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Preface

At arecent meeting to discuss the domains of cell biology, I put forth a case for
the extracellular matrix, even though my argument ran the risk of falling on
deaf ears. After all, the matrix is EXTRAcellular, outside the cells. In this book,
however, the authors make a compelling case for the relevance of the matrix to
cellular concerns. Not only are numerous cell types, including many epithelia,
quite caught up in the business of manufacturing matrix components, but also
most of them contain matrix molecules in exoskeletons that are attached to the
plasmalemma and that organize or otherwise influence the affairs of the cyto-
plasm. The idea of this book is to present the extracellular matrix to cell biolo-
gists of all levels. The authors are active and busy investigators, recognized
experts in their fields, but all were enthusiastic about the prospect of writing for
this audience. The chapters are not “review” articles in the usual sense, nor are
they rehashes of symposium talks; they were written specifically for this book
and they present the “state of the art” in engaging style, with ample references
to more technical or historical reviews. The book is rich in electron micro-
graphs and diagrams and for many of the latter, as well as for the design of the
cover, we are indebted to Sylvia J. Keene, medical illustrator for the Department
of Anatomy at Harvard Medical School. We also owe special thanks to Susan G.
Hunt of this Department, who did a masterful preliminary job of editing the
manuscripts, and to the editors and staff of Plenum Press, who were supporting
and helpful throughout the enterprise. We think you will enjoy this treatise.

Elizabeth D. Hay



Contents

Introductory Remarks ............................ ... ...l 1

Elizabeth D. Hay

PART 1. WHAT IS EXTRACELLULAR MATRIX?

Chapter 1
Collagen
T. F. Linsenmayer
1. Introduction ... ... 5
2. The Collagen Molecule .................... .. i ... 6
2.1. Triple-Helical Region .............c.c.ooiiiiiinneenanaean. 6
2.2. Non-Triple-Helical Region ......................c.coovein... 8
3. Posttranslational Modifications ................................. 10
31 Proline ... 10
3.2, Lysine . ..ot 11
4. Molecular Arrangement in Native Fibrils ........................ 12
5. Procollagen .............oi i 13
6. Genetic Typesof Collagen ............... ... i, 15
6.1. The Interstitial Collagens: Types I, I, and IIl ................ 15
6.2. Collagen TypesIVand V ....................coiiviiiini... 21
7. Immunology of Collagen ...................... ... ... i, 23
7.1. Conventional Antibodies ................................... 26
7.2. Monoclonal Antibodies .................... ... .. ... . 26
8. Concluding Remarks ............ ..o, 31
References ............oooiiiiiiiiiiiiii i, 32
Chapter 2
Proteoglycans
Vincent C. Hascall and Gretchen K. Hascall
1. Introduction ... ... 39
2. Cartilage Proteoglycans ................ccoiiiiiiii i, 39
2.1, Structure ... e e 39



X Contents
2.2. Assembly, Secretion, and Aggregation ...................... 42
2.3. Functional Aspects ..........coviiiiiiinineiiiiiiiinn.. 50

3. Proteoglycans in Other Tissues ...................covvviiinnn... 53
L. AOT A .. e e 53
3.2. Corneal Stroma ...t e 53
3.3. Ovarian Follicular Fluid ................................... 56
34. Basal Lamina ........... ...t 58
3.5. Plasma Membranes ............... ... i i, 59

4. Concluding Remarks ......... ... ... i 60
References ...... ... i 60

Chapter 3

Elastin
Carl Franzblau and Barbara Faris

1. Introduction ...... ... . 65
2. Isolation of Elastin ............ ... .. i, 66
3. Solubilization of Elastin .................. ... ... ... ..o .. 68
3.1. Chemical ....... ... 68
3.2. Enzymatic ... 68

4. Mechanical Properties ..................ccooiiiiiini, 69

5. Morphology and Distribution ................................... 72

6. Amino Acid Composition ............ ... o, 76

7. Cross-Linking ...t 77

8. Soluble Elastins ............ ... ... i 79
8.1. Tropoelastin ........ ... ... it 79
8.2. Relationship of Tropoelastin to Insoluble Elastin ............. 81
8.3. Peptide Models of Tropoelastin ............................. 81
8.4. Other Soluble Elastins ................c.coviuuninn ., 82
8.5. Sequencing of Tropoelastin ................................ 82
8.6. Antigenicity of Elastin and Its Derivatives ................... 83
8.7. Cell-Free Translations .....................ccoviuiruniii.. 83

9. Microfibrils ....... ... .. . 83

10. Formation of Elastin in Cell and Organ Cultures ................. 84

11. Concluding Remarks ............. ... ..o o i, 88
References .......... ... ... i i 89

Chapter 4

Fibronectin and Other Structural Proteins

1.
2.

Kenneth M. Yamada

Introduction ........ ... i 95
Fibronectin ........... . i 95
2.1. Types of Fibronectin ...................................... 95
2.2. Location of Fibronectin .................................... 96
2.3. Molecular Properties of Fibronectin ......................... 99



Contents xi

2.4. Specific Structural and Functional Domains ................. 100
2.5. Cell Receptor for Fibronectin ............................... 106
2.6. Biosynthesis of Fibronectin ................................ 107
3. Laminin ... e 107
4. Chondronectin .........ovviiiiiiurer it e 109
5. Concluding Remarks ............. .. it 110
References .......... .. 110

PART II. HOW DO CELLS PRODUCE THE MATRIX?

Chapter 5
Proteoglycan Biosynthesis

Albert Dorfman

1 Introduction ... 115
2. Synthesis of Core Protein ................. ... ..., 116
2.1. Variation in Structure of Core Protein ....................... 116
2.2. Cell-Free Synthesis of Core Protein ......................... 117
3. Synthesis of Chondroitin Sulfate ................................ 120
3.1. Chain Initiation ..................... e 120
3.2. Synthesis of Galactosyl-Xylosyl Protein Linkage ............. 123
3.3. Completion of Linkage Region ......................ccco.... 123
3.4. Chain Elongation .................coiiiiiiiiiiian., 123
3.5. Sulfation ....... ... 124
3.6. Chain Termination .....................ccouiiviininnnnen.., 125
4. Keratan Sulfate Synthesis ...................................... 125
5. Hyaluronic Acid Synthesis ........................ccoviviin.... 126
6. Study of Proteoglycan Synthesisin Vivo ........................ 126
6.1. Sulfate Incorporation ................... ... . . i, 127
6.2. Measurement of Core Protein ............................... 127
6.3. Measurement of Xylosyltransferase ......................... 127
6.4. Use of Xylosides ..............ccoiiiiiuiii i 127
7. Control and Localization of Synthesis of Matrix Components . .. ... 128
7.1. Control of Synthesis of Matrix Components ................. 128
7.2. Localization of Proteoglycan Synthesis, Secretion, and
Aggregation ......... .. 130
8. Concluding Remarks ...............coooioi i, 132
References ................ i i 134
Chapter 6

Collagen Biosynthesis

Bjorn Reino Olsen



xii Contents

3. Collagen Gene Structure and Regulation of mRNA Levels .........
3.1. Synthesis and Cloning of Collagen cDNA Probes .............

3.2. Isolation of Collagen Gene Fragments from Genomic Libraries .

3.3. Structure of a Collagen Gene ...................ccovviiunn..
3.4. Regulation of Collagen mRNA Levels .......................
4. Cotranslational and Posttranslational Modifications of Intracellular
Procollagen .......... ... i e
4.1. Cell-Free Translation of Collagen mRNA ....................
4.2. Intracellular Location of Posttranslational Modifications ......
4.3. Hydroxylation of Prolyl and Lysyl Residues .................
4.4. Disulfide-Bond Formation and Triple-Helix Formation .......
4.5. Glycosylation of Hydroxylysyl Residues .....................
4.6. Glycosylation of Asparagine Residues in Propeptides ........
5. Intracellular Transport of Procollagen ...........................
5.1. The Role of the Golgi Complex in Procollagen Processing and
Packaging .........coiiiiiiiiiiiii i e e

5.2. The Packaging of Procollagen Aggregates in Secretory
Granules .. ... e
6. Extracellular Processing of Procollagen ..........................
6.1. Procollagen Proteases ..............coviiiiiiiiiinnnnnnennn.
6.2. Dermatosparaxis—A Procollagen Processing Defect ..........
7. Regulation of Collagen Synthesis ...............................
8. Concluding Remarks .......... ... i,
References ..........coo i i e

Chapter 7
Matrix Assembly

Robert L. Trelstad and Frederick H. Silver

Introduction . ...
. Chemical Sequences Dictate Matrix Structure ....................
. Mechanism of Collagen Assembly ...............................
. Thermodynamic Analysis of Assembly ..........................

4.1. General Considerations .......................c0iiiiiinnn..

4.2. Thermodynamics of Collagen Assembly .....................
. Kinetic Analysis of Assembly ...................................
5.1. General Considerations ....................c00iiiiunn..n.
5.2. Kinetics of Collagen Assembly .............................
Ultrastructure of Matrix Aggregates ...................covvnenn..
Ultrastructure of Collagen Assembly Intermediates ...............
Cells Regulate the Multistep Assembly Process ...................
Matrix Macrostructure and Function ............................
. Biomechanics .......... ...
. Concluding Remarks ............. .. ... ... i,

References ............cooiiiiiiiii

[$)] B W N -

PO o END

[EE—Y



Contents

Chapter 8
An Essay on Biological Degradation of Collagen

Jerome Gross

1. Introduction ... ... e 217
1.1. Examples of Physiologic Removal of Collagen in Remodeling . 218
1.2, Healing and Scarring .............cooiiiiiiiiiivinnieannne. 225
1.3. Influence of Tissue Structure on Collagen Removal .......... 225

2. Characteristics of the Animal Collagenases ...................... 227
2.1. General Mode of Action ....................... ... ... ..... 227

3. Substrate and Enzyme Specificity .............. ... ..o, 233
3.1. Properties of the Cleavage-Site Region ...................... 233
3.2. Substrate Accessibility ............... ... 238
3.3. Enzyme and Substrate Heterogeneity ........................ 239

4. Regulation of Collagenase .....................coiiiiiona.. 239
4.1. Inhibition and Stimulation of Active Enzyme ................ 239
4.2, Activation of Latent Enzyme ............................... 240
4.3. Regulation of Collagenase-Producing Cells in Culture by Added

SUbStances ...t 240
4.4. Regulation by Cellular Interactions ......................... 241

5. Tissue Localization of Collagenase .............................. 248

6. Some Puzzles Remaining ...................... ... ...l 251
References ... 253

PART III. WHAT DOES MATRIX DO FOR CELLS?
Chapter 9

Glycosaminoglycans in Morphogenesis

Bryan P. Toole

1. Introduction . ... 259
2. Transitions in Glycosaminoglycans during Morphogenesis and
Differentiation ............. ... ... . 260
2.1.- Hyaluronate Synthesis and Removal ........................ 260
2.2. Transitions in Structure and Source of Sulfated Proteoglycans . 266
3. Glycosaminoglycan-Containing Cell Surface Coats ............... 269
3.1. Glycosaminoglycan—Cell Surface Interactions ................ 269
3.2. Structure of Hyaluronate-Rich Cell Surface Coats ............ 271
4. Glycosaminoglycans and Cell-Cell Interactions .................. 274
5. Glycosaminoglycans and Cell Movement ........................ 275
5.1. Cell-Substratum Interactions ............................... 275
5.2. Hydrated Space Formation ......................... ... .. .. 277
6. Glycosaminoglycans and Cell Proliferation ...................... 282
7. Basal Lamina Glycosaminoglycans and Epithelial Morphogenesis . 282

. Stabilization of Phenotype by Extracellular Macromolecules . .. ... 285



xiv Contents

9. Concluding Remarks ...........covviiiiiiiiiniiiiniinninenn.,
REfEIBIICES . .ottt ittt et et e e

Chapter 10
Fibronectin and Its Relation to Cellular Structure and Behavior

Richard O. Hynes

1. Introduction . ..ot e s
2. Occurrence of Fibronectinin Vitro ..............coiviien...
2.1, Distribution ......ooi i e e e
2.2, Arrangement ........ . i i e i i e e
3. Functions of Fibronectinin Vitro .......... ... ... it
3.1. Adhesion and Morphology ............ ... it
3.2. Cytoskeletal Organization ................c.oooiiiiiiiiii,
3.3. Migration ... e
3.4, Phagooytosis .......ouuriri e e
3.5. Growth Control ......... ... i i,
3.6. Cellular Differentiation ............. ... iiviiiiiineinnn.
4. Fibronectin Distributionin Vivoe ......... ... ... i,
5. Possible Functions of Fibronectinin Vivo .......................
5.1. Fibronectin as a Molecule with Multiple Binding Sites .......
5.2. Possible Effects of Fibronectin on Cellular Behavior ..........
6. Concluding Remarks ...........couuuuniiininin i
References ... .ot e e e e

Chapter 11

The Glomerular Basement Membrane:
A Selective Macromolecular Filter

Marilyn Gist Farquhar

1. Introduction ... e e
1.1. What Are Basement Membranes and Where Are They Found? .
1.2. What Is the Structure and Function of the Kidney

Glomerulus? ... ... i e

2. Structural Organization of the GBM and Mesangial Matrix ........

3. Chemical Composition of the GBM ..............................
3.1. Background Information ................... ... o oL,
3.2, ProteoglyCans ... e e
3.3. Collagenous Components . ..............oeveveeeennnennnnns
3.4. Laminin ... e e
3.5. Fibronectin ............ciiriii
3.6. Other Components ............coiiviereeeiniiaiinnnnnnnn..
3.7. Comments on Techniques for Isolating the GBM .............
3.8. Summary of Nature and Location of GBM Components .......

4. What Do We Know about the Biosynthesis of GBM Components? . .
4.1. Which Glomerular Cells Make GBM Components? ...........

336



Contents

4.2. Synthesis of Collagenous Peptides .................... ... ...

4.3. Synthesis of GAG ... . .. e

4.4. Synthesis of Fibronectin and Laminin .......................

5. What Do We Know about the Function of the GBM as a Filter? .. ..

5.1. Clearance Studies ............coiiiiiiiinnnerenenrrennnnnn,

5.2. Studies Using Electron-Dense Tracers .......................

5.3. Nature and Location of Anionic Sites in Glomeruli ...........
5.4. Role of GAG in the Permeability of the GBM to

Macromolecules ...........co it

5.5. What Are the Permeability Properties of the Lamina Densa? ..

6. Concluding Remarks ....... PR

References ............coiiiiiiuriiiiiiiiiie i

Chapter 12
Collagen and Embryonic Development

Elizabeth D. Hay

1. Introduction .. ... ..ottt e e
2. Tissue Interaction in the Developing Embryo ....................

2.1. Mesenchymal-Epithelial Interactions .............. e

2.2. Epithelial-Mesenchymal Interactions .......................

2.3. Epithelial-Epithelial Interactions ...........................
. Cell Shape, Growth, and Polarityin Vitro ........................
. Cell Adhesion and Migration ...................................
Dedifferentiation and Collagen Type Transitions .................
Concluding Remarks ........... ...
References . ....... ..o vuiiii i e

oo e w



Introductory Remarks

ELIZABETH D. HAY

Cytoskeleton, cell shape, cell migration, control of cell growth and differenti-
ation, these are all subjects that to be fully understood today require a con-
sideration of the extracellular matrix (ECM): its composition, its role in
development, and its relation to the cell surface. The ECM is the structurally
stable material that lies under epithelia and surrounds connective tissue cells,
but the old concept of the ECM as an inert supporting material, created by the
cells as a mere scaffolding on or in which to reside, is now bygone. Surely,
collagens are sources of strength to the tissues, elastin and proteoglycans are
essential to matrix resiliency, and the structural glycoproteins help to create
tissue cohesiveness. But the cell, having produced these extracellular macro-
molecules, and spoken out in one way or another on the question of their
assembly, does not then divorce itself of them. The cell continues to interact
with its own ECM products, and with the ECM produced by other cells. At the
cell surface, a structural and functional continuum seemingly is formed be-
tween the cell interior, the cell membrane, and the molecules of the matrix,
so that the metabolism and fate of the cell, its shape, and many of its other
properties are continuously related to and dependent on the composition and
organization of the matrix.

The ECM is composed of a far greater variety of molecules than we would
have guessed even a decade ago. Discounting all the molecules that must
pass through the matrix to reach the cells or are temporarily trapped in the
ECM, we are left with a basic structural composition of at least four major
classes of macromolecules. In Chapter 1, Dr. Linsenmayer brings us up to date
on the chemistry and molecular biology of the five or more different
(genetically distinct) types of collagen molecules. Then (Chapter 2}, Drs.
Vincent and Gretchen Hascall describe the remarkable progress that has been
made in recent years in our knowledge of proteoglycan composition and
assembly. In Chapter 3, Drs. Franzblau and Faris describe a unique protein of
the ECM, elastin, and give us insights into its ultrastructure and the develop-
ment of elastic fibers. The final class of ECM molecules, the structural glyco-
proteins, are relatively large molecules with sugar side chains that are longer

ELIZABETH D. HAY ® Department of Anatomy, Harvard Medical School, Boston, Massa-
chusetts 02115.



2 Introductory Remarks

than those found in collagen and are often rich in sialic acid. The structural
glycoproteins are discussed in Chapter 4 by Dr. Yamada, who has pioneered
many of the recent discoveries on the structure and function of fibronectin.

A book on the cell biology of extracellular matrix would, of course, con-
sider the manner in which cells synthesize ECM, influence its organization, and
bring about its degradation. These subjects are covered in the second section of
the book. In Chapter 5, Dr. Dorfman describes the biosynthesis of glycosamino-
glycans (GAG) and the protein cores that, together with GAG, form the proteo-
glycan (PG) monomers that become assembled into the PG aggregates of the
ECM; in both Chapters 2 and 5, the authors take care to relate biochemical
aspects of PG organization and synthesis to tissue and cell ultrastructure. The
role of the endoplasmic reticulum and Golgi complex in the synthesis and
secretion of collagens is developed in Chapter 6 by Dr. Olsen, who also informs
us of the very recent and exciting advances that have been made in the area of
collagen gene structure and function. Drs. Trelstad and Silver (Chapter 7) pre-
sent a very original synthesis of our understanding of the physical chemistry,
molecular biology, and morphology of collagen assembly. Finally (Chapter 8),
Dr. Gross acquaints us with what is known and not known about collagenases
and the process of ECM degradation (and remodeling) that somehow, in amaz-
ing fashion, is controlled by the cells.

The matrix, as we indicated earlier, is, in a sense, talking back to the cells
that create (and reside on or in) its interstices. In the third section of the book,
we consider the phenomenon of cell-extracellular matrix communication in
more detail. Dr. Toole (Chapter 9) tells us about the role of hyaluronic acid and
PG in morphogenesis, cell migration, and cell proliferation, and he presents a
model of interaction of hyaluronic acid with the cell surface. Dr. Hynes
(Chapter 10) then presents a model of interaction of fibronectin with other ECM
molecules and with the cell surface (the models are not necessarily
coexclusive). Chapter 10 also reviews in vitro studies of the role of fibronectin
in cell growth, cell migration, platelet adhesion, etc., and speculates on its
possiblein vivo functions. In Chapter 11, Dr. Farquhar convinces us that the PG
component of the glomerular basement membrane (GBM) plays an important
role in the filtering function of the glomerulus, and in the last chapter, I give an
overview of the effects of collagens on cell differentiation, cell shape, and cell
metabolism, and speculate further on the relation of the ECM to the cell surface.

We are fortunate in being able to bring together so many investigators who
are pioneers in their fields and were so willing to make the advances in, and
future of, these important subjects clear to the cell biologist. In editing this
endeavor, I have not attempted to impose my own views of terminology on
these distinguished authors. Thus, the reader will find that some terms are used
interchangeably, the best example being the terms basal lamina and basement
membrane. The basal (basement) lamina or basement membrane is a zone about
100 nm wide under epithelia and around muscle cells; it consists of a central
compact sheet of collagen (and probably other glycoproteins), called the lamina
densa, that is separated from the cell by a less electron-dense zone, the lamina
rara externa, and from the underlying connective tissue by a second electron-
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lucid zone, the lamina rara interna. Both the laminae rarae externa and interna
contain a layer of PG granules connected by small filaments to the cell, on the
one hand, and to underlying collagen fibrils, on the other; these structures are
not visible unless special fixatives are used, hence the term rara (or lucida) is
used to refer to the “empty” zone (Fig. i-1).

The term basement membrane was originally used by light microscopists
to refer to the whole condensation of connective tissue (basal lamina and the

A —
1500A |
unit fibril

COLLAGEN
FIBER

Figure i-1. Diagrams depicting relations of proteoglycans, collagen fibrils, and basement lamina
in the tissues. The drawing at the top includes part of the basal cytoplasm of an epithelial cell. The
outermost layer of the basal lamina, the lamina rara externa (LRE), is attached to the epithelial cell
by small filaments presumably composed of glycoprotein. The LRE and LRI (lamina rara interna)
each contain a layer of proteoglycan granules. The lamina densa (LD) contains collagen and
possibly other glycoproteins (see Chapter 11). Collagen fibrils associated with the basement lamina
are small (50 nm in diameter) and may form small bundles called reticular fibers that stain with
silver salts. The fibrils are covered with proteoglycan granules and are connected by ruthenium
red-staining filaments that may consist of hyaluronic acid (see Chapter 2). Collagen fibers are larger
than reticular fibers; they contain less proteoglycan and a greater variety of unit collagen fibrils
(50-1500 nm in diameter). (From Hay et al., 1978, referenced in Chapter 7.)
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associated collagen fibrils, or reticular lamina) under an epithelium. Only in the
glomerulus and a few other locations is the basal lamina free of collagen fibrils
and thus truly equivalent to the basement membrane visualized previously by
light microscopists. Another terminology problem is that in the glomerulus,
the basal laminae of the epithelium and endothelium are fused, obliterat-
ing the layer we called the lamina rara interna above; the latter term is given to
the PG-rich, juxtaendothelial zone of the glomerular basement membrane
(GBM). In spite of the historical precedence of that use (in the GBM), most
morphologists find it helpful to refer to the inner layer (facing connective
tissue) of simple basement laminae as the internal lamina rara (Fig. i-1).

The term connective tissue is often used to refer to the collagen fibrils and
other ECM molecules that surround cells of the fibroblast family. Some authors,
however, include the basal lamina, as this structure is composed of molecules
similar to those of the ECM proper and “connects” epithelium and muscle to
the ECM proper. By connective tissue “cells,” most authors mean cells of the
fibroblast family (osteoblasts, chondroblasts, fibroblasts), but muscle and
epithelial cells also secrete ECM and, in this sense, are part of the cellular
component of connective tissue. Unlike the connective tissue cells proper (the
fibroblast family), however, muscle and epithelial cells are separated from
collagen fibrils by basal laminae; why this should be is not immediately
obvious, but it is likely that these groups of cells have distinct cell surfaces that
differ in their interactions with ECM (Chapter 12). Collagen fibrils are 10 nm in
diameter or wider (above 25 nm in diameter, they appear striated); the term
filament is usually used in this book to refer to a fibrous structure less than 10
nm in diameter. Collagen fibrils are often organized into small fibers called
reticular fibers that are argyrophilic as seen in the light microscope, and into
larger collagen fibers; the diameters of the fibrils composing these fibers vary
in a predictable way (Fig. i-1).

Cell Biology of Extracellular Matrix is, as we noted above, a book written
by experts, all of whom have contributed measurably to our understanding of
the ECM. They have agreed to present their material succinctly and in a manner
understandable and relevant to the cell biologist who has not been working in
the field. The chapters are not “‘review” articles; for full coverage of historical
and other details, I have asked the authors to refer the reader to the numerous,
more technical reviews that appear in the journals and books of the trade and
are readily accessible to the interested reader desiring more depth. This book
is written for the cell biologist, then, but it does present the “state of the art” in
ample detail to serve as a ready reference for all who wish to think and talk
intelligibly about the ECM. Many of the techniques used to explore the ECM are
presented in considerable detail, in footnotes, in figure legends, or in the text.
The book is also fairly lavishly illustrated; I am a visual person myself and I
have often added electron micrographs to the more biochemically oriented
chapters. There is much in this book about disease, as well as health. This is,
in short, a book that we believe will convince even the most doubting that to
understand the cell is to understand the extracellular matrix.



