
On the Orientation of Lipids in 

Chloroplast and Cell Membranes 

A. A. BENSON, Department of Marine Biology, Scripps Institution of Oceanography, 
University of California, San Diego, La Jolla, California 

Abstract 
The widespread recognition of the corpuscular 

nature of membrane ultrastructure demands re- 
evaluation of established concepts of their 
molecular organization. Many aspects of mem- 
brane physiology, composition, and metabolism 
provide support for the proposal that most mem- 
branes consist of two-dimensional polymers of 
lipoprotein subunits. Such a model allows the 
activity, specificity, and adaptability attributed 
to biological membranes. Evidence which sup- 
ports this corpuscular model for membranes and 
some inadequacies of the bimolecular lipid leaflet 
model are pointed out. 

The lamellae of plant chloroplasts are mem- 
branes which clearly consist of subunits 
(quantasomes). Their four surfactant lipids and 
pigments comprise 50% of the lipoprotein sub- 
units. In each of these surfactant lipids there is 
found a limited and specific group of fatty ester 
components. This phenomenon suggests that the 
hydrocarbon chain of the fat ty esters may spec- 
Ifically complement certain hydrophobic amino 
acid sequences in the membrane protein. The 
protein, then, would determine the sites where 
the lipid will be most firmly bound. It  is pro- 
posed that the lipids of membrane subunits are 
bound by hydrophobic association of the hydro- 
carbon chains of the lipids with complementary 
hydrophobic regions within the interior of the 
protein. Th~ resulting two-dimensional lipopro- 
tein aggregate would possess the strongly anionic 
charged groups of the phospholipids on its sur- 
face. Metabolically-driven alterations in con- 
formation of such a flexible lipoprotein ion 
exchange membrane allows a consistent inter- 
pretation of biological membrane transport 
phenomena. 

Introduction 
U N C T I O N  OF T H E  LIVING CELL requires remarkable 
specificity, efficiency and adaptability of interfaces 

known as membranes. The lipid-protein character of 
cell membrane has long been recognized. The struc- 
tural relationships of the lipid molecules and their 
protein matrix have not been open to direct observa- 
tion. As a result it has not been possible to interpret 
physiological function of membranes in terms of 
molecular structure. 

An assembly of circumstantial evidence for the 
hydrophobic association of lipids and protein in 
chloroplast (1,2) and mitochondrial membranes (3) 
engenders the suggestion that most, if not all, mem- 
branes may be two-dimensional aggregates of lipo- 
protein subunits. This proposal is at variance with 
the classical bimolecular lipid membrane concept re- 
viewed by Brady and Trams (4), but possesses 
several common attributes. Some of the limitations 
of the lipid bilayer model for membrane structure 
are described in the following paragraphs. 
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The Lipid Bilayer Model 
The lipid bilayer model for the structure of mem- 

branes of cells was suggested by Davson and Danielli 
(5) on the basis of observed lamellar micellar ag- 
gregation (6) of natural surfaetant lipids. Dramatic 
observations of lipid lamellar aggregation in myelin 
figures have been made by Stoeckenius (7,8). Lipid 
bilayer membrane stability and physical properties 
have been studied extensively (9,10). In order that 
these structures be involved in performance of mem- 
brane functions a very special matrix of superficial 
protein would be required (11). Its charge distribu- 
tion must be roughly complementary to that of the 
adjacent anionic lipid layer and its reaction to mole- 
cular stimuli (ATP, cations, substratc approach, etc.) 
must result in specific alterations of the l ipid layer 
such as production of holes, channels of appropriate 
charge gradients, and variations of the hydrophobic 
barrier. Such proteins would be essentially cationic 
in order to control lipid orientation most directly. 
The specific associations of cytochrome c with phos- 
pholipids provides strong evidence for this type of 
interaction (12) with basic proteins. Membrane pro- 
teins, however, are not basic proteins, and if any- 
thing, contain major amounts of the acidic amino 
acids (13-15). 

Lipid monolayer studies have shown that branch- 
ing, unsaturation, and short chains reduce film 
stability (16). Myelin is an example of a very stable 
natural lipid bilayer membrane structure. O'Brien 
(17) observed that when the Schwann cell is in- 
capable of elongation of the Cls fat ty acids, the myelin 
it produces is poorly organized. C1~ and Cls acids 
are probably characteristic of the Sehwann cell plas- 
malemma or cell membrane and therefore differ from 
the saturated Ce4 chains of lipids in normal myelin. 
Even though the "cell membrane" of the Schwann 
cell and its myelin layers are contiguous, one cannot 
conclude that they are identical. There must be a 
gradual transition from cell membrane lipoprotein 
to the lipid bilayer myelin as the lipid components of 
myelin are synthesized in the cell. The active func- 
tional membranes of most cells contain large amounts 
of unsaturated or branched chain acids. These are 
not the types which one would expect to find in stable 
lipid bilayer membranes. 

The fatty acid components of lipids of the bilayer 
membrane form a relatively liquid phase like those in 
a soap micclle or crystal. The nature of the hydro- 
carbon chain of each class .of complex lipid, therefore, 
could have little specific interaction with other lipids 
or with the adjacent protein. It appears that the 
lipid bilayer model could demand no specificity in the 
nature of the hydrocarbon chains of the lipids. In 
natural cell membranes, as we shall see, this is not 
the case, and hydrocarbon chains of each type of lipid 
are rather specifically selected. 

Electron microscopy supported the lipid bilayer 
membrane model as long as stained sections were the 
primary subjects for examination. The "three layer" 
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pa t t e rn  of two adjacent  dark  lines border ing an un- 
stained central  line has come to be recognized as 
"the uni t  membrane"  (18,19). I t  is the result  of 
osmium or manganese accumulat ion at the interface 
between the charged groups of the phospholipids and 
the adjacent  proteins. Stoeckenius (8) has reviewed 
the evidence in suppor t  of this deduction. Coordina- 
tion complexes of the heavy atom with lipid phos- 
phate  ionic groups and protein ni t rogen sp s orbital 
ligands may  well account for the observed strict  
localization of bound metal  in the stained membrane.  
The distance between these stained regions in a lipid 
bilayer membrane being a liquid phase, would be much 
less than  twice the length of a C~s f a t t y  acid or 
30-353~. The spacing in phospholipid myel in figures 
has been established by Stoeckenius (8) as 38 to 
403~ for  the lipid bi layer  repeat ing unit.  The ob- 
served separat ion is not this but  up to 140A in some 
cell membranes.  Such a d ispar i ty  could hard ly  result  
f rom a mistaken presumpt ion of location of the metal  
in the stained membrane.  I t  seems reasonable to sus- 
pect that  some membranes may  have structures dif- 
ferent  f rom that  of myelin. 

The Corpuscular or Lipoprotein Subunit  
Membrane Model  

Appearance of Membrane Subunits 

Shadowed surfaces of many  cell membranes reveal 
a mosaic-like a r r ay  of repeat ing units (20). In  
Halobacterium halobium (21,22) these units are 
140A in diameter  (Fig. 1 and approximate ly  equal to 
the thickness of the ceil membrane as estimated f rom 
electron micrographs of osmium-stained sections. In  
Mycoplasma laidlawii the membrane s tructures  have 
been estimated to be 80A in thickness by  Razin et al. 
(23). In  all cases the sections of these obviously 
corpuscular  membranes stain with osmic acid to give 
the typical  "uni t  membrane"  pa t t e rn  of two parallel  
black lines. Chloroplast  lamellae also possess sub- 

un i t s .  The freeze-etch electron microscopic technique 
of Miihlethaler (24) gives the most s t r iking picture 
of membrane  surfaces. This method is based upon 
the f rac ture  of frozen cells along membrane surfaces. 
Wate r  is sublimed from the freshIy cleaved surface 
to reveal the l ipoprotein subunits in bold relief. These 
are shadowed by metal  evaporat ion and  tile repliea 
is reproduced by the electron microscope. The image 
suggests tha t  chloroplast membrane surfaces are a 
mosaic of identical subunits. Many intracel lular  mem- 
branes appear  to possess s t ructure  suggesting tha t  

Fla .  2. E lec t ron  mic rog raph  of  OsO~-stained sect ion of  bean 
lea f  showing  chloroplas t  wi th  lamel lae  and  two mitochondr~a.  
Cell wall  a t  top  o f  figure su r rounds  dark ly-s ta lned  cell mem- 
brane  (ac tua l ly  a double black l ine) .  Chloroplast  and  cent ra l  
vacuole,  whi te  area ,  lower lef t ,  a re  su r rounded  by  the i r  own 
membranes .  Reproduced  by  cour tesy  of  T. E.  Weier ,  

they are formed by aggregation of identical subunits. 
By  entirely independent  analytical  method, low-angle 
X- r ay  scat ter ing analysis, Kreutz  (25) revealed a 
periodicity of electron density in the plane of chloro- 
plas t  lamellae. These 38A repeat ing units are, sur- 
prisingly, revealed in electron micrographs of stained 
sections as shown in Figures  2 and 3 (2). Whether  
these represent  discrete l ipoprotein subunits or not 
is debatable but  highly suggestive. On such bases, 
SjSstrand has proposed a globular s t ructure for 
the p lasmalemma (26). 

Lipid-Protein Association 

Both na tu ra l  sur fac tant  lipids and proteins may 
be considered as being aggregated by hydrophobic 
interactions 1 (27). These result  f rom the very large 
net ent ropy increase as the hydrophobic side chains 
of the polypeptide or the hydrocarbon chains of the 
sur fae tan t  lipids are t ransfer red  f rom the water  phase 
where of necessity they direct  orientation of sur- 
rounding water  molecules. Kauzmann  (28) pointed 
out that  as a hydrophobie s t ructure  is removed from 
the water  phase, the organization of the surrounding 
water  is diminished with a concomitant increase of 
entropy. Aggregat ion of phospholipids and proteins 
involve related equilibria of vertical equilibria (Fig. 
4) and are driven by the very  large TAS factor  in- 
volved. I t  was clear f rom the myoglobin s t ructure  

1 The term "hydrophobie association" is preferred to the w i d e l y  used 
"hydrophobie bonding" since no covalent or hydrogen bonding is 
implied. 

FIG. 1. External appearance of Hatobacteriu~ ha~obium 
showing 130 X diameter membrane subunits. Bacterial surface 
was shadowed with carbon and the replica magnified 42,500X. 
(Reproduced by courtesy of A. L. Houwink, Mohr and B. J. 
Spit. ) 

FIG. 3. Enlarged section of electron mierograph of stained 
chloroplast lamellae showing repeating ]ipoprotein subunits, 
white-centered regions. Reproduced courtesy of T. E. Weier. 
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Micelle Protein Lipoprotein 
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~ 
FI(L 4. Equilibria involved in hydrophobie association of 

surfaetant lipids and membrane protein. Vertical equilibria 
strongly favor aggregation of lipid into mieellar structure 
and hydrated protein into globular protein. Horizontal equi- 
librium describes association of lipid with hydrophobie interior 
of membrane lipoprotein subunJt (presented at Symposium on 
Chemical and Biological Functions of Cell Membranes, 150th 
NationM Meeting of ACS, Sept. 9, 1965 by A. A. Benson and 
S. J. Singer). 

(29) that the interior of this protein is tightly packed 
and largely hydrophobie while the hydrophilie and 
charged amino acids predominate on the m~tecute's 
exterior. 

It is not hard to extrapolate these relationships to 
suggest that membrane proteins possess amino acid 
sequences such that they can maintain a hydrophobic 
interior when certain surfactant lipids are available 
for hydrophobic association. This relationship is 
suggested by the equilibrium expressed horizontally 
in Figure 4. The resultant ]ipoprotein represents our 
conception of a simplified membrane subunit. Suc- 
cessive aggregation of such lipoprotein subunits by 
hydrophobic interaction of adjacent molecular sur- 
faces was pointed out by Green and collaborators 
(3,30,31) and occurs in many proteins and in bio- 
logical membranes. Reconstitution of membranes 
from subunits derived from membranes of Myco- 
plasma laidlawii has been accomplished recently by 
Razin et al. (23). 

Such a model suggests that the genetically- 
controlled amino acid sequence of membrane proteins 
may permit rather specific hydrophobie association 
with lipid chains. The protein sequence, then, would 
determine the lipids most stably bound and thereby 
the distribution of charged and hydrophilic moieties 
on the membrane surface. As we know, the mem- 
brane surfaces possess active sites for ion binding, 
enzymatic function, substrate binding and transfer 
and even for lipid haptene binding (4). In order 
that such a model exhibit specificity, one might 
anticipate that the various complex lipids of a given 
membrane possess a limited group of fatty acid or 
hydrocarbon chains. That this is actually the case 
has become strikingly clear. 

Hydrocarbon Chain Specificity in Membrane Lipids 

Chloroplast ]amellae (32,33) are made up of four 
major surfactant lipids. They serve as important 
reservoirs of carbohydrate and partially reduced 
sulfur in photosynthetic metabolism and appear to 
be metabolized without simultaneous removal of their 
diglycerides from the membrane (34). The galacto- 
lipids are, in most plants, galactosyl dilinolenins 
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NO O--CHz HO H 0 0--~'12 

H~-O-CO-C 6H,5 HO H I ~ -  k~ H-(~-O-CO-C47H,, 
x . (  
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FIG. 5. The galactolipids of chloroplasts. 
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FzG. 6. The plant sulfolipid (positions of the linolenie and 

saturated acid are not yet established). 

where up to 96% of the fat ty acids are ~-linolenie 
residues. Allen (35) has reported that the mono- 
and digalaetolipids differ in that the monogalaeto- 
lipid may have up to 25% of 16:3 acid (Fig. 5). 
Even though digatactosyl diglyceride appeared to be 
formed by galactosylation of the monogalactolipid 
(34) their diglyceride components differ markedly. 
The sulfolipid, 6-sulfo-6-deoxy-a-D-glueopyranosyl di- 
glyceride, contained equal amounts of saturated 
( !6 :0~and  unsaturated (18:3) lipid (36) as shown 
in Fig. 6. The only major phosphatide, phos- 
phatidyl glycerol, in chloroplasts possesses up to 
35% of Aatr 16:1 acid (Fig. 7). Haverkate and van 
Deenen (37,38) observed that this acid occurs in no 
other lipid components of these membranes. The 
other major surfactant substance in chloroplasts is 
chlorophyll. Its Ceo phytol chain is a further varia- 
tion in hydrophobic structure. The phytylether phos- 
phatides of halophilie bacteria (39) have selected an 
identical hydrophobic structure. The four methyl 
side chains of phytol are arranged with spacing like 
that in a polyalanine segment of a protein. It is not 
unreasonable to presume a close physical association 
of substances with such similar structure. Coenzymes 
Q possess polyisoprenoid chains characteristic of their 
sources. That from green plants, plastoquinone, pos- 
sesses a Cd.~tITa polyisoprenoid chain. 

The widespread specificity of fat ty acids com- 
ponents in membrane lipids has become increasingly 
apparent. Fleiseher et al. (40) has noted specific 
fat ty acid components associated with mitochondrial 
lipoprotein enzymes. The phospholipids of mam- 
malian tissues possess diglycerides with remarkably 
specific fat ty acid components (41). The work of 
Lands (42,43) in  demonstrating the fat ty acid spec- 
ificity of reacylation of lysophosphatides has defined 
a mechanism whereby the unique fatty acid composi- 
tion of phosphatides may be derived. The specificity 
in fat ty acid components of reactions such as blood 
clotting or galactolipid cleavage, for example, is 
well recognized. To recognize this specificity it is 
necessary, of course, that the lipids be derived from 
homogeneous preparations of membranes from cell 
organelles. As fraetionation procedures for membrane 
subunits become more sophisticated and selective, 
analyses of the lipid components may become more 
meaningful and the specificity for the nature of 
their hydrocarbon chains more exactly defined. 

Location of the hydrophilic and ionic moieties of 
the surfaetant lipids in membrane lipoproteins is 

H,-r~ O" ,~r-u CH 2 CH 2 CH~ CH 2 CH 2 CH 2 

~v-~--~u "2 . /~4/~4/~4/~./~./~ I I o /c:c. OH, c., ell, cH, ell, c~, 
HO-C-H H-C-O-C-~u 

I 

.,+o. ,,,oo-+- j .  -% 
CHz CH2 CH2 H ---- H H = H H -- 14 3 

FIG. 7. Phosphatidyl g]yeero]. The structure shown com- 

prises 25% of the phosphatidyl glycerol molecules in ch]oro- 

plasts (36). 
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suggested by much independent but  as yet  circum- 
stantial evidence. Rapport  et al. (44,4) has shown 
that  the lactosyl group of Cytolipin H is the haptene 
(N-lignoceryl-l-0-1actosyl-sphingosine) to which an- 
tibodies to its l ipoprotein are specific. Therefore, the 
specific hydrocarbon chains of the ceramide may be 
expected to be buried within the lipoprotein interior. 
In another approach, Heemskerk and van Deenen 
(45) showed that  erythrocyte  membranes are not sub- 
ject to exogenous phospholipase A, an observation 
consistent with strong association between diglyceride 
and protein. 

Chloroplast Lamellar Membranes 

In all photosynthetic plants, the chlorophylls are 
associated with a lamellar organization of l ipoprotein 
capable of the electron t ranspor t  and p r imary  enzy- 
matic activities involved in photosynthesis. The gross 
composition of these membranes is about 50% protein 
and 50% lipids (dry  wt basis) (46,32,33). The in- 
formation relating to moleeuiar composition and 
ul t ras t ructure  has engendered speculation upon the 
molecular organization of ]amellar components. Weier 
and Benson (2) have depicted the arrangement  of 
surfactant  lipids, pigments and protein shown in 
Figure  9. 

The work of I rwin  and Bloch (46) revealed the 
almost universal direct relationship between a-lino- 
lenic acid content and oxygen producing capability 
in chloroplasts. Although exceptions occur, the 
galactosyl dilinolenins are essential lamellar com- 
ponents and seem to occur nowhere else. The altera- 
tion in l ipoprotein conformation which occurs when 
chloroplasts suffer degradation by galaetolipase ef- 
fectively uncouples their internal  electron t ranspor t  
system (47). a-Linolenic acid possesses three isolated 
six-atom planar  olefinie systems near the outer end of 
the C~s chain, as shown in Figure  7. These may 
associate with ~ orbitals of the aromatic systems of 
the membrane protein and fur ther  strengthen the 
hydrophobic affinity of the unsaturated chains for 
certain internal  regions of the protein. Fur ther ,  the 
three cis olefinic bonds can easily assume a helical 
orientation conducive to close association with a 
single protein chain. 

Reconstitution of Membrane T,ipoproteins 

Fleischer et al. (48,49) succeeded in activating 
mitochondrial electron t ranspor t  by addition of leci- 
thin. I t  is generally accepted that  many lipoprotein 
enzymes require lipid for their enzymatic activity. 
To restore biological activity of the delipidized pro- 
tein by addition of lipid requires reorganization not 
possible with crude techniques. Shibuya and Maruo 
(50) succeeded in restoring much of the electron 

t ranspor t  activity of delipidized chloroplast lipopro- 
rein by an ingenious method. The dispersed lipid 
reassociated with an aqueous suspension of the dis- 
persed protein when the mixture was frozen at -31C 
for five days. As may be inferred from the equilibria 
of F igure  4, reduction of water activity by freezing 
will allow part ial  relaxation of the forces driving the 
protein into its nornlal clenched globular conforma- 
tion. The lipids may then diffuse into the proper  
interstices and restore the essential conformation of 
pigment and electron t ransport  components. Con- 
siderable time was required because of the low dif- 
fusion rates in the solid phase. When lipoprotein 
membranes are formed in the developing cell, simul- 
taneous synthesis of both lipid and protein may facili- 
tate aggregation in a specific s t ructural  conformation. 

F u n c t i o n  o f  L i p o p r o t e i n  M e m b r a n e  

Contractile Phenomena 

Structura l  alterations in chloroplast, mitochon- 
drial and other membranes occur as a result of 
metabolic activity. These swelling and contractile 
phenomena (51-57) are the result of changes in mem- 
brane ]ipoprotein in conformation resulting from 
oxidative phosphorylation, electron transport ,  sub- 
strate binding, etc. These gross and readily observable 
s t ructural  changes certainly reflect even more drama- 
tic contortions of the polypeptide chains involved in 
membrane metabolic processes. 

Ion Transport 

The presence of contractile proteins in the red cell 
membranes (58) and the observed enhancement of 
the ATPase activity of these proteins in the presence 
of phospholipids, Na t, and K § led Onishi and Kawa- 
mura (56) to suggest that "a complex of contractile 
proteins in combination with phospholipids play an 
important  role in the active t ranspor t  phenomena." 
The model represented by Figure 8 may be envisaged 
as a section of a flexible two-dimensional ion exchange 
membrane. Its charged groups of the associated phos- �9 
pholipids and sulfolipids may bind cations with spec- 
ifieities determined by the proximity of the sur- 
rounding peptide chains. Whether  the system could 
discriminate between sodium and potassium on the 
basis of the 50% difference in K § and Na § hydrated 
diameters is equivocal but plausible. Alteration of 
peptide configuration around the phosphorylcholine 
moiety of lecithin could well be a major  mechanism 

T A B L E  I 

Fatty Acid  Compos i t ion  of Chloroplast L a m e l l a r  a L i p i d s  
(C. F.  Allen, 36)  

Complex lipid Fatty acid composition 

Galactosyi diglycer ide  25 % 16 :3 ,  72 % a - 1 8 : 3  
Diga lac tosy l  d ig lycer ide  8 7 %  a -18 :3 ,  5 %  1 6 : 3  
l~hosphatidyl glycerol  ~ ~ 32 % A~tr-16 : 1, 47 % a-18 : 3, 1 1 %  

1 6 : 0  
Sulfoqulnovosyl dig lycer ide  e 3 9 %  16 :0 ,  5 3 %  a -18 :3 ,  7 %  1 8 : 2  
Chlorophyll a 100 % phytol  ester 

a Chloroplast  lamel lae  contain most of the lipids and pigments of 
isolated chloroplasts and the major fraction of the lipids of most 
green leaves.  

b F i f t y  percent of spinach leaf phosphatidyl glycerol is 1-phosphatidyl- 
2-AStr-hexadecanoyl-3-a-linolenyl-L-glycerol (~ Iaverka te ,  3 7 ) .  

c The position of the saturated, palmi t ic  ac id  and of the linolenie ac id  
is not yet establ ished.  B y  anology w i t h  the other diglycer ides ,  how-  
ever ,  the unsaturated linolenate ester is  in  the  a - (3- )  position of the 
glycerol .  

FIG. 8. Proposed model for association of membrane lipids 
and protein. Charged and hydrophilie exterior is capable of 
binding osmium and producing black line of electron micro- 
graphs. Central hydrophobic region is impervious to stain and 
gives white central line of electron mlcrographic image of 
membrane. 
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for  control of anion binding or of binding and release 
of cations. 

Ion t ranspor t  is known to be accomplished in 
groups of up to three potassium ions as a result  of 
hydrolysis of one molecule of A T P  by membrane-  
bound ATPase.  The classical " rota t ing tumbler"  
mechanism for ion t ranspor t  could well function by 
inversion of an ion-binding l ipoprotein subunit. A 
more plausible mechanism seems to involve an involu- 
tion (" t ransvieerat ion")  of a segment of the lipo- 
protein, such as depicted in F igure  8, which could 
be driven by an energy-requir ing alteration of some 
aspect of the protein s t ructure  which would render  
the new conformation with the concomitant ion trans-  
port,  most stable. Whether  the "energy input"  might  
involve synthesis and insertion of a new phospholipid 
component of the l ipoprotein carr ier  is not certain. 
Nikaido (59) has presented good evidence tha t  
galaetoside t ransport ,  for instance, occurs with a 
simultaneous st imulation of phospbolipid turnover  as 
evidenced by enhanced 32p incorporat ion into mem- 
brane phospholipids (60). 

Sugar Transport 

The blocking of ion and hexose t ranspor t  in yeast  
(61) and in intestinal  epithelium by uranyl  ion 
U02 §247 which has a strong affinity for coordination 
with phosphate groups is consistent with this model 
for  active transport .  In  a system where the phosphate 
ionic groups of the associated phosphatides might  be 
complexed by a large divalent cation like u ranyl  ion, 
the conformation of the l ipoprotein hexose carr ier  
could be effectively locked in place. 

LEGEND 

~ cNorophy[I 

[ ]  cy~ochrome 

,~ golactolipid 

~ cJalact oil pid 

~ sulf olipid 

pLosfiquinone 

carotenoid 

phosphclipid 

diphospholipid 

partition IOCtllus 
FIG. 9. A r r a n g e m e n t  of  ] i p o p r o t e i n  s u b u n i t s  in l a m e l l a e  o f  

c h l o r o p l a s t s  ( 2 ) .  
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The recent isolation of the galactoside permease 
"carr ier  protein" of Escherichia coli as a small mem- 
brahe-bound l ipoprotein component by Fox and Ken- 
nedy (63) added strong suppor t  for the suggestion 
tha t  active t ranspor t  involves substrate-specifie bind- 
ing sites in a membrane.  Such a site with its bound 
substrate  could, as well, be t rans fe r red  to the op- 
posite side of the membrane by  appropr ia te  protein 
conformation alteration. The Na+-dependenee of ac- 
tive t ranspor t  of sugars in the small intestine is well 
documented by the work of Crane (64). The "mobile 
carr ier"  system (65) is supported by the evidence 
tha t  Na + interacts directly with the membrane and 
its carr ier-bound sugar. The l ipoprotein membrane 
model is consistent with this observation. 

We are thus presenting a model for the cell mem- 
brane quite the opposite of the bimolecular lipid 
leaflet s t ructure  of Davson and Danielli  (5). Ac- 
cording to this model, globular l ipoprotein subunits 
associate to form a two-dimensional membrane with 
a hydrophobic interior. The stabil i ty and effective 
function of such a membrane requires the association 
with specific sur fac tan t  lipids in order to a t ta in  
proper  protein conformation. The result ing membrane 
gives the same type of stained section electron micro- 
graphs  as does a l ipid bilayer and, fur ther ,  shows 
the mosaic relief characteristic of a l ipoprotein ag- 
gregate. The s t ructura l  relationships of such a model 
are consistent with contemporary  concepts of protein 
s t ructure  and membrane  biosynthesis and function. 
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