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ABSTRACT

A number of aspects of IF chain and molecular structure, as well as molecular
aggregation, have been examined. These include the delineation of periodicities in the
sequences of structural domains of IF proteins, the distribution of amino acid residues
within the heptad substructure, the flexibility of the peptide backbone, the extent of
homology among the IF proteins, the packing of chains in the dimeric molecule, and
the axial packing of molecules in the IF. Particular focus has been placed on the newly
sequenced type V IF proteins (the nuclear lamins and the Helix pomotia B protein) and
on a type III IF protein (peripherin).

A parallel in-register arrangement of chains in the molecule is predicted for peripherin
and the type V chains from a consideration of interchain ionic interactions. Also,
periodicities in the linear distribution of charged residues in the rod domains of these
proteins are shown to be comparable with periods in other IF chains. Ionic interactions
between lamin molecules have been used to assess the likely modes of molecular
aggregation in an in vitro assembly and a model is presented which also satisfies the
constraints imposed by electron microscope data. In this model, antiparallel arrays of
molecules are half-staggered and an extended conformation for the carboxy-terminal
domains is predicted. Simple explanations are given for the transition between
paracrystalline and lattice structures and for the disassembly of the lamin meshwork
concommitant with hyperphosphorylation. The method of calculating intermolecular
ionic interaction profiles is enhanced and a new, three-dimensional method is
developed.

The inhomogeneous distribution of residues in the heptad substructure can be
correlated to the coiled-coil structure and chain packing in the molecule. In particular,
the ~75% occupancy rate of apolarresidues in the internal a and d heptad positions is
shown to be a general feature of a-fibrous proteins. Variability of residues in the outer
b, ¢ and f positions indicates that structural or functional specificity in the rod domain
may be determined by these parts of the sequence. The predicted flexibilities of IF
chains have been compared to the underlying structure for the chains.

Evidence from sequence homology studies suggests that several new subtypes are
appropriate in the classification scheme. For the hard keratins the terms types Ia and
ITa are proposed and for the soft keratins, types Ib and IIb; the need to separate the
neurofilaments into the type IV class separate from the type II IF chains is confirmed;
and division of the type V chains into cytoskeletal and karyoskeletal groups is

indicated. A more detailed delineation is made of regions within the amino- and



page iii

carboxy-terminal domains than has been possible previously. Periodic features of the
homology profiles for the rod domain are examined and found to be similar to those in
the linear distribution of residues in the amino acid sequences. Comparison between
amphibian and mammalian keratins, and also between hard and soft keratins reveals
that type II chains are maintained at a higher level of fidelity than type I chains.
Consensus rod domain sequences are derived for the various IF subtypes: absolutely
conserved regions of primary structure identify types or subtypes.



page iv

ACKNOWLEDGEMENTS

It is with great pleasure that I acknowledge my chief supervisor, Prof. D.A.D. Parry,
for his assistance and commitment to this work. His indefatigable energy and high
standards have contributed largely to the work described herein and I look forward to
working with him in the future. Prof. P.T Callaghan and the staff of the Physics and
Biophysics Departrnent at Massey University have been very supportive during the
course of my studies and I appreciate their efforts on my behalf. The other doctoral
and graduate students have provided a friendly atmosphere within which to work and I
wish them every success in their endeavours. Mr P.M. Ngan, Director of the Massey
University Image Analysis Unit, has been of great assistance in providing access to
the Unit’s facilities and in many interesting discussions on a variety of topics.

I much appreciate the kind hospitality provided by Drs. P.M. Steinert and A.C. Steven
during the course of a visit to the National Institutes of Health in 1986 and also for the
extra impetus they have provided in the completion of this work. I look forward to
continued collaboration with them. In addition, I acknowledge the valuable
contributions towards the cost of that trip from the Royal Society of New Zealand, the

Dean of the Science Faculty at Massey, Prof. G.N. Malcolm, and the Fibrous Protein
Merit Award.

Thanks also to my parents for their encouragement and assistance during the earlier
period of my studies. Finally, special thanks to Sharon Wards for her support and
encouragement during the course of my PhD studies. I am indebted to her for all her
time spent directly and indirectly in the preparation of this manuscript.

Some amino acid sequences were kindly provided prior to publication by:
Dr RA. Lazzanni (human NF-M chain)
Dr SSM. Chin (rat NF-M chain)
Professor GE. Rogers and Dr BC. Powell (a type II keratin chain from sheep)
Dr PM. Steinert and Dr DR. Roop (mouse M50k and M55k chains)

Electron micrographs were kindly provided by:
Dr PM. Steinert (Figure 1-1 of reconstituted IF)
Professor GE. Rogers (Figure 1-2 of wool filaments in cross-section)
Dr AE. Goldman and Dr RD Goldman (Figure 4-2 of lamin paracrystals)
Dr C. Cohen (Figure 4-7 of a tropomyosin lattice/paracrystal structure)



page v

TABLE OF CONTENTS

1. An Overview of Intermediate Filament Structure................ 1
1.1......... Early Structural Work on Keratin IF...........cccoooiiiiiiiiinn ... 2
1.2......... Soft Keratin and Other IF........cccccccimiiniiiiiiiininnnnnnnnnnn. %
LD e - Current Models of Intermediate Filament Structure .............. 10
14......... Conservation of Amino Acid and Gene Sequences............... 15
L. Sevvrevss... Lamin, Peripherin and the Helix A and B proteins............... 17
1.6......... Function of Intermediate Filaments........ccccoceeiiiniiiiinnnnn. 22
1.7......... Structural Form of the Thesis.........ccociiiiiiiiiiiiiiiiinnne. 25

2. Primary Structure....ccccccieeeiieeiiccnnccocessccccnsnssconssns 26
2.1......... Fourier Analysis.......cciiiiiiiiiiiiiiiiiiiiieineeiaiaiieaeeanees 29

i VD SRR Fourier Analysis - Method.........ccoiiiiiiiiiiiiiiiiiiinnnnen. 30
2.1 2......... Fourier Analysis - Results........cccooiiiiiiiiiiiiiiiiiinenne.. 33
)1y Residue Distribution in the Heptad...............cciiiiiiiin... an
p) - Flexibility....couoiiiiiiiii i 41
24......... R 100) 10121 o PPN 47

3 Sequence HoOMOIOZY..cccoiuerrnneneinnnrnneecccecnssscccccsoccnns 50

e ) S Homology StatistiCs.......couviiiuiiiiiiiiiiiiiiiiiiiiiiineeiennes 51
3.1.1....... Amino Acid Homology Score, Ag..ccceeevuniiiinnceiininnnnnnns 52
2] — Residue Homology Score, Ar....ccooeecieeiiiniiniiiienceninnnns 52

18 W — Segment Homology Score, hg....cccceevveiieniiniiiiniainennns 54



page vi

i 2 J—— Homology within the Rod Domain.......ccccceeiieiiiiiiiiinnnann. 54
158 — Coiled-Coil Segments.........ccoeieiiiiiiiiiiiiiieneininennennns 56
30 Link Segments ... ..ccuiiiiniiiiiiiiiiiiieaiitieeeaeaaeaaes 57
3.23....... Type VChains ....coiieiiiiiiiiiiiiiiiii i i e eieeeaens 61

3.3 Subtyping on the basis of Homology ............cccoieuiiiiiian, 61
e 10 — Hard and Soft Keratin IF Chains .............cccoiiuiennenn.. 61
B8 Zrerresia Type IVIF Chains.....cccoiuiiiiiiiiiiiiiiiiiiiiiiiieiiecnannns 62

34......... Homology among the ‘H’ subdomains.................ccoeeeee. 63

IS Comparison of Amphibian and Mammalian Scores.............. 66

3.6......... Periodic Features in the Homology Score Distributions.......... 69

- N (— Consensus Sequences for IF Chain Types...........c.cccceeeee... 78

3.8.ete. SUMMATY ..t et e e eaaeeaen 81

. Secondary and Tertiary Structure.......ccceeeeieeececnnccennses 84

4.1......... 1D Ionic Interactions Between Chains...........ccocvueieinannnnn. 85

4.2......... 1D Ionic Interactions Between Molecules ......................... 90

43......... Modelling Lamin....ccccoiiiiiniiiiiiiiiiiiiiiiieneieceeeeeeeaeenes 96

44......... 3D Ionic Interactions Between Molecules ........................ 110
44.1....... Generation of Coordinates for a Coiled-Coil Molecule......112
44.2....... Determination of Interactions..........cccceeeviieiiienienennn. 113
443....... Analysis of the Interacion Maps............ccccevvviiiiianne. L%

45......... SUMMATY .o e 120



page vii

APPeNdiCeS...iceuieeiricitieteseiesetesssssescssassssessssssosssnses 131
Appendix A : Zero-Filling prior to Fourier Transformation.................. 131
Appendix B : Fourier Transforms ............ccocoiiiiiiiiiiiiiiiiiinn, 135
Appendix C : Curve Smoothing ........ccoeviiiiiiiiiiiiiiiiiiiiiiiiiiiiin, 149
Appendix D : Interrnolecular Ionic Interactions .........cccocvieiiiinininnan, 150

BiBIOERa Y sernrmme s e e s i oAl Aarend 161

PUD i CaAtIONS . ceeieeeeeeeeeeeeeeeeoeececccsscsoessesassccssessssssssass 189



Figure 1-1...
Figure 1-2....
Figure 1-3...
Figure 1-4....
Figure 1-5....

Figure 2-1.

Figure 2-2....

Figure 2-3....
Figure 3-1...
Figure 3-2....
Figure 3-3..
Figure 3-4...
Figure 4-1...
Figure 4-2. ..
Figure 4-3...
Figure 4-4...
Figure 4-5...
Figure 4-6..

Figure 4-7....

page viii

LIST OF FIGURES

. Electron micrographs of IF in vitro.........c.cccccvvveiieiieininans 1
Electron micrograph of wool microfibrils in cross-section ....... 3
. Schematic representation of the IF protein chain................... 9
Schematic representation of the heptad substructure ............. 12
Schematic comparison of IF and lamin chain structures .........20

... Example of applying the baseline correction operation

prior to the Fourier transform .........c.ccoceviiiiiiiiiiiiinnn... 32

Comparison of the human and Xenopus lamin A protein

SCQUEIICES . e v eueennenneaneaneennennensancanesnsensenneennsannsannens 35
Flexibility profiles for a selection of IF chains.................... 43

. Homology profiles for the IF chain types ...........ccccceeene.... 55
Comparison of the link segments L1, L12and L2 ............... 59

.. Fourier transforms of the homology profiles...................... 70
. Consensus sequences of the rod domain ............c.ccceueeee.. 79
. Intermolecular ionic interaction curves for human lamin A....... 92
. Electron micrographs of lamin paracrystals ....................... 98

. Diagram of staggered arrays of lamin molecules in Model A.. 100
. Diagram of staggered arrays of lamin molecules in Model B. . 101
. The alignment of conserved sequences .............c...cce...... 106

.. Comparison of Models Aand B ...........c.ccocoeiieiiiinaa... 108

Schematic of a lattice collapsing into a paracrystal



page ix

Figure 4-8.... Electron micrograph of a tropomyosin lattice/paracrystal

Y8 116111 N 110
Figure 4-9.... Schematic of the relative orientations of molecules............. 112
Figure 4-10.. Schematic of a pair of segment 1B dimers.............ccc..e.et 116
Figure 4-11 .. Intensity map of the 3D intermolecular ionic interactions...... 117
Figure A-1 ... Rectangle and sinc functions - Fourier pairs .................... 133
Figure B-1 ... Fourier transforms for peripherin...........ccccooiiiiiiiininann. 136
Figure B-2 ... Fourier transforms for human lamins A and C.................. 138
Figure B-3 ... Fourier transforms for Xenopus lamin A ........................ 141
Figure B-4 ... Fourier transforms for Xenopus laminB........................ 144
Figure B-5 ... Fourier transforms for Helix pomotiaB ......................... 147
Figure D-1 ... Intermolecular ionic interaction curves for peripherin.......... 151

Figure D-2 ... Intermolecular ionic interaction curves for human lamin A..... 154
Figure D-3 ... Intermolecular ionic interaction curves for Xenopus lamin A . 156
Figure D-4 ... Intermolecular ionic interaction curves for Xenopus lamin B . 158

Figure D-5 ... Intermolecular ionic interaction curves for Helix pomotiaB .. 160



Table 1-1......

Table 2-1.....

Table 2-2......

Table 2-3.....

Table 2-4.....

Table 2-5......

Table 3-1.....

Table 3-2.....

Table3-3.....

Table 3-4.....

Table 3-5......

Table 3-6.....

Table 3-7......

Table 3-8.....

Table 3-9.....

Table 3-10....

LIST OF TABLES

Comparison of periods present in peripherin and other
type I IF Proteins .........ccooviuiniiiiiiiiiiiiiiiiiiiii e

Peaks resulting from multiplying the Fourier transforms
1073111

Residue distribution in the heptad for IF and myosins

Mean flexibility indices for chain segments from a
selection of IF chains

Look-up table for mixed homology scores

Look-up tables for acidic homology, basic homology
and large apolar homology scores..........c..ccvveiiiiiniinninnnen.

Regions of high sequence homology (h290%) ..................
Regions of low sequence homology (1, <60%)...................
Mean segment homology scores

Mean segment homology scores for the rod domain
segments in soft and hard keratins.........ccccceeeiiiiiiiinnnnnnne.

Lengths of the homologous subdomains H1 and H2 ............
Extents of the structural domains in IF chains

Mean segment homology scores for the rod domain

segments in amphibian and mammalian keratins..................

A selection of the most significant periodicities in the
homology profiles..........cciviiiiiiiiiiiiiiiiiiiiiiien e

page x



page xi

Table 3-11.... Mean residue homology scores for each position in the

heptad SUDSIUCIUTE. ....cviiiniiiieiiiiiiineeneeeneeereeannans 78
Table 3-12.... Percentage occurrence of highly conserved residues............. 81
Table 4-1..... Interchain ionic interactions for peripherin and type VIF ....... 86
Table 4-2..... Interchain ionic interactions for a selection of IF ................. 89
Table 4-3 ..... Interchain ionic interactions per dual heptad....................... 89
Table44..... Significant intermolecular ionic interactions between

human lamin A molecules ..........cccooiiiiiiiiiiiiiiiiiiiiiinnn, 95
Table4-5..... Significant ionic interactions between peripherin molecules..... 96
Table4-6..... Volume calculation for the C-terminal domains of human

lamins A and C.....oociiiiiiiiiiiiniiiii e 104
Table 4-7...... Ionic interactions used for Models AandB ..................... 105

Table4-8..... Values used to derive a set of five pitch lengths for the

coiled-coil. .o 111
Table 4-9..... Starting set coordinates in an undistorted a-helix............... 113
Table 4-10.... Coordinates for a pair of segment 1B dimers ................... 114

Table 4-11.... Selection of the highest 3D interaction scores (antiparallel) ... 118
Table 4-12.... Selection of the highest 3D interaction scores (parallel)........ 119
Table B-1..... Peaks in the Fourier transforms for peripherin.................. 135

Table B-2..... Peaks in the Fourier transforms for human lamins A and C... 137

Table B-3..... Peaks in the Fourier transforms for Xenopus lamin A ......... 140
Table B-4..... Peaks in the Fourier transforms for Xenopus lamin B ......... 143
Table B-5..... Peaks in the Fourier transforms for Helix pomotiaB .......... 146

Table D-1..... Peaks in the ionic interaction curves for peripherin............. 150



page xii

Table D-2..... Peaks in the ionic interaction curves for human lamin A. ...... 153
Table D-3..... Peaks in the ionic interaction curves for Xenopus lamin A .... 155
Table D-4..... Peaks in the ionic interaction curves for Xenopus lamin B..... 157

Table D-5..... Peaks in the ionic interaction curves for Helix pomotiaB ..... 159





