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Preface

This book contains a number of papers dealing with the main topics of a
Symposium on ‘“‘Lipids and Lipid Polymers in Higher Plants”, held in July
1976 at the Botanical Institute of the University of Karlsruhe. The symposium
was organized by Professors E. Heinz, H.K. Lichtenthaler, H.K. Mangold, and
M. Tevini. The sponsorship by the Deutsche Forschungsgemeinschaft and the
Erwin-Riesch-Stiftung is gratefully acknowledged.

The intention of the Symposium was to bring together in one place scientists
working in very different fields of plant lipids, such as fatty acids, glycolipids,
phospholipids, prenyllipids, sterols, and lipid polymers. The emphasis was placed
on biosynthesis, distribution, function, and physiology of the various higher
plant lipids and their role in biomembranes and epidermal cell walls.

By combining the major contributions in this book, we hope to give all
plant scientists access to the recent developments in biochemistry and physiology
of plant lipid metabolism. The editors are very grateful to the contributors,
who have taken great care to present up-to-date reviews.

Karlsruhe, May 1977 M. TeEvINI
H.K. LICHTENTHALER



List of Contributors

Davies, B.H., Department of Biochemistry, University College of Wales, Penglais
Aberystwyth, Wales, Great Britain

Deas, A.H.B., Long Ashton Research Station, University of Bristol, Brlstol
Great Britain

EICHENBERGER, W., Institut fiir Biochemie der Universitdt Bern, Bern, Switzer-
land

Goap, L.J., Department of Biochemistry, University of Liverpool, Liverpool,
Great Britain i

GoopwiN, T.W., Department of Biochemistry, University of Liverpool, Liverpool,
Great Britain

HEINz, E., Botanisches Institut der Universitdt Koln, Ké6ln, Federal Republic of
Germany

HeMMING, F.W., Department of Biochemistry, University Hospital and Medical
School, Nottingham, Great Britain

HoLrLoway, P.J., Long Ashton Research Station, University of Bristol, Bristol,
Great Britain

KoraTTUKUDY, P.E., Department of Agricultural Chemistry, Washington State
University, Pullman, Washington, U.S.A.

LICHTENTHALER, H.K., Botanisches Institut II der Universitit Karlsruhe, Karls-
ruhe, Federal Republic of Germany

LiLyenBerG, C., University of Goteborg, Botanical Institute, Department of .
Plant Physiology, Géteborg, Sweden

ManGoLp, H.K., Institut fiir Biochemie und Technologie, H.P. Kaufmann-
Institut, Munster, Federal Republic of Germany

MaAzLiAk, P., Université de Paris, Laboratmre de Physiologie cellulaxre, Paris,
France

SIEFERMANN-HARMS, D., Biologisches Institut der Universitit Tiibingen, Tiibin-
gen, Federal Republic of Germany

SiTTE, P., Institut fiir Biologie I1, Lehrstuhl fiir Zellbiologie, Universitit Freiburg,
Freiburg, Federal Republic of Germany

SPENER, F., Institut fiir Biochemie der Universitit Miinster, Miinster, Federal
Republic of Germany , )

Stumpr, P.K., Department of Biochemistry and Biophysics, University of
California, Davis, U.S.A.

TEVINI, M., Botanisches Institut II der Universitdt Karlsruhe, Karlsruhe, Federal
Republic of Germany



Contents

Section 1. Function, Organization and Lipi‘d Composition of Biomembrgnos

Chapter 1. Functional Organization of Blomembranes
P. SitTB (Wlth 15 Figures)

I. Membrane Diversity . . . . . . . . . . . . . .. .. ...

II. Membranes as Barriers . . . . . . . . . .. ... .. ...

HI. Lipids and Permeability . . . . . . . . . . . .. . ... .:
IV. Specific Transport . . . . . ., . . . . . .. . ... L
V. Membrane Flow and Membrane Families . . . . . . . . . . .

VI. General Principles of Cellular Compartmentation . . . . . . .

C. Membrane Biogenesis. . . . . . . . . . .. .. ... .. ...
D. Intracellular Membranes and Their Compartments . . . . . . . . .
E. The Role of Lipid Self-Assembly . . . . . . . . . . . . . . ...
F. The Molecular Architecture of Elementary Membranes
G. Conventional Electron Microscopy of Biomembranes
References . . . . . . . . . . . . .. ...

Chapter 2. The Prenyllipids of the Membranes of Higher Plants
T.W.Goopwin (With 9 Figures)

A. Introduction . . . .
B. Localization . . . . . . . . . .
I. Intracellular Distribution . . .

IL. Intraorganelle Distribution . . . . . . . . . . . ... . .. . .

C. Localization of Biosynthésis . . . .
I. General Pattern of Synthesis . . . . . . . . . . . . . . . ..

II. Synthesis in the Chloroplast . . . . .

1. Formation of Acetyl-CoA

......................

...............

2. Formation of Mevalonic Acid . . . . . . . . . . . . . .

3. Conversion of MVA into Carotenoids . . . .

4. Formation of Mixed Terpenoids
a) General



VHI Contents

D. Regulation of Prenyllipid Synthesis . . . . . . . . . . . . .. .. 44
IL Terpenes . . . . . . . . . . . .. e 44
‘References . . . . . . . . .. . .. ... . . ‘ 45

Chapter 3. Glyco- and Phospholipids of Blomembranes in ngher Plants
P.MazLiak (With 12 Figures) :

A. Introduction . . . . . . . . . . . .. ... e 48

B. Lipid Composition of Plant Biomembranes . . . . . . . . . . .. 48

I. Plasmalemma . . . . . . . . . e e e e e e I 48

II. Mitochondria . . . . . . . .« . .. ... ... e 50

III. Chloroplasts . . . . . . . . . . . . . ... ... ... 52.

IV. Glyoxysomes and Peroxisomes . . . . . . . . . . . .. .. 53

V. Microsomes . . . . . . . . . .. Lo 53

VL. Nuclei . . . . .. ... .... e e e e 55

VII. Comparisons Between Different Membranes. . . . . . . . . . 56

C. Biosynthesis of Membrane Lipids.- . . . . . . . . . . ... ... 59

D. Lipid Exchanges Between Cell Organellcs ............. 62
E. Role of the Lipid Environment in the Activities of Membrane-Bound

Enzymes . . . . . . . . . . . ..o Lo 67

F. Conclusions . . . . . . . e e e e e 70

R

eferences ............................ 1

Section 2. Physiology and Biochemistry of Fatty Acids and Glycerides

- Chapter 4. Lipid Biosynthesis in Developmg Seeds
P.K.Stumpr (With 2 Figures)

A. Introduction. . . . . . . . . . .. P, coe e w5
B. General Considerations . . . . . . . . . . . .. . ... ... 16
C. The Role of the Leaf Compartment . . . . . . . . . . . . . ... 77
D. The Developing Soybean Seed . . . . . . . . . . . . . . .. .. T
I. General Considerations . . . . . . . . . . . . . ... ... 77

II. Comparison of Capacities of Developing Tissues to Incorporate
14C-Acetate into Long-Chain Fatty Acids . . . . . . . . . .. 79
III. Localization of Enzymes Involved in Fatty Acid Biosynthesis . . 82
E. Conclusions . . . . . . . .. .. <. ... e e e e e e e e 82
References . . . . . . . . . . . . . .. ... 83

~ AN . N

Chapter S. The Cyclopentenyl Fatty Acids A NN

"H.K.MancGoLD and F. SPENER (With 10 Figures)



Contents X

v 1. Isolation, Characterization, Synthesis . . . . . . . . . . . .. 86
II. Fatty Acids in Flacourtiaceae . . . . . . . . . . . . . . . .. 89

1. Methods of Analysis . . . . . . . . . . . . .. .. ... 89

2. Preparative Methods . . . . . . . . . . .. e e 89

3. Compositional and Structural Studies . . . . . . . . . . .. 90

4. New Cyclopentenyl Fatty Acids . . . . . . . . . . . ... 93

C. Biochemistry of Cyclopentenyl Fatty Acids . . . . . . . . . ... 94
I. Biosynthesis . . . . . . . . . . . . . . ... 94

1. Aleprolic Acid as Precarsor . . . . . . . . .. . . . ... 95

2. Cyclopentenylglycine as Precursor. .. . « . . . . . . . . .. 97

II. Metabolism. . . . . . . . . . . . . . . ... 97
‘D. Conclusions . . . . . . . . . . . oo 98
References . . . . . . . . . . . .. S 99

Chapter 6. Enzymatic Reactions in Galaétolipid Biosynthesis
E.HEeinz (With 3 Figures)

A. Introduction . . . . . . . . . . ..o 102
B. Acyl-CoA and Acyl-ACP Thioesters . . . . . . . . . . . . . .. 102
C. sn-Glycerol 3-Phosphate. . . . . . . . . . . . . .. ... ... 103
D. UDP-Galactose . . . . . . . . . . . . . . . . oo 104
E. Acylation of Glycerol Phosphate . . ... . .~ . . . . .. . ... 105
F. Diglycerides . . . . . . S 106
G. Galactosyltransferases. . . . . . . . . . . . . . . .. e e 107
H. Fatty Acid Specificities in Galactolipids .............. 109
I. Radioactive Labeling of Gdlactollpxds invivo . . . .. ... ... 112
References . . . . . . . . . . ... a0 115

. Chapter 7. Light, Function and Lipids During Plastid Development
M. TEvint (With 8 Figures)

A. Introduction. . . . . . . . . . .. ... 121
B. Light and Plastid Structure During Greening . . . . . . . . . . .. 122
I. General Remarks. . . . . . . . . . . .. . .. .. .... 122

II. The Prolamellar Body . . . . . . . . . . . . . . . .. ... 122

III. Thylakoid Formation . . . . . . . . . . . . . . ... ... 123
IV. Light Regulation . . . . . e 126

C. Lightand Lipids . . . . . . . . . . . . . . . . .. ... ... 126
I. General Remarks. . . . . . . . . . . . . ... ... ... 126

II. Lipids in Plastids and Plastid Fractions . . . . . . . . . . .. 127

III. Formation of Glycerolipids During Development . . . . . . . . 129
IV. Formation of Fatty Acid . . . . . . . . . . . . . .. ... 132

V. Light Regulation of Glycerollpld Metabolism . . . . . . . . . 134

D. Light and Function. . . . . . . . . . . . . . . . .. e 135

I. General Remarks. . . . . . . e 135



X . Contents

II. Chlorophylls . . . . . . . . . . . . . ..o 136
[11. Photosynthetic Activity . . . . . . . . . . . . . . . . . .. 137
IV. Light Regulation . . . . . . . . . . . . . . . . ... ... 138
E. Final Remarks . . . . . . . e e e e e e e e e e e 139
References . . . - . . v v v v e e e e e e e e e e o140
Section 3. Physiology and Biochemistry of Plant Steroids
Chapter 8. The Biosynthesis of Plant Sterols
L.J. Goap (With 12 Figures)
A.Introduction . . . . . . . . ... Lo 146
B. Structure and Distribution. . . . . . . . . . . ... oo 146
C. Squalene Formation and Cyclisation . . . . . . . . . . . . ... 150
D. Sterol Side-Chain Formation. ... . . . . . . . . . . . . . .. , 155
E. Ring Structure Modification in Phytosterol Formation . . . . . . . 161
F. Conclusions . . . . . . . . . . . . . .. e e e e 164
References . . . . . . .« « o v i e e e e e e e 164
Chapter 9. Steryl Glycosides and Acylated Steryl Glycosides
W. EICHENBERGER (With 4 Figures)
A. Introduction . . . . . . . . . . ..o e e lb69
B. Structure and Distribution. . . . . . . . . . . . ... 169
C. Biosynthesis . . . . . . . . . . . .. . ... 171
I. Glycosylation . . . . . . . . .. ... 172
II. Acylation . . . . . . . . . . . . . .. oo 172
1. Intracellular Localization . . . . . . . . . . . . .. . ... 176
D. Metabolism . . . . . . . . . . . .. ... D V)
E. Possible Functions . . . . . . . . . . . . ... 177
F. Conclusions . . . . . . . . . . . .« . . . e 178
References . . . . . . . .« . . e e e e 179
Section 4. Physiology and Biochemistry of Prenyllipids
Chapter 10. The Biosynthesis and Biological Significance of Prenols
and Their Phosphorylated Derivatives
F.W. HemminGg (With 10 Figures)
A. Biosynthesis . . . . . . . . . . . . oL L. o000 183

I. General . .

........................



Contents . . : X1

II. a. Formation of Isopentenyl Pyrophosphate from Acetyl-CoA . . 183
II. b. Subcellular Distribution of the Pathway from Acetyl-CoA

to Isopentenyl Pyrophosphate . . . . . . . . . . . . . .. 184

I11. a. Monoterpenes—Formation . . . . . . . . . . . . . . .. 185

II1. b. Different Pools of Soluble Precursors . . . . . . . . . .. . 186
IV. Sesquiterpenes—Formation- . . . . . . . . . . . . . . ... ‘186
V. Diterpenes—Formation . . . . . . . . . . .. e e e 187

VI. Polyterpenes—Formation . . . . . . . . . . . . . . . ... 188
VII. Stereochemistry of the Substituted Double Bond in Polyprenols 189
I. General . . . . . . . . . .. .00 e 189

2. Stereochemistry of the a-Isoprene Residue of MonQ- and

Sesquiterpenes .. . . ... . L. L. Lo 13{

VIII. Phosphorylation of Prenols . . . . . . . . . . . .. . 18l

IX. Control of the Rate of Biosynthesis . . . . . . . . . . . ... 191

1. General. . . . . . . . . .. . ... 191

2. Compartmentation of Early Steps . . . . . . . .. . . .. 192

3. Key Enzymes?. . . . . e e e e e e e 192

4. Hormonal . . . . . . . . . . . . .. ... ... ... 192

5. Light Effects . . . . . e e o 192

6. Compartmentation of Polyisoprenoid Blosynthesw ... 193
B. Function of Isoprenoid Alcohols and Their Phosphates . . . . . . . 193

I. APrecursor Role. . . . . . . . . . . . .. ..o 193

II. A Role in Glycosylation. . . . . . . . . . . . ... Lo.. . 194
References . . . . . . . . . . . .. e e e e e e e e e e e e e 195

Chapter 11. Carotenoids in Higher Plants -
B.H. Davies (With 9 Figures)

A. Nomenclature . . . . . . . . . . ... 199

B. Distribution . . . . . . . . ... . . .. e e e e e e 200

I. Photosynthetic Tissues . . . . . . . . . . . .. ... ... 200

II. Fruits. . . . . . . . . . . . . . . . oo 200

III. Flowers . . . . . . . . . . . .. .. e e e e 201

IV. Other Tissues . . . . . . . . . .. ... . )|

C. Formation. . . . . FE e e e 202

I. Early Steps . . . . . . . . ... S ... 203

II. Formation of 15- Cis-Phytoene . . . . . . . . . . . N 203

III. Carotene Desaturation . . . . . . . . .. . . . . .. ... 205

IV. Carotene Cyclization . . . . . . . . . . . . . . . .. ... 207

V. Xanthophyll Formation . . . . . . . . . . .. . ... ... 209

VI. Factors Affecting Carotenoid Formation . . . . : . . . . . .. 211

D.Function . . . . . . . . . . . . .. .. 211
E. Appendix . . . . . . .. .. .. ... ... e e - 213 .

Trivial and Semi-systematic Names and Structures of Some Higher Plant
Carotenoids
References



XII Contents

Chapter 12. The Xanthophyll Cycle in Higher“ Plants
D. SIEFERMANN-HARMS (With 11 Figures)

A. Introduction . . . . . . . . . ... L e e - 218
B. General Characteristics of the Xanthophyll Cycle . -. . . . . . . . . 218
C. The De-epoxidation Pathway . . . . . .. . . . . . ... ... 219
I. The Cosubstrates of De-epoxidation . . . . . . . . . . . . .. 219
II. The De-epoxidase . . . . . ... . . . . . .. .. .... . 220
D. The Epoxidation Pathway . . . . . . . . . . . . . . . .. ..L221
I. The Cosubstrates of Epoxidation . . . . . . . . . . .. L. 221
II. The Epoxidase . .. . . . . . . . . . . . .. ... .... 223
E. A Transmembrane Model of the Xanthophyll Cycle . . . ... . . . 224
F. The Control of the Xanthophyll Cycle by Light . . .. . .. . .. 224
G. Hypothesis on the Function of the Xanthophyll Cycle . . . . . . . 227

References . . . . . . . . . .. ... ... Lo o229

Chapter 13. Regulation of Prenylquinone Synthesns in ngher Plants
H.K. LicHTENTHALER (With 15 Figures)

A. Introduction . . . . . . . . ... ... 231
B. Function of Prenylquinones . . . . . . . . . . . .. .. .... -235
C. Biosynthesis of Prenylquinones. . . . . . . . . . . . . . . ... 236
D. Site of Synthesis of Prenylquinones and Chromanols in the Plant Cell 237
E. Regulation of Light-induced Prenylquinone Synthesis by :
. Phytochrome P, . . . . . . . . ... ... <240
F. Regulation of Lipoquinone Synthesis by Blue and Red Light . . . . 243
G. Influence of Phytohormones on Lipoquinone Metabolism and
Photosynthetic Activity . . . . . . . . . . . . ... ... ... 245
H. Formation of Excess Prenylquinonmes . . . . . . . . . . . . ... 247
1. Stimulation of Prenylquinone Synthesis by Supplymg Additional
Aromatic Compounds. . . . . . . . . .. .. 0L L 249
J. Turnover of Prenylquinones . . . . . . . . . . . ... ... .. 250
K. Regulation of Prenylquinone Synthesis by Herbicides . . . . . . . . 25l
L. Formation of Prenylquinones in Plant Tissue Cultures . . . . . . . . 253
M.Conclusions . . . . . . . . . . . ..o 255

References . . . . . . . . . . . . ... 256

Chapter 14. Chlorophyll Formation: The Phytylation Step
C. LiLJENBERG (With 5 Figures)

A.Introduction . . . . . . . . . . o .00 0oL ’ .. 259
B. Biosynthetic Pathways for the Different Protochlorophyll Forms to
Chlorophylla . . . . . . . . . . . .. .. ... ... 259



Contents XIIT

C. The Occurrence of the Two Forms of Protochlorophyll Pigments in
Dark-grown Plants and Their Photoreduction . . . . . . . . . . . 262
D. The Esterification of Chlorophyllide a . . . . . . . . . . . . .. 263
E. Light-induced Changes in the Rate of the Esterification Reaction . . 265
F. Biosynthesis of Esterifying Prenols . . . . . . . . . . . . . ... 266
G. The Pools of Free Phytol and Phytol Bound as Acyl Esters During
Greening . . . . . .. . L L. e e e e 266
References . . . . . . . . . . . . . . . . . ... 268

Section 5. Lipid Polymers in Higher Plants

Chapter 15. Biosynthesis and Dégradation ‘of Lipid Polymers
P.E. KoLATTUKUDY (With 10 Figures)

A. Introduction . . . . . . . . . ... ... ... P 271
B. Biosynthesisof Cutin . . . . . . . . . .. ... ... ... 271
1. Biosynthesis of the C,¢ Family of Cutin Acids . . . . . . . . . 272
I.InvivoStudies . . . . . . . . . . . ... ... ... 272

2. Enzymatic Synthesis of the C,s Famjly of Cutin Acids . . . 273

a) w-Hydroxylation . . . . . . . . . . . .. . ... .. 273

b) In-Chain Hydroxylation . . . . . . . . . . . . . ... 274

II. Biosynthesis of the Cyg Family of Cutin Acids . . . . . . . . . 276

l. Invivo Experiments . . . . . . . . . . . .. ... ... 276

2. Enzymatic Synthesis of the C,5 Family of Cutin Acids . . . 277

a) Epoxidation . . . . . . . . ... . ... ... ... 277

b) Epoxide Hydration . . . . . . . . . . .. ... ... 278

III. Synthesis of Cutin from Monomers . . . . . . . . . . . ... 219
C. Biosynthesis of Suberin . . . . . . . .. . . ... ... ... 281
I. Experiments with Tissue Slices . . . . . . . . . . .. . ... 281

II. Experiments with Cell-Free Preparations . . . . . . . . . . .. 283

D. Degradation of Lipid Polymers. . . . . . . e e e e e 285
I. Degradationby Plants . . . . . . . . . .. . ... ... . 285

II. Degradation by Microorganisms . . . . . . . . . . . . ... 285

1. Isolation and Characterization of Cutinases . . . . . . . . . 285

2. Characterization of Cutinases as Glycoproteins . . . . . . . 287

III. Degracution by Animals . . . . . . . . .. .. .. .... 288

E. Conclusions . . . . . .. . ... . ... ... ... 289
References . . . . . . . . . . . .. e e e e e e e e 290

Chapter 16. The Intermolecular Structure of Some Plant Cutins
A.H.B.DEAs and P.J. HoLLoway (With 1 Figure) . . . . . e e 293

References - . . . .

Subject Index



CHAPTER |
Functional Organization of Biomembranes

P. SiTTE

A. Introduction

Lipidology is, to a large extent, also membranology. The intracellular lipid
species [34] can be classified either as storage lipids, represented chiefly by
the neutral and apolar triglycerides that form spherical inclusions in plasmatic
.phases, or as amphiphilic structural lipids, which form extended, sheetlike struc- .
tures, and which are, by and large, identical with biomembrane lipids. Biomem-
branes comprise up to 30% of a cell’s dry weight. In energy-transducing or-
ganelles, biomembranes amount to still higher percentages.

In earlier times, when the ‘elementary’ membranes within the cell could
neither be seen nor analyzed due to the lack of suitable methods, membrane
phenomena seemed to play only a limited part in the cell’s life. Since the
advent of the electron microscope and of cell fractionation techniques the situa-
tion has changed drastically. Today it proves difficult to find any important
phenomenon in cell biology not correlated with membrane action. A few, more
obvious functions are: separation of metabolically different compartments; in-
tracellular storage; specific and unidirectional translocation of certain com-
pounds within the cell, and, consequently, a powerful regulation of metabolic
activities; vectorial electron transport and ATP synthesis; impulse transmission;
control of cellular movements up to the precise control of muscular contraction;
translation, in the case of proteins to be secreted; at least certain aspects of
DNA replication; segregation of genetic material in protocytes as well as in
some more primitive eucytes; hormone action in animals and plants; phyto-
chrome-mediated control of different plant cell activities; cell-cell recognition,
communication, cooperation (and, therefore, some basic aspects of sexuality,
development, and differentiation, cancer, and memory)—everywhere we find
biomembranes involved directly or indirectly in vital events.

In fact, membranology has become a vast field, with hundreds of pertinent
publications appearing every year (for recent reviews see, e.g., [12, 13, 16, 18,
35, 38, 39, 40, 58, 60, 82, 86, 88, 98, 111, 116, 124, 137, 156, 157, 159)).
Therefore, just a few basic problems can be considered here. In pamcular
the following questions will be discussed:

1. What is the most general function that biomembranes serve in the living
cell and how well are they fitted to serve that function?

2. How do biomembranes develop, and how do they become differentiated?
Is there de novo synthesis of elementary membranes, or is there, in a certain
sense, genetic continuity?

3. Which general factors govern size and shape of cells and subcellular
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compartments; and to what extent is molecular self-assembly Of\llpid phases
involved?

4. What do we really know about the molecular architecture of biomem-
branes?

As will be seen, biomembranes are the most important lipid-containing struc-
tures of living cells, and it is the lipid moiety of these membranes that is
of particular importance.

B. Membrane Functions

I. Membrane Diversity

Every contemporary illustration. of cell fine structure [21, 56, 79, 118] reminds
one of the astonishing multiplicity of biomembranes in average eucytes (euka-
ryotic cells).

The different membranes as seen from such illustration or electron micro-
graphs differ in thickness and spatial arrangement, as well as in their associated
enzymatic activities and in their lipid compbsition. They also vary in their
respective protein content, which in turn is strictly correlated with buoyant
density, as shown in Figure 1 for some lipid carrier particles of blood [127].
Thus, the several membrane species can be separated by isopyknic centrifugation
(Fig. 2) on the basis of differing protein contents. Differences in protein content
are also reflected by particle density as observable on freeze-etch fracture faces
of biomembranes [11, 83] (cf. Fig. 13).

Nevertheless, these membranes also have many_ propertles in common. The
generic term elementary membrane has been introduced to designate all of
them —irrespective of their particular composition and function [141].

What functions can be served by elementary membranes?

HYDRATED
DensITY

10r 7 - o Fig. 1. Buoyant densities of lipoprotein
'9' 2 aﬁ‘ S” é é particles from blood in correlation with
5 3 I F > their respective protein content [127].
VLDL: very low density lipoprotein;
L " X L LDL: low density lipoprotein; HDL and

20 40 60 80 100

VHDL: high density and very high den-
% PROTEIN sity lipoprotein
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They normally contain or carry enzymes [23;89] and often lipophilic pigments
also. Plasma membranes in particular act as chemical antennae [26, 27, 46,
50, 101], since many chemical stimuli, as mediated by‘honaones, transmitters
(147, 152], mating substances [73, 92], or antigens, cannot ‘penetrate the cell
and are thus perceived to be at the cell surface. Yet the different internal

“elementary membranes must also possess surface specificities for membrane-
meémbrane recognition as, for example, during membrane flow processes [28,
44, 45, 99, 109, 112, 113, 126, 132, 133, 160, 161]. Me}nbranes also often take
part in cellular movements. This is best demonstrated by the segregation of
genetic material as mediated by the plasma membrane in bacteria [81, 110].
In eucells, membranes may serve as microtubule organizing centers or provide
attraction points for contracting microfilaments (see, e.g., [4, 30, 103]). .

Permeand selection in membrane transport often exhibits high specificity
similar to enzymatic reactions 8, 9, 57, 77, 102, 141, 165}, Howevexc, as Berlin
has shown [7], membilne permeases possess specificities complementary to the
ones of intracellular enzymes. For example, amino acid permeases are stereospe-
cific for the L-a-configuration, whereas the different aminoacyl-tRNA-synthe-
tases exhibit high specificities for the different R-groups.
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The fact that cellular energy transformation also depends, to a large part,
on specialized membranes has only become clear in recent years [2, 33, 95,
96, 97, 121].

II. Membranes as Barriers

If one tries to reduce the different membrane functions just mentioned to a
common denominator, one basic property common to all of them stands out,
namely, the ability to impair free diffusion. Membranes principally act as bar-
riers, both around the living cell and within it. The significance of compartmenta-
tion of the cellular interior by cytomembranes is to be seen mainly in the
separation of certain metabolic events [93]. In higher plants, which, in contrast
to higher animals, do not possess central organs for excretion, the single cell
has to confine its own wastes away from metabolically active compartments
[142]. In fortunate cases, such a local excrction can be seen in electron micro-
. graphs (Fig. 3).

R i
o . e

Fig. 3. Thylakoids filled with osmiophilic (possibly polyphenolic) substance. Petals of Forsythia
viridissima, mesophyll. Plasma membrane (P) and tonoplast membrane (7) partly resolved as trilami-
nate unit membranes. Bar: | um

T
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Membranes can produce or maintain steep concentration gradients and (elec-
tro-)chemical potentials only because of theii restricted permeability. Such poten-
tials are of decisive importance in metabolism [93). Even a few leaks, such
as those produced by ionophores, channel-forming macrocyclic antibiotics, poly-
ene antibiotics, or by complement action, inevitably kill the affected cell.

After some recent discoveries, we are just beginning to realize the role of
compartmentation in the complex demands of cellular life. That steep proton
concentration gradients are essential for ATP synthesis by thylakoids and mito-
chondrial inner memtianes [95, 96, 97, 121] seems now to be generally agreed
upon [52, 61, 62, 75, 115, 151, 163, 164]. Yet some totally different events
are also under the control of pH gradients, as, for example, ion transport
through plasma membranes [6, 155], the so-called overspill in photosynthetic
light reaction as well as certain essential steps in dark reactions [3], and even
lactose permease activity in Escherichia coli {135]. The €lectrochemical potential
as generated by the expulsion of sodium ions from the cell is used not only
in impulse transmission by nerves and muscles, but also for an active inward
transport of amino acids and sugars by epithelial cells [63, 71]. Finally, there
are indications of a regulation of intracellular membrane fusion during mem-
brane flow by the local concentration -of calcium ions {113, 126], which in
turn might be under the control of smooth endoplasmic reticulum (ER)--as
in striated muscle —or of mitochondria.

IIL. Lipids and Permeability

Many membrane functions require the high specificity of both intrinsic and
extrinsic proteins. Yet whenever the membranes are to act as barriers against
a free exchange of material, lipids must be considered: Their presence ensures
restricted permeability [158]. Insulating membranes such as those of nerve myelin
are particularly rich in lipids. Furthermore, the permeability properties of a
given membrane depend on the kinds of lipid molecules involved. In general,
it can be stated that, for an elementary membrane, the higher the content
of long-chain, saturated fatty acids, the lower the permeability. Cholesterol
has a similar effect, which, by means of hydrophobic interaction. causes a
marked condensation effect within lipid films [29]. It is perhaps noteworthy.
in this context, that plasma membranes exhibit higher percentages of both
cholesterol and sphingomyelin than do the internal cytomembranes. Sphingolip-
ids possess two saturated hydrocarbon chains whereas glycerophosphaudes nor-
mally carry an unsaturated chain in the f§ position.

No membrane is perfect: there is always a certain degree of leakyness.
which has been termed passive permeability. This rather unspecific process
is adequately described by the lipid-filter theory [158]. In Figure 4, several polar
and apolar permeands are shown: among the polar molecules. urea (60 daltons)
is for many biomembranes the largest permeand. Apolar particles, on the other
hand, may penetrate even when they are many times larger.

The lipid-filter theory created the belief that biomembranes must contain
a continuous fluid lipid sheet [108. 158]. In fact. artificial lipid lavers exhibit
permeability propertics quite similar to those of elementary membranes [150).



