end of the phase transition. An error
of 10°C may be unavoidable thus casting doubt on
whether the growth temperature (37°C) is indeed
close to the low temperature end or in the middle
of the phase transition (158). Recently, Petit and
Edidin (113) presented evidence for the occurrence
of phase separations in mammalian membranes at
temperatures below physiological. Apparently the
cell membrane may retain its integrity with solidified
portions. It is possible that patches of solid lipids
exist in mammatian membranes at 37°C. They could
control the mobility of several membrane-intercalated
receptors{110).

Membrane-intercalated particles can move trans-
lationally at least in some membranes as a function
of pH (114) or temperature (162). The mobility
of “membrane components and the influence of
colchicine was studied in the ciliate protozoan
Tetrahymena pyriformis (187). As shown by freeze-
-etch electron microscopy colchicine impairs the
temperature-induced translational and vertical mo-
bility of membrane-intercalating particles of freeze-
-fractured alveolar membranes iying just below the
plasma membrane of the protozoan. Presumably,
colchicine which is a lipophilic drug, make membrane
lipids more rigid. A similar effect has been described
for cholesterol (72,142).

In the case of a more specific association of lipids
and proteins it is possible that lipids act as cofactors
inducing conformational changes in the proteins.
Non-polar compounds usually can induce reversible
changes in protein structure (185). That some as-
sociations of proteins and lipids are relatively specific
is shown in several experiments in which the activity
of a particular enzyme is enhanced by the addition
of specific lipids. The ion-dependent ATPase activity
of red blood cell membranes deprived of lipids was
found to be restored with the addition of phos-
phatidylserine more than with other phospholipids
{106,135). Dioleyl-phosphatidylethanolamine is over
600 times more effective than dioleyl-phosphatidyl-
choline in restoring galactosyltransferase activity in
Salmonella typhimurium {141).

The interaction of proteins and phospholipids, as
they occur in biological membranes, was also studied
with sonicated phosphatidylchotine vesicles and
ATPase. These vesicles do not fuse spontaneously to
form larger vesicles {54). However the addition of an
ATPase derived from Streptococcus faecalis membra-
nes induces the formation of larger vesicles. The
latter might be preceded by complete disruption of
the smaller vesicles by the ATPase foloowed by

reaggregation. Experiments with vesicles formed in
the presence of 3H-sucrose showed that this inter-
pretation is unlike: the interaction of the ATPase
with phospholipid vesicles is quite specific; the
enzyme combines with the vesicles to form larger
membrane vesicles which are more permeable to
solute molecules (129). As opposing the ATPase-
-phospholipid interaction, the lytic polypeptide mel-
litin disrupts phospholipid multilamellae generating
fragmented structures (153). :
Polypeptides can interact with other polypeptides
formihg clusters. These may be important in the case
of associated enzymatic activity. Functional clusters
may be essential in respect to. the biochemical
activity of mitochondrial membranes, Recently,
Steck (163) studied the reaction of human red blood
cell membranes with several protein cross-linking
reagents. Soluble monomeric proteins were not com-
plexed under the mild conditions used but chains
of oligomers (such as hemoglobin) were linked.
Each agent studied (among them formaldehyde,
glutaraldehyde and mild oxidants) caused alterations
which could be assessed by electrophoresis of the
polypeptides on polyacrylamide gels with sodium
dodecylsuifate. Results suggest that some membrane
polypetides may occur in specific oligomeric as-
sociations rather than in a random array (163).
Soluble muitimeric proteins are often allosteric,
achieving their effects by quaternary arrangements
of the subunits. Quaternary arrangements can occur
upon binding a ligand to one of the subunits.
These arrangements can on the other hand amplify
and project the effects of a ligand binding so as
to influence other sites at a considerable distance
away from the original site of the structural change.
This may be a common response in biological
membranes. As discussed by Singer (157) two
examples are relevant in understanding the influence
of an arrangement in a multimeric protein-complex
structure on its biological response and on that of
another proteins of the membrane. In the first
example the binding of a ligand such as acetylcholine
interferes with the ion permeability of the post-
-synaptic membrane of a nerve-muscle junction (117).
The binding of acetylcholine may induce a quaternary
rearrangement of the different subunits of a protein
complex molecule so as to change the ion-perme-
ability properties of a pore extending down the
central axis of the aggregate. In the second example,
specific hormones stimuiate the activity of the
activity of the membrane-bound adenylcyclase (134).
To explain this effect one might imagine the presence
of two different sub-units: one is the allosteric
sub-unit which reacts with the hormone on the outer
surface of the membrane; the other is the catalytic
sub-unit which would be on the cytoplasmic side of
the membrane. The binding of the hormone to the
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allosteric sub-unit would resuit in a quaternary
arrangement affecting the catalytic sub-unit on the
other side of the membrane (157).

Colicin E, which is adsorbed at receptor sites on
the surface of sensitive bacterial cells without pen-
etrating the cell causes the inhibition of other sites
essential for oxidative phosphorylation, DNA and
protein synthesis. There is indirect evidence that
colicin can induce a cooperative change in the
bacterial membrane: it would act as a nucleus for
the aggregation of other proteins migrating from
random points of the membrane. Apparently the
cooperative change affects systems connected with
the syrihesis (and degradation) of ATP which un-
derlie the membrane in these bacteria. The flu-
orescent probe 1-anilino-8-naphthalene sulfonate
binds to E. coli showing an enhanced fluorescence.
Upon adding colicin E; there is an increase of about
100% in the fluorescence of the bound probe (ANS).
The kinetics of the colicin-induced fluorescence
increase is similar to that of the ATP decrease in
these bacteria. It is interesting that the phospho-
rylation uncoupler p-trifluoromethoxy-carbonylcy-
anide-phenylhydrazone also causes a large change
in the fluorescence of bound ANS (24).

These are only a few experiments pointing out
the dynamic role of lipids and proteins in biological
membranes. This aspect will be further discussed
in a forthcoming review on membrane transport.

Experiments with microorganisms supporting
certain concepts of membrane
structure and molecular organization

Apart from many experiments which are aimed
mainly at isolating membranes and determining their
chemical composition there are several other reports
on the use of microorganisms in a more fundamental
type of research, i.e. the determination of the struc-
tural organization of membranes. Some of these
reports are discussed below.

Lipids and proteins in microbial membranes show
the same dual type of interrelationship: on one
hand they seem to be fargely independent so that
cells can build membranes within a wide range of
lipid to protein ratios; on the other hand there
are several examples of specific interactions of
proteins and lipids necessary for their biological
activity. Mycoplasmas are the choice organisms to
study the independence of lipids to proteins in
membranes. As stressed before the composition of
lipids from M. faidlawii can be changed in a wide
range depending on the fatty acid supplements of
the medium. Membranes of chloramphenicol-treated
cells of mycoplasma (60) have a significantly lower
buoyant density than that of untreated cells showing

taht a substancial increase in the ratio of lipid to
protein had been achieved with no apparent effect

on membrane function.
in the case of a lipid requirement for the ex-

pression of the catalytic activity of a membrane-
-bound enzyme there are several reports indicating
that specific lipid-protein interactions are common
in bacteria. In Mycobacterium avium Tobari (172)
observed that the activation of a FAD-dependent
malate dehydrogenase by cardiolipin was rather
specific since other phospholipids {e.g. lecithin)
were inactive. An unusual feature of the lipid
requirments for the activity of this enzyme was
the need for saturated rather than unsaturated fatty
acids. On the contrary in most cases studied un-
saturated fatty acids were required (569,139). Enzyme-
-specific phospholipid interactions might involve both
polar and non-polar (hydrophobic) interactions.

The apparent independence of many proteins
and lipids is reflected in the independence of their
biosynthesis. This was clearly shown in Bacillus
subtilis. Mutants of these bacteria were selected
for glycerol auxotrophy and the inability to use
glycerol as a source of carbon. Cells with both
mutations incorporated glycerol entirely into the
lipid fraction; phospholipid synthesis stopped im-
mediately with the deprival of glycerol (94,95).
The incorporation of labelled amino acids into the
membrane proteins of these mutants of B. subtilis
continued in the absence of lipid synthesis sug-
gesting that a co-ordination of membrane protein
and lipid syntheses does not occur.

Variations in the lipid composition of membranes
can also be obtained by supplementing different
unsaturated fatty acids to mutants deficient in fatty
acid desaturase activity. Yeast mutants of this kind
were obtained bearing membranes varying particularly
in the positions of the unsaturated bonds along
their lipid alky! chains (65). Cultures of this mutant
were obtained by supplementing with either stearolic
acid or with octadecenoic acids having a c¢is double
bond away 6,9 or 11 carbons from the acyl groups
(30). Cells with different fatty acid compositions
were then studied with spin-labelled stearic acids
having a N-oxyloxazolidine ring located at 4,6,9, or
12 carbons away from the acyl group. Differences
in the molecular motion of each spin label were
observed as a function of the unsaturated bonds:
characteristic order to disorder phase transitions
were inferred from results of temperature depen-
dence. Double bonds inhibit the ordered packing
of lipid alkyl chains between the unsaturation and
the terminal methyl group; the region between the
acyl groups and the unsaturated sites are unaffected
{30).

Experiments with a facultative thermophilic bacil-
lus showed that the microorganism synthesized a
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greater proportion of jso-fatty acids at 55°C than
ofothe anti-iso fatty acids which predominated at
37 C (18). /so fatty acids have melting points
significantly higher than the anti-iso fatty acids of
equai number of carbon atoms. Since this property
could be correlated to the thermophily of the
organism spin-labeling studies were conducted to
determine the rigidity or viscosity of the membranes
of this bacteria. The label employed was nitroxide
stearate. Electron spin resonance spectroscopy
showed that cells grown at 55°C formed a membrane
more rigid and viscous than at 37°C.

The influence of the fatty acid composition on the
distribution of membrane proteins was studied in
M. laidlawii {116). Membrane lipids were enriched
either in saturated (palmitic or stearic acids) or in
unsaturated (palmitoleic or oleic acids) fatty acids.
Protein composition analysed by sodium dodecyl-
sulfate-acrylamide-gel electrophoresis and its relative
abundance were not affected by fatty acid variation.
Apparently only one high molecular weight protein
was more prominent in membranes rich in saturated
fatty acids than in those enriched in unsaturated
fatty acids.

In membrane preparations of Rhizobium meliloti,
Mackenzie and Jordan (81) studied the amino acid
composition of membrane proteins: as expected a
high percentage of hydrophobic residues emerged.
Electrophoresis of proteins from R. meliloti mem-
branes showed a wide range o molecular weights.
These results seem to confirm that a repeating unit
in the structure of biological membranes is unlike:
proteins of several molecular weights interact with
the lipid bilayer mainly throught their hydrophobic
residues.

Membranes from animal and microbial cells are
rich in membrane-bound particles which can be
visualized by freeze-fracture electron microscopy.
It is probable that these particies are proteins.
Tourteliote & col. (175) observed a significant
difference in the distribution of particles between
membranes rich in saturated as compared with
unsaturated fatty acids. In membranes rich in stearate
the particles occupied approximately 10% of the
fracture-exposed membrane surface while in oleate-
-rich membranes the particles occupied approximately
20% of the surface area. Further studies are necessary
to reconcile the results of Pisetsky and Terry (116)
with those of Tourtellote et a/. (175) if one assumes
that membrane particles are mainly proteic in nature.
Recently, Tourtellote and Zupnik {176) showed that
membranes from Acholeplasma laidlawii incubated
in presence of puromycin or with the omission of
amino acids had fewer particles between 50 and
100A in the hydrophobic fracture plan of the
freeze-etched preparations than in that of the con-
trols. These results suggest that membrane-bound
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particles are indeed proteins.

Choules and Bjorklund (23) studied the membrane
protein conformation in A. /aidlawii establishing
percentages of 23 to 31% for the «-helix, 30 to
57% for the B (pleated sheet) and 13-45% for
the random coil structures. Since other membranes
studied did not contain significant amounts of the
B-structure (180), the results of Choules and
Bjorklund (23} must be taken with caution and
may be due in part to the difficulty in interpreting
band shifts in complex materials.

The rate of enzymatic hydrolysis of E. coli
phospholipids either extracted from membranes or
associated with the membrane protein was studied
by using a purified phospholipase C of Bacillus cereus
(88). The rate and extent of digestion of the
phospholipids was the same in both preparations.
It was concluded that phospholipids are readily
accessible to the hydrolytic enzyme even when
incorporated into the membrane structure. Although
some proteins such as the glycerol 3-phosphate
dehydrogenase and the succinic dehydrogenase were
unaffected in their activities after the hydrolysis of
95% of membrane phospholipids in £, coli, other
enzymes had a reduced activity following the same
treatment.

Membranes from A. laidlawii, M. gallisepticum
and Mycoplasma mycoides can be solubilized by
detergents such as sodium dodecylsulfate (SDS).
The solubilization is based on the formation of
protein-SDS and lipid-SDS complexes. Upon re-
moving SDS by dialysis membrane reaggregates are
obtained with many of the characteristics of the
original membrane (125,127,145). The formation of
reaggregates is a function of the Mg** concentration:
at 20mM Mg"™* the lipid-protein ratio of reaggregates
is the same as in the native membrane. Although
the fluidity of the reaggregates was comparable to
that of the original membrane — as determined by
electron spin resonance spectroscopy (143) — a major
difference emerged: the absence of particles on the
fracture face of freeze-etched reaggregated mem-
branes (171). Assuming that these particles are
proteins it is possible that in the process of
reaggregation the membrane proteins were reas-
sembled incorrectly. NMR-spectroscopy (91,92) and
fluorescent probes (93) suggested that certain protein-
-reactive sites in reaggregated membranes were not
primarily exposed in the original membrane indicating
a change in conformation of some proteins or an
alteration in their /n situ interaction with lipids.

As a proof of the lack of specificity of lipids
in their interaction with many proteins, one could
attempt to hybridize lipids and proteins from mem-
branes of different organisms. Hybrid membranes
were successfully formed by combining fipids and
proteins from A. laidlawii and M. gallisepticum (124),
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The lipid globular-protein mosaic model
for membrane structure

This model was conceived in order to conciliate
most of the recent experimental data on membrane
structure but its theoretical basis is determined
mainly by thermodynamic restrictions.

There are two kinds of non-covalent interactions
which are important in building up membranes:
hydrophobic and hydrophilic. Hydrophobic bonds
have a precise thermodynamic meaning (63). In
order to proceed, chemical reactions require a net
reduction in the free energy G of the system.
Variations in free energy (AG) are defined by:
AG = AH - TAS where AH is the enthalpy change,
T is the absolute temperature and AS the entropy
change.

How can these thermodynamic concepts be applied
to membrane structure? Let us analyze the formation
of lipid bilayers. A chain of ~CH,- groups {as
present in fatty acids) induces the formation of
ordered “"cages’”’ of hydrogen-bonded water molecules
around it; upon removing the ~CH,- groups these
cages become disordered which can be expressed
thermodynamically as an increase in entropy. As the
-CH,~ groups are removed from water they associate
themselves with a concomitant decrease in the
AS values. However the increase in entropy resulting
from the first step (i.e. removal of -CH,~ groups
from water) is of greater magnitude than the decrease
in entropy in the second step (i.e. association of the
-CH,- groups) so that a net increase in entropy
results at a constant temperature (63). With a larger
TAS and a low AH term a decrease in the free
energy follows allowing the reaction to proceed.
There is a decrease of free energy of about 103 cal/
/mole for each -CH,~ group transferred from H,0
to a non-agueous milieu (168,169). Lipids are pro-
bably in their lowest free energy state when forming
bilayers in which the hydrophobic groups associate
in a non aqueous milieu and the polar groups are
oriented to the water phase. A similar study can
be done concerning the variations in the free energy
of membrane proteins. Membrane proteins usually
contain several non-polar residues which tend to be
sequestered from the aqueous milieu: to achieve
the lowest free-energy state a particular polypeptide
should adopt a three dimensional structure {con-
formation) representing the thermodynamically most
favorable structure. This is determined by its particu-
lar constitution in amino acids. During the process
of folding in an aqueous environment a protein
assumes a structure in which the interior is com-
pletely free of water molecules and ionic residues.
The sum of the AG contributions resulting from the
burial of non-polar groups in the interior of the
protein structure is a large negative number and

should be considered the main source of stabilization
of the native conformation of a protein in an aqueous
milieu (169). Interpeptide hydrogen bonds could also
be an important source in stabilizing folded protein
molecules. In terms of variations of free energy,
Klotz and Farnham (67) showed however that an
interpeptide hydrogen bond has about the same
free energy in an aqueous or in a non-polar environ-
ment. As pointed out by Singer (157) there may be
hydrogen bonds in the unfolded state of a protein
which are not formed in the folded conformation

— e.g. hydrogen bonds to water molecules in the
unfolded state. These bonds do not necessarily

correspond in number to the interpeptide hydrogen-
-bonds formed in the folding process so that a
decrease in the free energy as related to hydrogen
bonding may not be a prominent factor in stabilizing
membrane proteins.

As opposed to the Davson-Danielli model the lipid
globular-protein mosaic model does not consider
the electrostatic interactions between charged groups
of lipids and proteins as a major source of sta-
bilization of membrane structure. The general idea
of the Davson-Danielli model is on the other hand
thermodynamically unfavorable. Assuming that the
proteins cover the lipid bilayer on both sides and
that the electrostatic interactions are the prominent
bonds linking proteins to lipids, the free energy
of the buried ionic groups should be lower than the
free energy of ionic groups in contact with water.
This is most unlikely. The free energy required to
pury ion groups in a non-aqueous milieu, either
throught the formation of ion pairs {positively +
+ negatively-charged ions) or through protonation or
dissociation is expected to be relatively large; ion
pairs are in a much lower free energy in contact
with water than with any other solvent.

To maximize the main sources of stabilization of
membrane constituents, i.e. the hydrophilic and
hydrophobic interactions {157,169) the membrane
should have a structure in which the ionic groups
of proteins are accomodated in parallel with the
jonic groups of phospholipids; the lipid ionic groups
and hydrophobic chains in the bilayer shouid move
opening space to accomodate proteins in a globular
conformation. In this conformation the protein
non-polar groups are buried in a non-aqueous milieu
along with the lipid hydrocarbon chains.

Besides being thermodynamically favorable the
lipid globular-protein mosaic model apparently con-
forms with most of the experimental data on mem-
branes from several organisms. Two important pro-
perties of the lipid-protein association arise from
this model which are in accordance with the thermo-
dynamically restrictions discussed above. Proteins
with well defined polar and non-polar regions like
the glycoproteins cannot rotate from one surface
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to the other in the intact membrane. Anionic
phospholipids also do not undergo such rotations
in synthetic phospholipid vesicles {(70,71). There
are on the other hand no apparent thermodynamic
restrictions for the free translational movements of
some proteins in the plane of the membrane (39)
as well as of lipids (29).

Although the lipid globular-protein model provides
the most suitable explanation for many of the
experimental results discussed here, it is evident
that a considerable effort must still be done to

detail the structure and molecular organization of
membranes from microorganisms and other cells.
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NOTE:

This review covers literature up to 1973. Some
pertinent points raised in a recent review by Singer
(195) are summarized below.

Several proteins or complexes were listed as
peripheral thus having the following properties:
a) Dissociation from membrane by mild treatments
such as high ionic strength and metal ion chelating
agents; b} Solubility usually free of lipids and
c) After dissociation from membrane peripheral
proteins are soluble and molecularly dispersed in
neutral aqueous buffers. Among them are: cytochrome
¢, HPr protein {on the cytoplasmic surface of bacterial
membranes), ribosomes, nectin (on the plasma mem-
branes of Streptococcus faecalis), periplasmic binding
proteins {plasma membrane of Gram-negative bac-
teria). Highly soluble peripheral proteins apparently
attach to the membrane by specific binding to
particular integral proteins. They remain completely
outside the lipid matrix and react with the protruding
region of the integral protein into the aqueous phase.
Binding of peripheral proteins may involve reaction
with the hydrophilic ends of the membrane specific-
-amphipathic-integral proteins. The possible attach-
ment of peripheral proteins to the polar heads of
lipids does not explain the high degree of specificity
of peripheral protein binding to certain membrane
surfaces.

Integral proteins are probably not completely
embedded within the hydrophobic region of the
membrane. For complete burial, proteins should
contain very few ionic groups. A most hydrophobic
integral protein such as the Css-isoprenoid alcohol
phosphokinase of Staphylococcus aureus (194) still
has between 16 and 32 ionic residues per molecule
of 17,000 daltons. Total free energy to bury most
of these residues could be as much as several hundred
kilocalories per mole (157, 195).

Membrane fluidity and the possibility of lateral
mobility of membrane components may be restricted
in certain membranes or in certain regions of the
membrane. In a halobacterium there appear plagques
of proteins with possibly some lipid chains in the

These plaques occur as a mosaic in the randomly
ordered membrane matrix. Such protein-protein
interactions can restrict mobility of membrane
components and alter the fluidity of the membrane.
Peripheral protein attachments to integral proteins
can also inhibit mobility of membrane components.

Membrane asymmetry has been suggested in
respect to the protein components. in some cells
membrane asymmetry is indispensable to explain
certain functions of the membrane. This is the case
with the mitochondrial inner membrane. The asym-
metry of the components of the electron transport
chain in such membrane is related to the chemiosmotic
hypothesis of Mitchell {193). Asymmetrical distri-
bution of phospholipids although not considered in
some liquid phase separation experiments (192, 196)
may exist in £. col/i membranes (195). In this bac-
terium phospholipids present are: phosphatidyle-
thanolamine (70-80%), phosphatidylglycerol (5-15%)
and cardiolipin (6-16%). Different arrangements of
these phospholipids in the two layers of the lipid
bilayer introduce an asymmetry which may be
important in determining the biochemical properties
of the bilayer.

The thermodynamic highly unfavourable rotation
of proteins carrying ionic residues accross the
hydrophobic interior of the membrane is again
stressed. A model for the translocation of low
molecular weight substrates in active transport is
proposed based on the presence of peripheral proteins
{195). The membrane contains aggregates of specific
integral proteins which span the membrane and form
water-filled pores. Such pores, closed to the diffusion
of the substrates, open as a result of the quaternary
arrangements assumed by the integral proteins. These
arrangements depend upon the conformation of the
specifically attached periplasmic proteins. In other
words, the periplasmic protein changes in confor
mation resulting from specific substrate binding
trigger the rearrangement of the integral proteins so
as to open the pore accross the membrane which

interstices between the protein molecules (191). . permits substrate translocation.
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Fig. 1 Trilaminar aspect of the cell membrane. Trypanosoma cruzi was fixed with tannic acid and glutaraldehyde.
X 140,000. {Micrograph taken by T.C.B. Soares and W. de Souza)

Fig. 2 Detection of carbohydrate residues on membrane surface of Herpetomonas sp. by use of a cytochemical method.
The arrow indicates a dense material located on the outer face of the cell membrane. X 100,000. (Micrograph taken by
W. de Souza, M.M. Bunn and J. Angluster).

Fig. 3 Myelin sheat from the optic nerve. X 160,000. (Micrograph taken by J.N. Hokoc, E.O. Cruz and R.D. Machado).
Fig. 4 Surface structures of Bacillus licheniformis. CW = Cell wall. CM = cell membrane. X 100,000. {Micrograph taken
hv L Rabinovitch. M.L. Pereira, R.D. Machado and W. de Souza).



26

L.R. Travassos & W. de Souza

Fig. 5 Anionic sites on the cell surface of Herpetomonas sp. as detected by the colloidal iron method. X 80,000.

Fig. 6 Intramembranous particles from the cell
(Micrograph taken by A. Martinez-Palomo, A. Gonzales-Robles and W. de Souza).

membrane of Trypanosoma cruzi. Freeze-fracture technique. X 180,000.
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