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Résumé français 

A. Qu'est ce que le collagène? 
Caractérisation des formes fibreuses du collagène. 

Le Collagène est le constituant majeur de toutes les protéines des organismes vertébrés. Le 

pourcentage du collagène dans les organismes de mammifères ainsi que dans beaucoup d'espèces 

invertébrés est d'au moins 2SD/CI. C'est une protéine qui existe dans le monde animal sous une large 

varip1;,;! de formes. Ainsi, on peut le trouver sous forme de filaments très fins, de feuillets transparents 

ou bien sous la forme de fibres épaisses très rigides. Le collagène est présent dans divers tissus comme 

les épidermes, les tendons, le cartilage, les os, la cornée ainsi que dans les lames basales. 

On peut dire de façon simplifiée que le rôle principal du collagène est de contenir ainsi que de servir 

de support et d'intercalaire pour les tissus. La fonction essentiellement structurale du collagène est 

principalement due à la résistance mécanique des fibres de collagène. Cette fonction structurale est 

assurée grâce à une conformation moléculaire unique au niveau de la séquence d'acides aminés où 

l'on retrouve une très grande régularité dans la distribution des résidus et de façon périoruq\le. Du 

fait de cette sQ.quence unique, il résulte un alignement spécifique lors de l'assemblage extracellulaire 

ainsi (tue la fOI mation de liaisons covalentes qui sont déterminantes pour la force extensible des fibres 

de CoUi..gène. 

Le collagèru:~ est une protéine spéciale du fait de son caractère très ordonné et de sa résistance 

mécanique accrue. On le trouve sous forme de réseau structural flexible pour contenir d'autre tissus 

comme la peau et les gaines musculaires, ou bien sous la forme de cordage assurant la conjonction 

entre deux tissus comme les tendons et les ligaments. On le trouve aussi sous forme de réseau 

structural rigide comme dans les os, ou bien comme surface de jointure à très faible effet de friction 

dans les articulations ainsi que dans des tissus élastiques de transport de fluides comme les vaisseaux 

sanguins. 

Différents types génétiques de collagène existent dans les espèces animales supérieures. Ceux-ci ont 

déjà été caractérisés par des études biochimiques qui ont ainsi pennis de trOuvér des types différents 

de collagène dans chaque tissu (Miller S.J. et.al., 198,,). Ainsi le collagène de type L qui est aussi le plus 

abondant, est le composant exclusif du tendon et des os. Par contre le collagène dit de type Il est celui 

qu'on trouve dans d'autres tissus comme la peau ou les tissus vasculaires en même temps que le 

collagène de typ(! Ill. Quant au collagène de type 11 on le trouve comme composant majeut' du 

cartilage. Toutefois, les types I, II et III de collagène qui forment la matrice extracellulaire 01\t toujours 

une forme fibreuse périodique dans l'arrangement des moléctùes. Far contte# les autres types de 

collagènes. dits de type IV et V et que l'on trouve dans d'autres tissus n'ont pas cette structure 

fibreuse et périodique. 

Les molécules de collagène sont (onnées de trois chaines polypeptidlques qu'on appelle les éhatnes-a 
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qui possèdent toutes les trois une séquence répétitive de la forme Gly-X-y le long de la séquence 

primaire, les lettres X et Y désignent quant à eUes tout autre acide aminé. Le collagène de type 1 

possède deux types de chaînes polypeptidiques comme celles définies ci-dessus. Ces chaînes sont 

appelées al(!) et 0.2(1) et s'associent dans un rapport stoechiométrique de 2. Chaque chaîne 0.1(1) 

possède 1014 résidus présents dans les deux chaînes peptidiques. Les dimensions des chaînes-a. avant 

de leur repliement en triple hélice sont approximativement de 3000À par 15 À. 

La conformation moléculaire du collagène en triple hélice a été déduite grâce à l'analyse de la 

séquence primaire ainsi qu'aux études de diffraction aux grands angles des rayons X. Le pas dans 

chacune des hélices gauches du collagène est de 2.9 A approximativement. Les trois hélices sont 

ensuite enroulées les unes sw les autres autour du même axe pour fonner une super hélice droite qui 

constitue la molécule de collagène. Chaque brin de cette super hélico possède trois acides aminés par 

tour avec une distance inter résidu de 2.86Â. Ces trois chaînes sont à leur tour reliées par une 

translation axiale de 2.86À et une rotation azimutale cie 108°. Par conséquent, chaque brin est aussi un 

super enroulement de la chaîne polypeptidique avec une hauteur hélicoïdale de 30 résidus (voir 

figure 12 p. 23). Le domaine central du coUagène possède un résidu glycine tous les trois résidus1 mais 

les extrémités de la molécule qu'on appelle les télopeptides ne possèdent pas cette régularité. Le 

repliement hélicoïdal de ces deux extrémités est donc interdit. Par exemple la chaîne al(l) bovine 

possède 1014 r/'!:lidus dans la partie centrale avec une glycine tous les trois résidus. L'extrémité N

terminale (N-télopeptide) possède 16 résidus et l'extrémité C-terminale (C-télopeptide) .25 résidus 

sans cette régularité (Fletzek & Kuhn, 1976; Helseth et.at, 1979). 20% des autres acides aminés dans la 

molécule de collagène sont des pralines ou des hydroxyprolines dont l'importance pour la 

stabilisation ainsi que pour les propriétés du collagène sont maintenant discutées. 

Le collagène (Rich et. al., 1961; Traub et Piez, 1971) est l'une des rares protéines qui est de nature 

fibreuse plutôt que globulaire et volumineuse comme les autres structures protéiques. Nous avons vu 

que J'unité de base du collagène est formée de trois chaînes polypeptidiques différentes, chacune étant 

une héUee tertiaire gauche. La super hélice droite formée par l'eruoulement des trois brins possède un 

caractère répétitif et une hauteur qui semblent être liés à la structure primaire de la chaîne 

polypeptidique. Les trois chaînes polypeptidiques sont maintenues ensemble par des liaisons 

hydrogènes qui sont seulement possibles du fait que les résidus glycines occupent toutes les 

troisièmes positions dans chacune des trois chames. Ainsi la séquence répétitive de la glycine et le 

couplage des chaînes par des liaisons hydrogènes sont les facteurs qui permettent aux trois chaînes de 

s'intégrer ensemble dans une super hélice stable. La figure 1.1 p. 22 montre comment trois chaines 

hélicoïdales gauches de type 31 peuvent être amen~ à former une tt'iple hélice de type collagène. Les 

hélices gauches 31 étant préférées à toutes autres structures secondaires à cause de leur contenanCe 

élevée en acides aminés pralines ct hydroxyprolines. De ce fait le collagène est unique parmi les 

autres protéines car il est le seul à posséder un pourcentage très élevé de pralines et 

d'hydroxyproHnes. De plus tes restrictions stériques et de rotation propres à la stéréochimie de ces 

deux résidus font que la structure hélicoYdale gauche 31 soit en fait la plus probable. Finalement et au 

vu de cette description simple des molécules de type collagène nous pouvons conclure qUè la stabUité 
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de cette molécule dépendrait des facteurs suivants: (a) la quantité de résidus prolines et 

hydroxyprolines présents dans chaque chaÛle polypeptidique ainsi que la distribution de ces résidus 

le long de la structure primaire, (b) la séquence glycine dans chacune des trois chamas, et (c) le 

nombre et le mode de liaisons hydrogènes qui relient les trois chaînes. 

Les tendons, tissus dont la fonction mécanique est évidente dans les organismes vertébrés, SOnt 

formés par des micro fibres, elles mêmes composées d'un arrangement régulier de molécules de 

collagène de type 1. Depuis plusieurs décennies, des études biochimiques ainsi que des études de 

microscopie électronique et de diffraction de rayons X ont abouti à une caractérisation plus ou moins 

complète de la structure primaire ainsi que de la structure secondaire et tertiaire. Cependant, 

l'empilement et plus généralement l'organisation moléculaire du collagène dans le tendon ainsi que 

les spécificités de cette structure au niveau des interactions biochlmiques ne sont pas encore résolus et 

nécessitent une étude structurale plus approfondie. 

B. Avantag ~s et buts de l'étude structurale des fibres de collagène 
au rayonn' ;ment synchrotron 

Lt· rayonnement ~ 'llchrotron est de plus en plus utilisé pour des études structurales de molécules 

d'i.ntérêt biologiqlJf1 et plus particulièrement des fibres. Tous les laboratoires de rayonnement 

synchrotron sont actuellement équipés de dispositifs expérimentaux adaptés aux études structurales 

par diffraction de fibres (Nave et.al., 1985). D'une façon générale, les cristaux ayant des grandes 

mailles cristallographiques (virus, ADN etc .... ) représentent une classe importante et à part. Ils 

représentent des struchlfes pour lesquelles aucune analyse structurale n'est possible sans l'usage du 

faisceau X synchrotron (Ealick & Walter, 1993; Fisher &: Johnson, 1993i Logan ct.IlI., 1993; Pflugl d.al., 

1993). En effet, la nature peu divergente du faisceau de rayons X synchrotron permet de séparer 

plusieurs ordres de diffraction rapprochés pour des mailles cristallines supérieures à 2ooA. Des 

études très récentes sur des mégastructures sont d'ailleurs très représentatives de l'intérêt croissant 

que suscite le rayonnement synchrotron au niveau de la résolution structurale de molécules ou 

d'assemblages moléculaires géants et qui dépendraient exclusivement de la disponibilité des sources 

de rayonnement synchrotron. 

En ce qui concerne les études de diffraction de fibres; les problèmes généralement rencontrés sont de 

natures différentes et concernent aussi bien les conditions expérimentales que l'analyse des données 

de diffraction. La diffusion diffuse qui résulte du désordre moléculaire ou de mouvements atomiques 

conélés au sein du réseau cristallin ainsi que la très faible intensité des tâches de diffraction des 

échantillons biologiques sont les exemples les plus courants de difficultés rencontrées dans l'analyse 

des donnés de diffraction de fibres. Par contre, lors de l'usage du faisceau intense de rayons X 

synchrotron, nous obtenons généralement un rapport signal sur bruit des ~\ches de diffraction qui 

permettent d'observer sut les clichés des caractémtiq1.1eS, quI d'ordinaire, sont difficilement 

observables dans ltos expériences aVL'C des sources de rayons X classiques. Ainsi les expériences de 

diffraction sur des fibres de collagène avec te rayonnement synchrotron semblent être très 



prometteuses pour une caractérisation strur::turaJe à basse r ~solution de ce matériau. 

Le but principal de cette étude est d'évaluer les potentialités de la méthode du remplacement 

isomorphe pour obtenir les phases des données de diffraction de collagène natif et de ses dérivés 

lourds. Les problèmes majeurs rencontrés auparavant dans les études avec des sources de rayon,; X 

classiques ainsi que les solutions que je propose d'utiliser sont présentés ci-dessous: 

1) Toute étude cristallographique nécessite la définition préalable d'un système cristallin 

unique (réseau de Bravais et groupe de symétrie) sur la base duquel les taches dans les clichés 

de diffraction seront indexées. Plusieurs systèmes ont déjà été proposés dont un récemment par 

Kajava (1991). Je consacrerai le chapitre 3 à la comparaison de ce nouveau modèle avec le 

modèle triclinique établi auparavant par Fraser et MacRae sur la base de données 

expérimentales. Pour cela j'ai écrit un programme de calcul du cliché de diffraction pour les 

deux modèles et j'ai comparé les résultats des deux modèles aux clichés expérimentaux. La 

maille triclinique de Fraser & MacRae est ainsi confirmée en utilisant des techniques 

d'amélioration et d'addition d'images qui ont permis de visualiser les détails dans les clichés de 

diffraction et de voir ainsi toutes les taches de diffraction même les plus faibles. 

2) L'espacement des réflexions successives dans la direction des indices 1 du réseau réciproque, 

c'est à dire dans la direction parallèle à l'axe de la fibre dans le plan du fi.lm, est très petit. Les 

différents ordres sont entremêlés comme le montre la figure 11.12 p. 41. Ceci est dû à la taille 

inhabituelle de la maille élémentaire du collagène qui fait à peu prés 67SA dans la direction de 

l'axe (' (c· = o.o01sA-l) et qui complique le processus d'intégration des réflexions. La soluUon 

serait de faire des mesures avec des distances échantillon-détecteur supérieures à celles déjà 

utilisées, mais on perd ainsi dans la résolution car les réflexions d'ordres supérieurs ne sont 

plus enregistrées sur les films à moins d'utiUser des détecteurs de surface plus grande (comme 

les récentes "image-plates"). 

3) L'axe de rotation des domaines cristallins dans la fibre n'est pas parallèle à un axe du réseau 

réciproque. Ceci exclu donc l'usage des méthodes de rotation de monocristaux. De plus, 

l'absence de précision dans la mise au point expérimentale de l'irlclinaison de la fibre par 

rapport au faisceau de rayons X rend encore plus difficile l'indexation des ordres successifs 

dans la direction de l'indice 1. 

4) L'élargissement des taches, da à la taille réduite des microcristaux dans l'échantiUont n'est 

pas défini pour chaque réflexion. par conséquent chaque tache sera intégrée manuellement. 

S} Le bruit de fond ainsi que la diffusion diffus~ sur les films et plus particulièrement sur les 

axes méridional et équatorial sont très importants. L'usage de plusieurs film dans une même 

cartouche permet de collecter les taches très intenses sur le demier fllm où le bruit de fond et la 

diffusion diffuse sont fortement atténués. 

6) Les domaines cristallins dans le tendon sont aussi désorientas de 1 ou 2 degré selon la 

direction polaire (voir figure II.3 p. 30). fi en réstûte que les tâchf!S de diffractiot\ sont arquées. 

principalement dans la dlrectlon de l'axe Z. Ces arcs sont dépendants de la position des taches 

sur le film et leur effet n'a pas pu être simulé par les programtlU!s de prédictions (mals ceci est 
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en cours de réalisation). De plus une correction supplémentaire, dite facteur de Lorentz, doit 

être apportée à chaque intensité intégrée. Elle est nécessaire pour corriger certains effets 

géométriques propres à la diffraction par les fibres. 

7) L'intensité des taches de Bragg des fibres de collagène possède une dynamique très 

importante surtout en ce qui concerne les intensités sur les axes principaux (c'est à dire le 

méridien et t'équateur) du cliché de diffraction quand on les compare à celles des autres régions 

du film. Pour cela on utilise plusieurs films dans une même cartouche pour mesurer les 

intensités faibles sur les premier films et celles qui sont très fortes sur les derniers. Ceci pose un 

problème d'alignement et d'orientation des différents films exposés dans la même cartouche. 

Le chapitre 5 montre la méthode de traitement numérique des images permettant de 

détenniner l'origine du cliché de diffraction et la réorientation des différents films d'une même 

cartouche. Ainsi les données relatives à une expérience seront collectées de façon plus rapide et 

plus sûre produisant un jeu de facteurs de structure pour le tendon natif et pour cha,,!ue dérivé 

lourd. La saturation des pics aussi a toujours été contrôlée avant de procéder à l'intégration. 

Le but principal de ce travail est de collecter le maximum de données quantitatives (c'est à dire des 

facteurs de structures) des fibres de collagène du tendon afin de permettre une étude structurale à 

basse résolution et d'élucider ainsi le problème de l'empilement des molécules dans les domaines 

ordonnés de collagène. La méthode du remplacement isomorphe par des atomes lourds sera testée 

puisque c'est la méthode la plus couramment utilisée dans les études structurales aux rayons X des 

protéines. Nous attendons de cette méthode qu'elle conduise à la compréhension du mode 

d'empilement des molécules dans les cristaux de collagène et ce, à très basse résolution, en fournissant 

les phases des réflexions natives. En effet la solution des phases pour les facteul'$ de structures de la 

structure native est le problème crucial et seule la méthode du remplacement isomorphe permet de le 

résondre de façon mathématique. Par ailleurs, aucune autre source d'information expérimentale sur 

les phases n'est applicable comme par exemple la méthode directe qui n'est possible qu'avec un 

nombre d'atomes très faible dans la structure. De plus, les cliché;; de diffraction avec des dérivés 

lourds ont été réalisés au synchrotron de Daresbury (Angleterre) et l'on voit de façon perceptible des 

changements dans l'intensité des taches de Bragg diffractées. Ceci prouve que la méthode des dérivés 

isomorphes (MIR) peut être riche en informations. 

Après une introduction aux méthodes générales utilisées en cristallographie des fibres aux rayons X 

une partie de ce travail concernera la mesure de la taille moyenne des domaines cristallins le long de 

l'axe de la fibre. Nous savons que le tendon est constitué de plusieuts domaines microscopiques ayant 

une structure cristalline et la caractérisation de la taUle de ces domaines ouvre de nouvelles 

perspectives grace au propriétés du rayonnement synchrotron. En effet, si l'on arrive à. i$oler un des 

domaines monocristallins du tendon qui fasse des dimensions de l'ordre de quelques microns alors 

une étude cristaJlographique à haute résolution est possible par les méthodes du crÙital tournant en 

utilisant ces domaines monocristaUins. Ceci est wt1quement possible grâce à l'avènement de SiOurces 

synchrotrons très intenses qui permettent de réaliser des expériences ave.:: des faisceaux de rayons X 
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très focalisés dont les dimensions peuvent atteindre le domaine submicronique au niveau de 

l'échantillon (voir à ce sujet l'ESRF Beamline Handbook). 

Ensuite, la périodicité unidimensionnelle du collagène dans I,e tendon étant établie d'après 

l'observation des données sur l'axe meridional, nous supposerons que le tendon est de nature 

cristalline et essayerons de résoudre sa structure à basse résolution. Le système cristallin sera celui 

déjà défini par d'autres auteurs et c'est sur la base de ce système que mes données de diffraction 

seront interprétées. Pour cela j'ai écrit un programme de calcul numérique qui fait des prédictions du 

cliché de diffraction par des fibres; les différents paramètres expérimentaux y sont conSidérés comme 

l'inclinaison de la fibre par rapport au faisceau direct ou la désorientation polaire des domaines 

cristallins dans le tendon. Des moyens informatiques et de traitement d'images sont à ma disposition 

pour travailler sur des images de films après numérisation. Le traitement d'images a bénéficié d'une 

contribution de D. Richard, informaticien à l'institut Laue-Langevin (Grenoble) qui a développé des 

outils graphiques et numériques puissants. 

c. Méthorlos et techniques d'études structurales des fibres et les 
améliorations obtenues dans ce travail 

La diffraction des rayons X par des fibres biologiques naturelles a longtemps été une technique de 

caractérisation qualitative des tissus étudiés. Les informations obtenues par ce biais étalent limités à 

l'observation de taches discrètes sur le cliché de diffraction qui indiquaient un arrangement 

périodique des molécules sans pour cela permettre de résoudre des structures 3-D. Certains travaux à 

très basse résolution ont cependant été possibles grâce à des synthèses de Fourier à une dimension 

mais où les phases des réflexions étaient négligées. Une telle synthèse de Fowier tenant compte des 

amplitudes seulement et pour des données à Wle dimension est valable pour quelques ordres de 

réflexion seulement car on peut dans ce cas tolérer des approximations sur les valeurs numériques des 

phases. Dans le cas du collagène nous avons obtenu des clichés de dilfraction à moyenne résolution 

qui montrent clairement l'existence d'un ordre cristallin à trois dimensions. Nous avons en plus des 

taches méridionales très intenses et un ensemble de taches plus faibles réparties sur des lignes 

verticales et dont l'intersection avec l'équateur est en accord avec des périodicités latérales pour 

l'arrangement moléculaire. Plus tard je montrerai que toutes ces taches sont prévisibles quand on 

calcule les taches de Bragg obtenut:o.s avec un réseau de Bravais triclinique auquel on fait subir Wle 

rotation complète autour de l'axe de la fibre. 

Les fibres sont des systèmes formés de molécules allongées qui sont plus ou moins alignées le long de 

l'axe de la fibre. Ces molécules forment des domaines cristallins plus ou moins étendus et les 

différents domaines ont une désorientation azimutale aléatoire autour de l'axe de la fibre (voit figure 

11.3 p. 30). Les clichés de diffraction dans ce cas sont similaires à ceux obtenus dans les méthodes du 

cristal tournant. Les expériences de diffraction avec des fibres sont généraJementréalisées en mettant 

les fibres dans le faisceau de rayons X et un film détecteur à une distance convenablement choisie par 

l'expérimentateur. Les fibres sont normalement perpendiculaires au faisceau direct t!t on obtient sur le 



détecteur deux axes principaüx: la direction parallèle à l'axe de la fibre et passant par le centre est 

appelée le méridien et l'axe qui lui est perpendiculaire et dans le plan du film est appelé l'équateur. 

Souvent on incline la fibre légèrement vers la source du faisceau primaire ce qui penni:!t d'enregistrer 

des ordres supérieurs sur le méridien et d'augmenter ainsi la résolution de l'expérience. 

La diffraction enregistrée sur l'équateur donne une information~sur l'ordre latéral des molécules. 

Celle-ci est souvent moins bonne que la diffraction observée sur le, méridien car on y observe des 

taches très faibles et plutôt diffuses superposées à un bruit de fond très intense. Elle montre en tout 

cas que l'ordre dans la direction latérale est moins important que celui dans la direction parallèle à la 

fibre. La diffraction sur Je méridjen nous permet quant à elle d'étudJer la structure en projection sur 

l'axe parllUèle à l'axe de la fibre. La figure 0.2 p. 29 montre le dispositif expérimental schématique 

pour réaliser une expérience de diffraction avec des fibres. 

Pour toute étude structurale aux rayons X, il est d'abord nécessaire de définir les caractéristiques 

géoIlll'étrique exacte de la fibre. Des études préalables au IIÙcroscope électronique (Hulmes et.aI., 1981) 

ont démflontré l'existence de micro domaines formant des fibres de très petite taille dans le teriCton. Ces 

domaines sont des groupements réguliers de molécules de collugène de diamètre de 200 à 300 nm et 

sont comparables aux particules cristallines dans Wle poudre. Les orientations azimutales de ces 

domaines sont aléatoires et prennent toutes les valeurs possibles entre 0 et 21t. Ainsi les fibres sont 

analogue') aux poudres mais les orientations s'effectuent de préférence autour d'un seul axe, faxe de la 

symétrie cylindrique. Les domaines cris~allins de collagène dans le tendon possèdent aussi une 

distribution d'orientations polaires (figure Il.3 p. 30) de faible amplitude dont une estimation à l ou 2 

degrés a été faite par Fraser et Suzuld (1976). La maille unité du cristal de collagène est une maille 

triclinique définie par les six 'paramètres habituels a",b·,~,(X", p- et Y". Aussi. vu la symétrie 

cylindrique du problème le réseau réciproque sera décrit dans W\ système de coordormés sphérique 

polaire ou l'axe vertical Z joue un rôle évident (figure 11.4 p. 30). La géométrie de diffraction et les 

différentes relâtions sur les vecteurs du réseau rédproque sont montrés dans les figures n.s et II.6 p. 

31. 

Les études structurales sur les protéines par synthèse de Fourier ont bénéfidées de quatre t~hniques 

majeures pour le calcul des structures. Ces techniques sont 1) le calcul des cartes de Patterson 2) les 

méthodes directes 3) la méthodes du remplacement isomorphe et 4) la diffusion anomale. Alors que 

les deux premières méthodes ne s'appUquent pas pour des macromolécules de Ja taUle du collagène, 11 

est vraisemblable que la méthode du remplacement isomorphe sera capable de produire des cartes de 

densité au moins à basse résolution et cecl sera l'objet pdl\éipal de notre étude. 

L'intégration et l'obtention des facteurs de structures pour le collagène natif et de ses dérivés restent le 

problème à résoudre car il n'existe pas de logiciel connu qui permette d'anaJyser les films de 

diffraction. Beaucoup de difficultés sont propres à la diffraction par les fibres du fait de la géom,étrie 

particullère soit au niveau du positionnement expérimental de l'khantiUon soit ~ un nivll!au plus 

méthodologique comme la g(!ométrle du réseau rkiproque. En plus des erreurs statistiques, qui 
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limitent la précision sur les tache.li de diffraction observées, il existe des erreurs qui empêchent 

l'enregistrement systématique d'intensités intégrées. Par exemple, les effets d'absorption, d'extinction, 

de Ji()larisatic-~. les réflexions superposées, les effets de déso~re et de défaut de btructure, les effets 

d'abe.Tation géométriqut", ainsi que le bruit de fond intense et le {acteur de Lorentz (Amdt &: Willis, 

1966). 1 ".lS diverses corrections qu~ j'ai jugées importantes pour tlne étude structurale à basse 

résolut· 0 1 seront exposées en détails plus loin (figure 11.7 p. 37 et 0.15 p. 46). Une section spéciale est 

consac.~~ à l'étude des réflexions superposées qui sont le problème critique dans la diffraction des 

fibres. Je montrerai, après calcul des positions de taches de Bragg, que certaines réflexions sont 

utilisables même à haute résolution mais que d'autres seront superposées. La superposition des taches 

de diffradion des fibres est problématique surtout dans la région équatoriale où les daMées à basse 

résolution sont importantes pour comprendre l'arrangement latéral des molécules dans la maille 

cristallographique. n existe aussi un phénomène important dans les expériences de diffraction par des 

fibr~s qui est le bruit de fond très intense sur le film. Celui-d qui est encore plus intense lorsque l'on 

utilise le rayonnement X synchrotron et trouve son origine dans des effets divers à l'intérieur de 

l'échantillon. Il doit être soustrait de façon correcte lors de l'intégration des taches de Bragg des fibres. 

J'ai pour cela utilisé Wl processus manuel d'intégration des taches de Bragg de façon à caractériser le 

bruit de fond de façon plausible pour chaque réflexion. Toutefois, la correction majeure que j'ai 

appliquée lors de la collecte de données sur le tendon est le facteur de Lorentz. Une justification en est 

donnée dans un paragraphe traitant spécialement de cette correction. La couection de Lorentz est 

extrêmement importante pour la di (fraction par les fibres et doit tenir compte d'une géométrie 

spéciale à chaque expérience. 

Finalement, j'utiliserai la méthode du remplacement isomorphe pour deux raisons principales. La 

prelIÛère, est que la plupart des structuréS biomoléculaires résolues l'ont été grâce à cette technique et 

deuxièmement, parce que les expériences réalisées par T. et L Wess montrent, de façon évidente, des 

changements significatifs dans les clichés de fibres. L'ensemble des expériences contient des clichés 

pour le collagène natif plusieurs dérivés lourds contenant respedivement l'élément Au, 1, Pt ainsi que 

deux autres expériences: une avec de J'acide phosphotungstique (PT A) et une avec du polyéthylène 

glycol (PEG). L'acide phosphotungstique est d'habitude utilisé dans les études de macromolécules en 

microscopje électronique pour le contraste qu'il introduit. Son usage est recommandé dans les 

expériences de diffraction de rayons X avec les très grosses molêcules biologiques pour s'assurer 

qu'une modification sensible est introduite dans les intensités diffractées. Quand à l'iode. il est admis 

que les sites de fixation de cet élément dans la maille unité sont très peu nombreux car l'iode est 

supposé se fixer de préférence sur la tyrosine (q;aptès Mlller et \Vess, communication orale). Ot il 

existe un seul résidu tyrosine dans la séquence primaire du collagène et de plus la. tyrosine se 

trouverait à une seule extrémité de la molécule. Les autres dérivés lourds sont supposés marque.r le 

collagène en plusieurs sites d'où. une difficulté supplémentaire dans l'interprétation ultérieure des 

cartes de Patterson. 
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D. Résultats 

Plusieurs modèles pour l'empilement des molécules de collagène dans le tendon ont été proposés 

c;iepuls plusieurs dizaines d'années. Ces modèles étaient obtenus à partir de l'interprétation des clichés 

classiques de microscopie électronique ou bien de l'analyse semi-qualitative des clichés de diffraction 

(avant l'utilisation du rayonnement synchrotron) de rayons X (Woodhead-Galloway et. aI., 1975; Veis 

&: Yuan, 1975; Smith, 1968j Miller &: Parry,1973j Nemetschek &: Hosemann, 1973). Cependant aucun 

de ces modèles ne pouvait être conforme à tous les résultats expérimentaux et il a fallu attendre les 

travaux de Fraser et MacRae (1981) pour obtenir un jeu de paramètres cristallographiques calculés à 

partir des clichés de diffraction de tendon marqué à l'acide phosphotungstique. La maille triclinique 

ainsi obtenue tenait compte des réflexions méridionales et équatoriales et a été calculée par la 

méthode des moindres carrés. J'ai supposé cette maille comme étant )a mieux adaptée pour une étude 

cristallographique à basse résolution mais auparavant il a fallu la vérifier. En 1991 Kajava a proposé 

une nouvelle maille cristallographique (voir table m.2 p. 52). Cet auteur prétend être en accord avec 

les expériences précédentes. Dans le chapitre 3 j'ai comparé le modèle de Kajava et celui obtenu 

1 ~uparavant en faisant des prédictions d es taches de Bragg des deux modèles et en les comparant aux 

résultats des dernières expériences obtenues au synchrotron. n en résulte que le modèle proposé par 

Kajava est faux car la maille dans ce cas est très grande et ne produit pas les réflexions 'très faibles 

supplémentaires comme l'affirme Kajava. De plus le modèle classique dont les paramètres sont listés 

dans la table II!.1 p. 52 semble donner la meilleure interprétation des clichés de diffraction en le 

superposant aux: films obtenus avec du tendon marqué à l'acide phosphotungstique. J'ai pour cela 

utilisé des techniques d'analyse et de rotrage numérique d'images afin de supprimer le bruit de fond 

des clichés de diffraction et de permettre de voir toutes les taches de diffraction y compris celles de 

très faible intensité. L'étude structurale à 3 dimensions se fera donc sur la base de ce n\oclèle. 

Dans le Chapitre 4, j'ai pu montré que les domaines ordonnés dans le tendon sont assimilables à des 

domaines monocristallins de taille moyenne longitudinale d'environ 1 ~. Après examen de la 

théorie de diffraction par des cristaux de petites tailles, j'ai utilisé dans le chapitre 4 les techniques de 

caractérisation des cristaux: dans les méthodes de poudres pour calculer l'élargissement des taChes de 

Bragg sur le méridien et de calculer ainsi la taille des cristaux selon la direction parallèle à l'axe de la 

fibre. J'ai utilisé pour cela deux méthodes différentes mais qui ont donné les mêmes résultats. Tout 

d'abord, j'ai enregistré le profil du faisceau direct qui donne une mesure de la divergence 

instrumentale de l'expérience. Ensuite j'al mesuré les ordres 1 à 9 du collagène qui ont nécessité une 

mesure aux très petits angles des ordres de diffraction pour une maille qui fait 678À le long de la fibre 

et j'ai soustrait la correction obtenue par te faisceau direct. L'équation A • Arrer stipule qu'un 

élargissement de la forme 

B(29)= O,94Î\. 
LcosO 
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intervient lors de la diffraction par des poudres de monocristaux où 8(26) désigne l'élargissement de 

la raie selon la direction 26 sur Je film et L désigne la taille moyenne des cristaux selon la 

perpendiculaire à la direction définie par les indices hkl de la raie. Une autre méthode, complètement 

différente (dite de Stokes·Wilson) donne une formule identique à une constante près, mais où 

l'élargissement de raie est calculé à partir de l'aire de la courbe délimitant le profil de la raie. La taille 

selon la direction parallèle à l'axe de la fibre des cristaux de collagène ainsi calculée est de II! environ. 

Quand on sait que l'axe c de la maille triclilÛque définie pour le collagène fait à peu prés 678A nous 

obtenons des domaines cristallins formés par approximativement IS mailles cristallographiques. Ce 

résultat est curieux quand on salt que le calcul de Scherrer ou de Stokes.WUson part de l'hypothèse 

d'un nombre très grand de mailles élémentaires dans les cristaux. Je n'ai pas pu calculer la dimension 

moyenne dans les directions perpendiculaire à l'axe de la fibre dans le plan ab du cristal (c'est à dire 

aussi dans les plans hkO du réseau réciproque) car ceci nécessite des conditions expérimentales 

différentes où les réflexions telles que (h,O,l) et (O,k,l) doivent être convenablement enregistrées. 

Néanmoins, j'ai donné les principes d'une telle expérience dans le chapitre 4 et j'ai obtenu un résultat 

qui caractérise de façon approximative la taille des domaines cristallins selon la direction où l'ordre 

Est apparemment le plus évident. Cette expérience a été faite dans le but de savoir s'il est possible 

d'envisager des expériences de diffraction avec des petits monocristaux de collagène extrait du tendon 

et de permettre ainsi une étude cristallographique classique. L'usage du synchrotron avec des 

faisceaux extrêmement parallèles et focalisés au niveau de l'échantillon est e.l projet à l'ESRF (et 

ailleurs) où la dimension minimale déjà atteinte est de l'ordre de lOI! actuellement et où le domaine du 

micron est en vue. 

Dans le chapitre 5 j'ai traité du problème de J'exploitation des films de diffraction par les fibres de 

collagène. Les expériences acCl mulées par l'équipe d'Edimbourg sur plusieurs années ont été faites 

avec l'objectif de pouvoir extJ aire des informations structurales sur le collagène du. tendon mals 

surtout dans le but d'évaluer 1 !s méthodes MIR pour la diffraction des fibres. Après e.'Cposition au 

faisceau de rayons X 1 les films S Jnt numérisés de façon habituelle avec une ouverture de ~ Mais là 

où d'autres études cristallographques de protéines disposent des outils informatiques nécessaires à 

l'extraction des intensités intégrét.S il n'existe, à ma connaissance, aucun programme qui fasse la 

même évaluation pour les données de fibres. J'ai du pour cela mettre au point un outil de traitement 

d'image mais surtout un programme de prédiction des clichés de diffraction pour les fibres tenant 

compte de tous les paramètres expérimentaux. Ceux-ci sont en effet obtenus de façon approximative 

lors de la réalisation de l'expérience et ont nécessité un affinement plus précis notamment en ce qui 

concerne l'angle d'inclinaison de la fibre par rapport au faisceau direct. J'ai ensuite procédé à 

l'orientation et la superposition des films de fllÇOn interactive car les films exposés dans la même 

cartouche ont été numérisés séparément ce qui nous a fait perdre l'orientation originale des films dans 

la cassette. La superposition des films n'est pas obligatoire mais cela m'a permis de tester plusieurs 

effets sur les films successifs. La saturation des tacites trés intenses par exemple doit être contrOlée et 

dans ce cas l'intégration a été faite sur les derniers films avec wte correction pour l'absorption due au 

chemin de la radiation dans les premiers films. Plusieurs images expérimentales et les images 
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calculées peuvent être juxtaposées à l'écran. Ensuite les taches sont intégrées et écrites dans un fichier 

intermédiaire. Le profil de la boite d'intégration peut être rectangulaire ou ellipsoïdal selon la position 

et la forme de la tache de Bragg qu'on désire Intégrer. L'orientation des taches et leur dist.ribution sur 

le film n'est pas unifomle et ceci a nécessité un traitement manuel très long de tous les films afin de 

garantir un jeu minimum de facteurs de structure correct pour les calculs de Fourier. Les intensités. 

mesurées sur le film sont corrigées et le facteur de Lorentz appliqué puis les réflexions sont identifiées 

par leurs indices de Miller. Cependant, quelques ambiguïtés restent sur les indices de certaines taches 

trop rapprochées sur le film ou bien pour les taches dont il a été impossible d'attribuer des indices de 

Miller faute d'orientation suffisante de)a fibre. Une explication détaillée &11r ces effets est dOMée dans 

le chapitre S. Ce procédé m'a permis, toutefois, d'obtenir un jeu de facteurs de structure pour le 

collagène natif et trois de ses dérivés. La qualité de ces mesures étant plus ou moins reflétée par la 

déviation standard calculée pI)ur chaque réflexion, cecl m'a amené à inclure dans le jeu de données 

des réflexions pour lesquelles, soit l'Intensité étalt trop faible, soit il y avait une confusion entre une 

vraie tache de Bragg et du bruit de fond sur le film. Ces mesures étaient toutefois justifiées par le fait 

que premièrement, nous avons besoin pour chaque réflexion native de la même réflexioh 1llesurée 

pour le dérivé lourd afin de détecter des différences isomorphes et de calculer la phase de la réfk1Cion 

native et, deuxièmement, par le fait que les transformées de Fourier tiennent compte de la précis~ ln 

sur une réflexion en )a pondérant par un poids qui est l'Inverse du carré de la. déviation standard. Le.' 

réflexions que j'ai obtenues pour chaque expérience sont présentées dans le chapitre 6 où j'ai donné la 

liste des réflexions méridionales avec une résolution allant jusqu'à sA. Je dOMe surtout la liste des 

réflexions, natives et dérivées, jamais obtenues auparavant qui sont sur les lignes verticales d'indices 

de Miller (-1,0,1) et (l,O,l). Le reste des données sera détaillé en annexes. Ces données 

tridimensionnelles ne sont, pour ainsi dire, qu'une première tentative suite à la mise en oeuvre d'une 

technique de collection de données de fibres. Certaines COllectiOns sur les facteurs de structure 

peuvent s'avérer nécessaire quand à la valeur de l'amplitude mesurée quJ a pu être confondue avec 

du bruit de fond sur le film ou bien une correction sur les indices de Miller des réflexions. 

Ensuite, j'ai analysé ses réflexions avec les routines fournies par l'ensemble CCP4 de calcul 

cristallographique pour les protéines et j'ai obtenu quelques statistiques sur les facteurs de structures 

que j'ai présenté ci.:.."'s les tabl~s du chapitre 6. Ces statistiques ont permis" à priori, de juger de la 

qi..!alité des dOIlP.:!es collecté\'S. Toutefois les données brutes (c'est à dlre celles que j'ai produites dans 

les annexes après traitement Cl.?S films seulement) ont subi un ensemble d'opérations â l'aide de la 

programmathêque de CCP4, comme la moyeMe de plusieurs réflexions et la fusion des réflexions 

reliées par des opérdtions de symétrie pour donner un ensemble de réflexions minimales (corrigées) 

de la symétrie Pl. 

Ainsi, les facteurs de structure obtenus dans ce travail pour le collagène natif permettent en l'absence 

de phases, de modéliser une structure et de calculer tes facteurs de structure pour ensuite les 

comparer aux facteurs de structure expérimentaux. De plus, les n1esures de dilirattion aUlC très petits 

angl~s qui ont servi à calc.uler la longueur moyenne des cristaux ont aussi fourni tes facteurs de 

structure des ordres 1 à 9 après intégration de c('!, ordres qui d'habitude ne sont pas enregistrés dans 
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les expériences de diffraction aux grand angles. L'ensemble de données que j'ai obtenues concerne 

donc les facteurs de structure du collagène natif, d'un dérivé contenant l'élément Iode, un dérivé 

contenant l'élément Au et un troisième contenant du PEG. Le PEG ne contient pas d'élément lourd 

mais j'ai collecté les données de ce dérivé pour tester la méthode que j'ai développée et pour évaluer 

la méthode MIR pour des fibres de collagène. 

Par conséquent j'ai calculé des cartes de Patterson différence à basse résolution dans la maille 

triclinique en faisant à chaque fois une Patterson différence entre les données natives et les dOM les 

des dérivés isomorphes. J'ai cherché à visualiser si des pics correspondant à des atomes lourds S( nt 

présents. Les figures en fin du chapitre 6 montrent les cartes calculées avec la résolution optirru le 

selon les trois axes principaux de la maille triclinique. La résolution dans la direction de l'axe b E ;t 

inférieure à celle obtenue selon l'axe a ce qui correspond bien au fait que nous avons plus c. e 

réflexions superposées sur les lignes verticales d'indices généraux (ll,k,l) avec bO (voir paragraphe 

sur les réflexions superposées pour la diffraction par le collagène). Toutes ces cartes (Fig. VI.26 p. 143 

et Fig. VI.27 p. 144) montrent un pic très fort à l'origine mais ced est un résultat normal dans une 

Pa' terson différence. Par contre, j'ai observé des différences entre les trois cartes où l'on voit que la 

CI\trte calculée avec le dérivé Au montre plusieurs pics répartis dans le volume de la Patterson 

différence alors que la carte calculée avec les deux autres dérivés 1 et PEG ne montrent pas de pics très 

prononcés. La recherche des positions des atomes lourds ne sera pas pour autant très facile car nous 

avons d'abord des cartes à basse résolution et aussi le nombre des atomes lourds dans la maille n'est 

pas connu. Dans le cas où des informations sur la position des atomes lourds seraient disponibles il 

partir d'autres sources (par exemple par des modélisations ou des simulations) nous pourrions 

calculer une Patterson différence et la comparer aux cartes expérimentales obtenues dans le cha;Jitre 6 

afin de valider le modèle. 

Le chapitre 7 est consacré à une étude de diffraction de fibres de collagène par simulation. J'ai d'abord 

construit un modèle de molécule de collagène à partir d'un brm de trois hélices trouvé dans la banque 

de dOMées de coordonnées atomiques de protéines PDB. Chen et.al. 1 (1991) ont construit ce modèle 

de collagène en triple hélice en utilisant la modélisation moléculaire et en faisant des calculs de 

minimisation d'énergie en utilisant le champ de force de Kollman. Ils ont pu ainsi obtenir un modèle 

stable d'une séquence tripeptidique riche en glycines et prolines comme c'est le cas pour le collagène 

naturel. J'ai donc recueilli le mndèle dans la PDB en choisissant le modèle où chaque hélice contient la 

séquence (Gly-Pro·Hyph6 et où les trois hélices sont enroulées en une triple hélice droite comme dans 

le collagène. La longueur du brin original est à peu près de lOOA. Ensuite, rai généré, à partir de ce 

modèlp. une molécule complète de longueur 4.4xo...3OOOÀ où DP<678A est une périodicité de la ftbre 

de colla gène défmie dans le chapitre 1. Les télopeptides (les télopeptides sont les quelques acides 

aminés qui se trouvent, à l'extrémité C-tcrminaJe et N-terminale de la molécule de collagène et qui ne 

possèdent pas la conformation en triple hélice) n'ont pas été modélisés car nous ne connaissons pas 

leur conformation exacte. Leurs séquences respectives. en effet, ne possèdent pas la séquence 

répétitive Gly-X-y expliquée plus haut. J'ai ensuite simulé les clichés dé diffraction par des fibréS 

après avoir construit les domaines cristalliru; de collagène contenant le modèle d-dessus, Le pmblème 
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fondamental était de savoir comment les molécules de collagène sont orientées dan..:; la maille 

primitive qui est plus petite que la molécule de collagène. Pour cela j'ai simulé plusieurs cas de figures 

où la molécule modèle définie cl-dessus est un segment rigide de longueur moyenne aoooÀ de densité 

électronique moyenne à peu prés égale à celle du collagène naturel. Cette molécule doit être contenue 

dans une seule maille élémentaire sous la forme de cinq fractions, Chaque fraction appartient à une 

molécule intégrale mais qui traverse les mailles avoisinantes. Une molécule doit avoir une extrémité 

qui commence, par exemple à l'origine de la maille et se prolonger par continuité jusque dans la 

cinquième maille au dessus (ou en dessous) en ayant ainsi une direction bien définie par rapport ,aux 

vecteurs élémentaires de la maille unité (a,b et c). Les différents empilements dans ce cas où la 

molécule, pour simplifier le problème, ne peut pas avoir une trajectoire sinueuse, sont obtenus lorsque 

la molécule pointe vers des directions différentes dans la maille unité. Ces différentes directions (voir 

Fig. VII.2 p, 152 et p. 153) ont été définies par Fraser et.al. (1981), par des règles de sélection simples 

introduites dans le chapitre 7, Ces règles de sélection ne doivent en aucun cas définir des orientations 

telles que les translations du cristal amènent un fragment de la molécule à être superposé à un autre 

fragment dans la maille voisine ou bien à une structure où les molécules sont empilées de façon très 

dense dans une seule région de la maille triclinique. De plus, le saut qui est dû au fait que le 

cinquième fragment de la molécule a une longueur de 0.40 seulement et qui donne l'aspect strié aux 

micrographies de microscopie électronique doit être évident dans tous les modèll?S. J'ai enfin simulé 

les clicbés de diffraction de fibres pour trois modèles simples de collagène avec des orientations 

définies avec les règles mentioMées ci-dessus et un modèle où les atomes étaient placés de façon 

aléatoire dans la maille triclinique afin de valider les résultats. J'ai ainsi obtenu des figures de 

diffraction qui ressemblent fortement aux clichés expérimentaux et où l'on peut surtout noter la 

présence des lignes verticales de réflexions d'indices (-l,Otl) et (1,0,1) et autres mais aussi des réflexions 

d'indice 1 ... 75 correspondant à la périodicité de l'hélice de base. Les effale; de désorientation et de taille 

de domaines cristallins ont été simulés et sont en accord avec les clichés expérimentaux. 

E. Conel usions 

En conclusion j'ai effectué un travail de traitement et d'analyse de données 3D pour le collagène 

cristallin du tendon jamais réalisé auparavant. La structul'e du tendon est très originale du fait que 

c'est la seule protéine ct'nnue qui se trouve à l'état très ordonné dans l'organisme vivant. L'importan<:e 

du collagène dans le monde vivant n'est plus à démontrer E't les caractérisations structurales que j'ai 

faites pennettent une meilleur compréhension du mode d'empilement des molécules dans le tendon 

et de leur influence sur les propriétés mécaniques de ce tissu. Une expérience aux très petits angles 

m'a permis de mesurer la taille moyenne longitudinale des cristaux. J/ai aussi montré que la maille 

cristallographique proposée par Kajava est en contradiction avec les résultats évidents des clichés de 

diffraction. Le nouveau modèle est en (ait une structure oCt la maiUe trouvée est probablem.ent une 

maille multiple. Ensuite, avec l'aide d'outils graphiques et de logiciels très puissants j'ai pu collecter 

des facteurs de stntcture pouvant mener à la détermination stnJcturale à basse résolution. Les 
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méthodes d'obtention et les corrections ajout~es à ces facteurs de structure sont celles qui me sont 

apparues les plus adéquates mais d'autres méthodes sont possibles et doivent être mises en euvre 

dans le but de comparer leurs résultats à ceux de ce travail. La méthode de collecte de données a été 

conçue de façon à minimiser les erreurs systématiques soit sur l'intensité intégrée soit sur les indices 

des réflexions. Les ordres méridionaux sont colle<:tés jusqu'à la résolution de sA et constituent les 

données mesurées avec la meilleure précision. Les jeux de réflexions situées sur les lignes verl'''?'es 

d'indices (-tO,l) et (1,0,1) sont aussi déterminés pour le collagène natif et les dérivés avec une bonne 

précision mais les réflexions sur l'équateur sont partiellement voir complètement superposées et la 

précision sur les intensités intégrées est plus faible. Les autres réflexions 3D que j'ai obtenues sont 

déterminées avec moins de précision mais représentent un préalable en vue de la détermination 

structurale 3D du collagène. J'ai ainsi testé la méthode MIR à basse résolution en calculant des carte; 

de Patterson différence entre les dérivés et le collagène natif. Le calcul a été fait avec toutes les 

données obtenues sachant que les données erronées introduisent un bruit de fond global dans les 

synthèses de Fourier. J'ai mis en évidence les différents types de Patterson différences selon quion 

travaille avec les mesures du dérivé Iode ou celle du dérivé Or ou bien avec celles du dérivé PEG. Le 

dérivé Or qui est supposé contenir le plus d'atomes lourds par maille élémentaire montre quelques 

pics susceptibles d'être interprétés comme des pics de Patterson dus à des atomes lourds. Le dérivé 

Iode par contre ne montre pas la même distribution de pics marqués comme le dérivé Or et ceci nous 

amène à penser que la méthode MIR est une bonne approche au problème des phases. 

Finalement j'ai construit un modèle de molécule de collagène contenant trois hélices riches en prolines 

et glycines. Les molécules ainsi construites ont servi d'approximation à la densité électronique réelle 

des molécules de collagène et j'ai pu construire des domaines cristallins ordonnés de maille tridùùque 

comme définie auparavant. Des figures de diffraction de fibres ont été générées et m'ont pemûs 

d'étayer le modèle de l'empilement possible des molécules de collagène en domaines mOllocristallins 

orientés aléatoirement autour de l'axe de la fibre macroscopique. Les modèles obtenus sont en accord 

avec les données obtenues au microscope électronique à savoir les zones périodiques de faible et 

haute densité. Ce modèle m'a aussi pemùs d'avoir un jeu de faéteurs de stnlcture et surtout un jeu 

préliminaire de phases pouvant servir pour les réflexions natives ou bien pour l'obtention directe des 

phases expérimentales pM des méthodes d'aplatissement de solvant. 



A. Collagen in Life. 

Chapterl 

Introduction 

CoUagen is the major protein constituent of all vertebrates; about 25% of the body protein of m.ammaIs 

and many invertebrate species is collagen. It oœurs in a wide variety of forms as fine filaments, 

transparent sheets and thick coarse fibres and in sucb diverse tissues as skin, tendons, cartilage, bane, 

contea and basement membrane. 

Collagen exists to contain, support and interconnect tissues. The special function as a supporting 

framework of the body is largely dependent on the high tetlSile strength of collagen fibres. Collagen 

fulfils this function by means of a unique molecuJar confonnation due ta regular repeating units in its 

amino ac i sequence, the subsequent highly specifie alignment in the extraœUular aggrebation of the 

molecules and finally the formation of covalent cross links to provide the ultimate high tensile 

strength of the fibre. CoUagen is an unusual protein, it is highly ordered, has a rugh tensile strength 

and is virtuaUy inextensible to overcome mechanical problems. It is used as a flexible network to 

contain other tissues, e.g. skin and muscle fascia, as a rope-like materi~ to COMeet one tissue ta 

another in tendons and ligaments, as a rigid structural framework in bone, as a law-friction ball

bearing type surface in the joints and as a liquid transport system of pipes in the circulation of blcod. 

B. Characterisation of Fibrous Forms of Collagen. 

L Biological Char,lcterisltion. 

In higher animals collagen forms a major structural compon,_ nt of connective tissue., includlng tendon, 

bone, cartilage, skin, va.scular tissues, and baselIlent membranes. Within a given organism, several 

genetically distinct types of coUagen are found. These genetie types have been characterised 

biochemically and each kind of tissue 15 found to have a characterlstic composition of collagen genetic 

types (Miller E.}. et.aI., 1982). The most prevalent geneUe typej hereafterdesignated type 1 is found as 

the nearly exclusive collagenous component of ter';;:on and bone, whereas in many other tissues, such 

as skin, vascular tissues, and reticular tissv,::s, type r is fouttd together with a lesser amount ot type ru 
collagen. Type 11 coUagen is the major component of cartilage. The three interstitial collagens 01 type l, 

II and ID forro periodic fibrils and are considered to accur large1y in fibrous ferm in the exttiJcellular 

matrix. Some 18 collagen types have now been reported. Other genetic type5i such as type IV and type 

V coUagens are apparently not found as typical collagen fibrils. Type V 15 thought ta be a m.inor 
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fibrillar component. 

Collagen molecules are composed of three polypeptide chains, so called a-chains, with repeating 

sequences of the form Gly-X-Y along their length, where X and Y are any amine acid residues. In type 

1 collagen there are two distinct kinds of chains œ1(1) and a2(1) , which occur in a rati.o of two to one 

respectively. Bach cxl(I) chain has 1014 residues present as repeating tripeptide sequence of the form 

(Gly-X~Y)n with 16 additional residues at the N-terminus and 25 at the C-tenrunus. a2(I) cbain has a 

simllar but not identical sequence. The dimensions of the three stranded. cx-duins is about 3000 by 15 

A. The conformation of the collagen molecule was determined to be a triple helical from amino acid 

sequence characteriStics and from high-angle X-ray data. The rise per residue in each left-handed 

r--------------.., helical chain is about 2.9 A, and three of these 
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Fig. 1.1 : (Rich and Crick, 1961) DÙlgram showing 
the formation of two collagen models from the 
polyglycine seqlœnce: 
(a)Two strands of polyglydne uJith black dots 
representing vat'Îous atoms and dashed Unes as 
hydrogen bonds. 
(bJTwa chains of the polygtfcine sequence in which 
anly the ca: atmns and hydrogen 00nds are shawn. 

(c)The third chain shown with open drdes lies 
behind the two slwum in (b) to make a coIhzgen-like 
arrangement. The numbers indicate the phasing of 
the residues on the polypeptide chains 
(dJThe third chain i5 added in front of the two in 
(b) giving rise ta li secand collagen-like 
arrangement. 
(e)Solid lines represent the axes around ul/tidr the 
polyglycine chaim are coiIed. This gives a view of 
the possible three dimensionlll c~1ed-coiJ structure 
of the moleeule. 

helices are supercoiled in a rlght-handed manner 

about a central ads ta give the final molecular 

'--____ ld~I ___ f_'I ____ ..... structure. In this conformation each strand has 

approximately three amino adds per tum with an 

axial translation of 2.86 A between residues. TRe three chains in tum are related to each other by an 

axial translation of 2.86 A and an azimuthal rotation of about 108 degrees. This means that each strand 

is supercoiled wi.lh ~ pitch of about 30 residues. Although the large central portions of the collagen 

chains contain glycine as every third residuQ~ the regions at each end oC the chah\ caUed telopeptides, 

do not show this sequence regularlty. The super helical pattern for these telopeptides 15 thus 

forbidden. The bovine cx1(1) chain has 1014 residues with glycine at every third position, but has 16 

residues al the N·terminal end (N-telopeptide) and 25 residues at Us Co·terminal end (C-telopeptide). 

wlthout thls reguJarlty (Fietzek et.al, 1976; Helseth et al. 1979),20% of the others are the imino adds 



proline and hydroxypraliP.e. Calculations on the N~telopeptide amino acid sequence have led to a 

proposed model for this region's secondary structure (Helseth et.at, 1979). 

The biosynthesis (Ramachandran and Reddi i 1976) of collagen is similar to that of other proteins but 

is distinguished by at least two general prominent features: the protein is first synthesised as a 

precursor form in which several important functions are fulfilled, then it is submitted to several post

translational modifications which occur after assembly of the three chains and which are essential for 

sorne of ils structural features. 

2. Conformational Studies of CollagC!Jl-like Molecules. 

Fig. 1.2: Tite Geometry of a coiled,"",il. 

Collagen (Rich & Crick, 1961; Traub 

and Piez, 1971) Î5 orte of the few 

proteins which is fibrous rather than 

globular in bulk rnolecular structure. 

The basic collagert molecule 15 

composed of three distinct 

polypeptide chains, each of which is 

neatly a left-handed thfeefold helix. 

These three helical chains wrap 

around one anolher te fonn a single 

superhelix whose repeat and pItch 

appears to he variable and dependent 

upon the primary sttuctut6 of the 

polypeptide (hains. The three 

polypeptide chains are held together 

by intercltain hydtogen bonds whidt 

are able to come near to one anothet 

bectn15C glycine residues are found in 

every third tèsidue position of each 

of the thtee chain~. Thus the 

repetitive glycine residue sequencing and the mode of intercltain hydrogen bonding are responsible 

for the manner in which the three polypeptide chains fit togethcr to fom the super helix. 

Fig. 1.1 shows how threc left-handed 31·heJical polypeptide chains can he brought together to fotm il 

collagen-Uke trif.lJt }\~lix. The left-handed 31-helix is preferred to éU\y other secondary structure 

because of the high content of the imlno acid residues proline and hydroxyproUne in each of the t.hree 

cl1ains. 
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c. Advances expected with Synchrotron Radiation and Purpose of 
this Work for Fibre Structural Studies 

Crystals with large unit cells represent an important class of structures for which analysis would be 

difficult without the availability of synchrotron radiation (Ealick & Walter, 1993; Fisher & Johnson, 

1993; Logan et.al., 1993; Pflugl et.al., 1993). The naturallow divergence of synchrotron radiation beams 

makes possible the resolution of many orders of diffractioL' for unit cells with lengths greater than 200 

A. Recent representative structures with large unit cells are illustrative of the emerging class of 

megastructures (viruses, DNA fibres etc ... ) that will be almost entirely dependent upon synchrotron 

radlation sources. 

Diffuse scattering that results from correlated motions of atoms within a crystallattice in addition to 

the wealdy diffracting nature of the rnaterial are sorne of the problems encountered in fibre diffraction 

data reduction. The high signal-to--noise ratio resulting from the use of synchrotron radiation can a1so 

be used to observe features in the diffracting patterns that ordinarily are unnoticed or unappreclated 

in classica1 X-rays sources. 

The major problems faced in previous data collection with conventional fibre diffraction studies are 

the simultaneous occurrence of the following obstacles; in the course of this thesis 1 will also give the 

possible solutions developed to overcome these problems: 

1) The crystallographic interpretation of diffraction patterns requires the definition of 

a unique crystal system (unit cell and space group) on the basis of which the observed Bragg 

reflections are indexed. Different systems have aIready been proposed including a recentIy published 

superlattice suggested by Kajava (1991). Chapter 3 introduces a comparison between the triclinie eeU 

with the new proposed model by computer prediction of the Bragg spots on the fibre diffraction 

pattern. The tridinic unit eeU is valldated using peak enhancement methods and image addition. 

2) Close spacing of successive orders in redprocal space in the 1 direction due to the unusual high 

value of the c axis (ct = O.(Xl1SA-1). The solution will be the use of larger sample-dctector distances but 

this will also reduce the resolution of the experiment unless larger area detec.tors are used. 

3) The rotation or fibre axis is not parallel to a reciprocal lattice vector which predudes the use of 

crystal rotating methods. Further, the lack of precision in the measurement of the experimental fibre 

tilt relative to the direct beam makes it difficult the correct indexing of Bragg spots. 

4) The extent of broadentng of the spots due ta finlte crystal size is not defined for every reflection. 

thus intensity integration bas ta be carried care.fully by manuaJ setting of the correct integrating area 

over each pea.k region. 

5) The presence of intense background over the films simultaneously with high diffuse scattering 

princtpally on the equator and helix layer lines. This problem will be overeome by using multiple mm 

packs and working out the data on bottom films where strong peaks are present but background and 

diffuse scattering have been absorbed by top films. 

6) The spots arc due tOi disorientation of the crystalline domains prindpally in the Z direction. This 



arcing is position dependent in film space due to the curvature of the Ewald sphere and is not yet 

correctly predicted by computer simulation. A Lorentz Factor has also to be applied to the integrated 

llltmsities in arder to correct for the spread out of reflections in the reciprocal space that is propet to 

fibre diffraction experiments. 

7) High dynamic range between meridional and off meridional Bragg reflections makes it necessary to 

use film packs to record intensities of different magnitudes. This is especially the case for data on the 

two principal axis, e.g. meridlan and equator whel'Wipots are intense. Chapter 515 devoted for the use 

of fast digital image processing to allow for a reliable reorientation of different films and interactive 

peak. integration. Peak saturation was always checked before the int-egration was carried.. 

The main purpose of this study was to gather quantitative data suitable for structural 

characterisation of collagen packing and structure in tendon fibres. The MIR method will be assessed 

because it is a widely used method that has often yielded good results in convèntional protein 

crystallography. We expect that this method will provide the means to understand the pacldng 

problem in collagen crystals, at least at a low·resolution level. The pha.'Ùng probJem being the most 

difficult to solve since no other methods are available. Moreover, diffraction patterns obtained with 

heavy atoms added collagen fibres have heen obtained and show discenùble intensity changes in the 

diffracted spots. Hence, after an introduction to the general methods used in fibre X-ray 

crystallography, part of this work will deal with the mean crystal size determination in the direction 

along the fibre. Then, the one dimensional periodicity in tendon collagen being obvious from the 

observation of the meridional medium angle scattering, the tendon will be considered. to be oi 3-D 

crystalline quality and all the subsequent work will assume the packing on the basis of a tricl1nic 

crystal system defined elsewhere. 
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Chapter2 

Structural Studies of Collagen Fibres 

A. Application of X .. rays to Collagenous Structures. 

1. Diffraction by Fibres. 

Many naturally occurring biological materials are of fibrous nature. X-ray diffraction patterns 

hom such materlals are usually obtained by pladng the fibres at rlght angles to the X-ray beam. ln the 

diffraction pattern, the direction parallel to the fibre axis and through the centre of a fibre diffraction 

pattern is referred to as the meridiall, and the direction perpendicular tc> b.\is is called the equator. 

Fibres are usually composed of long, chain·like molecules, packed together with their axes parallel, or 

nearly parallel, to the fibre axis. Usually, in fibres, molecules are regularly arranged 50 as to form 

crystalline regions, but the different regions within il fibre are randomly orlented. about the fibre axis. 

The diffraction patterns from such fibres are similar to single crystal rotation photographs. 

Depending on the degree of order, varions kinds of diffraction characteristic are observed. 

If molecules are randomly displaced relative to each other in the direction of the fibre axis, d1screte 

spots are only observed along the equator, and the higher layer lines have a continuous disb:ibution of 

intensity along them. Whereas, random displacement by a fixed amount can give rise to discrele spots 

on some layer lines and a continuous streak of intensity along others. Thus, a random displaœment 

by hall the repeat period ruong the fibre axis will produce spots on the even numbered layer lines and 

streaks on the odd ones <Wilson, 1966). 

Screw disorder, which is a combination of rotational. and translational disorder, is conunon with 

helical molecules. This produces diffraction patterns with discrete spots in the central region but 

continuou5 streaks elsewhere along the layer lines. Disc.rete spots along the merldian indicate 

periodicities alor.g the fibre axis. 

border ta obtain information about the regions of the transform near the ongins of the higher layer 

planes il is necessary to tilt the fibre through half the scatterlng angle for that region. The diIf:raction 

along the equator of the pattern gives information about the structure in projection down the fibre 

axis, and even if the rest of the diffraction pattern is rather diffuse, discrete spots along the equatol' 

will indicate the laiera! distance between molecules. 
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2. Experimental Set-up for Fibre X-ra y Studies. 

Fibre diffraction experiments, in contrast to other protein crystallographic studies, require specifie 

specimen preparation. Both native and reconstituted from purified collagen fibres can be examined by 

X-ray diffraction. A specimen of dimensions approximately O.5xO.5x5mm is convenient ta work with 

in that it can he easily held and stretched, but considetably sumUer pieces can be used successfully. A 

suitable tissue can be dissected from various sources, clamped in an enclosed specimen cell with 
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Fig. 11.1: (after Vibert, 1987). A discofltinuL'us lIelix (c) ts the product of a 
contiml.Dus lIeUx (a) and a set of planes of spactng p (b). Ils transfarm if) îs 
therefore the convolutIon of the transforms (d) 01141 (e) oltlaitted from (a) and ('ltl 
respectively. (g) and (l) I7lllstrate t!tJ,!Sl! eJJects l1y optû:al diffraction; (m) ami (n) 
show the effect of illcreasing the size of the scatlerittg unit; m and e desigMte 
meridional and equotorial axis respective1y. 

Mylar windows, and stretched to improve orientation. The l-ipedmen tan he continuously l'Ilaintained 

in hydrated state by keeping it in contact with water vapour or buffer solution. The general 

configuration of an X-Ray diffraction experiment suitable for use with catU1ectÎve tissues is shawn in 

fig.ll.2: 
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•••.•. Fibre Axis 

Fig. II.2:Fibre X-ray diffraction patterns are generally obtained by putting the 
sample at a near perpendicular direction to the incoming beam. When higher 
meridional orders are needed the fibre is Wted by an angle Il . 

Nowadays, synchrotron radiation lAboratori~ .ill have dedicated experimental instrumentation fol' 

fibre diffraction experiments (Nave el .. l., 1985). 

B. X·Ray Stru(,~dra1 Studies 

1. Unit Cell and Reciprocal Lattice Geomelry 

Before any X-Tay structuralstudy can be started the overall geometric fcatures in the structure need to 

be defined. Previons electron microscopie studics (Hulmes et.al., 1981) have already demon.~traled tbe 

existence al microfibrUar domains in the tendon. These demains comprise regulady groupe<! coUa.gen 

molecules ( 2OQ..300 nm) in diameter and rnight be compared to the crystallble domains in a powder. 

Azimuthal disorlentation 15 randoID and take all possible values between [O,21t] and thus fibres are 

"powdcrs" with one dimensional distribution of crystalline domains. Crystalllne domains ln tendon 

also may have polar disorlentation but this has been shown tu 'he of lU or 2° in absolute D\llgnitu..te 

(Fraser d,al., 1976). 

pa.ge: 29 



azlmuthal 
dlsorientation 

:;::>: 

, 
1 , 

1 
1 , , 

1 1 
1 1 . , 
t 

J~polar tilt 
: : ±1° 

regular lattlce 
domain 

Fig. II. 3: Collagen in tendon i5 composed of 
regular crystalline domai'IS of aligned molec:ules. 
These domains have both azim.uthal 
disorientatioll about the vertical axis and polar 
tilt of -1· . 
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The interpretation of fibre diffraction pattems requires, 

in addition to the reciprocal cell parameters 

a"',b"',c*,Œ*,P'" and "f', the definition of MO Euler angles 

for each reciprocal unit celt vectol. Thus the unit cellis 

described in terms of eight parametets in the redprocal 

spherical polar coordinates (Fraser et.aI., 1981) where 

the Z axis is paraDel to the fibre axis. For convenience, 

the plane containing the a"·axis is taken as the origin 

for azimuthal angles <P 50 that 'Pa-=O. The eight 

parameters needed to define the reciprocal cell and its 

orientation with respect to the fibre axis are then 

a·,b",e·, Sa·, tlb"', 0c*,"'b"', <Pc"'. 

The reciprocal interaxial angles of the UIÙt cell are then 

calcu1ated using: 

• 
cos~ =cos9a- cos9ct+ sin9a• sinGe· cosQ.lc· 

(b) 

Fig. Il.4: Redprocallattfce unit œIl (Z axis not to scn1e) sJwwillg the dtifinitian. .. 0/ 
the unit aU paTmneters Ilnd relative angks ta tlle fibre (lm reftrted by (fmser et.al., 
1983). 

For a refleclion with Miller indices h.kll. due to cyUndrical synunetry of the fibre we obtain the 

diffraction geometry shown in figure 115. The düfraction gE!Omeb'y assumes a well otiented fibre e.g. 

fIbre axis vertical and perpendicular to the X-ray beam 50 that the wt1què information 15 obtained 
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from one quadrant of the film. But, the fibre is conventionally tilted to the X-ray beam to extend the 

meridional resolution limit 50 the four-quadrant symmetry is lost. 

X-Rays •• 
~~~-----~.~.~~----.. ~~--~~ 

--

fig. Il.5 : Diffraction geometry for a fibre in reciprocal space. Due to the cylindrica1 
symmetry, each rej1ection with Miller indices (h,k,l) intercepts the Ewald sphere at 
two symmetric points reùztive to the fibre axis. 

2. Fibre Diffraction Equitions. 

Intensity data obtained from a specimen with fibre-type orientation can be conveniently summarised 

in terms of specimen intensity transform Is, where 0 is a redprocal latlice vector (Fig. 11.6). The 

transform has a cylindrical symmetry and convenient measure of its valuei for a particu1ar value of D, 

is the scattered întensity per structural repeating unit, corrected for specimen absorptio~ relati\re to 

the scattered intensity from a single electron al S. 

z'* z* 

Z* 

X* 

V· 

fig. Il.6 

In the conventional arrangement for collecting fibre diffraction data, the specimen is irradiated with 

X-rays by a collimated beam of monochromatic radiation passing along xS (rig. n.6) and the stattered 

pilge: II 



intensity ls measured fC\:.' a range of values of the angles Il and X which are related ta the reciprocal

space co-ordinates as follows: 

D= -J 2(1 ~cos flcOS X) 

À. 
z=[sin P(1-cos J.lcos X)+cos psin X] 

R::; V Jil-Z2 
. sin f.1s~X sm \jf=:----

Â.R 
cosa-~ 

Â. 

where IHs the inclination of the fibre axis ta the normal ta the incident X-ray beam. 

The positions of the reflections on a fiat film recording camera are related to Il and X by the equations: 

where r is the specimen-film distance. 

taJ1l.l= ~ 
tanX- v 

1r2+u2 

3. The Electron Density Equations 

The most useful mean of investigation for collagen molecular structure and packing 1s fibre X-rar 
diffraction where the patterns can allow determination of the thtee dimensional packi.ng of moleaalesr 

the lateral arrangement of neighbouring moJecules and the determination of the unit-cell parameters. 

The aim of every structural analysis by the diffraction technique is to obtain an image of the stlUcture 

br Fourier transform with the stlUcture fador moduU as coelficients. 

Thus scattering of X-ray by an atorn is described by the atomic scattering factor 

f (s)=l P ci) exp21t i r.S dv 

~~ 

where the eJectron dl.'t'.sity distribulion of an atom is obtained From wave meehanics. 
The scatterlng of X-rays by a molec111e in mm 1$ desaibed in terms of the rnolecular ttansfottn 

Nat/mJ 
O(8) = L f j exp2n i ts 

):4 
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The diffraction pattern is the Fourier transform of the structure and vice versa the structure 15 the 

Fourier transforrn of the diffraction pattern. 

N 

F(S)= L fj exp(21tiÏ.S) 
} =1 

= f P (r) exp(2xifS)dv 

v",n 

-where S is used to denote the position in the diffraction space. 

It can be shawn that: 

p(r)=l P(S) exp(-21t ir S) dv 5 

V dffspac:. 

--The integration can be replaced by a summation sinee F(S) is not continuo us and is non*zero at the 

reciproca11attice points. Hence 

"" ... DO 

p (x,y,z )=~ I, L L F(h1d) e~'P·21ti(hx+ky+lz) 
h= ...... k= ..... J=-"" 

.... ±.,., ±oa ± .... 

P abs(x,y,z) = F~) + ~ L L L F(hkl) exp-2ni(bx+ky+lz) 
h;tO kWlO l~ 

The electron density Pabs (x,y,z) represents the absoillte electron density and thus, the structure of the .... 
crystal. Since F(O) is difficult to measure because of parasitic scatter around the inddent beam. one 

takes only the relative scatterlng density level, p(x,y,z) in the structure 

±oa ±.,.. ± .... 
p (x,y,z) = t L L L IF(hkl)1 exp [i a(hld)] exp .. 21ti (hx+ky+lz) 

h;tO k'110 1~ 

Such a Fourier synthesis has three potential sources of error: (1) errars in the phases cx.(h,k,l), (2) enors 

in the structure factor amplitude F(h,k,l), and (3) series lemûnation errors also called resolution Umit. 

Resolution errors tan be parttcularly acute in low angle scattering studles, In whlch only a few 

reflections are recorded. Inclusion ot a finite rather tharl an infinite number of reflections in crystal 

structure equation cause the Fourier transform to he abruptly truncated and the resulting series suifer 

from smearing in real space of the density profile. Therefore one method used ta correct for 

termination error iS to multiply the structure factors by an artificlal tentperature (actor (Franklin et 

Gossling, 1953; Warren, 1969) 
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where Ô is a constant. The temperature factor, given by the exponential term in the equation above 

causes the Pourier transfOl'm to faU gradually to a desired value at the limiting resolution, and thereby 

avoids the abrupt cutoff in the transform but the uncertainty of this method is the lack of objective 

way to assign a value to the constant ô. 

Unlike the high resolution studies with globular pro teins where detailed structure analysis is attained 

by increasing the tintit of the resolution sphere ta include aU the diffracted intensity, fibre diffraction 

patterns can provide reflection data which do not contain aU the required Bragg reflections in a given 

resolution limit. That 15, the resolution in classical protein crystaUography i5 improved by including 

the experimental data contained in successive resoJution shells around the reciprocal space origin 

whereas the structure factors obtained with fibre diffraction patterns will always lack of 

experimentally determined reflections due to peak overlap and other limiting conditions. The 

incompleteness of diffraction data obtaïned with fibre patterns, where peak ovedap takes place, will 

be shown tater. 

Hence, we might calcutate Fourier maps using an incomplete data set obtained from fibre diffraction 

patterns but the calculated maps do not necessary have a full 3D significance. The resolution concept 

also will not be defined exactly as in the classical protein crystallography. A special case of Fourier 

calculation is obtaïned for example when reflection data have indices related to specia11attice planes. 

The calculated maps are then defined as a projection of the structure on that special plane. For 

instance, the projection of a crystal structure down a crystaUographic axis (c, say) i5 given by 

p (X,y)=l p (x,y,z)dz 

such a projection t5 given by the transform: 

P (X,y)=± L L F(h,k,O)exp-2ni(hx+lcy) 
h=- k=--

where A is the area of the xy projection. This means that the projection of a structure may be 

determined from the corresponding zero level of the diffraction pattern. 

4. The Plwe problem. 

ln protein crystatlography there are four widely used techniques fot ove:rcoming the phase problem: 

1) The Patterson summatton 2) Duect methods 3)The heavy atom isomorphous replacement method in 

whlch a heavy atl"m ls introduced into a Ught atant structure and is used as a marker 4)Anomalous 

scatterlng in which phase information is obtainéd from the scattetlng of an atom whose natura! 

absorption frequency is close to the frequency of the incident radiation. 

page: 34 



il) Isomorphous replacement. 

The isomorphous replacement method was developed for pro teins by Perutz and colleagues in the 

19505. It has provided the breakthrough in the phase ptoblem which allowed the structures of 

myoglobin and haemoglobin to be solved (for a complete review see the original work of Kendrew ét. 

al. , 1960; Perutz ei. al. , 1960, a complete reference for the papers is given in Blundel and Johnson). The 

technique involves producing a derivative crystal by soaking into a protein crystal a solution of â 

compound containing a heavy atom and coUecting a set of diffraction data from that crystal. If the 

heavy atom has bound ta the protein at' a site or sites without aflectmg the protein structure itselff 

there will be differences in the intensities of the X-tay reflectîons which contain înformation about the 

phases. The positions of the heavy atoms can usually be calculated using a Patterson iunction whose 

coefficients are related to the intensity differences between the native and derivative data. Then, the 

knowledge of the heavy atoms positions can be combined to calculate the phases for the native 

protein data. ... 
ln order to calculate the electron densHy one nceds to know F(hkl), that is one needs ta know bath 

the amplitude P(hkl} and the phase a(hkl) of the structure factor. This is emphasised by rewriting the 

electron density equation as 

p (x,y,z )=~ L L L F(hkl) expia(hkl) exp-21ti(bx+ky+I1.) 
h=-oo kc.<>Q 1=-00 

The problem of phase determination is thus the ultimate problem in any crystal structure 

determination. 

The Patterson function is a convolution function which may always be calculated from a set of 

diffraction data. Il is defined as 

peu, v, w)=l p (xyz) p (x+u,y+v,z+w)dv 
Vol.Ceu 

The value of the function at a particular point û(u,v,w) is calculated from the product of the two 

values of the electron density at positions X andX+u summed over ail the tuut eeU. 

Writing 

p (x)=~ L P(h) exp-21tlh.i 
h-

p a +ü)=t L FOl} exp-2n:ih'. (x+U) 
h'-

then 
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The Integration is equal to zero unless h=-h' when it is equal to V 

..... 1 ~ -2 ihi-
P(U)=V~ Fh exp-2n .U 

h 

Heavy atoID derivatives of a macromoJecuJar crystal can be prepared whkh for a minimum of two 

derivatives (and the native crystal) and in the absence of errors, leads to a unique determination of the 

phase a(h,k,l). This requires the site and occupancy of heavy atom to be known for the calculation of ....... 
the vector F(S). In the absence ot any starting phase information the heavy atom is located using an 

isomorphous difference Patterson synthesis P(u,v,w) where the isomorphous difference is given by 

and the Patterson function is given by 

P(UVW)=~L àrso(hkl) cos[21t(hu+kv+lw)] 
hkl 

The largest non-ongin peales on the Patterson map should be due to the heavy atom vectors provided 

the derivative protein crystal is isomorphous with the unmodified or native protein crystal. 

Unfortunately, experimental difficulties such as non-isomorphism; weak substitution by the heavy 

atom, crystal variations, etc. often mean that two heavy atom derivatives are not 5ufficient to 

determine the phases weIl enough to define the image. Thus, thtee, four or five heavy atom 

derivatives are usually incorporated in the calculation of the phases. 

5. Systemltic: Corrections for Deterntining Structure Factor Amplitudes with Fibres. 

ln addition to statistical errors that limit the predsion of the observed diffraction, several sources of 

systematic error hinder experimental recording of the integrated intensity of a reflection. Examples 

are absorption, extinction, polarisation, simultaneous reflections, dlsorder, chtomatic and geometrica1 

aberrations, background, and the Lorentz factor (Arndt etal., 1966) 

a) Absorprum 

The intensity 1 of a beam passing through a crystal of thickness t 15 givcn·.Jy J=IO exp(-fJ.t) whereIo 15 

the intensity of the incident beam and J.I. 15 the linear absorption coefficient (Umts an"l ), The path of 

the beiUll through the sarnple 15 depandant on the scattering angle 29. At hJghet scattering angles the 

path length incrcases, and the scattered radiation is exponentiaUy reduced. The:se absorption effects 

can he significant in X-ray diffraction and are due prlndpally ta the photoolectrlc affect. 

As the crystal thickness increases, the absorption 01 X .. rays will cUminlsh tM amount of radiation 

transmitted through the crystal. At the same lime the întensity of a radiation in a diffraction spot 

increases as the volume of the crystal in~rea..'I,E!s. ln kJW .. angle diffraction the scattering angles are small 

enough that absorption corrections can usually be neglec:ted. Por protein crystallography with 

geometrical1y regular shaped crystals these corrections are also neglected due to isotropie dutrlbution 
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of reflections in reciprocal space. However it 15 not ooly the absolute magnitude of the absorption 

correction which is important, but also its relative variatlon from reflectlon to reflection in particular 

Fibre Axis 

X-rays ., ..... 
,"",---u.-. equatorial 

Axis 

Fig. II.7 : The pat/lof endl rejlcction it. a fibre sarttplt is dependent otl the scattenng direcHon and on 
the tilt of the fibre relative to tlte X-rays. Diffracted rnys r1,r2 atrd r3 represent mmdionlll rèjlections 
whereas r4 is a non meridianal reflection. One ClItt ste tlult higlt resolution meridiofUll peaks rruzy 

. encounter more or lcss specimen ab$Orptiorl {r3 .r2 .rV. This Absorpticm correction hawever WQ$ 

dropped because tlte ",eridional reflections are split itrlo two symmdric reflections al higlt J Î1uJlceS. 

geometry of crystals (rod shaped or disk shaped crystals). The geometry of tendon fibre is sucl\ that 

the corrections to be applied to the structure factors cannot be dropped without prior examination. 

Figure II.7 shows the paths of different diffrac:ted rays throughout a tendon fibre. If the fibre is tllted 

to the X-rays, then two equlvalent reflections e.g. (h,k,1) and (-h,·k, .. l), do not have the same path in the 

sample. However, reflections belonging ta the sarne layer Une have paths which are Equivalent. Figure 

n.9 shows a medium angle native diffraction pattern obtained with il fibre titted by 4.20 and the 

absorption effects that are obvious ail mcrldional ref1ections. 

'I1le corrections lor fibre absorption requires ln addition. that the prlmary beam intenslty is measured. 

Since we have not measured the direct beam intensity it 15 not possible to correct for the fibre 

absorption. Moreover these corrections are only Important for meridional rdledions as shawn in the 
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figures above but meridional reflections are a1so split into mo symmetric reflections with increasing 1 

50 that we can neglect this correction for high ) reflections. 

Fig. 11.8 : Oeft) The geometry of Il fibre is sudl tlzllt the absorption 
effects in the X-ray diffractio1f patterns are important only on the 
meridio11.Jll axis. Parailel ta tJzat, the meridional reflecticms are aIso 
split i11tO two symmetric off meridiotutl componellts. Consequently 
tire absorption correction is not necessary for meridional collagen 
fibre diffraction dilta . 

FIg. lI.9: TIte aboUt' t1.VO figures slurUJ a section in the riieridlCmllllower 
part of tJze X-ray film where absorption is the mast strikmg. A 
proJecttcm DIong the r;ertic.al dirl.'düm sJzotCS an twt.'1'age diff~rence in 
the recorded opticaltumsity (1:1.25) whidl is not negligible. 

b) Simultaneous œfiections 

5irnultaneous reflectlOn5 are observed wilh rotating crystal method when two or mo:re rellectiofl.s are 

superimposed or verY close on the fihn and lhus their proper indexi.n.g is not precise. The intensities 

page: 38 



then measured at the predicted position are the sum of the individual peales. 

Unless profUe fitting procedures are applied to the area where overlapping peaks occur, there is no 

mean to assodate an integrated intenslty with each predicted Bragg reflection. However, this is 

usually not a major problem in U\e crystal rotating method since the rotation axis can arhitrary be set 

around any redprocal cell direction and thus avoid overlap. Ta explain how fibre diffraètion patterns 

are obtained 1 show in the figures below a set of predicted patterns calcu1ated for different sections in 

the reciprocal spacc. 

• 1 · . 1 • 

· . • • · 

· . 
• 1 · , · . · . · . · · , • 
• 1 
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• · • .. 

1 .. · .. · • • · .. .1 · · · · . .. 
• •• . . 
•• .. . 
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.. , .. 

; 
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Fig.I1.10 : Ir' arder to understand the medium angle X·ray fibré diffraction patlun! 
obtairttd with rat tail tttUlOll 1 have calculllted in this figm'e lIIlW in the next thra 
ones the predicted Bragg positions in tilt ftlm spDCf. The pattmt slrown here is for 
the sections of the reciprocal space will, indices (h~O,I) and (-h,O,I), h ::3,' $75. ". 
designates the meridional axis and t the equatoril21lUis. Ouly one quarter of the x
ray pattent is s1UJWt1!ar clarity. The vertical distance betwun ttoo°predided SJKJls is 
proportiattal ta l/678A. The merldiortal refltcti07t$ art nlore spliccd with iftcreasing 
1. Then nt Il value of Ilfd 50, tlte mmd/onal refiea/on art no "lore rmmûd becausc. 
the circ/cs in redprocal space da not interctpf the Ewald spllat (compare to blind 
lOTteS in crystal rotation methods). If tl'B unit Cl!ll tlhlS tetragolUlI Inad the l'lUis tUaS 
paraUe! ta the fibre (lxis tllen a.H reJltdlottS will be supt.f'lmpased and trrt angle 
betiQeen the vertical row-tlnes w"lll he O. This figure /llsa sltows tllAt t~e nMT 

equatorifll reflcctions with l~ Cire overlapptd. 
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Fig, 11.12: This pattert/ is the sum of the Iwo preuiously calculated 1Xlttèrns 
obtained by simple ittU2ge addition. 

Fig. n.l3 shows a predicted pattern in 61m spacclot Il native collagen fibre. rOte piitrem 1s ëAlculated 

for a O' fibre tilt and oruy one quadrant of the pattern):: shtiwn. The ovetlap of ma.ny Btagg ref1edions 

fs prominent in the cquatorllll region but row littes of (h,k) values are split-with ittcreasing 1. 
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Fig. 11,13 : T'hf complete predicted pattent for col1Jlgen crystallitle .fibYeJ~; 
overlap of mt.Iny Bragg refIections. The sitnulation was carrltd r the redprocal 
space region difined by h=(4,4J, k=(4,4) and 1=(0.75). It is obtlll d for a OOfibre 
tilt ta the X-ray bea", but ether values for the tilt (whièh mi lt r.esolve some 
overIapped pc.d:sJ art also possible. The horizontal arroul, in the re81 1 Q"mund 1,.75, 
indicotes the approximaIt position of the (m=O, n=--1) helix layer linl!. 
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From these patterns, il is obvLous that tow lUlgle orders on the equator ar~! difficult to obtatn and~ 

consequentlyt oruy those Bragg reflections of the pattern where littIe overlap occurs might produce 

expUdt lntegrated intensUles, The Fourier transform will thus suifer Irom summation erroI'$ due the 

lack of these data, Consequently, we can not handJe these missing data as tenninatlcn series errars 



but as a resolution hole in the Fourier series. 

The fust row Unes in the 1/39Â region have indices (-l,O,D and (1,0,1), and, for low 1 value, these are 

the Fourier terms in the electron density map corresponding to planes paralle1 to the i.t plane of the 

direct unit cell. At low resolution these orders are important to identify the lateral arrangement of 

collagen molecules since for example (.1,0,1) and (1,0,1) are perpendicu1ar to diHerent retirular planes 

in the crystal. Another specific problem to the fibre diffraction data analysis is also shown in figure 

D.13 where successive 1 orders on a row line are Imprecise, e.g. (h,k,l-l), Ch/kIl) and (h/k,l+l) might he 

inaccurate due to their neighbouring. The fibre tilt relative to Ule X-ray beam is the major factor 

affecting titis correct indexing. 

cl Back~Qund Removal 

AlI patterns obtained with tendon samples usually contain a considerable amount of continuo us 

bnckground intensity. This background is remarkably high when synchrotron radiation is used and it 

bas different origins within the sample. The understanding of these origins is not easy and requires 

specifie work (computer simulation, 10w temperature crystallography, mîcrofocused X-ray beam 

etc ... ). However the Bragg reflections obtained in native and derlvative crystalline collagen me 

surrounded by this background sueh that peak integration bas to he carried carefully. This problem is 

usually overcome for non-fibrous pro teins studies by integrating the total diffracted intensity and 

subtracting the value of the background estimated in the vidnity of the peaks. The process is usually 

performed automatically in monocrystalline proteins since the positions and shapes of the Bragg 

peaks are easily predictable. However, the spots in collagen fibre diffraction are too close for the 

background to he estimated &om each peak neighbourhood. 

When tilted, fibre diffraction patterns also show a difference in the distribution of continuous 

background between the upper and the lower part of the pattern. This was already shown in figure 

n.7 where the path of the diffracted rays is shorter in the upper part of the fibre. 

Figure rr.4 shows a comparison of the iodine labelled collagen pattern bclore and alter background 

subtraction. The digital filler applied for background subbaction 15 il standard method to hnprove 

image quallty and will he explained in il separate chapter on image analysls. 1 thus demonstrate with 

this example that the background subtraction 15 il dedsive tecluûque for improving the quality and 

the understanding of fibre diffraction patterns but is not necessary if the method is inaccurate since il 

can re010ve part of the peak intensity. 1 have dcveloped and tested different techniques to subtract 

backgl'ound trom fibre patterns by applying the method suggested in the paper of Millane (Millane 

et.al., 1985) and a method where the background was mode1led br a polynomial functhm. The 

polynomial functions have taken the coefficients estimated. in the film regîons where there were no 

Bragg reflection. ... 
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Fig. II.14 : A simple background ~;ubtractia1! metlrod described the text lVas applied ta lodine patterns wltere l 
ft1'st show one Iwl[ of tlte pattent in the upper part und then same pattenl after background subtraction in the 
Lower part. We tltus abiain a more comprehellsive diffraction pattern tltat shows discenlible penles but tlle 

rnl'll:.'d Illlr(lJlkt'" .l,/(fJd" mallral/Ii .lI! tlU' equûttJr and tle,," !it"(~IlS peak.- 1 rt.1t·e u.:.ed thls rnt,thod 
l'SPI'tïJUI/Ic' 't":'t'al litt' "rf"!''Iœ ,lI fll..;fl 'Tllt'/~lt1J JI~Lrt'tl' reflt'ltlt'rt~ 111 the' rœar·I!t]lwt.'rwl ,md hl!ll1 lJ1lt'"T· 
f/lu' 't':<,'I<"I' buf IIU' 1Iftt',>.>T,llh'/1 ,11 flra.\:\ ~pl't, ,m~ J(l'U' Cl'rtlr.l k1!.al bark~1l1u,tJ LL"""''t tl,lrt 



d) PolarisatiQn and Lorentz F@ctor 

Protein crystallographic studies often require that a monocrystal be rotated with respect to the 

.incident beam in order to record several separate reflections. Another advantage 01 crystal rotation is 

aIso the rapid recording of integrated intensities belore calculating structure factor amplitudes. 

The integrated intensity is usually written 

IintH)= K L(ÎÎ) P(H) 1 F(ii) 12 

where P is a polarisation factor and L is the Lorentz geometric correction factor. In D\onocrystaJ 

rotation experiment, this factor, which depends on the dUfraction geometry is introduced to correct 

for the fact that different reflections are spending different amounts of time in the Ewald sphere to 

satisfy the Bragg law. Now fibre diffraction is equivalent to rotating crystal geometry in thal 

monocrystalline domains are grouped in parallel bundles having tandom orientations about their 

long axes. The reciprocallattice points are spread out into cirdes (figure n.15) with radii proportional 

to the distance R between the fibre axis and the intersection of the reflection with the Ewald sphere. 

For a given number of crystalline domains in the fibre, a greater fraction of the intensity 15 recorded 

for a reflection at smaller radius than at larger radius. Consequently, a Lorentz correction factor has 

aIso to be applied to the integrated intensity before the structure factor is calculated. 

The Lorentz factor is thus the term that corrects for the tact that not all the diifracted rays from 

different reflections in l. fibre diffraction experiment have the same opporturûty of being recordèd. hl 
crystal rotating method. like in fibre diffraction method, the rate of rotation of a lattice poinlbelonging 

to a layer Une is again inversely proportional to the reciprocal spaca dist~c:e R betw~ the- rotation 

axis in reciprocal space and the point of intersection with the Ewald sphêre. The Lorentz lactor ID this 

case will he written 

the relation between the intensity and the structure factor then becom.e$ 

1 F(H) 12 = L·l Itnl{ii)::: R ]int{Ü) 

where Iint(Û) i.s the integrated, background subtracted rum intensity of rellèctlonH= (~k;l). 
This factor Îs usual1y not defmed for meridional refIectionsbecause a • 0 and iS often ttegl«tédid 

smal1 angle scattering experiments on one dime.nsional crystàls for the foUowing reasoll$~ 

1) meddional reflections always lntersect thé Ewald sphere at lOWaï\glè 

2) the correction for Lorentz factor is of the same Jl\agnttude àr\d tan he 
replaced by a proportionality factor 

3) one dimensional Fourier summation is carrlëd for $trocture tactol'$ 
measured in arbitrary units 



X' 

a) b) 

Fig. 11.15: a) single crystal rotation method, where crystal is totated at a constant 
anguI«r velodty ru reqUÎTes a Lor~tz factor propOrlioMI to ID to correct far 
integrated intensifies. For CO constant; L is proportionlll to R b) Meridicmal 
(exaggerated) and non-meridional rejlections in Ci fibre 1wve reeiprocallatticepoints 
distributed on drcles due to cylindriClll distribution of orientation. Ûlch teciproad 
latHee point intercqlts the sphere of Ewald in two IDéation pl; p2 which are 
symmetrlc for a vertic Jly aligrted fibre. The Lorentz correction îs L-R by use of 
QMlogy to a). If disor entation is present, redprocallatHee points are spread into 
circles ol.finite tllickn S5 dz. 

However, with crystalline col' agen fibres, the Lorentz factor becomes an important det:ai1 ror the 

following reasons: 

a) Presence of Bragg scattering out of the meridional region. 

b) Crystalline domains usuaUy exhlbit additional disorientation about the fibre axis· and prôduce 

important arcing of the diffraction spots. The extent of disorientation causes the meridional refledioIlS 

to be extended off the merlc.tian. Therefore, addltional geometric correction is required ta cakulate tbe 

structure factors from the observed integrated intensities. 

Other factors like divergence of the beam, lateral size of the coherent scattering dQmams aiso 

, influence the observed integrated intensity. 

tonsidering aU of these effects and fat the purpose of this study the Lorentz carrèCtian will be 

e~anûned in details to allow for the spec:üic Ieature; of 5Catteting by ftbres. 

F.~m the general relation givan above , we noW can detive a special Lorentz çorre<:tion 

wlûch is correct for a reflection of regularly defined shape located on il position on the filin definédby 

1/R. We now need to correct for the faet tha.t the ~~fiectkll\ ~ht ~ sprèad in the R dkectiQl\ and 
introduce thus the variation in the R direc:t1onby su.nunin$-ovet s~ Variations ln, that dirèttlon. 

Lorentz com..'>Ction can thus he appUed undër the EOrln or an mtegral of the form 

1 mi)J2 "J 1 (â) ft dR 



Now if the reflections are spread in the Z direction, we can also SUIn the total contribution by 

integrating values with small variations over Z axis, yielding 

IMI2 =2V~ JI I(ii)RdRdZ 

where Vr is the volume of the reciproca1 unit cell and 2Tr./Vr is introduced for normalisation. 

C. MIR Method as Approach for X-ray Diffraction Investigations 
into Collagen Structure and Packing. 

Sînce MIR methods have been the most successful procedures lo solve the phase problem, one may 

expect that this will aIso enable the phasing of the data extracted from X-ray fibre diffraction patterns. 

L Native Collagen 

The native collagen diffraction pattern is shown in figure ll.16 where l have added background 

subtracted films together. The background subtraction procedure introduced sorne artefacts on the 

equator (figure II.16) but our ~··rml was to display the weakest intensities on a1J of the lOW-lines. The 

reflections on the helix layet lines are aIso obvious but one can clearly see some weak intensities on 

the other row-lines. The single reflections have been collected using a method described below. 

2. Isomorphous Derintives of the CrysWline Collagen 

High angle X-rar diffraction data for isomorphous derivatives ior type 1 coUagen have been obtained 

al the crystaUographic beanùine in Daresbury br Ors Wess T & t. The data set contains films for gold, 

platinum, iodine and phosphotungstic acid labelled collagen. X-ray diffraction patterns for PEG 

added collagen have also been recorded. The use of electron micrascopy stains such as 

phosphotungstic acid and othet heavy atom reagents llke uranyl acetate is justifled by the large 

number of labelling sites and the efficient y of these heavy atoms to label collagen molecules. 

However, these stains are better Rot used in phase determination studies due to the possibly high 

number of labelling sites, the low site occupancy as weil as possible disruption of structure leading to 

a lack of isomorplûsm. 

The use of iodine labelJed coUagen on the othet band is convelÛent because the position of thls heavy 
atom is supposed ta label the end of the molecule. This assumptior\ is jU$Ufied. ftom the. aminoacld 

sequence knowledge where tyrosine 15 the only residue With high affuùty ta iodine andblucated at 

the N·termini of the Il:\olecule (Miller & Wess, pnvate communication). The ather h~ayYat6m 

derivatives in tum may cause additioMl difficulties in thë Pl.tœt'$Q1l "ilp itllerptetationdue ta the 

possibly high number (If heavy atoms in the unit celL ft is obVious trult; whilst ln globular pt~~ the 

accessible surface and !Lhus the fixation sitesper teSidue nwnber is small due to the numerous burled 

residucst in fibrous pu)teins, this surface is actuatly la.rgcl'. 



FIg. 11.16 : TJze diffraction pattl.'nts from native collagen con/ain a set of weIl 
resolved spots on tlte meridio7tal and equatorial axis. Hcr.J)ever, we need to collect 
data on tlte otlzer row-lilIes in arder ta produce a 3D reflections set for Fourier 
synthesis. The figure ShOWl1 hm is an image addition of 3 films fr~l one exposure 

using a film pacle. One thus olr.r.crve addztional weak mtf!7t5ities on the v/;:rtu:al row
lines and the lIeltx layer-lme wh!ch are I1tCf!Ssary for a 3D Fourier syntlJe$1.S. 

page: 45 



Fig. II.17 : TIzis figure shows a section of the 
native diffraction pattern in the region of the 
vertical mw-fines with R :::: 1/27 A ta R :::: 1119A. 
The reflectiGlls on the Izelix layer Une are olrc.Jious, 
however l have indicated sorne weak reflections 
on those TO'W-lines with an «n'OUI. 

The heavy atoms in principle have more access 

to the residues known to have high labelling 

affinity when those residues are distnbuted on 

the cylindrica1 surface of the col1agen molecule. 

In our experiments, the number of heavy atoIDS 

added to the native structure is unknown and 

lhis makes the Patter.:>On difference maps more 

complicated. OtheIVlise, these heavy atoms may 

form clusters of more than one heavy atoms 

bound to residues separated by a distance less 

than the resolution limit of the available 

diffraction data. But this is not a major problem 

since high molecular weight proteins ordinarily 

require the use of such clustered metals in order 

to observe intensity differences in the diffraction 

data (Blundel & Johnson, 1990). 

Moreover, the heavy atom labe11ed collagen is 

assumed to be isomorphous and consequently 

no tests for isomorphism will be undertaken. 

Whilst these tests are very important in high 

resolution protein crystallography, it is not 

actually possible ta test for the lack of 

isomorphism. Lad of isomorphism can manifest 

itself in many different ways some of which are 

im:possible to identify urucss the st.ructure of the 

native protein crystal is aIready known. Possible 

lack of isomorphism can also be caused by the 

movement of a sidechain or even part of a 

polypeptid~ chain. The movement is in a \vay 

whkh do net disturb the rest of the protein 

structure but iruroduce a difference in the 

density map at a site which is different from the 

heavy atem substitution. Lack of lSOmorphîsm 

can aiso lead to Ct change in the unit cell 
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dimension but low resolution studies are not severely affected. The oruy problem arising in unit ceU 

dimension change is the ambiguity introduced when indexing Bragg reflections. This problem is very 

critical in collagen pattern analysis as spots of successive 1 values are very close in reciprocal space. 

However, a special section of this work will deal with this problem later in detail 

Finally, the lattice parameters, thus the latest available refined values ate those published in the paper 

of Fraser et. al. (1983) and are given in table m.l. These are assumed tà be the best crystallographlc 

parameters for the packing of collagen molecules in the crystalline domains of tendon, These 

parameters and the experimental native and dedvative diffraction patterns obtained at Datesbury 1 

will serve us as the starting materials far our 10\~-resalutian crystallographic study on coUagen 

malecules in tendon. The next chapter hawever will fix far the adequacy of these parameters since a 

nelN set of crystal parameters have been recently published. 
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Chapter3 

The Crystal Unit Cell of Collagen in Tendon is Triclinic 

A. Previous and New Models of Collagen Packing 

Severa! structural modeis for collagen padang have been proposed over the last few decades 

by investigators working on the structure of tendinous collagen. Based on electron microscopy and X

fay diffraction studies there has been the two--stranded microfibrlls model proposed by Woodhead

Galloway et. al., 1975, the four-stranded model (Veis & Yuan, 1975), the five-stranded (Smith, 1968, 

Miller & Parry, 1973) and eight-stranded (Nemetschek & Hosemann, 1973). 

Fig. nu: (adapted from Ktljava, 1991> Schema tic representation of tire levels of 
collagell fibril arrangement as suggested by Kafava.: (a) a characteristfc cross
striated patttm of coUagen fibril;(b) arrangement of tIre microfibrils determining the 
axial periodicity D of different shading obseriJed with the Electron microscope; (e) 
the fegian ofùunch overlap, ulflere the molecu1es art packed Itemgmrally. 

However, none of these proposed models bas been in total agreement with the available experlmental 

datai this holds particularly with the X-ray diffraction patterns. The present medium angle 

synchrotron radiation experiment appUed to native and deriva.tive collagen fibres bas increased the 

evidence that typ~ 1 coHagen fibres in tendon are composed 01 crystalHne arrays of collagen 

molecu1es. The molecules are thought te be packed in a quasi-hexagonal unit celL Fraser d. aL , (1983) 

have refined the unit œil parameters and its orientation relative to the fibre axis using X-fay films of 
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prA labelled cc Hagen. The PTA labelled collagen has ordinarily X-ray diffraction patterns that 

contains a lot of 111gh intensity and well resolved spots due to the presence of the heavy atoms. In this 

chapter, the triclinic unit cell (Hulmes et. al., 1979, Fraser et. al., 1983) will be shawn to fit the 

experimental data at best and a computer comparison with another recently published model (KajavaJ 

Table Ill.I 

Triclinic Cell a=39.97A b :::?.6.9SÂ c::: 677.9A 

Fraser & aI. a= 89.24· 13 = 94.59" 1= 105.58· 

Trielinic Cell a=86.SA b = 86.sA e=2690Â 

Kajava a= 94.6" 13 =86.05· "(= 120.0' 

1981) will show the incarrectness of this new proposed model. 

Kajava proposed a model of different packing for collagen molecules at the microft'brUar leve1 and by 

the way he suggested a new crystal unit ceH. ln bis mode! (figure lU.I) the callagen malecules are 

alif,ued in axial register to form a bunch. The bunches are aligned head to taU and penetrate by 300À 

into eaeh other ta farm the microfibrils. The model has an effective axial periadicity of 670À when 

projected on to the fibre axis and this results from the staggering oi microfibrUs rather than the 

staggering of molecules as in the conventional model. 

The main result obtained by Kajava is that he suggests a set of new crystallographie parameters for 

the unit eell. These parameters are listed in table nu together with those of the conventional model. 

In this new model the unit cell is larger than in ail previously proposed models, and consequently, the 

X-ray diffraction pattern should display many additional reflections. However, this is not obse.rved in 

the X-ray diffraction patterns and Kajava accounts for it by the fact that these reflections are very 

weak to be observed. 

Fig. III.2 ITaken from Knjava, 1991) :Unit œil defiru:d by KDjava for the "Iode] of 
colIngen molecu1ar packing. Large drdes designate over~ing regions. 

Kajava then calculated the low angle equatorial diffraction pattern for the pacldng and unît cel1 he 

proposes and compares this to the results obtained by others. He thus found an agreement between 

calculated diffraction data and X-ray diffraction patterns and obtained an R-factor of 26% for his 
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mode!. 

So far, the Kajava model has been constructed with the assumption that some Bragg reflections which 

support his mode! are present on the X-ray diffraction patterns and have so filr not t'een observed. 

B. A Comparison of Collagen Models with Experimental Fibre 
Diffraction Patterns 

Fig. 1lI.3 :Tlte cha ra cteris tic: banding pa.ttern 
observed with te'ldon fibrils under electron 
microscope is related ta the staggering of ':.allilgen 
molecules hy 67sA in the axial direction.. 

ln arder ta show which model better fits the experimental data 1 used computed lattice prediction of 

the fibre diffraction patterns for bath models. The cakulation done in th.is section is only for the 

prediction of the positions of Bragg reflections and no intensity cakulation will be done. We have at 

hand X-ray synchtotton radiation diffraction patterns obtained with phosphotungstic add (PTA) 

labelled collagen which show high intensity peaks on the fust fOW .. lines and soma other high intensity 

peaks on the (±lkL ±2kl. etc .. ) row-lines. The data were collected using a pack Qf films 50 that aU the 

intensity range was recorded. 

page:S3 



The films were then scanned using a conventional photodensitometer and binary files were 

generated. The use of a colour computer display allowed me to display the films on an 8 bit colour 

seaIe. A fast, image display software aIso allowed me to handle very large arrays of data e.g. 

2400x2400 pixels per film in an easy way. I thus used the rugh on-Une memory eapacity of the 

computers at the ESRF. 

Rotation and inversion of images were also possible in arder to align and superimpose films within 

the same pack. This enablèd me to use the image addition of successive films in arder to represent aIl 

the diffracted peaks on the same pattern and compare with the predicted patterns. In tact, due to the 

rugh continuous background intensity on the films, the weakest reflections in a fibre diffraction 

pattern are not always observed and we thus need the image digital processing to enhance those wea1c: 

intensities. The steps used in this process were as follows : 

1) The photodensitometer raster used for film scanning was SOIJIIl 50 that 1 could first apply a 

A 

A 

Fig. m.4. : A sclzematic view of the ~ckground subtraction met/tod used. 
for peak enhancement purpose. The peales (a) and (A) are the weaJœst and 
highest peak located 011 a continuous background. After background 
remoual , the tWD peaks are situated an a zero Ieee1 background but for the 
highest peak some negaHve cumng i71 th.e wings (T) ml1y occur . 

smoothing filter in arder to minimise the noise introduced by the photodensitometer. 11ùs was 

achieved after averaging each pixel value with all neighbouring pixels in a square box 3 pixel 

length. 

2) Films were then orlented relative to each other in order to bring together the same centre and 

the same vertical and hori7 rnta! axes for aIl the films. 

3) Then the tollowing background subtraction method was applied but for displaypurposes 

only. Ifs use can not be generalised as a background removal procedure due to the artefacts it 

introduces in the data. That is, for each pixel in the image a value of the surrounding average 

intensity was first calculated on a large squared box of width -100 pixelc;. This average value 

was then subtracted from the pixel value. The proœss 15 repeated by scanning horizontally and 

vertically each pixel in the image. As a result, for regions of the films where spots are very 

weak but located on a continuous background, the background was consequently removed 
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whereas for regions containing high peaks the procedure removes the surrounding background 

but aIso the peak height is truncated and sorne curving occurs in the direct vicinity of it (figure 

mA). The rnethod has thus a lot of artefacts but nevertheless for isolated weak peales it is an 

efficient method to improve the weakest peaks. The method described above is also suitable for 

image addition as described in the next point. 

4) Following the above procedures, the images from one pack are then added pixel by pixel sa 

that aIl contributions from different films were simply added. 

5) Finally, the experimental and the predicted fibre patterns were compared using simultaneous 

graphieal display or image superposition. 

c. Results and Discussion 

The starting point for each fibre pattern simulation is the knowledge of the unit cell parameters, its 

orientation relative ta the fibre axis and the diffraction geometry involved in the experiment (film 

sample distance, photodensitometer raster unit, fibre tilt, fibriIs polar dis orientation etc ... ). The 

program 1 have written take into consideration aIl of these parameters and 1 will show the importance 

of these parameters for data integration in a 1ater section. Despite the expérimental inaecuracy of these 

values, it was always possible to ealculate a fibre diffraction pattern in film space using preliminary 

values. The fibre diffraction patterns were obtained by calculating for each (h,ktl) reflection, the 

intercept with the Ewald sphere when cylindrical rotation followed by a tilt to the X-ray beam was 

applied. Then 1 calculated the position of the Bragg reflection on the film using the equations given in 

section II.B.2. An arbitrary value of 255 was set for eaeh pixel in the calculated pattern where Bragg 

spot was predicted and zero eIsewht:re. The predicted binary images were then added ta the 

experimental diffm.ction patterns. Figure Ill.5 shows the image addition of the patterns obtained wüh 

the conventional unit eeU. 

Only the central region of the pattern (e.g. up to 1=50) is shown in figure Ill.5 but the prediction was 

correct over the whole pattern. The overlap of predicted and experimental patterns in the region of 

the helix layer-line will be shawn in the paragraph on data integration where fibre tilt effects will he 

discussed. Let us first consider the (-1,0,1) and the (1/0,1) row-lines in figure Ul.5 where the agreement 

between predicted and experimental spots is obvious for the conventional tridirùc unit eeU obtained 

by Fraser & MaeRae (1981). 50th row-lines are highly populated with single spots which is usual 

when the experiment is done with heavy atom labelled coUagen. These spots howevcr are usually not 

seen all at once on a single film due ta the strong backgroWld intensity in the pattern central region. 

They are viewed an at once in the figure above because 1 have added aU the background subtracted 

intensities from different film in that region. The equatorial high intensity reflections for instanœ are 

obtained from bottom ftlms where strong continuous scattering has been absorbed. br the uppermost 

films. 
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A near equatorial region of the row-lines from which important geometric features are deduced is 

shown in figure m.6. The angle between these two row-Unes is related to the interaxial angles in the 

unit ceU (Fraser et.nl., 1981). The predicted Bragg spots are roughly superimposed on the experimental 

reflections that is, the unit celI parameters a and b and the interaxial angles defmed for the UlÛt cell 

are thus correct. Fraser and MacRae, in their studies of collagen unit cell, exc1uded the tetragonal unit 

ceU as a possible lattice aIter investigation of this region and further concluded that this angle is 

related ta the tpc. angle in the unit ceU. 

Fig. III.5 .. Predzction of the Bragg spots obtnined tC/ith the comlentionnI triclinic 
IIl1it ceH. The method used for dzgttal ftlte-nng and image additIOn i5 described Îtz the 
fer/. The u.pper zmage shows PT A stamed collagen pattern obtaitted after 
backgrou.lld wbtTactioll and image additio1L The data dlsplay on tire row-liJlf have 
he!:1l improved lit companson to tlze Imtreafed images tlulflks to thzs tec1mique. TIle 
lower Image is the same but obtauted l~fUr addition af the slmuÙlted Bragg spots 
where il is l' J4\ "lb[l/oUS tJurt tlze unit cell parnmetm used il! this Cillculatw1I are iTt 
good a,:cora,; "i r" il'! the expert11terltal patte,,"l. 

50 far the predictions for the triclink urut cell are in good agreement with the low-resolution 

experimental patterns \Ne <1150 observe in figure Ill.5 that intensities from the other row-lines are 

distributt.'d on vertical ~e('tlons in the X-ray pattern and they aU have Îlltercepts with the equator at 

observed R values R .. 1 /27 À.R .. 1 / 19À and R-l !l3A. The peak overlap in these region6 is important 

,md predudes their description ln tt'rtns of single Bragg spots. These ro\ ... ·-lines intensities are aiso 

very strong on the equator prnbably due h,1 hlgh dt.ffuse scattenng which causes overlap of many 
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Bragg refIeelions. Example of this slrong overlap ls shawn by the strongest triplet reflections in the 

Rœ l/13À region. 

Fig. IlI.7 : (top) The prediction of low ",eridiol1al spots for the 
conventional unit cell (c=678& . 

Fig. IlI.6: (lift) A vieU' of tlle two prcnnilletlt (-1.0,1) and (l,O,l)row
lirtes uritll the super"imposed predicled Bragg spots. 

1 have then simulated the lattke Bragg refIections for the unit cell proposed by Kajava.J obtained the 

patterns shown in figure m.8 where the first remark is that the film. is overcrowded with Bragg spots. 

The unit cell in that case pn:dicts man)' more Bragg spots then observed on the fibre pattern. ln the 

central region of the pattern there are three additional row-tines in the region R<l /39À where Kaja\'a 

predictslow intensity on the equator, Therefore, these regions have bet.-n carefully inspecled over the 

films in the pack and 1 never observed experimentaJ evidence for even a low intensity spots. The 

background subtraction and image addition procedure also have not allowed for the observation of 

some weak intensity peaks that complies with the new model. Moreover, the Kajava model does not 

fit elther to the expcrimental positions of the observed H,O.l) and (l,0.1) row-lines nor to the tact that 

these row-Unes are split according to the interruuaJ angle defined above. The intercept of the fourth 



row-line with the equator is estimated at R==1/40À. Since the new model has unit ceU parameters 

a=86.5À, b=86.sÀ, the presence of Bragg spots in that region is only due ta the arder n=2 of the 

harmonie reflection (2,0,1",,0) obtained with the conventional Lmit eeIl parameters e.g. 2/86.5 A .,. 
1/40A. AIl other predicted spots are 50 far not observed in the experimental pattern shown in figure 

m.s. 1 thus can conclude that the new proposed model is not obvious sinee the pattern prediction in 

that case is not consistent with the available EXperimental patterns. Although the caleulation done by 

Kajava has led to a favourable R-factor on a model electron density , this can only be explained by the 

Fig. m.8: Here l sltow the pattern of the PT t1 treated fibre tJuzt has beell improved to 
shaw low tntensity peaks (top). Background rmwval îmd t11wgc addition tedl1liques 
are expllllfled zn the text. Tlle bottam figure shows the sam/! patten! wlth the 
predictIOn do ne wlth Kalt1Va umt cell. The X-ray films III ouercrowded wi~h 
predlcted Bragg spots and doesft't fit the observed expmmelltal spots. The tlt11rdity 
of tiltS rnodel L"i dtScussed LIl tlte text. 

10w number of reflections he included in tus calculation. 

Now if we calculate the foUov·.ing ratios wiO, the unit cell parameters he has obtained 

~'!..=~"'"" 
iltnd,nr. 39.97 -

bln,lll ~'a =..B.Q..,!L cs 3 
btndl1lt< 26.95 

we obtain roughlv integer ratios 50 we can conclude that K.lj3VO· 5 model is a non-pri.mlbvt' unit cell 

dehnl.'d on the tric.:hmc one by th~ vectors 2.8, 3b and k The volume of thJs unit cellts 2x3x4=24-bmes 
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greater than the primitive one. Knowîng that the primitive tric1inic unît cell contains one collagen 

moleeule 50 the new one can contains24 collagen molecules. Figure m.2 shows the pacldng of collagen 
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Fig. III.9 : Calculated interzsity along tire lUfuatorial axis for a model 
collagen molecule with radius respectively r..ort IDA and lsA. The 
înterzsity calculated at R.:l/BOA is remarlalbly higher than the intensity 
atR""1/40A. 

molecules in the new modeL The unit ceU contains 24 segments of one molecule with. large circ1es 

designating bunches of penetrating molecules. The unit cell îs 2690A long in the c direction. e.g. 

parallel to the collagen molecule, 50 if we give up the hypothesis that large bunches are regions of 

penetrating molecules and suppose that these are a1so parallel collagen segments we obtain the 24-

folds non-primitive unit cell 

The other condition which dîsables the new model is that il does not explain the absence of many 

reflections in the diffraction pattern. We can 35swne two hypothesîs for the missing reflections: 

a) The Bragg spots in priuciple, sample the molecular transform in recipl'OCal space at 

vectors defined by the Miller indices. Accordingly, the Kajava model is possible U we assume that a 

lot of the predicted spots to be suffidently weak due ta the molecular transform. Then this must be 

true on the equator since the transform of a cyUndrical molecule has an intensîty distribution in 

reciprocal space whlcl1 is mainly distributed on layer Unes. Hencej in the region on the equator Dear 

the origin of the filill we apply Porad's law of small angle scattering from a rod shaped bomogeneou.'l 

molecule. We thus approxima te the coUagen molecule to a cyUnder with uniform electron density and 

dimensions -5A)( 3OOOA. The smaU angle scattering amplitude ftom sueh a mol&.--ule is then 

calculated using the cylindrical coordinate system and yieJds an expression in tenns of Bessel functIon 

of the first order. We write 



where r is the radius of the molecu1e, àp îs the electron density excess of the cylindrlcal molecule and 

R i5 the reciprocal coordinate. The intensity is then obtalned by squaring the above structure factor 

amplitude after integration and we wrlte it 

1 (R) =[<.1P) A. 2 h(21t r R)] 2 "'[ h(21t r R)]2 
2n: rR 2n r R 

Now, the ca1culation done by Kajava predicts many weak intensity reflections in the region around 

R=lIBOÀ, whereas low angle equatorial experimental patterns show the first prominent intensity at 

R"'1/40À. Therefore, 1 have plotted the intensity function on the low angle equatorial axis that follows 

Fig. nuo: Tile Kit java unit eeU prcdtcts additional row-fines in the central region of 
collagen X-ray pllttern. 1Î1US, fol1otving a subtractiorl of bnckgrormd /rom all thr 
imnges in the same pack and image addition to improve the weakest inten.sily pœks 1 
show here tire Dverlap of predicted and exprnmen.tal dota. The KIl/aul mode1 obviously 
doesn' t fit the erperrmertial pattern sinee no addittonnl row-ltnt's a.re OOSL'TVCd in the 
central reglon. TIte COlluffLttonal expenmental row-lilles are 'tere clenrly ideutified but 
the position and he split of the (·1,0.1) and (l,O.V row-lmes i5 also trot followed lry the 
new model. 

the law obtained above in figure ffi,9. The collagen molecule is approximated byja cyl1nder with 



radius of respectively r=SÂ, loA and lsA. The first minima calculated for each rod molecule are 

shawn in figure m.9 and are obtained respectively at R,.,l / SÀ for a rylinder of radius r=SÀ, R=1/18Â 

for a radius r=10À and R=1/2SÀ for r=lSA. The intensity calculated for R=l/soA indicated by a cirde 

on figure m.9 is thus non-zero and it has dearly a valu.e equivalent or even higher than that obtained 

at R=l/40À. Consequently, the presence of a high intensity Bragg reflecHon al R=l/40À must be 

followed by another Bragg srot with at least an equivalent intensity at R=l/80À for the Kajava model 

to be consistent with the X-ray pattern. 

h) Systematic absences areusually observed with crystals belonging to the fourteen 

Bravais lattices and follow Ule special selection mies on Miller indices listed in the International 

Tables of Crystallography. They often indicate that the primitive unit ceU is either body centred or 

face centred which is not actually the case fot the collagen pacldng in Kajava's model. For eléample, 

for a reflection with indices 001 on the meridian thete must be 3 systematically absent orders for the 

new model to agree with the Meridional diffraction pattern. This means that, given a meridional 

reflection (0,0,1), the (0,0,1+1), (0,0,1+2) and (0,0,1+3) orders are systematically absent. We thus obtain 

the h::{),k=O,I=4n selection rule which is not a known extinction rule in the Crystallographic Tables. 

In summary, 1 have shown in thls chapter that the new proposed model could not be validated trom 

the X-fay diffraction experiments whereas the conventional model is shown to fit with a better 

accuracy with the experimental data. The crystallographic study in the next chapters will attempt to 

understand the structure and pacldng of collagen molecules in tendon on the basis of this crystal 

system.. 



Chapter4 

Measurement of Crystalline Average Domains Size in Tendon by 

Means of Peak Broadening Analysis 

It Is a general feature of the structure of fibrous collagen that the crysta11ine order of an 

assembly of molecules in the fibre is better developed in the direction parallel to the fibre axis than 

perpendicular to it (Miller et.aLJ 1981). This is shown by the meridional refleclions in a fibre diagram 

that are always intense, sharp and wiU\ Uttle diffuse scattering between them. Equatorial reflections 

conversely, are weak and always superimposed on a strong diffuse scattering which indicates that 

crystalline order is Jess perfect in this direction and that the degree of lateral disorder is important. 
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CD 

Fig. IV.l: A coIÛlgen molecule of length L= 4.4 X 677 A (D=677 AJ is represented 
by Q rod divided iltto 5 segments labelled 1~5. One unit cell contains one col14gen 
molt'cule and crystal translations generate the whale structure by unit cell 
replicatio~J but the position of the relative segments i" one cell tt,ust be ctmsiste1tl 
with tlte wlwleness of one molecule. Thert are a lot of possible arrangements Ilnd 
orientations e.g. up and down molecules for the moleCUÙlr segments 1-5 in the 
unit cell but this is ,wt yet understood. (Adapted [rom Miller. 1981 ) 

The equatorials are even sometimes not observed in native tendon and depend on sample 

preparation. Since the crystalline nature of coHagan arrangement in native tendon has been well 

established it might be interestîng to study the extent of this crystallinity in aU directions and to relate 

tbis microscopie quantity to the macroscopic observed physical properties of tendon such as the hîgh 

mechanical rigidity. 

Characterisation of crystallite size is a conventional mean in powder dUfractlon methods. In materials 

science, measurement of crystal size in polycrystalline specimens by means of X·rays is based 011 two 

quite distinct effects. First, there is the general appearance of the diffraction pltotographsJ {rom which 

it is possible to tcl1 immediately whethet the s,pecitnen consiSts of large or small crystalsi secondly, 

there 15 the broadening of the powder Unes that 15 produced when the crystals become very fine 

indeed. 
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The purpose of this chapter Is to obtaln an approximate measure of the broadening of the low 001 

orders (1 :: 1 to 9) for crystalline coUagen ln rat tai! tendon. These reflections are indexed on the basis 

of the unit cell previously described (Fraser et.al .. , 1983i Fraser et.al .• , 1987). The content of one unit cell 

is one collagen molecule represented by its 5 segments (Fig. IV.l). The crystalline domains in tendon 

fibres will be supposed to contain arrays of parallel molecules. The length of one rnolecule is about 

3OOOÀ. 

The fact that the exact content of the unit cell has never been solved, proceeds from the difficulty to 

solve fibrous crystal structures with large c axis and also from the many Bragg reflections overlap. 

However the characterisation of the dimensions of crystalline domains ln native fibres enable the 

study of monocrystaillne domains extracted from the macroscopic tendon libre using electron 

microscope sample preparation techniques. Such monocrystalline domains can theoretically be 

exposed ta micro-focused high flux X-ray beams obtained with synchrotron radiation sources and 

allow further monocrystal structure determination. 

A. Diffraction by Small Crystals. 

1. Intensity Scattered from a Small Parallelopepidon Crysbl. 

Usually, crystal structure determination assumes c:rystals to be of sufficiently great 

dimensions for broadening due to finite crystal size to be neglected. Integrated intensities derived for 

structure factor calculation are function of the atomic coordinates within one unit cell with only peak 

broadenîng arislng from crystal mosaicity. Thus crystal size effects are more or less neglected at thEl 

costs of the resolution limit attainable and the degree of ordering in the structure. In order ta expUcilly 

recall the parameters defining the crystal dimension the relations defining the diffracted intensity 

from a crystal will next be reconc;idered. 

The following relationships assume an unpolarised monochromatic beam of intensity 10 and .. - ... wavelength À, falling on a very small single parallelopepidon crystal with edges Njl, N~ and N,3 C. 

Relative to a crystal origln at 0, the position of the atom of type n in unit cell ml m2 ml is given by the 
.... n - ..... ... 

vector R m = m} a + m2 b + II'l3 c + rn. The scattered intensity at a point P of observation, al a 

distance R from the small crystal ln a d,rection spedflcd by the unit vèCtor s is obtained by first -calculattng the instantaneous electric field Ep scattered from the atom (m,n): 

The resultant electric field a.t P due to aU atonlS in the c.rystal is then obtained by summing over n ta 

inc1ude all the atoms ln a unit cell, and summing over ml m2nl.3 to inc:lude aU the wlit eells 

Ê M 211{v tiRAi pe 12.~J(1 .. ~) N,Î • 1 ~ (2~ ~~1. sol N;. l e(~ V~s~ 5;) N~ .. 1 
P _1 e.l1_ -).. ".11--\ • 

ntc-R e (hYAI\ 5" SO a -1 e (2ItVJ(s~ 80) b.1 e (2.VAI\ 5* SOI c-1 



Theo, the total diffracted intensity from a small crystal is obtalned as the product 

...... If 

Ip = EpEp x c/8n 

B. Structural Broadening by Size Effects. 

Structural broadentng in diffraction experiments is due to distortions in the crystalline lattiee 

combined with the pamele size. These two effect are not easily distinguishable and mathematîcal 

analysis of the Une profiles is required. However it is generally admitted that the two effects are 

additive. The effect of broadening due to smaU crystallite size on one single reflection measured at a 

position defined by the direction s is resumed by 

I(s) = le p2 sin2 (nA) (s'-so) NIa sin2 (nA) (s'-50 ) N,: b sin2 (nA) (5-so) N3ë 
sin2 (n/À) (5-50 ) a sin2 (n/À) CS-50) b sin2 (nA) (5-80,) ë 

where le is the intensity scattered by one electron, N 1 NzN 3 are the numbel'$ of unit cells along the â , 
b and ë directions, thus defining the general shape of the crystalline partides. In general the NI, N 2, 

N3 are such large numbers that each of the three quotients differs ftom zero only if the three Laue 

equations are closely satisfied and hence the powder diffraction pattern reflections are sharp. For 

smalier crystals where Nl, N2 and N3 are small the three quotients expand, and the smaUer the 

crystals the broader the powder pattern reflections. 

L The Scherrer EqlYtion 

This equation (&helrer, 1918) has been derived for a particular case but has turned out ta be 

of general applicabiUty (Warren, 1969). Fitst, let us assume a powder sample of small cubic crystals, 

all of the same size with the above deflned values N 1 ::N2=N3=N. The crystals are assumed ta be free 

irom strains and faultlng 50 that peak broadenlng is due only ta the small crystalllte size. For 

convenience the powder sample is replaced by a single crystal which taxes aU orientations. With the 

unit vectom S and So rcpresenting the exact Bragg law for a reflection hkl wc have: 

.... 'l h- ......... ) S-So="'( a + kb + le 

..... - .... 
where a·, b and C are the reciprocal unit cell vectors. Let us now <!onsider slightly different - -directions Si and s'a lor the diffracted and primary beami and relate them ta '8"50 by the small 

ctifference vertor 68 as shown ln the figure below. 

ï~ ....... s .. s o=s~ So+M 

Expressing the abovc equation of structural broadetûng for a rèfiection in tenns of the general 
.... ~ 

direction S -50 gives 
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-~s)=Ie p2 sin2 (7t/Â) As Nt a sin2 (7t/À) AsN2 b sin2 (n/À)AsN3C 

sin2 (n/À) L\sa 5in2 (1t/À) L\sb sin2 (TttA) L\s ë 

Each of the three quotients can be approximated by a Gaussian luncHon which has the same 

maximum ordinate and the same area by using a wen known approximation: 

. ZN 5tn X ~N2exp -(Nxf/l 
sin2x 

With tbis approximation, the intensity expression simplifies to 

......... b ... 
Moreover, sinee the axes a , and c are assumed to be equal and orthogonal, the expression 

reduces to 

y 

--s'-s'o .... 
s-So 

Fig. W.2: Geometrical relations involved in the derivation of tlte Schmer equation. 

The exact Bragg law directions 5 and 50 are shown by figure IV..2. The above simple intensity .. ' .. 
expression is needed for a direction s =s+L\ whkh makes a fixe<! angle with the Bragg law direction 
~ ~. ~ 

s. Thus maintaining s at a fuced angle hom s, one now wishes to flnd the total contribution to the 

intensity when the crystal 15 rocked through the whole region where thcre is any contribution. lnstead 
.... -of rocking the crystal, ft 15 simpler to hold the crystal fixed and rock the S *50 vector by adding the 

smaU vectors i and y which are in a plane normal ta S*50 ' The difference vector As which was 

Introduced above becomes 

and the magnitude squared is given by 
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The intensity I(â) at a fixed departure Il i5 proportional to the sum over ail values of x and y where x 

and y are small values. The sum can thus be carded out from ...,., to +00: 

by introdudng the replacement x' =x .. .1sin el dx' =dJc, the integrals are independent (l{ 1:.. 50 that the 

following Equation results 

Fig. IV.3:The width B(29) reprcst!1lting the angle in 
radians on a 29 sCIlle wltieh subtends the half maximum 
ittttmsity width af a powder diffractiorl peak. 

! 

When 4 =0, I(A }::::Im where lm is the peak maximum and when J(A);t:lm/2 the angle defined by Il Ll 
haU the angle B(29) which subtends the ha1f maximum intenslty width of the peak. ' 

The value of B(29) ls given by 

8(20) .... 2[(ln2)/7t]l/l~ 
Nacos 0 

Lctting L==Na represcnt the cube edge dimension of the crystals we obtain the Sc.herrer equation 

B(29 )=Ot24À 
LcosS 

This equation was originalJy dedved for a sample of eubiè crystals but it is often casUy appUed to the 

peak widths of non--cubic matcrials. It is not a bad approximatio~ if for cach hk1 reflection, the value 



of L is interpreted a), an average cl'ystal dimension perpéndicu1ar ta the refleding planes. 

'tereiore, and on the basis of the crystalline model for collagen packing in tendon, the value of the 

LI! Jaderting of the meridional 001 orders is the average crystallite dimension of the collagen domains 

in tendon in the ë direction according to Scherrer equation. 

For a given crystal dimension L, the Scherrer equation shows that the peak width increases as 

l/cos(9), and hence partide-size broadening becomes most pronounced at large values of 29. 

Peak profile broadening in crystal diffraction experiments is not a1ways due ta sample size and 

distortions effects but usuaïly depends on experimental settings. 

lIn classical X-ray powder dUfraction the ra is an additional instrumental broadening arlsing ftom 

effects sueh as slit widths of t.he collimation system, natural wavelength widths of the Ka.1 and Kaz 

lines in classical generators and the superposition of the non-resolved Ka'1 and Ka.Z peaks. These few 

examples show that corrections for Instrumental broadening can be very important and should 

precede a peak broaderung analysis. 

2. The Method of Stokes and Wilson. 

, 

Stokes and Wilson (1942) introduced a more general treatment of the partide s~e btoadening. 

The resulting hroadening has an expression differing by a, constant to the result obtained by Sherrer. 

Usually, to calculate the integrated intensity of a reflection, an integration is first carried over aU unit 

cells in the crystal and then the intogration is earried ()Ver the redprocal space. Now the integration 

order can be reversed and the integration carried first in the reciprocal space and than summed over 
... ... -:+ .... 

the crystal unit cells. The position of a W\it cell in a crystal 15 given by Rn=nla+n2b+n:;c. 
""*" ........... 

Expressing the diffraction vector by (s~So) /À=ha + kb + le , where h, le and 1 are continuous 

variables, the intensity from one crystal t5 ex prt>ssed br 

I(h ,k,l )=lep2L L p21tilt'!',*nt}h+{nt-lll)k+(rû-J1J)11 

n 1 

The integrated lntensity of a reflection is proportional to an integtal of I(hld) in redprocal spaœ. It is 

also given by an integral of P(9), where P(O) i5 the distribution with respect to 20 of the power in a 

powder diffraction peak: 

p"'J P(26) d(29)=KIf J I(h,k,!) dh dk dl 

Now let us again conslder an orthorhombic crystal and the special case of a 001 reflection. The 

Intensity is non vanishing oruy for very sma1J values of the presumed continuous vltrlables h and k" 
though the foUowing limit is il good approximation 
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from the derivation of the' approximate relation 2sin 0 (A.r::: Il ë*1 one obtains 

d(20)=(Âlë·l/cos 9) dl and aEter integratingwith respect ta dl 

P(28)~i~1ff I(h,",l) dh dk 

replacing I(hkl) by its expression and integrating from -1/2 to 1/2 

Letting N3(n1nz) represent the nwnber of ceUs in the row (n1n2)f the sum ove1fl3 and nIa can be 

stated as 

Na-1 N3-1 L e2mn'31 L e-2~ sin2
1tN31 

o 0 sm2 nI 

At the peak maximum, the quotient takes a maximum value Ni (n Inti and the maximum in the F 
profile is then given by 

P (2 K Iep2cos 0 ~ ~ N2( 
max 9)= 1-1· ~.L 3 nint) 

Â c ni Il2 

Carrying the inregration for dh, dk from -1/2 ta 1/2 and for cU,hom 1-1/2 ta 1+1/2 the total power of 

peak area is 

f P(28) d(20)eK !"F2N 

where N is the total number of eeUs in a crystal. 

The integral breadth ~(2€1) of a reHedion is defined as the ratio of the peak area ta the peak 

maximum 

P(29) d(20) 

~(2a)=L------ M~ 
Pmax(20) /ël cos 9 L L N~(t\ln2) 

nt tl.2 

1 ë 1 N 3 (n In:ù 15 the crystal dimension in the ê direction for the column of ce lis n tn2r let V be thé 

volume of the crystal and N-V 1 abc; the Integral breadth takes then the simplest fatm 

13(20)= À 
LcosO 

Lis agaln the volume average of the crystal effêCtive partiele dimensÎon ln the ë.direction. 

r 



C. Correction for Instrumental Broadening. 

In addition ta the broadentng due ta particle size in a diffracted peak, there 15 always 

extraneous experimental braadening caused by sUt widths, sample sizes and beam characteristics. Ali 

of these sources of broadening are grouped together under the name instruml-ntal broadening and 

need ta be suitably dealt with. 

ln order to correct for instrumental broadening it is usually convenient tà use a standard peak 

observed under exactly stmilar conditions as the sample. The standard sample must ideaUy represent 

a perfect, i.e. strain and faults-free, crystalline partic1e of a size which makes effects of broadening 

negUgible. This peak i5 usually obtained by mixing the powder sample under investigation and the 

crystal 50 that diffracted peak from the known crystal can be taken as the standard. 

Considering the large unit cell in our collagen sample, 1 cl :J; 677 A, it 15 evidentJy difficult ta find a 

standard sample from the powder diffraction literature With unit cell dimension having il sirnilar 

h(x) f(y) 

___ -+_+-...0:lIl_, Y 

y 

g(zJ 

z y 
x 

Fig. W. 4: The three curves whic1t are involved in tlte correction for (nstnlmcnlal 
broadntiftg. 

z 

value and which could be im:orporated in the tendon sample. ConsequentlYf the only possible 

correction for instrumental broadentng haB to be calcu1ated or modelled from the knowledge of the 

peak profùe of the primary beam. 

The principle of the correction applied ta a diffracted peak. can be discussed in terms of three cueves 

as sketched in Figure IV. 4. 

Let the cueve f(y) represent the broadening due to particle size only and be the functlon one wishes ta 

obtain. The curve g(z} represents the effect of instrumental broadening as described belote, it is the 

peak profile of the standard. The curve h(x) la the diffraction peak abtained from the sample, and it 

contains both the particle-slze and instrumental broadenlng. 'The relation between the Weil curves is 

obtained by considering the cross-hatched area g(z)dz on the curve lor instrumental broadening ooly. 

If there 15 particle size broadening then the area g(t)dz 15 spread out br the lunction f(y). Then \lt a 
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displacement y the ordinate is the contribution dh(x) at the position x=z+y on the h(x)-curve. Since the 

ordinates in the two CUfV(lS are proportional to the peak areas, 

dh(x) g{z)dz 
f(yf= A 

where A is the area of the f(y) curve. One obtains the convolution product after the replacement y=x-z 

and calculating the ordinate of h(x): 

h(x)= 11 g(z).f(x-z) dz 

The needed experimental sample funetion ls buried under the integral. This is the inconven1ence of 

the method but assuming shapes for the three curves, il ls possible to overcome this restriction and 

obtain relations between the half maximum widths of the curves. 

~~:perimenta1 shapes of diffraction peaks are usually approximated by analytical functions. The shape 

of ~ diffracted beam can either be Gaussian or Lorentzian (Cauchy curve) or a mixture e.g. 

conv\,lution, of them. In this case, the relationship between curve Widths B for these two simple 

funetions ean be reswned by 

Gaussian shape f(y) == exp ( -a2 y2) B(h)2 :::: B{g)2 + B(f)2 

Cauchy shape f(y) ;:;-: 1 + !2 y2 B(h) :::: B(g) + B(f) 

Now for the purpose of broadening measmement the use of synchrotron radiation il1 of grcat benefit. 

ln fact, one of the advantages of X-ray synchrotron beam is the high flux of the main beam which 

allows for the diffraction by monochromators while delivering high intensity beam at the sample 

position. These monomromators are made from large and perfect monocrystals delivering a narrow 

and parallel monochromatic beam at Ute sample. The shape of the main be~ when recorded at the 

film position is thus a good approximation for a standard Înstrumental broadening free from sample-

dependent factors. However, the measurement of the direct beam by a conventional X.'ray film or 

detector require that the intensity must be dampened to avold detector damage. This was obtained by 

plating an attenuator, usuallyan aluminium foU in front of the detector plane. 

D. Experimental Measurement of Collagen CrylifAllite Size 

1. Experimental Requirements for Avel'ige Crysullite Sue Determination 

The conditions requlred (or coUagen crystal si.ze detennination are: 

1) The recording of the (lrst meridlo'nal reflections considerlng thelr low resolution 
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contribution to the overall geometric Eeatures in the crystal i.e. molecular form and packing. This 

theoretically aIso includes the zero and first orders. 

2) Unlike the usual peak integrating procedure the primary beam and the individual 

TablelV.1 

1 2 3 4 5 6 7 8 9 

r (cm) 2637.7 1318.8 879.2 659.4 527.5 439.6 376.8 329.7 293.0 

meridional spots must be sampled at a reasonable number of points for curve fit procedures to yield 

appropriate broadening parameters. 

3) The experimental set-up always requires the intercept of the main beam to preserve the 

detector from "seeing" the intense direct beam and thus avoid damage to the detector. When using X

ray films, this is also very advantageous ta avoid back scattering from the pack holder. Back scattering 

would indeed cover the low orders with a parasitic saturating intensity. 

Table lV.llists the calculated film-sample distances for the successive orders 1 to 9 to be recorded 

using the following relationship and a monochromatic beam (CuKa 1.54À). 

r=v 

. 
where r i5 the sample-film distance, v is the film radius (=6 cm) and 1 is the highest meridional order 

observed. 

The r value, wlùch allow5 for 9 ordel'5 to be correctly recorded, lies in the range of the actually used 

TablelV.2 
Experlment 5.mtple BurnJtop Attenuator &posurt Film No in the Pikk 

No l:ÏmI! 
1 in ln 8OJl!!I 20mn 1,t 
2 in ln 8011m 5 Itln wt 
3 ln in 801LlIl Smtt ard 
4 ln out 5OOj&m 55 151 

StrongPeak : out 5s 
5 Qut out WubrPw : SOOJl!!l 5$ lit 

WuketPéù : SOOllm 15 
6 ln out SOOJUn h lit 

smaU angle camera geometry. 

Thus the experiments were carried out on the small anglé beamline 8.2 at the SRS Daresbury with 

llim camera distance and the sample cells when used had mica windows. The samples were fresh 

prepared rat taU tendons hold between two stretching clamps and maintalned in hydrated state br a 

saline physiological solution. The wavelength wu set to the CuKa 0. =1.54 A). The recording of fibre 

patterns required film packs to allow for the high dynamic range of the spots. The attenuators when 



used '\.Vere a set of Al foils each of 4O ... m thickness whereas direct beam recording requited an 

attenuator of thickness SOOf.Ul1. 

i 
1 5$ 

1 . 1 • 1 t-....'·· .. -..--i .. • ....... · .. • .. ··: ... ·_-,.· .......... ··_ .... ,·· ........... 
l , 1 . 1 
i ! . 1 ! 

i i " i i " 1 1 
li i " 1 : : 1 1 

1 i i 1 i 
: E': l .' ... _ .. l .. _f."_~-! ... H .......... J... .... _ .. J ........... _+ .... _ .. 
i ! 1 ! : 
! i 1 i j 
1 f : ! 1 
1 ! ! : i 55 

i 
Il! 

1 i : 1 ! ,-+ .. _ ...... -: ...... _ ....... l-··-,...-·!-·-t·--.· .. 
1 1 1 1 1 

II! i " i ! ! 1 
1 i i i : 
! i 1 1 1 
. : 11 S fi'm intJnsity 

1 0 200 2·0 

Fig, IV.S: A region of the digitised film obtained with the erper1ment No 5showing two purposeless 5Ilturated 
peJlks abtained : one witlJ ~ exposure time (55) and one when the attenJUltor Iuls bten removed. The third ptIlk 
with Is exposure time anéf the attenuntoT present is of the qunlity requÎred for profile jitting. 

X-ray films were then scanned with a conventional photodensitometer (5OJl.m raster). The resolution 

of one pixel in the photodensitometer scanning for a SOflm raster was deduced from the following 

approximations; 

2dsin9 = Â 8c:c: ~ 9:.:: Â / 2d ~ d = À /29 

9 == tan9 = 5O~m 
226m 

d .. 34804 A ... 3.48 J1ffi 

This value for d is thus the maximum upper limit for crystal size broadenlng the current experiment 

can yield. 

In order to record the low meridional orders of native collagen and the direct X-ray beam. six 

experiments were performed al the SRS Daresbury. The diiferc.nt experimental conditions. are 

summarised in table IV.2. 

2.. DaLl Analysis. 



The X-ray films obtained in the experiments listed in tilbij!! tv;1 W,f~ lh.:;rl4i~tis~tl~iÎl$'. 
conventional photodensitometer and images were inspeèt~d· ~~g: ·éqiIl,Î'~tfi*, i~~è:I~pt~y~.~t' 
experiment No 3 and No 5 yielded suitable data for curve fittiftgpt«èd,tt.r:êSandar~$h~W4ÎtJ;ll~, 

't .. ' ," ;:.-:.' • 

IV.5 and IV .6. 

A vertical section of the scanned film where the main beam has _l'à' iec:Qrd~Ù! •• ~W,n ~~~:ÎV.$' 
(right) as only the profile in this section is required for the measutemt!{\tQt'Ws_t\Wp~~g; 
The long exposure time in experiment No 3 a1so allowed the elfedive tecotamg,of the ~~~ orde~ 
(2,4,6,8) which are naturally very weak in native tendon. The ~got me. thlr~$intlit~;î*k!': 
enabled the recording of the non-saturated peales for the first high ot4el'$,:hipr~eft9:~:U\(!i' 

• _.: "._:'.1,,:'. '-c'.:.-".-.',:: "._ 

lowest peaks (±8,±9) the intensity scale for displaying the meridiollal$,~ ()",A()pti~~~Thii:: 

gives the appearance as if the ±1 orders are broader and saturated but fi~1V.'1 !lttcrWf~~'th~il$.: 
-.- " 

not the case and that orders ±1 are weil resolved while order +1 is natt6w~dV~tl~ ·t(r~è. ' 
beamstop edge. The first order (1=-1) peak is also corrupted by somêhitéJlsitY'Î$!à~~:;m;Iî(,~' 
scattering of the beamstop. 



ô !iD 1111 t5ô2IIJ 
fiblDtenRty 

Fig. IV.ll:The niné m,mdicmal ordm ÇI~dfor trYstlllJfte $i~ dtte.rtfiÎ:natiotl i1; 
lUZtitle tcndoti. Orders +1 and -l5eti1t to bef4,.~ on 11tt rlght iTtt!J~ Mtfds l'$d14e 
to the choice of il lQgarithmîc èt11aur $C(Ûeto en1t4n(é:~ ~ ~. .~ 



The tiidW. averagèd peak profile U$ed.1n .pgwdi!r ciUfràdion is -'()t~vanable in thé case of tendon 
santplèS because tendon 15 .ltQt acry~taIlirte .f'OWdetbqt ~blèS il o·n~CÏi.Qiè~iqn~ 'powdér. 

Thetefbtel ~k profU~1sQbtàil\éd,brWditg thè pto~()n,of~_ddiorlàl~~.lQ~g the'Vi!ttlça1 . 
8XÎ$. au~ haS \leen tàkent(J Hrst ,~gl\ m~âi()n~l pe~s .• $qthât~td~~a~s.~e~wN~l\ar~ 
perpèi\dicu~' tôthe m.m.diàAl 

thebàsièappt~ch for fittinSa, mt)del irtto"sèt QiN ô~~da,,(x~yi1$$,~~D5.id~' '. 
simple cl~5 of fundiQ~(GaUS$ian or l'()ryn~ fQt ~j)lF}Wlûèh,~~t,~béSt~è1.11is 
modèldèn.J .. on ad .. ·<itablé' ··efer5.andthêfitsuÛ.'· '. thé ""t.ô'.'m~.' ·lof'.··."'·imeté.':·" "'.IS' . . ,peu,:; ' ... ,MD . paralll... '" pp ~ arr,P '~~'" , 

togethët wtththdt aèt"lJ'aqt. ~tâfiffiftg·Îl$Ü.uYJt.'q~,to d~allguJt9l~t~t~~: the. 
~gr~~tbetwè.ërt tl1~ data and thé JDOdèl w.th .p,-tî~ftM~ ôt~f~i~tfit~._ . 

. th' ··!btained iri~ a'rOée55ôf ..... ï ... :MIO!satfon·"ültidi4:~ '~ïmll ..... œ<Irt sum~rifthti~dts.:. are ,eno. ."'1 ~. . ~D,I~U.. .mam .. "...0 '''''J:''!''>,'' , ... ·-.~il~ ,~'""'", 

of thé inÎrÙJ1ÛsàlÎôn ,n "OC' 5S ··rovidës(i) 'iltametët5 tU) mOI êSba:.'atésQrt thé"'.' '" ~t., ., .. ·(M'i, 
1 ." '. ;rr:e p. .. . p."" .,. '. "~"'etS " 

stàtlstic:al measu;e 01 thE.! goodJ\èSS"QI~litdestpà~,k lat .Ut(1loUQw!n$ ~tmentt $tl~g ·the 
:modêlto Deofthelôml " .' . . . 

This eqUit10f\·hMM>.~ju$tablepa~~i,ii ,:i;lim~M·and .. dlëg~tUY'~.~i$·~ 

,X2 =f 'fYt~Y!)l.H~l~.,~l~ 
J~,'1. . Vs; ] 



.. 
also called the Chi-square; 0' i is thé standard érror ~ociated with the measurement of the Yi ( here all 

identical and=l). When dàta are weightedl the equation used in calcuiating the linear correlation 
11 

coèffident R isr 

where 
R =Pèarson's R 
~2 ...:tbi sqUire . 
Wj =Wéightot actuâ.1Value( SèttéllWhC!JlnélJlè) 

. Yi =!lçtu,àl~lué 
y =-meanof.êtUàl vaiYë$ 

Theweighs whenUSédàtèUtehiv~pl.~squarê(}fs~~d.~tv,~~~;, ". 
, ,', '" . 

The equations ofSchelTèt and$të"Çe$Stàtë ~tm'~l'9adeMig ~uetc)~~.~I.t~si2èîs'd~~enfôrt 

thé !iÇattering distance by 'the f~tot 11 coste). Th1l$ the prî$irt. of thé. p~(~e~:!D.\ijS~~' -ptéclse1y 
detemûnef,i fot the dir~t ~am'&mCi ~ diffraÇ:ti(Jnotd~#o.n the:~p)e",Fi~iV.9:_ ~.~ . 

'" ' -' - '. , 

two ordets 6tted with a.' eneral fùnction of the 'formof IWo.s· .. éttÎê Gauss·' 'tutVëS.1'hê<6t;oftht g . . . . .. .' . . . . . .. . . .f:ll'B.\,.,.. ."', ." , ,.... .... ...... ........ . 
equatlonbelow, wherè (œ(+~) iUhecontributionto th~ oft~~d$lopeot~:h~Jcgto~:~i~ali • 
Xl; -2 beingmpectÎvely thecentre~:thè Wldth àfeàdtG.ussWi~ 

, ,'. 

l " 00(" + p' + A ~". <x.. .... Xl)Z}. .'8' .. xt{ ....... (x.~X.~)'ï), '. _. . "e _.. ··e -' .. . -.' . ." . .. '2.' . . ............ "0 01' . .1 .' ·a.2·' 



Figure IV.9 shows the result of the fit using standard least squares method. Due to the immediate 

beamstop location in the vidnity of the +1 and -1 orders the fitted Gaussian curves are not perfectIy 

superimposed on experimental points. However, the estimated centre 15 a good estimate for the 

purpose of this work. The results of the fit are as follows: 

(l 

-0.001 
±O.OO2 

13 A 
37.405 54.919 
±2.141 ±l.408 

Xl 
906 

±O.25 

al B 

12.374 43.372 
±O.375 ±1.526 

X1 

1118 
±O.2.9 

al 

10.569 

±fl.441 

A similar fit to find the origin of the main beam is shown in figure IV.lO. The Gaussian fitted corve 

has its origin at 1022 (raster units) which is the vertical beam central position. The other parameters 

are: 

~ A a Xo 
25.857 107.476 5.065 1022 
:W.572 ±1.580 ±O.091 ±C.OS 

The correction for pattern origin is then applied 50 that the centre of the main beam and that of 

coUagen meridionals match. TheIl; the coordinates are transformed to the 2e-space, assuming V, the 

vertical coordinate of the peak (raster units) and r the distance sample-film, according to equation 

l'Il 

HO 

12D 

\00 

10 

!O 

40 

w 
IlOO a!i} 900 

v tan 29=
r 

~ Jl ~ 
950 !!Dl lœlO 

t 
1100 lllO In 

Fig IV.10:Fit of the rtUlin beam with a Gaussian curoe . The peak maximum position. 
of the fttted curve gives the centre of the 11.'lttem in raster units. Arrows indicate the 
estimated position of tire beamstop edges obtained from figure IV.9. 

Once the origin has been defined and the transform to the 26 space calculated we further need the 

breadth of the primary beam (instrumental broadening) in order to deten:n1ne the sample broadening 

for each spot on the meridian. 

pige:" 



1 Gauss Fit 1 
160 

0.0005 0.001 
26 

O,OOJ5 0.001 
2& 

Fig. IV.ll: Fit of the main beam with a Gaussian (left) and (l Lorerttzian curoc 
(rightJ, Full widths at half maximum for bath curves a Tt! listed in Table IV.4. 

This is achieved by giving.two analytica1 forms for the peales. For a Gaussian profile with peak origin 

at Xo, peak height Uo and a the full width at half maximum 

I=Cte+uo~ (X~7}2) 

where Cte is an offset value to account for the background 

Whereas the Cauchy cu.rve wiu he defined using the analytical farm: 

000 

ete 
Uo 
Xo 
a 

Area 
c2 
R 

I=Cte+Uo/(l+ (X~;)2) 

Table IV.3 

25.856 0.572 18.336 o.m 
107.472 1.575 122.619 1.871 

0.049 10-5 0.129 10-5 -0.12610-5 0.12810-5 
11.207 1D-S 0.201 10-5 8.5ùO t0-5 0239 lO-S 

2142.04610-5 2940.595 lCJ..S 
441 463 
0.99 0.99 

The previously defined analytical faons of the Gaussian and Lorentzian c:urves fitted in the 

experimental data are given in the first row of table IV.3 Md wUI serve as a template for all the 

subsequent peak fittlng procedures. The area calculated in toW 6 is ~he total area under the 

experimental points correct(.!(Ï for the background and will be useful for the calcu1ating the integraI 

width defined in paragraph {IV.B.2). 

5. Measumnent of the Broldaûng of Meridion.tl Orden. 

pige: '18 



The broadening of the meridional orders is measured for the data extracted from experiment No 3 by 

taking the averaged intensity along the meridian. The averaged intensity is the mean value of the 

intensity calculated on a 3 pixel width, vertical band, to improve signal~to·noise ratio. Thus each peak 

represented by the graphs below is a vertical averaged section in the meridional X-ray pattem shawn 

in figure IV.6. Following each peak fitting graph 1 show a table where the fitted parameters are listed. 

Data are only shown for 1=1 to 9 and where peaks are very weak the goodness of fit is reflected by the 

low R parameter in the tables. The accuracy of fitted parameters is also shown and will be used to 

calcu1ate the accuracy of crystallite size. Table IV.13 resumes the parameters obtained for the negative 

1 orders displayed in Appendix 1. 

Gauss Fit 

90 1: L 1 

80 ---t1\---1 "-r-
70 ---t+i-r---r---

i I·t 1 
60 .-.----! t '_L .. ____ +-__ . 

, • 1 1 

'. i: i 1 

!~ \\ i L 50 _.--t".-\.\-:--_. --

V. \'l 1 
40 ----..,.----Lr.,..-...-:-

~ '-1 . 1 

30--...... ---11--..&.----" 

0.001 0.002 0.003 0.004 20°.005 

Fig. IV.12: Fit of the l=1 Drder with a Gaussian (leftJ and Il Cauchy (rightJ curne. 
the resu1ting parameters are listed in table IV.4 

1=1 

39.054 
43.644 

233.060 urS 
18.73510.5 

1458.962 10"5 
1276 
0.96 

TableIV.4 

0.436 
1.398 

0.47810-5 

0.72610'"5 

36.780 0.893 
49.017 2.72.6 

232.588 10-5 0.76110"'5 
13.87910.5 1.334 10-5 

1961.267 l(jS 
3506 
0.90 

p.age: 79 



Gauss Fit 
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I
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! ~ 1 . : \----J 
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35.5 -----i---.+....:.~-1--
lI! 
! 1 ) 3S I__-...a--_, ____ .... 

0.0035 0.004 0.0045 O.oos .J.OOSS 

Fig. lV.13: Curoe fit Of the second meridimullorder. The fitted curve in this ewnple 
was modifi.ed in arder to contn'bute for the sloping background by adding an 
additimull Iinear term ( sa tat). 

Because the second order is surrounded by sorne background intenSity in the regîon 29..o.000l the 

curves have been slightly modified by a linear term B.x and talœ the analytical fCm\: 

I==Cte+BX +ul)ex~ _ (X~~o)2) 

I=Cte+BX+Uo~ 1+ (X~7)2) 

The calcu1ated R is then higher in comparison with an R value of ...0.56 obtained without this 

background correcUon (data not shown). Moreover, the area Wlder the curve was not calculated. 

TableIV.5 

1:::2 
Gaussian Profile Cauchy Profile 

Cte 45.520 0.299 4S.819 0.332 
t10 1.042 0.064. 1.222. a.cm 
~ 441.80810.5 0.71810-5 442.47410-5 

... 
O~752lCr;) 

a 14.74410.5 1.18710.5 12.196 1.61110-5 
B -2085.083 72.0438 -2181,614 8l.S27 

AlUl na na 

r 0.88 0.96 
R 0.97 0.97 -

page.: 80 



32~---L----~--~----~ 

0.0055 0.006 0.0065 0.001 -i.OO75 

Fig. IV.14: 3rd arder fit, the peak is retnDriCllbly good Ilnd one can notice the 
goodness-af-fit parameter R::{).99 given in Table W.6 . 

1=3 
TablelV.6 

GaussianProfile 
34.403 0.040 
10.604 0.119 

668.903 10.5 0.132 10-5 

14.91810-5 0.2Q.l1cr5 

281.218 10.5 

5 
0.99 

Gauss Pit 
35.5 .----1" ~I---~--..t----.... 
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j 1 l • 1 1 , \.- ! . 

• f 1 \; • 1 
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': 1 .. J~ 1 
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• _1 •• i 
33'-"---"--------'""'--.... 
0.008S 0.0089 0.0093 0.0096 2il 0.01 

Cauchy Profile 
33.7l3 0.053 
11.999 0.140 

668.96110"5 O.13110~5 
11.35410.5 0.23910.5 
388.08110.5 

5 
0.99 

Fig. IV.15:proftle fitting o/the 4th tnaidicnal ordet • 



TableIV.7 

~~--------~--~~~----------------~~---~------1=4 Gaussian Profile Cauchy Profile 
Oe 33.319 0.034 33j27 0.0515 
Uo 1.656 0.068 1.935 0.078 
Xc 895.135 10-5 0.430 10-5 895.2181(r5 0.420 10-5 
a 

Arœ 

i-
R 

13.543 10-5 0.72710-5 11.177 10-5 0.930 10-5 

39.837 10-5 57.509 10-5 

0.78 o:n 
0.97 0.97 

0.0105 0.011 0.0115 0.012 J.Ol25 

37 Cauchy Fit 

\. ri 1 1 
\ 1 ! 

i [~! i 
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f ~ \ 1 1 
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. il" 1 

1 1 l 
32~--~--~----L---~ 
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21 

Fig. IV.16: profile fitting cf the sth orL", 

TableIV.8 
1:::<; Gaussian Profile Cauchy profale 
Ge 33.026 0.037 32.543 O.œs 
Ua 3.600 o.on 4.207 0.116 
Xo 112L7841()"5 0.21410-5 112i.870 llï5 0.30211T'S 
a 14.08910.5 036610-5 12.143 lcr5 O.7141crS 

Aft!l 90.41210-5 13297410-5 

.;. 0.88 1.74 
R 0.99 0.98 

-------------------------------------- L. 



Gauss Fit 
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Fig. W.17:6th arder fit. 

Table IV.9 

1=6 Gaussian Profile Cauchy Profile 
32.066 0.027 
0.986 0.082 

32028 
1.146 

0.033 
0.106 

1346.92710"5 1.07710.5 

16.222 10-5 1.649 10.5 
1347.192 10"5 
10.58110.5 

34.67910.5 
3.22 

0.82 

0.97610-5 

1.69310-5 
27.902 10',5 

3.03 
0.83 

Gauss Fit 
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Cauchy Fit 
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Fig. IV.IB: 7th order fit. 
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Table IV.10 
1=7 Gaussian Profile Cauchy Profùe 

31.459 0.047 31.275 0.078 
1.084 0.070 1.320 0.085 

1571.58610-5 1.02010.5 1571.362 urS 0.975 10-5 

a 
Atm 

22.000 10-5 1.97010.5 

41.74810-5 
19.272 10.5 2676 10,5 
62.100 10,5 

r 
R 

1.47 
0.91 

Gauss Fit 
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Fig. IV.19: The fitted cunlt slwwn here is that of the nrder ()()'8 because 008 is very 
weak. 

1=-8 

a 
Atm 

.p-
R 

TableIV.ll 
Gaussian Profile 

39.776 0.036 
0.554 0.057 

-1823.910 10.5 1.89310.5 

24.81210.5 3.52110.5 

24.55110-5 

1.43 
0.78 

Cauchy Profile 
39.682 0.060 
0.674 0.068 

-1824.28210"5 1.812 10"'5 
21.796 10-5 4.8011(rS 

36.96710-5 
1.37 
0.79 
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Fig. W.20:9th order fit . 

TabIeIV.Il 

1=9 Gaussian Profile Cauchy Profile 
29.956 0.030 29.501 0.066 
3.916 0.062 4.562 0.099 

2028.509 10-5 0.162 10-5 2028.560 10-5 0.225 10-5 

a 13.332 10-5 0.273 10-5 11.004 10-5 0.502 10-5 

92.83310-5 133.246 10-5 

0.63 1.25 
0.99 0.99 

Table IV.13 

I=Cte+uaexr{ (X~7)2) I=Cte+Uo/(l+ (X:7)2) 
1 Cte Ua Xo a Alea ete Ua Xo a Alea 

x10-5 x10-5 xHrS x1cr5 x1crS x1o-S 

-1 37.204 54.685 -234.709 26.223 2544.427 33.467 65.197 -235.959 18.416 3311.078 
±D.69 ±1.718 ±O.645 ±1.025 ±O.693 ±1.591 ±C.442 ±O.838 

-2 37.974 0.896 -463.306 15.586 24.541 37.845 1.059 -463.122 13.438 35.945 
0.027 0.046 0.607 1.085 0.047 0.058 0.641 1.586 

-3 38.123 9592 -691.95 16.568 281.239 36.715 11.345 -691.915 14.411 415.122 
0.038 0.066 0.086 0.153 0.172 0.212 0.233 0.581 

-4 38.330 0.846 -917.239 17.323 25.85 38.17 1.024 -917.302 16.137 40.075 
O.tri9 0.0045 0.668 1.27 0.0.,"5 0.058 0.699 1.966 . 

·5 38.771 4.254 -1145.041 16.367 123.19 38.258 4.904 ~1145.07 13.910 179.903 
0.039 0.081 0.241 0.404 0.097 0.144 0.379 0.855 

-6 38.93 0.894 ·1373.508 24.261 38.216 38.728 1.109 ·1373.812 23.597 60.462 
0.032 0.043 0.795 1.642 0.062 0.061 0.829 2.621 

·7 39.332 1.146 ·1599.515 19.634 39.955 39.185 1.327 -l.599.128 16.971 59.430 
0.025 0.051 0.68 1.139 0.042 0.061 0.731 1.665 

-8 39.716 0':54 -182:3.91 24.812 24.551 39.682 0.6'14 -1824.286 21.796 36.961 
0.036 0.057 1.893 5.521 0.06 0.068 1.812 4.801 

·9 40.171 5.268 ·2052.397 24.205 226.426 39."61 6.132 -2052.166 20.969 339.797 
0.0662 0.137 0.485 0.51 0.103 0.151 0.479 1.086 

6. Results ilnd Discussion 
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The results of the earlier curve fits are summarised in table IV.14 and IV.15 where 1 show the 

measured peak broadening and the deduced crystal sizes calculated according to the methods of 

Scherrer then to Stokes-Wilson calculation. The data in table IV.14 are obtained for a Gaussian fitted 

profile for each peak. B(29) designates the broadenmg due to crystal SiZè only and is obtained alter 

subtraction of the squares of the broadening from the szmple and instrumental peak. LB(29) is the 

crystal size calculated from B(Z9) according to Scherrer equation. ~(29) is the integral breadth of the 

curve obtained by subtracting the integral widths of the sample and instrumental peaksj then Lp(29) 

is calculated using the Stokes-Wilson equation. The data obtained for a Cauchy (also called Lorentzian 

curve) fits are shown in table IV.lS. 

TableIV.14 
nengt 
mililble 

29 ~2e) B(26) ôB(29) LB(29) ôLB(29) 13(26) ôjl(i9) L~29) ôL~(2e) 

e. 10-3 
10.3 10,5 10-5 J.1 m J.1 m 10-5 10,5 Ilm JLm 

1 2.331 0.005 15.013 1.057 0.964 0.068 13.497 1.057 1.141 0.115 

-1 -2.347 0.006 23.707 1.230 0.611 0.032 26.597 1.230 0.579 0.038 

2 4.418 0.007 9.581 2.064 1.511 0.325 na 2.064 na na 
-2 -4.633 0.006 10.806 1.774 1.340 0.220 7.440 1.774 2.070 0.480 

3 6.689 0.001 9.846 0.540 1.470 0.081 6.587 0.540 2.338 0.210 

-3 -6.920 0.001 12.202 0.394 1.186 0.038 9.388 0,394 1.640 0.087 

4 8.951 0.004 7.604 1.593 1.904 0.:399 4.116 1.593 3.741 1.175 
-4 -9.172 0.007 13.209 1.837 1.096 0.152 10.598 1.837 1.453 0.264 

5 11.218 0.002 8.539 0.870 1.695 0.173 5.179 0.870 2.974 0.456 

·5 -11.450 0.002 11.929 0.744 1.214 0.076 9.021 0.744 1.7fJ7 0.161 

6 13.469 0.011 11.728 2.475 1.234 0.260 8.344 2.475 1,846 0.588 

-6 -13.735 0.008 21.S18 1.957 0.673 0,061 22.817 1.957 0.675 0.070 

7 15.716 0.01:'0 18.932 2.410 0.765 0.097 18.565 2.410 0,830 0.125 
-7 -15.995 OJJ07 16.121 1.528 0.898 0.085 14.912 1.528 1.033 0.129 

8 na 
-8 -18.239 0.019 22.137 4.049 0.654 0.120 24.376 4.049 0.632 0.127 

9 20.285 0.002 7.221 0.817 2.00.5 0.227 3.773 0.817 4.082 0.725 

·9 -20.524 0.005 21.454 1.020 0.675 0.032 23.046 1.020 0.668 0.041 '. 



Table N.15 

29 5(28) B(29) ôB(29) LU(29) ôLB(28) p(2e) ôP(29) Lp(28) ôLP(29) 

l!. 
10'~ 10.3 10.5 10,5 J.Lm J.Lm 10.5 10.5 }.lm J.Uil 

1 2.326 0.008 5.379 1.574 2.691 0.788 16.030 1.574 0.961 0.155 
-1 -2.360 0.004 9.916 1.078 1.460 0.159 27.724 1.078 0.555 0.033 

2 4.425 0.008 3.696 1.851 3.917 1.%2 na 1.851 na na 
-2 -4.631 0.006 4.938 1.826 2.932 1.084 9.930 1.826 1.551 0.949 

3 6.690 0.001 2.853 0.479 5.073 0.852 8.361 0.479 1.842 0.164 
-3 -6.919 0.002 5.911 0.821 2.449 0.340 12.608 0.821 1.221 0.102 

4 8.952 0.004 2.677 1.170 5.407 2.363 5.735 1.170 2.685 0.734-
-4 -9.173 0.007 7.637 2.206 1.896 0.548 15.121 2.206 1.018 0.175 

5 11.219 0.003 3.643 0.954 3.974 1.041 7.624 0.9M 2.020 0.328 
-5 -11.451 0.004 5.410 1.095 'J..676 0.541 12.703 UJ9S 1.212 0.138 

6 13.472 0.010 2.081 1.933 6.~ .. tJ 6.463 6.272 1.933 2.456 1.241 
-6 -13.738 0.008 15.097 2.861 0.959 0.182 30.538 2.861 0.504 0.056 

7 15.714 0.010 10.772 2.916 1.344 0.364 23.059 2.916 0.668 0.099 
-7 -15.997 0.007 8.411 1.905 1.709 0.384 20.801 1.9Q5 0.740 0.087 

8 na 

·8 -18.243 0.018 13.296 5.041 1.089 0.413 30.788 5.041 0.500 0.097 

9 20.286 0.002 2.504 0.142 5.781 1.712 5.222 0.742 2.949 0.568 
-9 -20.522 0.005 12.469 1.326 1.161 0.124 31.432 1.326 0.490 0.027 
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We now need a rather UlÛquevalue to characterise the average crysta.111~ $ize whkh is Ùldependent 

on the orders. Considering the Scherter and Stokes~WUson 3pproa~ the crystalllte average Sizè in the 



direction along the fibre is independent on the scattering va."tot (but not the broadening of the peaks) 

50 that a plot of the crystal average size versus 1/ cos(9) must he a con..~tant. 1, therefore, can plot the 

different sizes calculated for each order on a l/c05(6) scale and fit a horizontal straîght Une in the 

points. The intercept of the fitted line with the y axis yielded 1:he average size of collagell c:rystalline 

domains in tendon. 
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Table IV.16 shows the different average sizes obtained for the collagen crystallite according to 

Scherrer (first two rows) and to Stokes (last two rows) methods. Only the values from the sttaight 

lines weighted fits (figures IV.21 to IV .24) are eonsidered sinee lower accuracy was obtainéd with the 

weakest peaks. ln the third and fourth colUIIU\S N and dN are the average number of unit ce1ls in the c 

direction (c=667.9Â) eontained in the small crystalline domains and the relative estimated standard 

deviation. n and An are respectively tbe number of molecular tengths in crystalline dQmain along the c 

axis and the error. 

Table IV.16 

Method L &L N &N n 

J, lUIt l1nl 

Scherrer-G 0.858 0.073 12.6 1.0 2.86 0.24 

Scherrer-C 0.797 0.102 11.7 1.5 267 0.34 

Stokes-G 1.412 0.155 20.8 2.2 4.70 0.51 

Stokes-C 0.597 0.065 8.8 OS 1.99 0.21 

ln conclusioIlt additional experimental broadening usually may a1so arise from the sample size that 

was not the subject of this work. Consequently, the value of lJ.l obtained in the pr~nt s«.tdy is the 

lower Umit experimentally detennined. CrystaUite average si.zè might thus have a gre.~ter value 

withln the range of seme microns. Now if wc ~onsider the length of one collagen molecule ta De about 

3OOOÀ, we Bee that the average longitudinal crystal size ofpacldng in tendon is on ave.rage 3.2 limes 

the length of one coUagen molecule. This number is rather unusual in macromolecula.r 

crystallographyand the comparisCln with globular proteins wher:e aystals are JOrttleî.\ of thousands of 

reguiarly spaced molecules is not sttaightforward. One has always to keèp in mlnd however that 

collagen molecule.s are proteins with high t1\oIecular wclghts ag. Containing infinite rtumber ot atoms, 
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belonging to the special c1ass of fibrous proteins. We are however in the case of one of the rate 

proteins, the in-vivo self assembling of which is well known. 

E. Fourier Deconvolution. 

A rigorous method to solve the convolution problem ls to use Fourier ca1culation by 

transforming each function to a complex Fourier series: 

f(y)= L F( n )e-2 7t in yla 
n 

g(z)::: L G( n' )e·2 7t i n' zia 
n' 

h(x)= L H( n' ~.21t i n~ xia 
" n 

Writing the convolution form of the three curves in a compact form gives 

h (x}:::g(x)® f(x) 

where @ means a convolution product. Now, a well known mathematical remIt states that thé Fourier 

transform of a convolution product is equal to the simple product of the Fourier transforms of each 

component 

H(n)=F(n).G(n) 

thus 

F(n)=:H(n)/G(n) 

Using Fast Fourier Transform, H(n) and O(n) can thus be synthëSÎ$ed and the reverse Fourier 

calculated for f(y). 

Despite the elegance of this method and lta success in other powder diffraction studies, the calculation 

of the deconvolution for the current experimental data did not conduc:t ta signincànt tesult$ .l.e. an 

f(y) curve with measurable broadetûng, This method thus tumed out to be of little value what is 
probably due to the large btoadenlng calculated in the preœding paragraphs. 



Chapter5 

Digital Image Processing of Collagen X-Ray Patterns 

The structure and packing studies of collagen in tendons require that we ob tain a list of structure 

factors determined from X-ray experiments. Many attempts have already been made to obtain 

structural data from natural tendon fibres in arder to understand the organisation at the molecular 

levei in tIùs tissue. But, unlike in usual protein crystallography where data collection now tends ta be 

an automated process, there is to no computer programs wJUch readily analyse libre diffraction 

patterns and produce a set of structure factors suitable for crystaUographic analysis. Consequently, 

the major and m05t time consuming part of this thesis was devoted to the analysis of X-ray films of 

native and derivative collagen in order to obtain the above required data. Integration of Bragg peaks 

has been carrie<! out manually and care has becn taken to obtain a convenient set of structure factors 

suitable for three-dimensional Fourier analysis e.g. the collected data set mJst contain a minimum set 

of Miller indices suth as (O,o,t), (±1,0,1) and (O,±l,l). Furthermore the structure factors set for native and 

derivative collagen has to contain as much as possible of the diffracted intensity on the films in order 

to have a statistical (as well as a good resolution) significance. The multiple isomorphous replacement 

method on the other haad requires in addition, that for each measured intensity with MUler indices 

(h,k,I), one aIso has at band the same refledion for all other derivatives in order to calcu1ate the phase 

of the native F(htk,l). 

Now, whereas data Integration on the meridional and on the (-1,0,1), (1,0,1) row-Unes was 

straightforward, a special effort was done to gather correctiy indexed data from the other row';lines. 

AccordLng to the fibre X-ray pattern predictions and peak enhancement method outlined in éhapter 3, 

we know that for heavy atoms labelled collageflt a set of diffracted spots are present in those regions 

corresponding to raw-Unes other than the two prominent (-1,0,1) and (1,0,1) set. These raw-Unes 

intensities are relatively weak but remain necessary for a low-resolution thret"'dimensionaJ structure 

determination. These orders can thus be obtained and corrl!Ctly tndexed assunûng the following data 

analysis steps are carefully thought up: 

a) the accurate determination of the pattern origin and relative orientation of dtfferent 

films in one pack sinee data must be gathered and scaled together for each derivative. 

Care must be taken to avoid the repeated peak integration of the same reflection on 

successive filins or the erroneous indexing of the Bragg spots. 

b) the estimation and subtradion of locallpackground intensity surrounding each peak. 

c) the checking for peak saturation and peak overlap. 

d) X-ray films usually have Înlt lI\Sic background inherent to the film processing 

conditions and che.m.ica.l treatment alter exposure to the X·rays. The film badcground in 

the absence of X-rays iS usually designated l'c:hemical fog". Additional problems also 

arise from the drying conditions where rûms can exhiblt an altered stretclùng in different 

d.irections. 
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e) the actual tilt of the fibre relative to the X·ray beam will be shown to have a great 

consequence on peak indexing and is thus better estimated fram the film data rather than 

from the goniometer value wruch is I.U1Sêltisfactory. 

f) data recorded on multiple film pack always need to be scaled and corrected for film 

absorption. 

A. Dynamic Range of Intensities and Film Corrections 

Most of the convention al crystallographic studies about proteins are performed with 

molecules of globular shape. The electron density distribution of globular 1l'\olecules is rather isotropie 

when compared to fibrous proteins and consequently the molecular transform intensity fundion is 

isotropie in redprocal space. Thus the variation in peak intensity magnitude over reciprocal space is 

Fig, V.l : Image of meridional native collagen patterns (smaU angle), The tllree 
imnges from the pack have been juxtaposed after Il rotation and mU/slation 50 that 
equivalent spots coincide. Tlum, film satura/ion was controlled intcractivelyand 
integration carried 011 the norl~Stlturated peaks. 

slow for globular proteins as is shown with crystal rotating method and Laue patterns. 

In most of these experiments, the X-ray films are usually uniformly crowded with the diffracted spots 

and there is little difference over film regions. Crystalline collflgen in native anel heavy atom 

derlvative tendon is different in that it displays rugh anisotropy in the diffraction pattern where mast 

of the intensity is distrlbuted principally on the equatorlal and mericUonal axis. This is due ta the rad 

shaped geometry of the molecule, the molecular transform of which in reclprocal space is mostly 

confined on layer-Unes. Meridional orders in collagen diffraction patterns for example shaw cUfferent 

order of magnitudes in the peak intensities. In cl\apter 4..1 have 1l1tead)' displayed al small angle X-ray 

diffraction pattern with collagen fibre where weal .. /.!\l'en orders compared to odd ordel'$ are shawn in 

figure IV.6. Accordingly, the simultaneous rt.'Cording of odd and even spots on the merldian reqtùres 

the even orders to be sufIidenUr strone ta allow for an estimation of thelr integrated intensîties 

whereas the odd orders will be satu.rating for the film emulsion wheoovet long e>.-posute tiJ:nes are 
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used. Another condition arises because in addition to the high continuous scattering on the equator, 

the off-meridional peaks are usually weaker and tequire long exposure limes. As a consequence, the 

use of multiple film packs ls especially required for molecules lor whîch the diffraction patterns 

exhibit large variation in peak intensity in order to coyer the full dynamic range of intensities. For the 

purpose of data collection from collagen fibres, this was aclùeved by using up to six X-ray films per 

pack with long exposure limes (up to 20 minutes). Therefore, EUm scaling and film absorption 

corrections must be applied for the final set of strucrure factors ta be correct. In conventional protein 

crystallography these correctiol\5 are usually obtalned from the experlinentally measured lntensities. 

However, 1 have chosen to apply a systematic correction for intcnsities measurèd on multiple films by 

using the manufacturer standard value for film lactor and hot the usual method which consist ()I 

determining film factor from direct data measurement on successive films. The manufacturer filin 

factor is 2.1 for the X-ray wavelength used al Daresbury (Â.=I.48SÀ), thus writing the intensity ratio ot 
a given Bragg reflection measured once on film Nol and once on film N02 we obtain 

where Cfilm is the film factor. For a reflection meastlted on film number n we have 

!t-c n - lin In 

Since ail weak reflections will generally be measured on the first film, the systematic COlTèction we 

apply for film absorption when one single peak is measured on film number n i8 

Thus, the general procedure ta integrate Bragg retlections for native and derlvative collagen will be 

carried on first films for weak reflections (off equatorial and off Meridional refleètions) whereas 

medium and bottom films will be used to integrate strong ref1ections (prindpally the equatoriat and 

merldional reflections). FUm absorption and other corrections like Lorentz (actorwill then he applied 

as required. 

B. Determination of Film Orientation and Pattern Cèntre 
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l have developed, in collaboration with D. RICHARD at the Institute Laue Langevin, a software whlch 

enables a lot of interactive image processing utiHties to be applied to coUagen diffraction patterns. 

One of these tools is to dctermine the fibre pattern centre by calculating the intersections of two 

straight lines going one through the mendian and the other through the equator as shown in figure 

V.2. The pattern origin 15 thus determined in raster units for each film in the pack and was also used 

to calcula te the predicted fibre diffraction patterns. The correct centring was then verified by 

inspecting the beamstop position and Us shape on successive films. 1 thus used the image display 

software that was speclficaily developed to allow for a simuttaneous comparlson of different films by 

juxtaposing the patterns (figure V.3). 

Fig V .2:The X~ray fibre diffraction centre 
for collagen is calculated using a 
graphical interactive method. The pattt.'m 
origin far colIagen is the intersection 
point of the merldional and equatorlal 
axis. Tite top figure is a centred pattern 
obtained after rotation and transûttioll of 
the pattern as tXplained en the text. 

1 first detennined the pattern 

centres for ail films in one 

pack using the above 

descrlbed method ai. ~ 

looked for the relative 

position of the beamstop on 

aU the patterns. The 

beamstop used in the 

experiment " ... as a circular 

lead piece with a resulting 

circular shadowing of the 

films near the ongin. \\1hen 

correctly c~ntredl the 

bean\Stop marks had to he 

accurately coindding on aIl the successive films as these are recol'ded ail at onçe. The test procedure 

for pattern centre calculation is sc:hematkally explained in figure V.4 and has yielded a good estimate 

of the pattern origin for aU the worked films. 



fig. V.3 :X-ray patterns obtained with native and denvative collagen are usuaIly 
samned separately with Il tesulting 10S$ of pattent origin and rehztfve orientation. 1 
therefore correct for it in arder to ootain the correct ittdexing and integratio'J of 
Bragg orders usitlg al! the films in the pack . This figure slwws Il set of thrte films 
from native collagen patterns whlch luzve hem aligned and céntred using tht 
rnetlt()d descrlbed in the fat. 

Pattern Origin 2pixe1s 
maximum 

ri 
1 1 

t 

! 
1 

1 
1 

(a) (b) l 
.j 

Fig. V. 4: The X.Tay patttrn centre is ca!cu.laled using the melhod e:xplafned in the 
tert. TfUl11, one method ta test for ilS precision is ta ètmfpartt betwan the sllapes of 
beamstcp on successive films. (a) the pattent centre and the bearnstcp centre do ntJt 
necessarily match; whereas for a corredly calculated pattem CJ!ntre the cirCllÛlr 
borders of tIre beamstop must be superlmposcd (ÎT). Tite t:rror mtroduad by this 
met1wd was esh'mared ta be S 2 pixels . 

c. Image Display and Handling, Integrated Intensities 



The image display and handling utillties that have been developed for ftbre diffraction patterns allow 

for fast image manipulation of one or more simultaneous films. Images can thus be comparcd to eac:h 

other and with the 
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predicted patterns and thus 

l could carefully examine 

every local features in the 

diffraction patterns. The 

images treated at this stage 

will aU b e represented with 

the .~orresponding 

simulateà fibre diffraction 

pattern which allowed me 

to interactively work with 

the calculated and 

experimental da ta a t one 

time. Images can aIse be 

zoomed te observe small 

details and weak intensities 

in the patterns and colour 

seate can be redefined to 

the local intensity range. 

When displaying and 

treating images, sorne 

operations are common for 

aH displayed films: for 

example if a box where the 

integration is to be earried 

is drawn on the 

experimental data with 

more than on~ filin then thl] 

Sllme box is simultaneously 

shown on aU the other 

images. The choice of the 

film number where spots 

are integrated is thus 

Fig. V.5; Mendiotuzi diffraction spots for native collagen fibres. nll! pattern on the rlglrt shows flle prtdicted 
Bragg spots in this regiort. An eJlipticaJ sllllpCti box is aiS\} draum le indicalt llw atta wltere data inlegraHon is 
C/lrried. Afie-! peak tlltegratiall and background subtradion, tIlt MiUtr ind~ctS of the spot are olltllintd by 
companng the cwrdi110res of the ellipse wItre with the predicted Bragg riflêctwn. 
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adequately selected. 1 have thus ensured that saturated or strongly overlapped peaks were carefully 

rejected. 

Fig. V.6 : Native fibre diffraction pattern oàlt2ined after background subtradidl1 
and auerlay of the predicled fibre diffraction spots. 17re arrOtIJS irulicatl! the strcmgcst 
reflecttons ml the (·I,O,V and (1,0,1) rcr.v-lines while tlle topmost Ont indb:ates the 
intercr.pt of tite rOtLl.lines with Oœ Itefu layf..'T.lirre. 1'here are alsc some h:te1tsitre5 on 
the helix layer-lut/! that are ln good agreement witlr tlte predicted pattent in that 
region. 

As 1 ha ve ~x'plained above, the gathering of structure factors for eollagen has to he clone br examining 

every spot individu.:,llly since the shape of the integration area has lo he adapted to matcl1 the düferent 

Ol'lentations and extent of each Bragg reiledlon. The problcms of background subtradion and 

neighbouring diffuse scattering will be disc!..1ssed later on. ln the next figures 1 show seme of the 
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situations 1 encountered during peak integration. The displayed data are for native collagen fibres but 

the processing steps are aIso similar for the derivative patterns. 
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Fig. V.7: Here 1 show the llear equatoriil: regioll of the (-l,O,V and (1,O.V rourlitu:s wh..1>fe we can 
/lOU! hetter observe the successive orders. S,,'ttre strong ordJ:rs are indicate.d by an OrTQW and the 
cTrcular contoured one luzs MfIlt!7 indices .'1=1.k=O and 1=10. The lowest penk is pa'lticular 
beCDUSt it has Miller tndices (1,0,0) and is OVl"Tlapped by the order (~l,O,O) wllid: is ~dva1mt 

to the (1,0,0) according to Friedel 's law ( F (h k,l) 12 ::: 1 F dï,f.ï) 2). This pe::zk is not rt!Jec+.ed 
/Jui afier il1tegratitm it is ditrided by two and asSt,,:lled once to the (Z,0,1) order and once to the (~ 
1,O,V OTder. Tite nerl (and obviously Jrig/teSt ittlensity) peak III the shawn regiCJn of the pattern 
IS a ntlJ:tUTC of the orders n,D,V and (·1.0,1) and represent the kind of ambiguity wUh respect ta 
11ù: correel Bragg inde:dng. 

for aH data 1 analysed. the equatolial and near~equatorial regi'-'n of the diffraction pattE'.rns contain a 

lot of o\'erlapped peaks. Nevertheless, these data (which- actu.a11y, are relevant for the under.standing 

.Jf the Iateral packing of collagen molecules) Nive been integrated whenever it was possible but care 
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has been taken to keep them apart for further processing (e.g. the indexing of these reflections can not 

be done automatica11y and require a manual processing). 
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Fig. V.S: A set of tltree predicted diffraction patterns wce azlct.drlted with a t!1t angle resptctivdy 
2.00°,3.00° and 4.00". Then, images tvere displayed side..z:,y-side willz the experimtltttJl diffrac-titm 
pattern and a region of the diffraction pattern is slZO'altl in the vicint.'ty of the (-1,0,·75) Bràgg 
refiection. The eUiptica1 box is CI!1lrred at the peak 1TtIlXimum of the promi,rettt ref1ection shcr!.U1t in 
quadrant No 4 . TitUS we sec that the ituiexing of this ptJZk Clm be i1UlCcutately dttertni1t.ed. 1 thus 
concIuded tIta! the tilt of tlle fibre relative w tlle X-ray beam is important for the i.tuluing of 
coilagen Bragg spots and need to be accurately detmninEd. 
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Fig. V.9: This picture s1w"!1)5 the region in the 
vicinity of the (-1,0,75) ord!#'. Thequadrrmts 
show respectively the cxperirrtnttal n:ztir;e 
spot and tire prèdicted Brag$ rej1éCfitms fot a 

~ 
.......... . 

. "~ . , 

\ . . 

• fibre tiIted by 2.00°,$,00<> and 4.QO" reÙltiT.1e 
ta the X wray benm. 

Fig. V.ID: (below) AfibreX~1'ily diffractWn 
pattern Î$ ustJD.llysymmetric reÛltivé tD tht 
meridfan sa one quarter of t~ fWrepàtt~rn ._-_ ... -.... -.~ . • ~ • • cOlztains aU thè necessàty dàfâ Jfff! a 
structural dèttrmitultWn. TMse4 quàrlers 
)ZO'lJJf!Vet" ar~ only r(!lated "Ilyan· tXJld four .. 
/old syn'l1net:ry tilhtn thé. fibre is 
perpendicular ID thé X·tayêtam. Tite zero 

• 

11. 

.~. 
degree tilt ta the X-ray bt4ttt is· 11r~ 
achieved ezperimenbzOy t1ît:rtfort in étrIer ta 
determine the fibre tilt t S_ Il ffgWn of Ure 
pai1e771 nM the ( .. ~l)t-16) refltction. ·The 
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ClÙCu1ated(~l,D,l) Bm# spots ~ sIzirt.ctt. in 
the lower right quadfant Or~1'4ftml for 

• fibre tilt respecti'"vdy 2.06,s.O~4.0<iànd 42~ 
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MereovE'l'. from the d~\ta displayed ln this sectiOl\. l reach the condusion that the tilt of the fibre 

relattve te the X·ray beam 15 an important parameter that must he preasely deteraUned Ù". order to 

obtain the correct indexing of the lntegrated intensitles. 
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fibre tilts" Th~ éal~.tton.'w~ .. ~~~ clOïlij!, Wi~~, 
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Fig V~ ~3: TbtJow,r~rt.oju.,patt.mtlS,~ d,;flt-f'tWt' ' . . ··Wwtm'~' . 
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."tre ttuiJ --,..., ml ibt I;';l (1) ~,:-I/fÎ.- "-
,f'. J. __ .. CtI_~ . ~ . \' i l '1fW"f r~ ~ 
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figuré V1 11.00 V~l~~. 5hQw tN.t ~ tllt ... ttl_~y\$i~t/ot~-i;ûJh-'&l4l--vllut:$Qf Ulè 
p.tedlètèd peakpo$itiOl$ ~~yin ~ lQW~( pitt 9f~p.ttét.nt~tÜ).1_.~ter,\~ ~ri thê qp~ 
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part of it. The adual value of the tilt angle is thllS reached when the simu:btèd pattern coïncides With 

the upper and the Iower part .ofthe film and was estb:nated tô 4.2" fôr thé Iiàtive dà~ shown heré. 

Furthermorel the pteceding figures have shown 50 fat that data intègfànon and indèXing for the 

meridional anci the t'WO prommènt l'ow·1ines is easily obtainable iro~ ~ X-ra)' films W~l'~ possa,le 

etrors can only arise when calc:ulating the correct 1 index e.g. 1-1, l and 1+1 mightbè èOnfused. 
Similarly 1 1 now furlher demonstrate how the mtegration.and indexing weœcarrled oüt for ·theother 

régions of the films. 
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:Fig.V. 141 Thefilm rtgion 
flroundthelléliJ: IayéT Une 
dfsplaysomè spo.ts 
supmrnptJst4 'On à diffuse 
intenSitydue to . disàrdér in 
·theêty$tâtlitte pâcking of 
Çoltagen mottàUtes. Haw~ 
one catI, di$t1nguish single 
spcl$ as Bragg tq1~tions for 
tolrlch.indetes are girten by 
tL.4 .. ____ .... A· ' .. Cillcu1ated 

(J,f; '-VI • ""F,-mg 
spots cm thé bbttQm plÛtern. 
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Fig. V. 15: Art txarrt{lle if pelû:. {ntegrafifJ/U thé inttgtaJWtt 1$ nenv t4f'ritdp.t1ll tWa ër.,!hl uppe:rhtli~ 
laycr~line fat Br4gg -rtflectil:lrt$ with It)'~l. 1'hert. areclearly some 1Ld~hit~ ~fot tDhièlt tr..e 
sJUtpes are uot tueU dejim:d and othtrwL/ll tOQ clcSt in DrdCf l~« ~ra.tc1y itiltgrtîtt4 .. ~h~ 
were int(lfrated ,using tm. appropfiate tltiptië4t ÔôX 'ett1Tèd on tire t4kulattd Bmgg pasfflàn. 'I1ie 
fntegrated intensity tM5 Uten. ~edtd for ba.unll bJt ~1t.u.latirttfMaT.1tt'I2ge optial pCtf.$fty Q1l Die 
t11fpst Jx;rdUf and suèltraCfi(1ll from.lhe inf~grattd lnt.wttg. Tl~ J1~. tYa ~ peak fnlènsity îs 
(hm glvet: ûy the estimJlied staM.ttrd dtvlatfon as fit œttt'ttdÙinaf péak frttègt$tf; measumnenl: • 



In order to obtain structure factors with a 3-D significance in the Fourier calculation of the electron 

density maps, further processing of the coUagen diffraction patterns were then done by scanning a11 

the regions in the predicted patterns. Once predicted and experimental patterns were simultaneously 

displayed, 1 centred a box around each Bragg predicted position like in figure V.1S and switched to 

the experimental fibre diffraction pattern looking for the presence of a discemible peak. The foUoWÙ\g 

rules were systematically applied: 

1) for a peak which i5 very weak or not present a Km integrated intensity 

was assigned for the predicted reflection. 

2) for a peak. which is adjacent to another predicted one, the peak is rejected 

if the distance between the centres of the peak is shorter than 5 pixels on the 

films except if one of the peaks was strong in intensity. 

3) pe~ks that are totally overlapped were definitely rejected from the 

processing to avoid the introduction of false terms in the Foutier e.g. 

Patterson synthesis. 

4) peales that are not well defined as regular shaped spots were included 

but c:onsequently a high standard error value was expi!Cted. 

5) X-fay films usuaUy have int~insic background due to the chemical 

processing and film graininess. Thus errors in interpreting film noise as a 

weak spot were likely to occur but integration was then strictly done sinee 

first, there was no means to decide for it and second, the same reflection 

might he weak for the native pattem and somewhat stronger for a derivative 

fi1m. Since 1 am looldng for intensity differences to solve the phase problem., 

the peak was therefore taken as it was. However a future processing is 

needed ta d1scard non-isomorphous reflections. 

Then, the Lorentz factor the calculation of which has been discussed in chaptet 2 was systematicaUy 

appUed belore each peak integration. The structure factor value 50 obtained was then written to the 

standard MTZ birtary format for futther statistical and Fourier analysis using the CCP<l 

crystallographîc paclcage. 
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Chapter6 

Data Analysis 

A Collection of Native and Isomorphous Structure Factors for 

Collagen Crystalline Fibres 

1 have gathered a set of structure factors calcu1ated from the fibre diffraction patterns of one native 

collagen fibre and two other heavy atom derivative fibtes labelled With gold and iodine. An 

additional experiment is aIso avallable with PEG added to collagen fibres. PÉG chemieal does not . 
contain heavy atoms but was dealt with because it produces an unusual diffraction pattern showing 

well resolved strong peaks on most of the row-lines. In addition; PEG slain is not supposed to label 

collagen molecules at specifie sites for the time being. However, due to the observed increase in 

diffracted intensities on the row-lines one can expect that PEG is incorporated in the collagen 

structure with a rrtiodic distribution within the collagen crystallites. 1 have processed PEG data in 

order to have at hand a trial set for detennining the phasing capability of the ather dérivatives. For 

instance, a difference Patterson map caJculated with native and PEG data would notshow discenûble 

individual peaks whereas a difference Patterson map calculated with native and heavy atom 

derivatives should contain such peaks (distinguishable to the available resolution limit). This C'hapter 

is intended mainly for the pre1iminary construction and analysis of the structure fadots set~ suitable 

for MIR difference Patterson caJculation, that 1 could exttact from the native and other derivative 

diffraction patterns. The data for each derivative and (or the native that 1 have col1ected using th.e 

method and conditions described in ch.apte.t' 5 will he groupe<! separately and analysed in thtee data 

categories as follows: 

1) The structure factors obtained from the meridionaI reflèCtions are fU'St 

lîsted as they al10w for the calculation of the one-dimensionalstructure of 

the fibre when projected down to the c-axis. Previous work (Bradshaw et.aZ., 

1989) bas already been donc with native and derivative meridional structure 

factors but the lùghest arder obtained at that lime was 1",,50. In the present 

work 1 have obtained the metidional orders ta a higher resolution e.g, 

1/ d·..g.SÀ \ViUl 1..,80 for most of the native and derlvatives. This allows a 

better resolution of the one dimenslonal calculated structure. 

2) The structure factors obtained for the pro minent (·1;0,1) and (1#Ojl) row· 

lines, when included in the Pourier synthesis, allow for the calculatlon of Il 

structure projected on the Ile plane. The integrated intensities on the 

corresponding row-Unes in the diffraction patterns have been obtairted with 

a better accuracy on U\e MUler indices then the remaining row~lines and also 

with lower errors due to theu' discemible presence in a row and Iow overlap 

(figure VU). There is however a Uttle ambiguity on the indexing of the near 
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equatorial reflections but this can be corrected manually at a future stage. 

3) The remaining (h,k,l) refleétions collected on the other vertical row-lines 

will be presented in the paragraphs caJled Other Data and in the 

Appendixes. 

c 
~..-

«:i 

Fig. VI.l: (Left) A vertical section of the diffraction 
pattern with PT A labelled collagen îs shown in the 
region containing the first row-Unes. One clearly 
observes the presence of successive orders some of 
tltem are very weDk (a) and (c) and aIso seme strong 
peaks that are partially over'lilpped (h). This image has 
been obtained' after orientation of six PTA 
experimental films and background subtraction as 
described before. Then the six images were added to 
display aIl the peaks AlI at once. ln the neaf-equatorilll 
region, the peaks are very strong but not separated 50 

that 1 can proceed with tlle Integration but the 
indexing of the reflections Iras to be deme later 
manually. 

(Right) PTA treated tendon also shows a set of 
medium (e.g. equatorial) and fow intensity rD'lv-lines 
reflectiotlS i,z the region near R ... lt27k1. These peaks 
are necessary for a 3-Dimensional Fourier analysÎS to 
be done but the work to integrate and inde:r these peak 
is tremendous . 

'~ne diffraction spots in the film packs were integtated on one half of the patterns for native and 

derivative fûms (e.g. two quadrants, one bottom and one top containing pOSitive and negative 1 

indices) because of the lime consuming manual processing eadt film pack has required.ldeaUy, one 

!tas to Integrale the data on aIl four quadrants in order to obtain a better statistic when mergîng the 

data. Nevertheless. the reduced data set 50 obtained is suffldent to attain the requi.red set of structure 
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factors and by the way to verify the Friedel's law 1 F (h,k,l) 12 ::; 1 F (h,k,1) 1 2 
• The Frlede11aw can is easily 

verified by comparing I(h,k,l) and I(~h/-k,-l). 

A. Native Collagen Structure Factors 

These are the most important data one has to obtain since electron density maps are cakulated USing 

these structure factors and the corresponding MIR caIculated phases. Neverthelessj in the absence of 

phase information these structure factors can be used to refine a model structure by calcu1ating the 

Fourier transforms and comparing with the experimental structure fadors. 

1. Small Angle Meridional Orde1'5 

The meridional reflections were processed manually to product! the structure factol"S. However, the 

small angle meridional reflections were missing because the low·o} meridional spots are usually absent 

in most of the experiments with high angle diffraction patterns due to the presence of the beamstop at 

the film ongin. Since the lowest measured 1 value in high-angle X-ray fibre diffraction is ::=5 to '7) the 

small angle experiment previously realised for peak broadening analySis (Fig. IV.6) is now convenient 

ta measure the integrated intensities of the small angle orders (1 to 9). 

Table VI. 1 -1(0,0,11 F(O,o,l) !max O'Imax lmax O'Imax 1(0,0,1) IImax I(O,O,1)/lmax 
Gauss Gauss cauro! cauchy Gauss Cauchr 

-9 1841 43 5.268 0.137 6.132 0.151 2.86 3.33 
u8 126 11 0.554 0.057 0.674 0.068 4.40 5.35 
-7 532 23 1.146 0.051 1.327 0.061 2.15 2.49 
-6 629 25 0.894 0.043 1.109 0.061 1.42 1.76 
-5 1958 44 4.254 0.081 4.904 0.144- 2.17 250 
-4 390 20 0.846 0.0045 1.024 0.058 2.17 2.63 
-3 7544 87 9.592 0.066 1L345 0.212 1.27 1.50 
-2 796 28 0.896 0.046 1.059 0.058 LI3 1.33 
-1 57618 240 54.685 1.718 65.197 1.591 0.95 1.13 
1 66755 25ël 43.644 1.39& 49.017 2.126 0.65 -:'.73 
2 1379 37 1.042 0.064 1.222 0.077 0.76 0.89 
3 7553 87 10.604 0.119 11.999 0.14 1.40 1.59 
4 395 20 1.656 0.068 1.935 0.078 4.19 4.90 
~ 2328 48 3.6 0.072 4.207 0.116 1.55 1.81 i) 

6 928 30 0.986 0.082 1.146 0.106 1.()6 123 
7 899 30 1.084 0.01 1.32 0.085 1.21 1.4'7 
8 116 13 nol no no no no no 
9 2093 46 3.916 0.062 4.562 0.099 1.87 2.18 , 

Because of their contribution to the 10w resolution feal:ures in the moleailar st:rudure, thesmall"angle 
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orders listed in table VU are important for the undelStanding of collagen molecular pacldng in the 

unit cell and will thus be scaled and added to the native structure factors obtained wîth the high angle 

diffraction patterns. The phase calcu1ation for these orderst obviously., will not be (.>btaîned because 

there was actually no meridional small angle diffraction experiment with the other derivatives. 

Moreover, in chapter 4, 1 have already measured the peak height after the fit of Gàussian and 

Lorentzian curves but integrated intensities were not calculated. Thus, in arder ta add these 

reflections ta the native full data set, the arders have been integrated ta yield the total intensity in the 

peak. In the flfSt two columns of table IV.I are listed the integrated intensities and structure factors 

measured from the X-ray film shown in chapter 4. In co1-tmns 3 to 6 1 report the values of the peal:: 

height calcu1ated in dlapter 4 along with the estimated errors for each small-angle order. Whereas the 

ratios in the last two columns indicate that the peak height intensity is a good approximation of the 

total integrated peak intensity. These ratios are aU close to unity unless for the lawest péw (-8, 8 and 

4 ... ) for which curve fits were also less accurate. 

merldiAll 

lntt!gratiod: 
division by 2 

----+------.. eqtla!Qr 

-1 

Fig. VI.2 :The integration of mtrridw1Ull spots was àlrriM ilS USUlÙJ 

nevertheless due ta fibre tilt the positive 1 orders lm split inta two ptZrtWJy 
separated spots. Ilurve thus integrated the total iH1ensity for positive l' 5 (lnd 
applied Il factor 0.5 whert required. 

2. Meridional refl~dions 

The data 1 have obtained icom the meridional difIraction pattern of natiVe collagen are listed be1ow. 

The data set contaîns aIl the values for 1<0 and 1>0 observed on. the X~ray r~ Data frolnsuçœSsive 

films have been corrected for film factor sa that saturated peaks were întegrated on bottant film.ét in 

the pack. 1 have also added the smalt-angle oJ'ders obtaïned in tlm paragtaph belote after scaling. 

New, the meridianal orders on the upper part of the patterns are split gradually with irtçrea$îng 1 due 

ta the fibre tilt whe.reas the Id) orders are not split al least ta higher l values than for 1>0. Thiskind of 

overlap however does not hinder the întegration of these data since theybelQng tu the same tendon. 
1 have thus integrated 1"\. .. 'lorIS which werespUt into two spots (as a consequence of thet1bre tilt) on 



the upper part of the pattern only once and then, aiter background sublt'action and Lorentz factor 

correction, 1 have divided the integrated intensity by a factor two (figure VL2). 

Reflections which were predicted but not observed on the meridian were givt.'tl a zero total integrated 

intensity and a zero standard deviation (see table below) to aIlow for a native to derivative MIR 

differences to be estimated when ordets are present in the derivatlve patterns. n'je ratio <Jp IF in that 

case was not defined and was manuaIly set to 100%. 

l/d· F (JF gE 6 11l.al 2S l 4 57 lUIS 26 2. 9 
7 95.35 24 l 4 58 11.65 16 2. 13 

E 8 84.52 li 1 9 59 11.46 31 2 7 
-43 1).71 8 1 17 9 74.54 '.rl 2. 7 60 11.26 31 2. 8 
42 16.10 8 1 13 10 67A2 26 2 9 61 11.08 0 0 100 
41 16.48 6 1 16 11 60.86 26 2. 8 Iii 10.9è 14 2. 15 
-40 16.90 8 1 13 12 55.90 00 2 1 63 10.73 16 2. 13 
-39 17.33 0 0 100 13 51.99 18 2 10 64 10.56 17 2 lt 
..3IJ 17.79 6 1 15 14 48.22 24 2 8 65 10.4Q 0 0 100 
-31 18.26 6 l 16 15 45.18 22- 2 9 66 10.24 13 1 11 
-36 18.76 11 1 9 16 4U6 23 2. 9 67 10.09 12 l U 
-35 19.32 6 1 16 17 39.84 77 2 8 68 9.9f 10 1 13 
-34 19.88 16 1 9 18 37.53 18 2 10 69 9:/9 10 1 14 
-33 20.46 6 1 16 19 35.58 22 2 9 :ro 9.65 38 2. 6 
-32 2U3 1 1 14 zo 33.71 44 4 9 71 952 36 2 7 
-31 21.82 9 l 12 21 32.11 42 4 9 'n. 9.$8 76 4 5 
-30 2253 19 1 7 22 30.71 16 1 9 13 9.26 4 1 $.3 
·29 23.31 13 1 8 23 29.36 U l 12 1. 9.13 '1 l 21 
·28 24.11 0 0 100 24 28.17 16 2 15 7S 9.01 5 1 al 
·27 25.00 21 1 'l 2S 27.02 28 2. 'J 76 8.89 14 .1 7 
-26 25.99 16 1 9 26 2S.99 J8 a 9 7l 8.17 .() 0 100 
·25 27.02 18 1 8 27 25.00 19 :z 9 78 u& 9 1 11 
·24 28.17 13 2 14 28 2UI 13 2 13 79 8.5S 17 l 6 
-23 29.36 8 1 13 29 23.31 ~ :2 8 80 US 5 1 18 
-22 30.71 10 1 10 30 2253 39 3 8 SI 8.34 6 1 16 
-21 3111 31 3 8 31 21.82 23 2 10 82 8.24 20 1 7 
·20 33.71 25 2 8 32 21.13 14 1 10 83 s.U 10 l 1. 
·19 35.58 11 2 16 33 20.46 25 2 10 .84 8.Of '1 1 19 
-18 37.53 il 2. 19 34 19.88 '19 2 8 aS 195 o{t 0 100 
-17 39.84 16 2 11 3S l!U2 14 l 10 86 7.86 24 l fi 
-16 4226 14 2 12 36 1!\.76 20 :2 9 87 1:17 19 2 9 
·15 t5.18 13 2 13 '.rl 18.26 21 2 10 .. 1.68 18 l a 
-14 .an 14 2 12 38 17.19 3l :2 7 89 1$ :u l 1\ 
·13 51.99 11 2 15 39 17.33 U 1 11 90 151 1 1 19 
-12 55.90 24 2 9 .0 16.90 23 2 S 91 7.42 :zs 4. 13 
·11 60.86 20 2 9 41 16.48 «l 3 '1 91 1~ 11 :2 12 
-10 6M2 19 Z 10 U 16.10 z.t. :2 8 9:} 1:0 lI! 2 11 
-9 'lUt 26 2 S 43 15.11 23 2 Il 94 1.19 26 :2 .$ 
-8 8-4.52 18 2 11 « 15.36 19 2 9 95 7.11 19 2 la 
-1 95.35 17 2 12 45 15.01 16 1 !il % l.Oi 20 2 9 
-6 111.80 20 1 5 olS 14.10 9 1 15 91 69/ 23 l 9 
-5 141.42 36 1 3 47 107 15 1 9 98 6.89 11 2- 15 
4 158.11 16 1 6 4& 14.07 26 2 '1 99 6.82 l' 2. 11 
-3 223.61 71 1 1 4.9 13.79 2S 2 '7 100 6.76 19 :1 13 
-2 316.23 23 1 4 50 13.51 5 t 2!,} 101 6,S U l 11 
·1 678.00 196 1 1 Sl 13.25 13 l 11 102. 6.62 11; 2 11 
1 618.00 211 l 0 51 13.00 103 6 5 103 6.56 ~ Z 19 , 31&.23 30 1 3 53 11.15 0 0 100 10. 6.SO Ü 2 16 
il 223.&1 11 l l S4 12.51 10 2 20 lOS 6.43 2S 2 à 
4 1S8.11 16 l 6 55 lUS 7 2 28 
5 141.42 39 1 3 56 12.06 17 :2 10 

The above listed orders however must be che<:ked for consistenc}' with one of the· basic 

crystallograplûc principles that is the equivalence ootwee:n symmetry related réflections and a1so lor 

the correct Bragg indexing. This is usually obtained br calculating the R,VJtIt factor which gives il 
p" -

statistica1 measure of the data conformity to the œntro-symmetry equivalent reI1é<.'tiOns.. The Ftiedelfs 

law states that in the absence of anolILllous dispersion,. centro-symmetric teflec.tions have equai 

intensities . Thus in order ta verify the Friedellllw 1 bave plott.ed in figure Vl3 the ôbserved structure 

factors for the meridional reflections. 
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Fig Vl.3: A gr.tphicnl represerltation of Friedel's law for the meridional data 
obtained w;th na tive collagen. The 1 indices are shawn an the horizontal axis up ta 
1=43 and the str ilcture factors amplitude on the vertical axis. The structure foclots 
and tire estimai ed standard deviations for 1<0 are represented by their negative 
values ta allow for a simultaneOllS compari5(Jn. 

This simple graphica' cepresentation will he preierred to the statistical global Rsym factors since it 

allows us first ta verify that structure factors amplitudes for symmetry related pairs are equal în 

magnitude and second, that the reflections have been correctIy indexed. 

3. Row-Lines 

Native collagen (-l,O,l) and (1.0,1) structure factors have also been collected and are complete1y 

summarised in the list below for the fust time. Here agaîn 1 have associated a zero amplitude to the 

structure factors the prediction plogram has calculated but l have not observed on the X"cay films. 

h k 1 l/d· F OF ru:. ·1 0 .i9 8.2l 0 0 100 -1 0 ~ 11.62 ft 2 15 
·1 0 ·78 &.31 6 Z as ·1 ,. .s3 11.82 {) 0 100 

E ·1 0 -71 8.41 9 2 22 -1 0 ..51 U-02 2.S 3 11 
-} 0 ..l}9 6.63 0 0 100 .1 0 .7$ 8.62 8 2 %4 . 0 .sl 12.23 15 + 13 Q 

·1 0 ·96 6.69 10 2 21 -} 0 -74 8.13 8 2 25 ·1 0 .Si) 12.« 13 2 15 
-} 0 ·91 6.7F. 13 2 15 ·1 0 ·73 8.84 0 0 100 -1 0 049 12.66 1& l Il! 
-1 0 .li6 6.83 18 .3 15 ·1 0 .n li96 22 2 11 -1 0 411 12..89 B l 21 
-} 0 -qs MO 12 2 15 ·1 0 -10 9.19 3S 3 9 ~l 0 .c l1U 0 0 100 
-} 0 -94 6.91 10 2 20 ·1 fi .fA 9.31 0 0 100 ·1 0 ..u; U36 9 1 2D 
·1 0 -93 7.04 0 0 100 -1 0 -liS li .•• 11 2 12 ·1 0 -45 13.62 0 Il 100 
-1 0 .tn 711 12 2 11 -1 0 -68 9.44 13 a 15 ·1 0 -+1 13.!18 11 3 26 
·1 0 .91 719 19 2 10 -1 0 ~1 9..51 0 0 100 ·1 0 -43 1 .... Uî 11 ~ 14 
·1 0 -89 1.34 11 2 19 -1 0 -65 9.$4 0 0 100 -1 0 -42 14"'3 0 () 100 
·1 0 -88 7.42 0 0 100 ·1 0 ..6( 9.98 19 3 10 ·1 0 41 1(.13 17 2 12 
-1 0 -87 7.50 " 2 45 ·1 0 -63 10.12 16 :2 13 ·1 0 -40 15.02 4 l 53 
·1 0 -86 7.58 7 2 2B -1 0 -62 10.21 13 2 15 ·1 0 .39 1S.34 0 0 lOO 
·1 0 .ss 7.61 0 0 100 -1 0 .fil 10.43 (} 0 11)() -1 CI .3$ lU1 t l ~ 
-1 0 -ti4 ns 0 0 100 -1 0 -60 1058 t3 t 1$ ·1 0 .J7 161)1 (1 0 100 
-} 0 .8J 7.64 0 0 100 ·1 0 ·59 10;5 0 0 100 ·1 0 -36 16.35 0 0 100 
·1 0 ..f!2 793 12 .3 24 -1 0 -S7 lHl/i 21 

,~ 
10 ·1 a -)5 16.1) la l 20 

·1 0 -81 M2 13 2 15 ·1 0 .!iô 1U6 13 15 ·1 0 -34 1.1.10 11 2 19 
-1 0 .so 8.11 16 2 12 -1 0 ·55 1144 0 100 ·1 0 ·33 l'.4g 12 2 19 
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-1 0 -32 17.90 10 3 30 -1 0 64 10.39 5 2 .0 1 0 -22 2.5.00 13 :3 22 
-1 0 -31 18.35 0 0 100 -1 0 65 10.2:4 12 2 14 l 0 -21 25.65 8 2 22 
-1 0 -30 18.80 7 2 28 ·1 0 66 10.09 0 0 100 1 0 -20 26.44 13 2 15 
·1 0 ·29 19.25 0 0 100 ·1 0 (il 9.95 0 0 100 1 0 ·19 Xlj2 II 2 1S 
-1 0 -28 19.73 7 2 28 ·1 0 68 9.81 13 ,2 13 1 0 ·18 27.95 lS 2 13 
-} 0 ·27 20.24 0 0 100 -1 0 69 9.67 0 0 100 1 0 -17 28.75 '11 2 15 
·1 0 -26 20.76 0 0 100 -1 0 70 9.54 10 2 20 1 0 ·16 29.62 23 3 13 
-1 0 .2.5 21.32 6 2 41 ·1 0 71 9.41 43 2 5 l 0 ·13 32.11 9 2 21 
-1 0 -24 21.87 16 3 18 -1 0 72 9.29 15 .2 11 1 0 -12 32.97 6 2 .2$ 
-1 0 -23 22.47 0 0 100 -1 0 73 9.16 23 3 12 1 0 ·10 3tSO 8 2 22 
·1 0 -22 23.12 11 3 28 ·1 0 74 9.œ 13 2 15 1 0 -9 35~ 0 0 100 
-1 0 -21 23.71 5 2 45 -1 0 75 8.93 10 2 17 l 0 .s 36.04 6 2 34 
-1 0 -20 2 .. 40 14 2 14 -1 0 76 8.81 14 .2 12 l 0 -6 37.27 1 .2 ai 
-1 0 -19 25.08 21 3 14 -1 0 77 8.11 16 2 13 1 0 -1 38.3$ 29 3 9 
-1 0 -18 25.82 13 3 24 ·1 0 78 8.60 10 2 17 1 0 0 38.35 45 4 9 
-1 0 -17 26.54 6 2 37 ·1 0 79 8.49 0 0 100 1 0 1 38.07 41 3 'l 
-1 0 -16 27.32 7 2 30 ·1 0 80 8.39 16 2 Il 1 0 4 36.76 U 2 t9 
-1 0 -15 28.17 19 .2 11 ·1 0 81 8.29 17 2 11 1 0 7 34.7l 0 0 100 
·1 0 ·14 28.99 16 2 13 ·1 0 82 8.19 5 2 38 1 0 9 33.15 0 '0 100 
-1 0 -13 29.75 1 2 224 ·1 0 8'3 8.10 11 - 2 16 1 0 lt 3U7 0 0 100 
-1 0 -12 50.57 17 l 11 -1 0 S. 8.00 3 2 60 1 0 13 29J'S 0 0 100 
-1 0 -11 3U7 17 3 16 .\ 0 8S 7.91 11 2 1S 1 0 15 2i1.17 12 2- 19 
.J 0 -9 33.15 9 " 42 ·1 0 86 7.82 0 0 100 l 0 16 27.32 0 0 100 
-1 0 ..g 33.90 2 2 91 ·1 0 87 7.13 0 0 100 1 0 20 2t40 lB 2 13 
-1 1"0 -7 34.71 13 3 24 ·1 0 88 7.65 12 2 17 l 0 22 23.12 19 3 17 
-1 0 ·5 36.27 17 3 21 -1 0 89 7.56 '? 2 27 1 0 23 22.47 14 2 1.& 
·1 0 -4 36.16 11 3 )2 ·1 0 90 7.48 7 2 24 1 0 24 21.81 20 3 14 
-1 . 0 -2' 37.80 23 3 13 -1 0 91 7.40 0 0 100 1 0 25 2t32 13 Z 16 
-1 0 ·1 38.07 55 " 8 -1 0 92 7.32 0 0 100 l 0 26 20.76 12 i 17 
-1 0 :3 38.35 21 -4 18 ·1 0 93 7JS 0 0 100 1 0 27 20.24 0 0 100 
·1 0 -4 38.07 Xl " 17 -1 0 94 7.17 12 2 16 1 0 28 19.73 0 (} 100 
-1 0 5 37.80 18 5 25 -1 0 95 1.!1iJ 11 1. 19 1 0 2:9 19.iS 0 0 100 
-1 0 6 37.27 0 0 100 ·1 0 96 7.02 16 2. 11 1 0 30 18.lW> {) 0 100 
·1 0 7 36.76 0 0 100 ·1 0 97 6.95 0 {) 100 1 0 31 18.35 0 0 100 
-1 0 8 36.04 0 0 100 ·1 0 98 6.88 0 0 100 1 0 32 17.90 6 2 34 
-1 0 9 35.36 3 2 as -1 0 99 6.81 0 0 100 1 0 33 17;.9 18 2 11 
·1 0 10 34..SO 10 2 20 1 () ·77 8.71 0 0 100 1 0 34 ~7.10 0 0 100 
·1 0 11 33.71 .. 9 3 32 l 0 -76 8.81 fi 0 tOO 1 () as 16..i1 14 2 15 
-1 0 12 32.97 5 1 38 l 0 -75 8.93 0 0 100 1 Q 36 16.35 15 2. 13 
·1 0 13 32.11 0 0 100 1 0 -74 9.05 6 2 27 1 0 37 16.01 0 0 100 
-1 0 14 31.31 3 2 65 1 0 -73 9.16 3 2 50 1 0 38 1$.67 () 0 100 
-1 0 15 3D.43 30 3 10 l 0 -n 9.29 0 0 100 1 ~ 39 15.34 9 2 22 
-1 0 16 29.62 12 2 16 1 0 ·71 9.41 Il 0 100 1 0 t() 15,02 11 2 17 
-1 0 17 28.7S 20 .2 11 1 0 ~ 9.61 0 0, 100 l 0 41 1413 14 2. 14 
.1 0 18 2795 24. 2 9 l 0 -68 9.31 12 2 15 1 0 t2 1 .. 43 {I 0 100 
·1 0 19 2722 21 2 10 1 0 -67 9.95 6 .2 28 1 0 43 14.16 13 .2 17 
-1 0 20 26,44 16 2. 13 1 0 ~ 10.09 5 .2 32 t 0 « latlS 0 0 100 
-1 0 21 25,65 0 0 100 l 0 -65 10.24 8 .2 21 l 0 <&S 13.6.2 * 2 46 
·1 0 22 25.00 19 3 15 1 0 -64 10je) 0 Il 100 1 0 ~ , 13.36 11 :2 1~ 
-1 0 23 2(,25 10 .2 20 1 0 -63 10.55 0 0 100 1 0 47 13.12 (} {I 100 
-1 0 24 23.64 19 2 10 1 0 -62 10.11 0 0 100 1 0 4,8 12.69 19 2. 1.1 
-1 0 25 22.94 12 .2 17 1 0 -61 ~O.87 0 0 100 1 0 t9 12.66 a Q 100 
·1 0 26 22.36 0 0 100 l 0 .6() llJM 7 .2 24 1 0 50 12.44 9 .2 22 
·1 0 27 21.77 10 2 17 l 0 ·59 11.22 0 0 100 1 Q SI un 11 3 21 
·1 0 28 21.18 0 0 100 1 0 .se 11.40 s 1. 38 l 0 51 1102 .9 2. 22 
·1 0 29 20.61 6 .2 34 1 0 -57 11.59 13 3 21 1 0 53 H.82 1 2- 100 
·1 0 30 20.12 0 0 100 l 0 .s6 11.78 0 {} 100 l 0 54 lU2 0 0 100 
·1 0 31 19.65 1( .2 14 1 0 -SS 11.98 " .2 39 1 0 5S lL~ ~ 0 100 
·1 0 32 19.14 10 2 21 1 1) ·54 12.18 15 .2 lt l 0 56 t12~ 0 ·0 Itn 
·1 0 33 18.70 0 0 100 1 0 -sa 12.l9 6 2 JO 1 Il 5'1 11œ 11 .2 18 
-1 0 34 18.26 14 2 14 1 0 ·52 12.62 3 .2 65 1 0 58 lll.!ll 12 .2 11 
·1 0 35 17.82 7 2 28 1 0 ·51 12..85 '0 0 100 l 0 S9 1Q.7S '1 ,1 30 
-1 0 36 17.41 9 2 7.3 1 0 -sa 13.07 "1 :3 40 1 0 60 10-58 l6 .2 U 
-1 0 39 16.29 31 3 10 l 0 -49 13.32 8 2 24 1 0 61 lo.Ü 4 2 .9 
-1 0 40 15.93 0 .0 100 1 0 -48 13.57 0 0 100 1 (1 62 10.27 0 Q 100 
-1 0 41 15.60 21 2. 8 l a -47 13..&3 0 -0 100 1 (1 63 10.1:a 17 2 11 
-1 0 42 15.27 10 2 21 t a -46 1 .. 10 la 2 11 1 Q 64 9.96 11 2 1.9 
-1 0 43 14.96 0 0 100 1 0 -45 1437 7 2 1!1 1 0 liS !t84. 1\ 1 2 24 
·1 0 44 14..66 0 0 100 1 0 

""" 
J.t .. 66 0 0 100 l 0 6â 9.?I) U l 17 

·1 0 45 14.37 11 2 18 1 0 -43 14.96 0 0 100 1 0 67 9.51 9 3 34 
·1 0 46 14.10 () 0 100 \ 0 -42 15.21 9 t al 1 G 61! U~ 14 :1 14-
-1 0 47 la.83 2 2 67 1 0 ·.11 15.60 15 :2 12 1 (1 S 9.31 16 2 12 
·1 0 48 13.57 18 

ti 
1 Il -40 15..93 .. 1 .(9 1 0 7D 9.19 13 3 24 

-1 0 (9 13.32 18 1 0 -39 16.29 13 a 15 l a 11 i.96 3'J 3 "1 
-1 (1 50 1107 8 2 U t 0 -38 16M 15 2 t3 l 0 n u, , 2 aa 
-1 0 51 12.85 13 2. 1 (1 .3ô 17 •• i 10 2. 17 1 0 14 8J3 0 Q lOO 
-1 0 52 12.62 10 2 1 l 0 -35 17.t2 g 2 11 1 0 7& 8.5t 26 3 12-
·1 0 53 12.39 t3 2. 1S 1 0 .3-4 1116 10 a 2t\ i 0 TI 8 .. 41 {} (1 1œ 
-1 a 54 12.18 14 2- 15 1 0 -33 lm 6 2 3S t 1) 78 8.31 11 2 11 
·1 0 55 11.98 13 2 15 l (1 -32 t~a (; 1 2. 32 1 0 ~ .8.21 l6 3 19 
-1 0 56 11.78 (1 (1 100 l (1 .. 30 20.12 0 (1 100 1 0 fk) 8..Jl il 2 13 
·1 0 51 lL59 () 0 100 1 0 ·29 20.67 12 2. 14 1 0 lU itô1 8 ~ 24 
-1 0 58 11.40 27 3 1(1 l 0 ·28 21.18 10 3 26 l 0 81 7.93 .21 3 15 
-1 0 60 l1JM 21 3 13 l 0 • 'tJ 2171 0 0 100 1 0 83 1M 1 2 . TI 
·1 0 61 10.87 11 2 16 l 0 .25 22.!N 12 3 12 1 0 84 1:;'5 0 0 100 
-1 0 62 10.11 • l 48 1 0 ·24 2164 9 2 19 1 0 as 7.f{/ 0 0 100 
-1 0 63 lD.5S 9 2 t3 1 0 -%3 24.25 Il 2 15 t Q. 86 1.s11 11 3 21' 
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The Friedel pairs are again plotted in the tollowing two figures where 1 first show (figure VL5) the 

near equatorial region of the pattern (e.g. reflections with III <30). One thus recognises in figure VI.5 

that the Friedel law is verified only for some reflections but one have to bear in mind that sU'ongly 

overlapped as well as altered peaks have been rejéCted from the data processing whereast very weak 

refledions have bren given a zero integrated intensity. 

(-1,O,L) & (1,O,L) Data. 1 L 1 < 30 
60 

(1,O,L) 
40 

20 

-20 

-40 (-1,O,L) 

-60 

Fig. Vl.5:A graphical representation of the Friedel1aw is shawn J,t:re for rwtive 
collected reflections. We observe Q good agreement for some rtiflections likt the 
(1,0,1) and (-l,O,·V whic11 is the strongest rtfltction on fhe equator. 

~ • 



60 

40 

Native Data (-1 ,O,l) & (1 ,O,L) L= 1 -> 99 

Fig. Vl.6: The Friedel plot of the (-1.0,1) Ilnd (I,O,l) row-lines is here shownJor 1=0 
to 100. The arrow indicates the (l,D, 111-73) rejlections which folls at the lltlix 
layer-Une intercept in the X-Tay diffraction pattern. 

4. Other F<h,k.,l) IS 

o 

The data analysis has also yielded a set of structure factors from the other row-Unes. A low-tesolution 

3-D Fourier analysis 15 thus possible assuming the gathered data are correct. 

The data were checked to evaluate the reliability of the structure factol'S, a complete data set is 
t\ 

provided in the appendix. Figure V1.7 shows a Friedel plot of the reflections with genera1 indices 

(2,0,1) and (-2,0,1). These are again better plotted as a function of the 1 index. The (2,0,1) structure 

factors are plotted on the F>O part of the vertical axis whereas the (~2,O#1) structure factors are plotted 

on the lower part of il The "hole" bet\o\reen the 1-34 to 1=50 corresponds to the region of the pattern 

where the reflections overlap with reflections from the other row-lines and were fuus. neglected. 

Otherwisc, we see in figure V1.7 that the Friedel pairs matclt within the range of the experlmeJltal 

errors in structure factors determination. 
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Fig. VIi: The Friedellaw is also convincingfor the set of data collected on the (-
2,0,1) and (2,O,l) row-lines. There are obviously some strong rejlections at IqJO 
which are obtained from rejlections integrated on the heIix layer-Une. This plot and 
the others shawn before give the evidetlce thilt 1 IUlve obtained a reliable indexing of 
the rejlections relative ta their 1 index. 

5. Analysis of Native DIu using the CCP4 CrystaUognphic programs 

The above listed native structure factors are the ,d!dta 1 have collected from X-ray films without any 

further processing since oruy film factor and Lorentz corrections were applied. However, for the 

purpose of electron density and Patterson calculations these dë'.ta have been analysed using the CCP4 

protein crystallography package. The data were first merged and scaled using the programs Agrovata 

& Rotavata of the CCP4 suite. Reflections recorded more then cnçe were thus merged and equivale:nts 

are analysed to produce a unlque reflection file with the new standard deviation again calculatèd The 

output al these programs is a binary file containlng a red.uced UJÙque set oC structure factors (e.g. 

relative ta the Pl crystal system) for further declvative to native scaUng and other Fourier calèUlations. 

Some statistical calculations on the intensities (dîsttibution of intensîty versus resolution, calculatien 

of R·lactor versus intensities etc) are aIse done by the programs whlch are given in tables Vl.2 and 

VL3. The symbols used are the usuaI abbreviations used by CCP4 and the reader must survey the 

CCP4 manual for a detailed description of the symbols and algorithms used. 



TableVL2 
Native Data 

Analysis agaînst resolution 
N <5> DffiiîlA Rfac Rcum Av_I (J II sd Nmeas Nref 

(J 

1 0.0028 18.97 0.178 0.178 881. 412.4 2.1 114.06 158 79 
2 0.0056 13.41 0.556 0.217 194:, 255.3 0.8 92.99 82 41 
3 0.0083 10.95 0.496 0.251 190. 168.1 1.1 105.52 114 57 
4 0.0111 9.49 0.423 0.271 179. 147.4 1.2 107.56 131 65 
5 0.0139 8.48 0.523 0.299 232- 224.7 1.0 112.88 107 52 
6 0.0167 7.75 0.455 0.309 202. 160.0 1.3 103.41 76 3S 
7 0.0194 7.17 0.614 0.324 225. 318.5 0.7 110.74 54 27 
8 0.0222 6.71 0.618 0.332 116. 232.0 0.8 93.14 40 20 
9 0.0250 6.32 0.585 0.333 93. 101.3 0.9 60.79 18 9 
10 0.0278 6.00 0.000 0.333 O. 0,0 0.0 0.00 0 0 

Table VI.3 shows the intensity distribution of native reflections as a function of the standard deviation 

for the different resolution shells llSted in colUlIUl 1. These data have been caku1ated by the Rotavata 

program assuming the Pl space group for the collagen crystalline domains. It follows that most of the 

reflections have been determined with a higher (J value then the fùm data l have obtained only afte.r 

peak integt .'tion. However these data remain convenient for low-resolution Fourier synthesis as 

structure factors are usually weighted by the inverse of the standard deviations in the Fourier series. 1 

will huther use these reflections with those similarly obtained for heavy atom derivatives for the 

purpose of difference Patterson calculation. 

l'able VL3 
Native Dilta 

Number in bin Total Cumulative % 
DIîliIlA ~cr ~cr ~ Slcr ~o ~ >3<1 
18.97 37 47 27 146 25.3 57.5 76.0 24.0 
13.41 55 53 32 150 36.7 72.0 93.3 6:7 
10.95 48 74 30 162 29.6 75.3 93.8 6.2 
9.49 69 106 50 240 28.8 72.9 93.8 6.2 
8.48 43 62 38 158 272 66.5 90.5 9.5 
7.75 33 50 25 120 27.5 692 90.0 10.0 
7.17 25 33 26 92 272 63.0 91.3 8.7 
6.71 18 38 18 77 23.4 72.7 96.1 3.9 
6.32 8 9 5 23 34.8 73.9 95.7 4.3 
6.00 0 0 0 0 0.0 0.0 0.0 100.0 

Overall 336 472 251 1168. 28.8 69.2 90.7 9.3 

B. Gold Derivative Structure Factors 

1. Meridional Refledions 

The meridional collagen ditfractloI\ data lor gold derlvative were als() Integrate<! uslng the six 

. available films in the pack. Pattern centre and film orientation have been searched using the usual 
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methods. 

ln this paragraph 1 give the list of the meridional reflections l have obtained fot gold meridional 

reflections. 

l/d· F oF CfF ·12 55.902 457 31 ? 41 17.329 146 7 5 
-11 60.858 103 9 9 42 16.903 1~ 7 5 

E -10 67.42 409 ao 'l 43 16.485 125 8 6 
-53 12.997 20 3 13 ·9 74.536 397 29 '1 44 16.096 179 S 4 
-52 13.245 25 .'3 12 -8 84.515 443 33 7 45 15.(13 1lM 6 6 
-51 13.509 0 0 100 -7 95.346 .œ 31 '1 46 15.357 146 U 9 
-so 13.788 65 3 5 ~ 111.1103 267 29 11 47 15.008 75 $ 6 
-49 14.1772 35 3 9 .. 182.574 242 23 10 48 14.696 44 4 9 
-48 14037<1 63 3 5 5 141.421 37'l 36 9 49 lU74 152 8 5 
-47 14.696 25 3 14 6 1ll.1Kl3 186 23 U 50 14.072 7S 5 6 
-46 15.008 36 3 10 '1 95.346 315 33 11 51 13.788 140 7 5 
-45 15.m 67 s 5 8 84.515 324 35 11 52 13..!i09 36 .. il 
-44 15.713 33 3 10 9 74.536 296 al 11 53 13.245 184 \1 5 
-43 16.096 61 4 6 10 67.42 312 34 11 54 12997 145 7 5 
..u 16.4&5 45 3 8 11 60.858 109 11 10 55 12.'152 30 " 13 
-41 16.~3 103 5 4 12 5$.902 388 36 9 56 12.51 136 '1 5 
--40 17.329 62 .. 6 13 55.902 185 17 9 57 ]2.281 69 5 '1 
·39 17.789 34 3 8 ]4 51.968 72 8 12 58 U.065 105 5 5 
-38 18.257 152 5 4 lS 48.224 257 tJ 10 59 11.851 0 0 100 
-37 18.765 46 3 7 16 45.175 280 2l 9 6ô 11.648 58 11 19 
.36 19.317 38 3 9 17 47.258 108 12 11 61 11.456 Tl. 5 7 
.!lS 19.881 22 3 14 18 39.&&1 146 13 9 62 11.258 33 11 34 
-34 20.455 55 3 6 19 37.529 117 10 9 63 11.071 a 0 100 
·33 21129 68 " 5 20 35.578 312 31 10 64 10.898 32 4 13 
-32 21.822 160 i 4 21 33.71 311 22 7 65 10.727 39 10 21 
-31 22.S3 107 5 4 22 37.1œ 172 13 8 66 10.559 0 0 100 
·30 23.313 182 8 4 23 30.715 176 13 7 6'1 10.398 26 16 59 
-29 24.112 64 3 5 24 29.361 100 7 7 68 10.m 2S '1 29 
-28 25.00 104 5 5 25 28.172 382 26 ., 69 10,0Il6 0 0 100 
·27 25.\194 233 la .. 26 28.1'12 U4 9 '1 70 09.936 0 0 100 
·26 27.017 145 6 . 27 25.994 318 21 6 71 09.192 m H 10 
·25 27.01'1 " 4 28 25.00 13'1 10 '1 il 09.65( 0 0 100 
·24 .<4.172 171 8 4 29 24.112 128 8 6 73 09.517 159 11 '1 
-23 29.361 99 5 5 30 23.3\3 102 1 7 14 00.362 0 Q 1(X\ 
.22 30.115 171 8 5 31 2153 138 9 li 75 09.'1Sl 0 0 100 
·21 32.108 174 8 5 32 2Z53 166 11 7 16 09.133 Ô 0 100 
.20 33.71 374 16 4 33 2l.8i2 158 9 6 'TI 09.!Xl9 76 12 15 
-19 35.578 170 III C. ~ 21.129 159 9 6 ï8 08.891 10 11 Ua 
-18 37.529 93 6 6 3S 19.881 91 5 6 19 011.774 56 8 1. 
-11 39.841 68 4 6 36 19.317 72 4 6 80 œ.661 0 0 100 
·16 42.258 204 13 (, 'SI 19.317 'li 6 6 81 œ.SS3 0 0 100 
·15 45.175 451 28 6 38 18.765 9& 5 5 82 08.446 Il!' 12 11 
-14 48.224 191 14 7 39 18.257 222 11 5 83 011.342 p' •. 83 9 
.13 51.968 87 9 10 40 17.789 '4 4 6 

1 now show a detailed graphical analysis of the meridional data. This. and the ioUowing 

graphical displays 1 will show for aU the data are a redundant action that will he done for each row 

data sinee it is very important to assess for the accuracy on the structure factOI'$ detenIÛt\ation belote 

the data set is included in Fourier analysis. The principle however, is the same as for the native data 

that is, 1 select aU the data for one simple row-Une, (h,O,l) for exarnple, and choose ta plot the structure 

factors amplitudes as a function of one index (here the I1ndex). The top values are those for F(h.O,t) 

and the bottom values for ·F(-hiOrl) whereas the X-axis values are always the 1 values. 
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Fig. VI.8: Tire meridional structure factors I(JI' gold derivative are pwtted hcre. 
Tlzere are olnriotlsly more orders obtained from the X$ray diffractÎcm pattern for 1>0 
thart for 1.:0 due to tlle fibre tilt. 

Figure VI.8 shows the structure factors amplitudes obtabled wîth meridional gold derivative data and 

plotted against the III index. The data set 1 show contains aU the eatly detennined structure factors 1 

have given in the above list. There are obviously more reflectiolls on the upper side of the graph Ce.g. 
those with 1>0) becêluse 1 have observed much more orders from the upper part of the X~ray 

diffraction pattern (lmax=83) since the fibre has been tilted in a manne.r to bring more meridîonai 

orders into diffracting position. 
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Fig. VI.9: Tlze gold merldional data are nC1W shown i1J the range III =[4,53] wlrere 
wc cati now easily disHnguish equivalent rejlections. The reflections at low
resoluHo1' (up ta 1=33) are better matching in amplitude accordÎng to Friedellaw 
bllt the the7'e is a bad agreement between the amplitudes 011 the higher orders. 71tere 
are two possIble reaS011S frn' this discrepancy: the /irst is that the lmentz correction l 
have used {s not SI4itable for meridional rejlections where R:::{), and the second is that 
au additia1za[ corredion, taking into account the fibre tt1t, has been o1tlitted. 

2. Row Lmes 

ln this paragraph, 1 give the sorted list of the reflections 1 have coUected from the (-1,0,1) and (1,0,1) 

row-lines together with the graphical dlsplay of structure factors analysis. 

h k 1 l/d- F oF !lE. ·1 0 -44 13.881 54 7 12 ·1 0 ·12 30.511 70 10 14 
·1 0 -43 14.156 61 1 11 -1 0 ·11 31466 36 1 ti 

-E..... ·1 0 -42 14.434 37 5 15 ·1 0 -11 31.466 68 1 là 
.J 0 ·79 8.212 36 5 13 .] 0 -41 14.128 0 0 100 -1 0 ·10 32.275 51 10 20 
-1 0 ·77 8.410 24 5 19 ·1 0 -40 15.024 '1J 5 20 ·1 0 -9 3.l.lSO 31 9 M 
·1 0 ·76 8.513 45 8 17 ·1 0 -39 15.339 127 ., 6 -1 0 .a al.OO3 w 16 13 
-1 0 ·75 M19 30 5 18 -1 0 -38 15.615 58 ., 11 -1 0 -7 34.711 4 8 215 
·1 0 -74 an1 18 8 46 -1 0 ·37 16.013 103 6 6 ·1 0 a6 3.'i578 63 11 11 
-1 0 ·73 8.839 72 8 12 -1 0 -36 16.352 62 "1 8 ~1 0 .s :16.2.74 22 la 47 
·1 0 ·72 8.955 31 5 16 ·1 0 -35 16.713 49 ., 14 .) 0 -4 36.761 9;l 26 28 
-1 0 ·71 9.066 44 6 14 ·1 0 -34 17.100 4S 6 13 -1 0 ·2 31.196 121 2S 2l 
-1 0 ·70 9.190 32 6 18 ·1 0 -34 11.100 (iJ 5 9 -1 0 2 3a348 ita ~ 11 
-1 0 -69 9.313 0 0 100 ·1 0 ·33 t7 . .s7 13 6 46 -1 0 .. 38.069 1~ 24 2S 
·1 0 -68 9.441 88 8 9 ·1 0 ·32 17.~3 39 6 IS -1 0 5 37.1% 19 11 
·1 0 .(,6 9.704 i'3 6 8 ·1 n -31 18.349 30 ., 2.3 ·1 0 6 37l6/J 171 21 12 
·1 0 -64 \1.980 35 6 16 ·1 0 ·30 t8.i'9S 106 8 '1 -1 0 ., 36,m 3.$ 8 2l 
·1 0 -63 10.122 86 8 9 ·1 0 ·29 19.245 5 9 156 ·1 0 S 36.037 2.4 14 58 
·1 0 -62 10.271 59 4 ., 

·1 t' ·28 19.126 57 1 12 ·1 0 9 1$,355 26 ., 2.9 
·1 0 ·61 10.426 58 5 8 ·1 IJ -Z' 20.244 0 0 100 -1 0 10 3t5IJJ &4 8 1.0 
-1 0 -61 10.426 124 6 5 .] 0 ·26 20.761 10 ., f» ·1 0 11 ~o 55 8 15 
·1 0 -60 10.582 69 5 7 ·1 0 ·25 2l.32D 13 ., 53 ·1 0 12 32969 66 9 14 
-1 0 ·59 10.746 20 5 24 ·1 0 ·25 21,320 11 il 8 ·1 0 13 31.1œ S4 11 13 
·1 0 ·59 10.746 46 S 11 -1 0 .. 14 21.814 73 6 1) .1 0 14 31.311 86 11 20 
·1 0 .s8 10gll 12 5 37 .] 0 -23 22.413 59 3 13 .1 0 15 30.429 143 \) 1 
·1 0 ·51 11œ.1 13 4 34 ·1 0 ·22 23.125 0 0 100 -1 Q 16 2U17 15 8 51 
·1 0 -56 11.258 17 6 32 ·1 a -21 23.769 43 9 al -1 0 17 21!.748 82 '1 8 
·1 0 ·55 11.441 28 6 2D ·1 0 ·20 24.39S 38 '1 HI ·1 0 III 21.951 1" 15 10 
-1 0 ·54 11.625 53 6 12 ·1 0 ·19 ZS.Ui8 106 11 Il -1 0 19 27.111 Ijl 11 13 
·1 0 -53 11$18 22 S 23 ·1 () -lI! 25.820 ~ 10 2!1 -1 0 3) 2U44 191 9 S 
·1 0 ·52 12.021 110 li li ·1 0 ·17 26$7 48 8 11 -1 0 21 2S.6t9 9'9 '1 1 
·1 0 -51 12.226 54 6 12 ·1 0 ·16 ~.31S bot li 12 .1 0 n 25.ro:> IS li 11 
·1 0 --17 13119 0 0 100 ·1 0 -lS 28.172 45 9 21 ·1 0 23 24.2.'14 33 5 17 
·1 0 47 13.119 0 0 100 ·1 0 ·13 29.748 37 1 2fJ ·1 0 24 ll6l6 146 Il 5 
·1 0 -46 13363 23 li 23 -1 0 -13 29.7.a 13 9 13 -1 0 25 22.942 14& à S 
-1 0 -45 13.621 44 6 14 
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-1 0 26 22361 24 7 27 1 0 -63 10.547 38 4 12 1 0 11 91.466 78 10 13 
-1 0 27 21.770 113 5 .. 1 0 -62 10.709 13 :3 26 1 0 12 30.571 148 15 10 
·1 () 28 21.176 51 6 12 1 0 -61 10.872 14 4 26 1 () 13 29.748 40 9 22 
-1 0 29 20.672 120 7 5 1 0 -60 11.043 36 3 9 1 0 a 28.989 92 a 9 
-1 0 30 20.121 39 6 15 1 0 -59 11.223 0 0 100 1 0 16 27.318 35 9 26 
·1 0 31 19.649 0 0 100 1 0 -58 11.403 45 5 11 1 0 18 25.820 73 7 10 
-1 0 32 19.139 93 6 6 1 0 ·57 11.586 42 5 11 l 0 20 24.398 39 14 36 
-1 0 33 18.699 92 7 8 1 0 -56 n.m 5 .. 77 1 0 21 1:1.769 51 7 14 
-1 0 34 18.257 44. 7 15 t a -55 11.973 56 5 8 1 0 22 23.125 22 7 32 
·1 0 as 17.817 89 6 6 1 0 -S4 12.181 20 5 22 1 0 22 23.125 5 5 112 
·1 0 36 17.408 110 6 6 1 0 -53 12.3901 89 6 6 t 0 23 22473 16 7 44 
·1 0 37 17.025 57 6 II 1 0 .52 12.619 0 0 100 1 0 24 21.874 59 7 12 
-1 0 38 16.644 14 6 40 1 0 -51 12.846 104 5 5 1 () 25 21.320 :! "/ 17 
-1 0 39 16.287 12 5 42 1 a -50 13.074 48 5 11 1 0 26 20.761 7 n 
-1 0 40 15.931 21 " 21 1 0 -49 13.316 110 5 5 1 0 27 20.244 as 6 24 
-1 0 41 15.598 11 4 34 1 0 -48 13.571 69 5 8 1 0 29 19.245 31 6 20 
·1 0 42 15.268 45 4 10 1 0 -47 13.828 24 4 17 1 0 30 18.798 32 6 19 
·1 0 43 14.957 24 4 18 1 0 -46 14.100 88 5 6 1 () 31 18.349 'TI 7 9 
-1 0 44 14lJ65 59 4 7 1 0 -45 14.374 11 6 55 1 0 32 17.903 7 6 88 
-) 0 45 14.374 43 5 13 1 0 -45 14.374 5 a 61 1 0 :,la 1".~7 46 • 10 
·1 0 46 14.100 33 5 15 1 0 -44 14.665 53 5 9 1 0 :"4 17.100 36 6 16 
-1 0 47 13.828 87 5 6 1 0 -43 14.957 17 4 26 1 0 35 16.713 58 4 8 
-1 0 49 13.316 ZJ 4 16 1 0 -42 15.268 3 5 163 1 0 36 16.352 47 5 11 
·1 0 50 13.0'/4 45 5 Il 1 0 -41 15.596 43 5 12 1 0 37 16.013 80 ,. 8 
·1 0 51 12.846 84 6 7 1 0 -40 15.931 27 5 18 1 0 38 15.675 74 5 ., 
·1 0 52 12.619 62 7 11 1 0 -39 16.287 24 4 16 1 0 39 15.m 38 5 l' 
·1 0 53 12.39. 27 4 14 1 0 -38 16.644 54 5 10 1 0 40 15.024 50 5 10 
·1 0 54 12.181 33 5 15 1 0 -37 17.025 86 7 8 1 0 41 14.728 0 0 100 
-} t) 55 11.978 67 6 8 1 0 -36 17.408 145 7 5 1 0 42 14.434 51 4 9 
-1 0 56 11.m 95 '1 '1 1 0 ·35 17.$17 115 '1 6 1 0 43 }~:~ 53 5 10 
-1 0 57 11.586 78 4 6 1 0 -34 18.257 'Tl '1 9 l 0 44 44 5 11 
·1 0 58 11.403 15 5 33 1 0 ·33 18.699 34 7 2î 1 0 45 13.621 12 5 45 
-1 0 59 11.223 46 5 11 1 0 ·32 19.139 119 7 6 1 0 46 HI,36l S 4 81 
-1 0 60 11.043 23 5 22 1 0 -30 20.121 25 5 19 1 0 47 13.119 23 5 2t 
-1 0 61 10.872 24 " 18 1 0 -29 20.672 118 7 fi 1 0 48 12.888 73 5 7 
·1 0 62 10.70'} (IJ 4 6 l 0 -28 21.176 59 6 13 1 0 49 ù.659 49 6 11 
-1 0 63 10.547 37 5 15 1 0 ·27 21.710 87 7 8 1 0 50 12.442 67 5 8 
·1 0 64 10.m 25 4 17 1 0 ·27 21.770 69 7 la 1 0 51 12.226 14 6 42 
·1 0 6S 10.238 as 5 16 1 0 ·26 22361 5 5 88 1 0 $2 t2.02t 13 7 9 
-1 0 66 10.091 37 5 15 1 0 ·25 2294.2 116 8 6 1 0 53 11.818 55 6 10 
-1 0 66 10.091 37 4 12 1 0 ·24 23.636 118 8 1 1 0 54 11.625 S1 6 11 
-1 0 68 9.811 73 5 7 1 0 -24 23.636 83 7 8 l 0 $5 11.44) 60 5 li 
-1 0 69 9.672 96 5 S 1 0 -2.3 2US( 12 7 58 1 1) 56 U.2S8 ri 5 (1 

·1 0 70 9543 26 ~ 16 l 0 ·22 25.000 86 '1 8 1 0 57 11.œt 23 6 26 
·1 0 71 9.411 32 4 14 1 0 ·21 25.649 61 7 11 1 0 6IJ 11).911 18 5 26 
·1 0 72 9.289 75 5 7 1 0 ·20 26."" III 11 SI 1 0 59 10.146 50 S 9 
-1 0 7J 9.163 59 6 10 1 0 ·19 21.217 173 8 5 1 0 59 10.746 22 5 'U 
-} 0 74 9.046 70 5 7 1 0 ·18 27.951 67 8 12 1 0 60 10.582 42 S J1 
-1 0 75 89:.1 5 5 90 1 0 ·17 28.748 100 7 ., 1 () 60 10.562 64 .5 ., 
·1 0 76 8.815 64 5 7 1 0 -16 29.617 31 8 25 1 0 61 IIJ.426 $;l 5 9 
-1 0 77 8.7f!1 62 5 7 1 0 ·14 31.311 46 6 12 1 0 62 10..271 99 5 5 
-1 0 78 8!Rl 46 " 9 1 0 -12 32.969 43 5 Il 1 1) 63 10.122 9.( 6 ~ 
-1 0 79 8.491 fil 4 7 1 0 ·11 33.710 42 7 16 1 0 64 1},9!k} 'lJ 6 3) 

-1 0 80 8389 45 5 11 1 0 -10 lW.500 66 li 10 1 0 6S 9.839 ~ 5 14 
·1 0 90 1ASl 95 4 5 l 0 -9 15.3S5 34 1 20 l 0 66 9.704 68 li 8 
-1 0 94 7.169 113 5 4 l 0 .a 36.037 81 ., 1} l 1) 6., 9.569 97 7 7 
1 0 ·74 9.046 ~ 3 8 1 0 -7 36.761 0 0 100 1 0 68 U.l 62 8 13 
1 0 -73 9.163 20 ~ 19 1 0 -5 37.796 90 1 7 1 0 69 9.31~ lU S ft 
1 0 ·72 9.289 30 5 16 1 0 ... 311069 114 28 2S 1 0 70 9.100 59 1} tS 
1 0 ·11 ~"U1 0 0 100 1 0 -3 38.348 101 23 21 1 0 71 9ll61l 140 8 li 
1 0 -10 9.5t3 20 4. 18 1 0 ·2 3&.348 162 25 t7 l 0 72 19S5 Tl 7 li 
1 0 ..li} 9.672 34 " 12 l 0 -1 38348 92 2S ~I 1 0 73 8.839 62 6. 10 
1 0 -68 9.811 168 5 3 1 0 (} 38348 241 30 12 1 0 "4 8.1'11 46 '1 15 
1 (} -67 9.950 21 " 16 1 0 2 37".796 82 23 28 1 0 75 8.619 9S 7 8 
1 0 -ii6 10.091 .(3 4 10 ] 0 5 36.274 2.3 17 76 1 (} 76 8.513 34 6 lB 
1 0 .{,6 10.091 24 4 16 l (} 7 34.711 as 10 28 l 0 82 7.928 99 11 11 
l 0 -65 10.238 48 5 10 1 0 S 31903 26 9 34 1 0 113 1A37 Tl S (:; 
1 0 -64 10.392 16 4 23 l 0 10 32.21S 108 11 10 1 (} 99 6.600 101 6 6 

p.g~120 



100 

50 

o 

-50 

·100 

-150 

-200 

-300 

-200 

Gold Labelled Collagen (-1,0,1) Raw Data 

(1,0,-1) Data 

Fig. VJ.10: A grap/,ical display of the reflectt'ou pairs related by Il Friedel 
symmetry. TIte data are shawn far the ra lige of iudices 1=-1 to -75 for a better 
c1anty. 

(1,0, .. 1) 

Fig. VI.11: The dota showlI ;11 this figure are tilt row-Uttts l~l"O,lJ and (1,0,1) wlth 
l=O to 75. 
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There is obviously a good correspondence between structure factors amplitudes and indices for the 

reflections shown in the preceding figures. That means, the symmetric data with the same amplitude 

but with opposite indices cao oruy coindde on the horizontal axis if t1\ere is no errors in the indexing 

otherwise a wrong indexing will show a shift between the upper and the lower structure factors. 

1 can finally assume that the data for the méridional reflections and the two row-lines 1 have already 

analysed are correct with respect to their amplitudes and Bragg illdexing. 

3. Other Stmc:tw-e Factors 

The additional data collected on the gold derlvative films are listed in the appendixes but 1 further 

show sorne graphical representations. 
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Fig. VI.12 : Data comparis011 for the (2,0,1) and (-2/0,1) row·linta. Thé missiPl8' 
reflections correspond to the data that have hem omitted whm strongly avtrûrpped 
or ztrotd for unobserved film intensity ptIIks. 



Gold (2,0,1) Data 

o 

-200 

Fig. VI.13 : Data dispbly of the (2,O,t) and (-2,0,11 row-Unes. Tire custtmUlry st!ps 
are used ilS defined btfore, that is, on the uppa- side are represented the (2,0,11 
rejlections here 1=1 to 90, Ilnd the (~2,OA) rejlections are drown on the lowtr side 
but the 1 index is represented by Us opposite Niue. The Ilrrows indiCilte rtfltctions 
with bad agreement. 

4, Analysis of Gold Derivative Data 

1 have written the data collected for gold labelled r.ollagen to the standard fonnat (MfZ) used by the 

CCP4 suite and then analysed them using the preparing programs Rotavata and Agrovata. 'The 3-

dimensional data have been merged and searched for equivalent reflections (è.g; :Friedel pairs) to 

produce a unique set of structure factors. 1 thus obtained an appropria te file for scaling with the 

native structure factors set. 1 show in the following tables the statistics on the intenslty distribution as 

obtained br the former programs betore native ta de.rivative scalîng. 

N 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

<5> 
0.0028 
0.0056 
0.0083 
0.0111 
0.0139 
0.0167 
0.0194 
0.0222 
0.0250 
0.0278 

TabteVI.4 
Gold Data 

Analysis R factor against resolution 

18.97 .. 0.372 0.372 1719. 1130.8 
13.41 0.164 0.181 25599. 6022.1 
10.95 0.144 0.170 32569. 4902.1 
9.49 0.492 0.182 2211. 1223.2 
8.48 0.914 0.204 3775. 4733.9 
7.75 0.000 0 .. 204 O. 0.0 
7.17 0.000 0.2C» O. o.a 
6.71 0.000 0.204 O. 0.0 
6.32 O.OOJ 0.204 O. 0.0 
6.00 0.000 0.204 O. 0.0 

lia 
1.5 

4.314 
6.629 

1.8 
0.8 
0.0 
0,0 
0.0 
0.0 
0.0 

sd 
839.36 
874.70 
509.72 
737.90 
1315.66 

0.00 
0.00 
0.00 
0.00 
0.00 



Gold Data 
Completeness &: multipUclty v. resolution 

N <5> Dmln Nmeas Nrel %poss Multip1 
icity 

1 0.003 18.97 242 238 110.7 1.0 
2 0.006 13.41 254 251 63.8 1.0 
3 0.008 10.95 278 277 54.4 1.0 
4 0.011 9.49 219 217 36.à 1.0 
5 0.014 8.48 211 210 30.7 1.0 
6 0.017 7.75 117 117 15,5 1.0 
7 0.019 7.17 48 48 5.8 1.0 
8 0.022 6.71 37 37 4.2 1.0 
9 0.025 6.32 20 20 2.1 1.0 
10 0.028 6.00 1 1 0.1 1.0 

Total 1427 1416 20.8 1.0 

Gold Data --Number in bin Total Cumulative % 
DminA :;;10' ~(1 S3a :S;10' S2a S3a >3(1 

18.97 32 55 65 238 13.4 36.6 63.9 ~.l 
13.41 24 63 80 251 9.6 34.7 66.5 33.5 
10.95 27 84 99 277 9.7 40.1 75.8 24.2 
9.49 17 56 77 217 7.8 33.6 69.1 30.9 
8.48 22 60 66 210 10.5 39.0 70.5 29.5 
7.75 7 24 42 117 6.0 26.5 62.4 37.6 
7.17 2 6 11 48 4.2 16.7 39.6 6().' 
6.71 2 7 10 37 5.4 24.3 51.4 48.6 
6.32 0 4 8 20 0.0 20.0 GO.a 40.0 
6.00 0 0 0 1 0.0 à.O ... 0.0 100.0 

Overall 133 359 458 1416 9.4 34.7 67~1 32.9 

The scaling of gold derivative ta native data \Yas then done using the Fl-tSCALE program oE the· suite. 

c. Iodine Structure Factors 
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Fig VI.14 : A compariso" of ,rative and 
iodine derivanve reJlectians. The figure on 
tlte r;ght shows the (.1,0,1) and (1,0,1) 
row-Une spots obtained with native 
collagen. The reflectioft,/j on the helix 
layer .. 1ine (1;:::70) are ckarly displayed. The 
figure on the right (not OH the 50me SCIlle 
with the native pattern) shows tl,e 
prorninent peaks in tl,e sorne region as 
ioditze pattern . 

In a previous chapter we have already established that 

iodine atom is believed to label the collagen molecuJes 

at the me thionine residues. Now, we know from 

sequence knowledge of collagen polypeptide that 

me thionine residue occurs only at one position in the 

1024 residues polypeptide chain. We have thus oruy 

one theoretical site where iodine can be fixed to the 

collagen chain and this limits the number of sites and 

the number of iodine atoms to a few that ire 

contained in a huge protein molecule. It follows that 

the suitability of iodine derivative to produce MIR 

differences is dubious sinee MIR methods ooly yield 

measurable di/lerences with heavy atontS added to 

reasonably high molecular weights proteins (e.g. 

Mr=l00,OOO). The average additional contribution of 

the isomorphous signal in a derivative protein 

reflec:tion was demonstrated by Crick &: Magdoff 

(1959) to be proportional to ~2NH/NP . (fH/fp)t where 

there are NH heavy atoms of scattering fador, fa, and 

the protein Îs supposed to comprise Np equal Hght 

atoms of scattering factor, fp. This means t.hat the 

addition of one or more iodine atoms to a collagen 

molecule w.ith a rugh molecu.lar weight (Mr ,-300~) 

will give a weak change in the intensity for a nomuù 

reflection. 

However, from the examination of iodine fibre 

patterns (figures VL14 &: VUS) we nevertheless. 

observe the presence of weak reflecUons on the roW

Unes with some change in the relative intensity of 

Bragg re.flections whic.h are disœmible br eye. 

pa8e: us 



Fig. VI. 15 : The diffraction 
pattern of iodille derivative 
exhibits weak reflection5 on the 
vertical rcTllJ-lines. The film section 
shawn on the left is the region 
amtaining the (-l,o,l) and (l,~,V 
row-lines and also the data-roU1S 
with R::::1127k1 and R-=11l9A-l. l 
used the first film in the pack 
becau...~ it con tains precisely the 
weakest range of intensifies. The 
continuous background intensity 
was also Temoved ta enhance tlle 
peak resoltltion. We thus obtain 
very weak spots tJuzt aTe Toughly 
higlter than tlte "film 
background". The Bragg peaks 
however have beetl integrated as 
usUill and tire figure 011 tire right 
shows a magntfied sectien of the 
R=1/39A -1 near Equatorial regicn. 
1 also show the elliptical shaped 
box tltat is adjusted to the right 
orientation and used to inregrate 
aIl the peak tntensity. 
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Fig VI. 16: Iodille patterns dispIay weak ref1ections on the (l,O,l) 
row-Iine (arrows) and also sorne 'lQeak rej1ections Olt the 1'OW-lines 
with Miller indices (D,-l,V, (0,1,1) etc ... 

1. Mèrldioml Reflections 

l/d" F oF oF 9 74.536 344 2iJ 6 
10 67.42:) sn 22 6 

F 11 6O.SSS 242 14 6 
·59 11.0i7 93 8 6 12 55.902 1$1 16 6 
-S& 11.i5S 74 7 10 13 51.988 114 '7 6 
·57 11.456 128 7 6 14 46.224 150 S 6 
.s6 11.648 Tl 8 11 15 45.175 m 22 6 .ss 11.851 141 9 6 16 39.841 189 11 6 
-54 12.065 99 S S 17 37$19 410 21 5 
·53 12.251 154 9 5 18 35.s:7S 162 S 5 
-52 12.510 308 14 4 19 3J.71D 254 13 5 
-51 12.991 'Zl 4 16 20 32.10$ S43 ri 5 
.50 12997 0 0 100 21 30.715 331 16 S 
49 13.24$ 13 4 .$ 22 29.361 123 6 5 
-48 13.509 78 4 li 23 2S.:m U1 6 5 
47 14.0i2 64 6 9 24 XI.D17 298 13 ., 
46 14.374 42 ;; 12 25 25.994 285 19 7 
4$ 14.6% 1~ 9 7 l& lS.tUl ~ 26 S 
-44 15.00S 2!Tl 11 5 2'1 %U12 434 37 9 
-43 1S-L"i' L'50 9 :i 2S 23.313 188 17 '1 
42 15.713 111) 9 5 29 2Z.5.'l) Zl4 V 13 
-41 16.096 374 19 S 30 2l.~ :us 2S s 
-40 16.485 176 10 (; 31 %1.ll9 291 30 la 
-39 16.003 'Si 16 5 32 20.455 535 4Q S 
-3S 17.329 2SS 14 5 33 19.$81 255 22 9 
-3'7 17.789 130 9 7 .3-t 19,317 300 2l '7 
·36 18.257 254 13 S $S lU65 0 0 100 
-35 18.165 92 la 11 36 1&257 a33 13 7 
·34 19.317 414 il 5 37 17.~ 139 13 9 
-33 19.5S1 343 20 6 3S 17.329 m 37 5 
·32 2!M$ 473 2S S 39 16.903 4S9 2S ~ 
-31 21.129 266 17 6 40 16.-t$5 214 21 S 
·30 21..822 415 24 6 41 16.096 66S 3S 6 
.2,9 22.S3O 23S 16 7 42 1.$.t13 t46 15 tO 
·28 23.313 343 22 6 43 lS~7 33~ 19 6 
·27 2Ul1 411) 2S 6 .u lS.œ; 574 sa 5 
.2!J 25.00) 395 :n 6 4S U.374 199 lii S 
·25 25,994 6S6 39 6 46 14.072 1~ 13 111 
·24 27.ot7 13$ 4 3 47 13.1SS ~1 18 5 
·23 28.1i2 76 :; 4 45 13.509 407 2l 6 
·22 29.361 135 4 :; 49 13,2-lS 451 22 S 
·21 30.715 5S5 19 3 M 12.917 102 9 9 
.2.0 31108 415 16 3 51 u,rn 90· s 9 
·19 33,110 'W 10 4 52 u..-r;10 Ion 50 s 
·18 l!i573 41.5 15 4 53 u.2s1 ~ 23 6 
-17 37~ 206 8 " 54 12~ W 9 fi 
·16 39$41 20a 9 • 55 U.8S1 4l$ 20 S 
·lS 42.25S 475 19 4 56 U.64$ a'I6 12 6 
·14 ~.11S 149 7 S 57 11.4$0 S48 18 S 
·13 4sm 50 3 4 ss U.2S6 G 0 100 
·12 SLse& 533 22 " 59 11.an :~ 11 S 
·11 S5.!102 1!R 12 S (,() le~ tU 1\ 6 
·10 60S 4S3 20 4 61 tom U1 9 S 
·9 1'.($36 401 19 S 62 lQ.$9 0 0 100 
-$ SU1S 3'71 19 S 63 to..m ln 10 6 . ., 9SJI4f> 363 1.S 5 .. lOZS 22S n $ 
-6 W2 15 S 6S lCl.l:m 1$5 10 6 
4 136 12 9 ~ 9.9"'J6 106 9 S 
$ 3S1 15 S 6'J 9.792 151 9 ~ 
6 2M l7 6 6S 9511 $4 & te 
7 95-'\46 32.1 lO 6 f!J 93$2 t6l $ S 
6 st.515 nl 20 6 10 9.JS; <In 3tl 6 
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1000 
lodine Label/ed Collagen (OIO,') Data 

(0,0,·1) 

Fig. VI.17 : IDdine meridicmals are here plotted vrnus III index. Tlle agreement 
between Friedel's pairs seems tD be acceptable everywhere u.'lless for the 
(O,O,52),W,O,·52)} pair. 

2. Row Lines 

Here is the reflection list for iodine H,O,I) and (1,0,1) row-Unes. The data have been obtaîned uslng the 

same method of peak integration and corrections as for the previous native and gold data set. 

h le: l/d- F oF ru: ·1 1'1 -49 12.659 12 4. 32 ·1 0 -12 30.571 4S 5 tU 
·1 0 -48 12.888 53 4. 8 ·1 0 ·U 31.466 ... S u 

E ·1 0 -41 13.119 57 5 1) ·1 {) ·10 31275 69 1 11 
·1 0 -80 8.114 0 0 100 ·1 0 -46 13.361 0 5 11 -1 0 ..a 33.!lI3 0 g too. 
-1 0 ·79 8.212 1'1 0 100 -1 0 -45 13.621 66 5 7 ·1 0 -1 34.11l 0 100 
·1 0 -78 8..310 40 5 13 ·1 1'1 .... 13.881 53 " 8 ·1 0 -6 35.578 21 S 40' 
-1 0 .7] 8.410 58 5 9 ·1 0 "'3 14.156 ~ 4. 11 ·1 1'1 .s 36.274 () tt 100 
-1 0 ·76 8.513 0 0 100 -1 1'1 -41 14.728 2f) • 20 ·1 (1 -1 36.761 53 11 :al 
·1 0 ·75 8.619 32 6 18 ·1 1'1 ..w 15,024 33 4 11 ·1 (1 -3 31.268 Sl 12 23 
-1 0 ·74 8.127 150 ï 5 ·1 0 -39 15.339 9 , 48 -1 0 .2 37.ï9(, 11 j, l~ 
-1 0 ·73 8.839 144 7 5 ·1 0 .38 15.675 !KJ 5 6 ·1 0 0 Jt:M8 U!$ 1.1 9 
·1 0 .71. 8.955 121 7 5 ·1 0 -37 16.0L~ ~ S 9 ·1 () 2 38.:M8 11 U· H; 
-1 0 -70 9.190 29 5 16 ·1 0 -35 16.713 Z2. 6 26 ·1 1) S :JUt8 G (1 100 
-1 0 .$ 9..313 3 0 0 -1 0 -ll 17.100 0 0 100 ·l 0 • :J8,069 li " 1~ ·1 0 -liS 9441 9 3 33 -1 0 ·33 17.0&87 63 5 8 -1 0 S 3l~ 57 9 1$.' 
·1 0 .67 9.569 :w " 11 ·1 0 ·31 t8.3t9 23 " 19 ·1 0 li ~1;l6S llU $; fi 
·1 0 -fi. 9.704 43 " 10 ·1 0 -XI lam 50 .. '1 -1 1) 'J ~61 .$ 9 11 
-1 0 -6S 9.839 2S 4 16 ·1 0 .'29 l!U.s 0 (J 100 .1 0 8 3'0:11 11 " iO' 
·1 0 ·64 9.91!0 23 4 18 ·1 0 -?! 19.726 0 () 100 ·:1 () 9 3S"J$5 (f Q 100, 
-1 0 -63 10.122 21 4 18 ·1 0 -27 20.244 t7 5 32 -1 0 ~O ~5Q3 ~. ~. ! 
-1 0 .fil 10-211 52 " '1 -1 0 .U! 20.761 59 7 11 ., t) 11 31'110 n 1 te 
-1 () -61 lom 36 " Il ·1 0 ·25 21.320 72 " li ·1 1) 12 32.~ j! .. :JI .. 
·1 0 .(jJ 1(1.582 42 4 9 ·1 0 ·24 21.874 18 " 23 .1 .0 13 Ulœ 21 4 .~ 

-1 0 -59 10.746 3& 4 9 ·1 0 ·23 nm )1 ., 21 .1 0 ï. 3lJît Zj. $ 11' 
·1 0 ·57 11.œ4 "/ a 43 ·1 0 ·22 23.l2S 12 5 .u -1 1) 15 :ldQ9 II f:i. ~ 
-1 0 -56 11.258 0 1) 100 -1 1) ·21 23.769 55 1 13 -1 0 Hi ~U11 ~.s. lli fi 
·1 0 ·55 11.441 ~ " 9 ·1 0 .3) 2439à 41 li tS .1 0 l7 lil~ (t ,. 1" ·1 0 ·54 11625 58 4 7 -1 0 ·19 2S.07S 42 & 15 ·1 1) 18 27.'1$1 1~ 1 ., 
-1 (J ·53 IUst8 17 4 24 -1 0 -18 2Sezo 25 fi 2' -1 # l~ ~t.îl1 11 , a 
-1 0 ·!il 12.021 1\ 4 :36 ·1 0 ·16 27Jl11 6 6 jJIj .1 0 20 $.44t ~. S ;IL 
·1 0 -51 12.226 43 4 10 ·1 0 OlS 28.17% i'It 6. 9 ·1 0 ~ ~ 'tJ ~ 24, 
·1 0 .50 114011 41 " 9 -1 0 ·13 29,748 101 1 7 ·1 0 2,3 2.r~ ~ fi 111 
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·1 0 24 23.636 
·1 0 2S 22.942 
-1 0 26 22.361 
-1 0 tJ 21.770 
·1 0 28 21.176 
-1 0 Z9 2ô.6n 
·1 0 30 20.121 
·1 0 3a'21 19.6C9 
-1 0 19.t39 
-1 0 33 i$,69I; 
·1 () 34 18.257 
4 0 3S 17.817 
-1 (] 36 17Aô/1 
·1 0 31 17.Qi$ 
.'1 il 311 l6.Mt 
.. 1 0 40 15.931 
·1 0 41 15598 
• 1 0 <ù 15.268 
-1 0 ," 14.957 
-1 0 .. 14.6&5 
• .1 0.(6 1UOO 
·1 0 47 13,8211 
-1 0 .48 13.S;i 
-1 0 ~ lUt6 
"1 Ô sa 13.074 
.1 0 51 '12.&16 
,,1 0 52 12.619 
·1 0 53 1~ 
.1 0 54 12.181 
.1 0 55 11.918 
+1 a 56 li.m 
-1 0 57 11.586 
-1 0 58 11;W3 
·1 0 59 ii.m 
.1 060 11,00 
·1 Ci 61 10.812 
-1 a 62 10.709 
.1 0 63 10.s.7 
·1 0 66 10m 
-10 6S lO.23l! 
-1 0 66 10.091 
-1 0 67 US(! 
.. 1 0 68 9.1111 
-1 1} Bi 9,61'2 
·1 0 709,543 
·1 0 71 Sl.4l1 
-1 0 "Il 9.289 
-1 0 73, 9.163 
·1 0 74 9.046 
1 0 .81) 8.3119 
lo49U91 
1 0 4& l.S97 
1 0 ;:n 8!!f!l 
1 0 .16 Ut5 
i 0 ,,75 8.93(> 
t 0.14 9~ 
1 0 .:n 9.163 
1 0 -10 9.543 
10 .th 9.672 
i .0 -"68 9.811 
lO .çt9.9$O 

45 5 
116 5 
Tl 6 
12 5 
28 4 
69 5 
t2 5 
129 5 
2S .4 
o 0 
154 
2S 4 
86 .4 
71 5 
356 
.. 1 " ~ 5 
1~ '.4 
.(1 " 00 
SA • 
58 " 2'14 
885 
() 0 
324 
sl 4 
82 4 
101 ( 
2S 4 
S. 4 
56 " j6 5 
3() .4 
37 • 
25 g 
~, 4 

30 " 24 :4 
21 3 
23 • 
20 • 
li 4 
o 0 

22 4 
47 • 
uS 11 
air! ~ o 0 
11(1 9 
713 
39 3 

1<9 10 
200 11 

~ ~ 
~ 13 
3() 3 
iO .( 
o ~ 

3$ .. 

16 
5 
7 
38 
16 
\1 
~l 
11' 

100 
2S 
.16 
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1 
17 
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8 
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9 

100 
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iS 
5 

100 
14 
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li 
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L'l order to !!Valu.te the datap~rngm~od l11av~'d~t!~~todib~~~w:tyli$.lrQW~~{, 
fUrth~r diltaanalysis ofthe integtat~' 'lrttim5itieS.1$ ,neèdèd. Fot~i'tlte(Q,lJîltlOrl)J( (létJ).~:. 
(·1,1;1) arta1ysis enables us to~tîmat~ the data .8()()drt~',~fQté.tfle,.ow~ r~lijtiQrt~~~~~r 
Pattemon or Fourier map!farè. ca~cu1atè4. 
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Fig. VI. 20: Jodine (-2JOil) and (2,0,1) Fritlielplot.TM Qhly trjl«ticHijslww;t;1ttrt.; 
are the (2,O,V, 1=[-1,"'801, on théposi~ sîdeoftht $~ft.MCtilf$iJ"",1i'~ta%i$ . 
and the reflections ( ... 2,0,-1) on thenegtit1veside •. Thffé$tojJhttJ4bJl$ ~r"-' 
figure VI.21 . . ' 

o .... ++H1foI 

-20 

Fig. VI. 2t i lodine(2,Oil) a~ ( .. 2,0,1) Fritd<t plot. thldQi4 tejltc.tûn$ $hOuTn ~ 
are the (2,0); 1=["",,10,80], on t~ wsitWtritrlk~ ~s Rn4 tlit rtjttctùlt2$ r .. ~~o; .. V 
on the nfgqtiPè si4e, 

The iodiné réflectioN havebëen aDilysed \lSlt;tg the:ccr. pwgt~. 19lv'E: m 'the· fib~·~ ·the 
numbèr 01 rtlëil5ured teflections and varitlU$ ·statistks Olt iht! ·tn~tî($. 
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ladine Data 
Analysis R factor against resolution 

N ":::5> Dmiî\A Rfac Rcum Av 1 a 110 sd 
1 0.0028 18.97 0,325 0.325 2885. 1585.8 1.8 2274.34 
2 0.0056 13.41 0.000 0.325 O. 0.0 0.0 0.00 
3 0.0083 10.95 0.076 0.096 32831. 4621.5 7.1 14149.8 
4 0.0111 9.49 0.000 0.096 O. 0.0 0.0 0.00 
5 0.0139 8.48 0.000 0.096 O. 0.0 0.0 0.00 
6 0.0167 7.75 0.000 0.096 O. 0.0 0.0 0.00 
7 0.0194 7.17 0.000 0.096 O. 0.0 0.0 0.00 
8 0.0222 6.71 0.000 0.096 O. 0.0 0.0 0.00 
9 0.0250 6.32 0.000 0.096 O. 0.0 0.0 0.00 

10 0.0278 6.00 O.OCMJ 0.096 O. 0.0 0,0 0,00. 

lodineDau 
Completeness & multiplicityv. resolution 

N <5> Dmin Nmeas Nref %poss Multipl 
leity 

1 0.003 18.97 242 238 110.7 1.0 
2 0.006 13.41 346 346 87.9 1.0 
3 0.008 10.95 458 454 89.2 1.0 
4 0.011 9.49 454 454 75.4 1.0 
5 0.014 8.48 308 308 45.0 1.0 
6 0.017 7.75 316 316 41.8 1.0 
7 0.019 7.17 81 81 9.9 1.0 
8 0.022 6.71 0 0 0.0 0.0 
9 0.025 6.32 0 0 0.0 0.0 
10 0.028 6.00 a 0 0.0 0.0 

Total 2205 2197 32.3 1.0 

IodineData 
Number ln bin Total Cumulative % 

Dmiî\A 510 ~a S3a Sla ~a S'3o >30 
18.97 36 73 38 238 15.1 45.8 61.8 38.2 
13.41 54 113 118 346 15.6 48.3 76.6 23 •• 
10.95 79 155 122 454 17.4 51.5 78.4 21.6 
9.49 66 142 153 454 14.5 45.8 19.5 20.5 
8A8 59 84 91 308 19.2 46.4 76.0 24.0 
7.75 46 95 106 316 14.6 44.6 78.2 2U3 
7.17 11 37 24 81 13.6 59.3 88.9 11.1 
6.71 0 0 0 0 0.0 0.0 0.0 100.0 
6.32 0 0 0 0 0.0 0.0 0.0 100.0 
6.00 0 0 0 0 0.0 0.0 0.0 100.0 

Overall 351 699 632 2197. 16.0 47.8 76.6 23.4 

D .. PEG Structure Factors 

page: 133 



1 have finatiy collected diffracted intensities from the PEG added cm '~gen fibre. 50 we have at the end 

a complete set of reflections for the MIR method to be assessed. The da"a 1 have 50 far obtained are as 

follows: one native data set plus two heavy atoms derivative gold and iodine labelled fibres and 

finally a control set consisting of the PEG data 1 present here. 

1 Meridionals 

The meridional reflections trom PEG diffraction pattem are listed below. 

l/d- F oF gL ·16 42.26 67 6 9 39 17.33 34 l 6 
·15 ~J8 91 7 8 40 16.9 61 3 5 

E -14 .48.22 50 5 11 41 16.48 51 3 5 
-58 11.65 0 0 100 -13 51.99 61 6 9 .(l 16.1 18 2" 11 
..s1 11,85 4 1 24 -12 55.9 101 1 1 t3 15.71 53 3 6 
·56 12.06 21 1 1 -11 60.86 13 6 9 « 15.36 10 4 5 
-55 12.28 0 0 100 -10 67,.(2 99 7 8 45 15.01 55 :; 6 
·54 12..S1 10 1 14 -9 74.54 96 1 8 46 14.1 40 3 1 
·53 12.15 12 1 12 -8 st.52 93 7 8 41 lU1 0 0 100 
·52 13 18 1 8 ·7 9S.35 97 7 8 48 14.07 33 .2 '] 
-51 13.25 6 1 22 .-6 IlL8 43 5 12 49 13.19 0 0 100 ..so la.51 11 1 8 -5 141.4 120 7 6 50 13.51 15 l 17 
-49 13.79 10 1 15 -4 158.1 75 7 9 51 13.25 ~ :; 7 
-48 14.07 11 1 13 '] 95.35 10 8 11 52 13 24 3 11 
-47 14.31 21 1 5 8 84.52 70 '] la 53 12.15 ~ .3 13 
-46 14.1 0 0 100 9 74.54 75 1 10 54 12.51 10 :; lS -45 15.Q1 23 1 6 10 67.42 37 4 10 S5 1228 35 3 8 
..(.4 15.36 32 2 5 11 60.86 53 5 la 56 12.06 0 0 100 
-43 15.71 21 1 5 12 55.9 43 4 9 57 lUIS 6S 3 5 
-42 16.1 34 2 5 13 51.99 39 4 9 58 11.65 0 0 100 
-41 16.48 2 1 58 l' 48.12 ~ 5 9 59 11.46 a 0 100 
-40 16.9 44 2 4 15 4S.18 68 6 9 6C 1126 0 Q 100 
-39 17.33 37 2 5 16 42.26 63 5 8 61 1L08 a (} 100 
·38 17.19 19 2 9 17 39.84 '16 6 8 61 t0.9 0 () 100 
·37 18.26 63 3 4 18 37.53 70 6 8 63 lC1.'13 0 0 100 
-36 18.76 00 3 5 19 35.58 13 6 8 &4 10.56 0 à 100 
-35 19.32 32 2 6 20 33,71 80 7 8 6S 10..( b 0 100 
·34 19.88 34 2 7 21 32.11 9f 6 7 66 10.24 33 1 7 
·33 20.46 33 2 :; 22 3).71 65 .. 7 67 lo.œ 40 3 7 
-32 21.13 54 3 5 23 29.36 60 .. 7 68 9~ 0 0 ~oo 
-31 21.82 22 2 8 24 28.17 61 4 6 69 9.792 36 3 '] 
·30 22.53 19 2 9 2S '17.02 59 J 6 7ll 9.~ 0 (1 100 
·29 23.31 21 2 6 26 25.99 61 .. 7 71 9.517 32 l S 
·28 24.11 35 2 6 'J:1 25 83 5 6 72 9.382 49 .3 6 .'J.7 25 98 4 :; 2S 24.11 44 3 6 73 9.251 0 0 100 
·26 25.99 37 2 6 ZJ 23.31 28 2 8 74 9J33 0 0 100 
·25 27.02 49 3 5 3) 22.53 21 2 9 75 9.(,,1 0 il 100 
·24 28.17 63 .( 7 31 21.82 34 2 7 76 $.5;1 24 l 10 
.2,3 29.36 55 .. 8 32 21.13 59 3 6 .,., 8.174 17 1 15 
·22 ao.n 75 5 6 33 20.46 57 3 6 18 Ufjl 21 2 11 
-21 32..11 109 '1 6 34 19.88 18 2 11 79 6.5.53 00 2 8 
-20 33.71 140 8 6 as 19.32 38 3 '1 110 8M6 15 2 17 
·19 35.58 89 6 7 36 18.16 47 3 6 81 8.342 0 {) 100 
·18 37.53 88 6 '1 37 18.26 63 4 6 
·11 39.84 112 7 6 38 1739 st 3 5 
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Fig. VI.22: Friedel plot of the PEG meridianal data. 

2. PEG Row-Lines 

The following are the (-1,0,1) and (l,O,I) row-line data 1 have obtained after .film pack processing. The 

usual corrections have been applied (film factor and Lorentz correction) and the diffraction peaks 

have been processed by band on one haIf of the films. 

h k I/d· F oF oF -1 0 ·33 17.5 () 0 100 -1 0 22 Z5 35 3 8 
-1 0 ·32 17.9 21 2 8 -1 0 :!3 24.3 {) 0 100 

E -1 0 -31 18.3 13 2 14 -1 0 14 23.6 39 2 6 
·1 0 .8() 8.11 12 J 2 IS ·1 0 -30 18.8 10 2 20 -1 0 2S ru 17 2 13 
.} 0 ·79 8.21 13 1 11 -1 0 -29 19.2 16 2 13 -1 0 26 22.. 0 0 100 
-1 0 ·78 8.31 0 0 100 -1 0 -2& 19.7 Il 0 100 -1 0 27 21.8 26 2 8 
-1 0 -77 8.41 6 2 2.S -1 0 ·27 20.2 n 2 9 -1 0 28 21.2 30 2. 1 
·1 0 -76 8.51 8 2 22 ·1 0 .:!.j 20.8 12 2 17 -1 0 29 '81.1 26 2- 8 
-1 0 -75 8.62 10 2 18 -1 0 ·25 21.3 20 2 12 ·1 0 3() za.t 19 2 8 
·1 0 -74 8.73 9 2 20 -1 0 -24 21.9 28 2 8 -1 a 31 19.6 32 2 6 
·1 0 -73 8.84 0 0 100 -1 0 ·23 22.S 19 2 11 -t 0 32 1!'I.1 11 2. 8 
-1 0 .n. 8.96 8 2 2.3 ·1 0 ·22 23.1 16 2 16 -1 0 33 18.7 22 2 9 
-1 0 -71 9.01 .w 3 8 -1 0 :~ 23.8 19 2 13 -1 0 34 18.3 17 Z 10 
·1 0 -70 9.19 4S 3 7 -1 0 zU !4 3 12 -1 0 35 17.8 42 2 S 
-1 0 -69 9.31 23 3 13 -1 0 -19 25.1 z. a 11 -1 0 3ê. li.! li 2 18 
·1 0 06/1 9.44 0 0 100 -1 0 -18 25.8 17 3 17 ·1 0 31 17 22 2 9 
·1 0 -67 9!û 0 0 100 ·1 0 -17 26.5 li 3 SI ·1 0 33 lU 34 2. 6 
-1 0 -66 9.7 0 0 100 -1 0 ·16 21.3 16 3 18 -1 0 39 lU 11 2. (, 
·1 0 -65 9.84 1 1 141 ·1 0 ·15 28.2- 31. 3 11 -1 0 40 153 () (} 100 
-1 0 -64 9.çs 0 0 100 ·1 0 ·14 29 Z9 . 3 U -1 0 41 15.6 19 2- 9 
-1 0 -63 10.1 17 2 10 ·1 0 .13 29.7 tl Il 100 .1 0 42 15.3 Zl 2. 6 
-1 0 ..fi2 103 9 2. 19 -1 0 .12 30.6 25 :; 14 ·1' 0 43 1S t Z 43 
·1 0 ·61 10.4 13 2 14 -1 0 ·11 31.S () 0 100 -1 0 44 li' 6 2 2S 
-1 0 -60 10.6 0 0 100 ·1 0 ·10 32.3 !2 :1 10 ·1 0 4S 1(.4 33 1 5 
-1 0 ·59 107 9 2 19 .' 0 ·9 33.1 {I 0 100 ·1 0 46 lU 9 1- 19 
·1 0 ·58 10.Si 8 1 18 .J 0 .s 33.9 s :; 4(1 -1 0 47 118 23 2- '7 
-1 0 -57 11.1 13 2 13 -1 0 -'} 3-l.1 10 " 34 -1 0 ~ 13.6 11 2 16 
·1 0 ·56 113 8 2 22 ·1 0 .6 35.6 'lJ " 15 . ·1 0 49 133 ~ 2. ~ 
-1 0 .ss 11.4 l 2. 71 .} 0 oS 36.3 2 4 173 -1 Il 50 il.1 0 100 
·1 0 ·501 11.6 10 2 17 ·1 0 -4 36.8 lU " 2S -1 0 51 118 0 a 100 
·1 Il -s 11.8 9 2 t9 -1 0 .a 313 {J 0 100 ·1 0 52 12.6 23 2. '7 
-1 0 -52 12 15 2 10 ·1 0 0 l8.3 50 6 12 ·1 0 53 124 0 0 ~ ·1 0 -SI 12,2 0 0 100 .1 0 3 38.3 n 6 15 -1 0 ,504 lU 3 :1 
-1 0 -50 12.4 0 0 100 -1 0 " 38.1 2S 6 23 01 () 55 12 23 2. 8 
-1 0 -49 12.7 tl 2 1S ·1 0 .5 3itS \'" 6 55 -t 1) ~ 11.5 17 1 10 
·1 0 -48 12.9 5 2 34 ·1 0 6 373 

, , 16 .1 0 S'I 11.6 0 Il 100 ..... 
-1 0 -17 ll.1 14 2 12 ·1 0 "1 36.8 2l 30 14 -t 0 sa lU 21 2 & 
·1 0 -46 13.4 11 2 16 -1 0 8 34 'li 3 13 ·1 0 59 lU 9 2 3.1 
·1 0 45 ]3.6 7 2 24 -1 0 9 35.4 11 .3 11 -1 0 60 11 6 l 21 
-1 0 -4" 13.9 "} 2 30 -} 0 11 33.1 14 l l' -1 0 41 10,9 0 0 lOO 
·1 0 -43 142 7 2 25 -1 0 12 13 21 :1 16 ·1 0 62 10.1 0 0 100 
·1 0 -42 lU 0 0 100 .J 0 13 32.1 (J 0 1.00 ·1 0 &3 lQ.5 9 2 19 
·1 0 -41 lU 17 2 10 -1 0 14 31.3 15 3 20 4 0 " tO.4 9 t 1~ 
·1 0 .,10 IS 17 2 10 ·1 0 15 30.4 U 3 '1 -1 0 65 lf1l a 0 100 
-1 Il -:)9 15.3 0 0 100 ·1 0 16 29.6 0 0 100 ·i 0 66 JIU '1 Z 15 
·1 tl -38 15J 0 0 100 ·1 tI 11 '111.1 19 2 9 -1 () 61 9.95 a Il 100 
·1 () ."J7 16 0 0 100 .t 0 18 28 12 2 9 -1 0 6& 9.111 3 2 61 
·1 0 .J6 1"4 13 2 13 ·1 0 t9 27:1 I~ 2 10 ·t () 69 9,lïI 0 0 100 
.} 0 ·liS 16.7 10 2 2D ·1 0 20 u..4 Z9 2 a ·1 0 71 9.41 14 2 15 
-1 0 ·34 li1 2Il 2 9 ·1 0 11 25.6 9 2. 20 -1 D 12 9.29 0 0 100 

pl!ellS 



-1 0 ?3 9.16 0 0 100 1 0 -,'37 li'. 2.1 2 10 1 0 30 18.8 7 2 27 
-1 0 74 9.05 17 2 10 1 0 -36 0 0 100 l 0 31 18.3 11 2 18 
·1 0 75 8.93 10 2 11 • 1 0 -35 17.8 28 2 8 1 0 32 179 19 2 11 
·1 0 76 8.81 1. 1 10 1 0 ·34 18.3 • 2 41 1 0 33 17.5 2 2 87 
-1 0 77 8.71 15 1 10 t 0 -33 18.7 20 2 10 l 0 34 17.1 17 2 10 
-1 0 78 8.6 0 0 100 1 0 -32 19.1 22 2 Il 1 0 3S 16.7 8 2 26 
-, 0 80 8.39 16 2 11 1 0 -31 19.6 20 2 10 1 0 36 16.4 0 0 100 
1 : .go 8.39 7 1 20 1 0 -30 20.1 29 2 li l 0 'J7 16 7 l 21 
1 Il -79 8.49 10 1 14 1 {) -'8 ']j).7 36 2 S 1 i) 3& 15.7 21 2 8 
1 0 '7B 8.6 5 1 31 1 0 -28 21.2 24 2 9 1 0 39 1503 3 2 50 
1 .. .. j '1 8.11 4 1 33 1 0 -27 21.8 16 2 12 1 0 40 1S 15 2 11 
1 -7t 8.81 10 1 14 1 0 -26 22.4 10 2 17 1 0 41 U.7 5 2 33 
1 .. ·75 893 6 1 22 l 0 ·25 22.9 4 2 50 l 0 42 14.4 1 2 26 
1 0 -74 9.05 12 l 11 l 0 -24 23.6 36 2 6 1 0 43 lU 6 2 27 
1 0 ·73 9.16 0 0 100 l 0 -23 24.3 12 2 17 1 0 44 t~.9 0 0 100 
1 0 -72 9.29 0 0 100 1 0 ·22 2S 22 2 10 1 0 45 13.6 12 à 17 
1 0 ·71 9A1 22 1 6 1 0 -22 25 37 4 10 1 0 46 1:U 13 2 13 
1 0 ·70 9.54 0 0 100 1 0 -21 25.6 17 2 11 1 0 47 13.1 1 :2 23 
1 0 -69 9.67 62 2 4 1 0 .~ L6.4 2S a Il 1 () 4& 12.9 9 2. 1') 
1 0 -68 9.81 0 0 100 1 0 -19 V.2 ZS 2 9 1 0 49 IV 11 l 15 
1 0 -67 995 0 0 100 1 0 -18 28 18 2 11 1 0 50 l.2.4 0 0 100 
1 0 -66 10.1 23 1 6 1 0 -17 28.7 22 2 9 1 0 51 12.2 2 2 100 
1 0 -65 10.2 0 0 100 1 0 ~i6 29.6 0 0 100 1 0 52 li 10 2 18 
1 0 -64 10.4 1S 1 10 1 0 -15 ~ .. 41 3 8 1 0 53 lU 10 2 17 
1 0 -63 10.5 6 1 25 1 0 -1.3 32.1 12 " Z1 1 0 54 Il.6 12 2 14 
1 0 -62 10.7 0 0 100 1 0 -11 33.7 12 :3 26 1 0 55 11A 0 0 100 
1 0 -61 10.9 0 0 100 1 0 ·9 35.4 .; 3 96 l 0 56 lU 0 0 100 
1 0 -60 11 0 0 100 1 0 -6 37.3 18 3 18 1 0 5] 11.1 14 2 12 
1 0 ·59 11.2 16 1 9 1 0 -3 38.3 TI 5 17 1 0 58 10.9 0 0 100 
1 0 -58 11.4 1S 2 12 1 0 -2 38.3 i'S 8 11 1 0 59 10.7 1S 2 12 
1 0 -57 11.6 0 0 100 1 0 0 38.3 19 5 24 1 0 60 10.6 0 (} 100 
1 0 -56 '18 5 1 2J 1 0 1 38.1 31 6 19 1 0 61 10.4 8 2 22 
1 0 -55 12 4 0 100 1 0 3 37.3 29 6 22 1 0 62 10.3 12 2 14 ~ 

1 0 ·54 12.2 .; 1 .... 1 0 4 36.8 0 0 100 1 0 63 10.1 18 2 la 
1 0 -53 124 6 2 29 1 0 5 36.3 14 4 2lî 1 0 64 998 0 0 100 
1 0 ·52 12.6 19 2 9 1 0 7 34.7 0 0 100 1 0 65 9M 5 2 35 
1 0 -5] 12.8 14 2 13 1 0 8 33.9 0 0 100 1 0 66 9J 6 2 '27 
1 0 ·50 13.1 7 l 19 1 0 12 ~.6 42 3 8 1 0 &7 957 0 0 100 
1 0 -49 13.3 24 2 7 1 0 13 29:1 0 0 100 1 0 68 9M 0 0 100 
1 1) -4S 13.6 7 1 n 1 () lS 25.& 10 2 22 1 0 1() 9.19 31 3 10 
1 0 -47 13.8 14 2 12 1 0 20 24.4 29 2 8 1 0 71 9.07 21 j 17 
1 0 -46 14.1 0 0 100 1 0 21 23.8 20 3 13 1 0 n 3.96 0 0 100 
1 0 -45 14.4 X3 2 9 1 0 22 23.1 16 2 14 1 0 73 SM 20 .a 17 
1 0 -44 14.7 0 0 100 1 0 23 22.5 16 2 14 1 0 74 8..13 0 0 100 
1 0 -43 15 0 0 100 1 0 24 219 11 2 11 1 0 i'S 8.62 5 2 33 
1 0 -42 15.3 23 2 8 1 0 2S 21.3 14 2 16 1 0 76 8.51 a 2 21 
1 0 -41 15.6 '1 2 23 1 0 U 20.8 0 0 100 1 0 17 Ul 0 0 100 
1 0 -40 15.9 0 0 100 1 0 27 20.2 16 2 14 1 0 78 5.31 Il 2. 22 
1 0 .39 16.3 0 0 100 l 0 28 19.7 0 0 100 1 0 79 8.2l 0 0 100 
1 a -38 16.6 15 2 13 1 0 29 19.2 1 2- Z1 1 0 Sl s.t1. 1 2. 173 

In conclusion, 1 have used a ume consuming but nevertheless of a great utility process ta ga~r the 

structure factors aIready given. This was an importmt step towards the structtue and packing studics 

of collagen crystalline domains in tendon. The data for meridional and the two prominent row·llnes 

were checked usîng a simple graphicaI display of the structUre factors amplitudes. The graphIcal 

display has also allowed me to check for the correct indexing of refiecuons. These structure factors are 

the starting material for Fourier calculation of the structure.. The phases for the meridional and row-

Unes reflect;<lns cm also be obtained if one knows the positions of the heavy atoOlS in the unit cell. 

The one dimensional projected structure using meridional refiections tan thus he obtained With a 

better resolution than in previous works. The (-1,0,1); (l,o.J), (Q2,O,l) and (2,0,1) row-Unes data alIow for 

a the structure projeded on the ac plane to be calculated. A modclled Stnlcture tan also he compared 

against experi.mental native data. However the need to raphlly analyse fibre diffraction patterns isone 

of the conditions to obtaïn further structural information from X-ray experiments. UsuaUy .. 1arge data 

are produced from proteins (native and denvatives) and integrated intensities are processed by 

automatic prograrns. A full automatic data processing program Ce.g. peak integration; background 

and film factor corrections as well as Lorentz factor correctiJO.t1) fo~ fibre difitadion patterns is being 
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under development since none exists ta my knowledge. The need for such an automatic data 

processing software is increasing with the increasing interest in structural studies on fibrous proteins. 
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PEG (-1,0,1) & (1,0,1) raw-lines 

Fig. VI. 23 : This figure shows the structure factors of the (-1,0,1) aM (-1,0,1) renv
lines platted against 1 index. thus allawing Friedel's 1aw to be verifitd. 
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3.0iliers 

The reflections 1ist of PEG added collagen is given as sorted list at the end of the thesîs. 

4.. AlYlysÎS of PEG Derivative Data 

PEGData 
Analysîs R factor against resolution 

N <8> DminÂ. Rfac Rcwn Av 1 0- 1/<7 sd 
1 0.0028 18.97 0.278 0.278 204. 61.6 3.3 118.38 
2 0.0056 13.41 0.429 0.300 88. 48.5 1.8 74.97 
3 0.0083 10.95 0.000 0.300 O. 0.0 0.0 0.00 
4 0.0111 9.49 0.000 0.300 O. 0.0 0.0 0.00 
5 0.0139 8.48 0.000 0.241 289. 0.0 0.0 113.04 
6 0.0167 7.75 0.000 0.241 O. 0.0 0.0 0.00 
7 0.0194 7.17 0.000 0.174 576. 0.0 0.0 157.00 
8 0.0222 6.71 0.000 0.174 0. 0.0 0.0 0.00 
9 0.0250 6.32 0.000 0.174 O. 0.0 0.0 0.00 

10 0.0278 6.00 0.000 0.174 O. 0.0 0.0 0.00 



1 

%poss Multipl 
idt~ 

1 0.003 18.97 2U 207 96.3 1.0 
2 0.006 13.41 247 245 62.3 1.0 
3 0.008 10.95 249 249 48.9 1.0 
4 0.011 9.49 202 202 33.5 1.0 • 
5 0.014 8.48 194 193 28.2 1.0 
6 0.017 7.75 142 142 18.8 1.0 ,. 0.019 7.17 38 37 4.5 1.0 
8 0.022 6.71 0 0 0.0 0.0 
9 0.025 6.32 0 0 0.0 0.0 
10 0.028 6.00 0 0 0.0 0.0 

Total 1284 1275 18.8 1.0 

PEGData 
Number in bin Total Cumulative 0/0 

Dîîiiî\A ~(J S2c:r ~ ~c:r sic:r ~ ,~ 

18.97 25 58 40 207 12.1 40.1 59.4 4fr.6 
13.41 64 91 47 245 26.1 63.3 82.4 17.6 
10.95 67 113 43 249 26.9 723 89;6 10.4 
9.49 61 85 37 202 302 72.3 90.6 9.4 
8.48 40 86 38 193 20.7 65.3 85.0 15.0 
7.75 34 67 29 142 23.9 71.1 91.5 8.5 
7.17 9 18 6 37 24.3 73.0 89.2 10.8 
6.71 0 0 0 0 0.0 0.0 0.0 100.0 
6.32 0 0 0 0 0.0 0.0 0.0 100.0 
6.00 0 0 0 0 0.0 0.0 0.0 100.0 

Overall 300 518 240 1275. 23.5 64.2 83.0 17.0 

E. MIR Difference Pattersons and Fourier M~ps Cflculated with 
Collagen Native and Derivative Data 

The detilled analysis of the structure factors that 1 have dane 50 far was necessary since now an the 

succeed.ing work will depend on the quality of the.se data. Not only 1 have produced the first set of 

structure factors including the meridional and the (-l,O"l) and (1,0,1) row-lines for the native and two 

derivative fibres but 1 have aIso demonstrated that our data collection method was faithfuL In t1ûs 

paragraph ; 1 thus will attempt to calculate J..Dimensional maps using the whole data l have roUected 

and 1 will assume that the rest of the data is correct. As staled befote, a further analysis of the whole 

data will be necessary but some calculations (e.g. isomorphous dHference Palterson maps) ilte readUy 

possible. 

l aIso first need ta define some symbols used in the CCP4 file format and ln the sucœeding 

paragraphs. These symbols apply to the structure factors defmition for each of the naÛ\~e and other 

derivative set and the "calcuJated" structure factors have been obtaîned from a modeU~ trip1e-helica1 

collagen molecule described tater in Chapter 7. Hence, the symbols usai are defmed as lollows: 
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F,NO 

FNOEQUAT 

F~ 

F~EQUAT 

FIo 

~EQUAT 

FEO 

Fr;OEQUAT 

FC135 

F,CRAND 

F~ 1 observed 

F~ 1 observed. with the near equatorial1 data included 

F~rderlvative,Observed 

FiWl1' observed, with near equatorial data 

F~/derlvative/o~ed 

F~, observed, with near equatorial data 

FfE.G derivative observed 

F~ observed (with near equatorial data) 

Fcalculated (for the C13S2 modelled structure) 

Fcalculated (for the random3 collagen model) 

The usefulness and purpose of the constructed C135 and Random collagen models will be discussed 

in chapter 7 but these are here used to calculate one model structure factors set and more spèdfieaUy a 

set of starting model phases for the calculation of potential heavy atom sites. 

L c.lculating the Fint Low·resolution 3-Dimensional Difference Patterson Maps 

1 have used the CCP4 suite to calculate three-dimensional Fourier and isomorphous difference 

Patterson maps using the files containing an the experimental data 1 have obtained. Neverth~less, a11 

these data have not been actually usai because the reflections lor which l have expressly attributed il 

zero amplitude and a zero standard deviation were not included in the m routinéS. The CCP4 

routines in faet, considers that these zero amplitude reflections as unobserved reflec:tions. The 

reflections with zero amplitudes were thllS definitely rejected from the statistical ca.lculations given 

before and also in the derivative to native scaling and aU subsequent Fourier synthesis. Menee, the 

calculations done hereafter are for the preliminary evaluation of the MIR (low-resolution) m.ethod 

only and are thus carried on a trial basis. 

The general MIR structure solution after fllm processing and structure factors acquisition usually 

requires the following stEJ$, where 1 also give the names of the relevant CCP, programs: 

L Scale derivative data to native using either Scn1eit or Fhsaù (Kraut Scaling). The 

programs have been run with the native and derlvatîve data 1 have obtained and 

1 The near equatarial mled.iom _ have oOtaÎl"ofd an unslm due- te .trong inlltnJlty O\'Ulap Vld ilJo hl the ~t)' 01\ thé MilI«l' j!\diœs 

l'<<ovcry dt.Uing the aulomatk Bass pair; ldent1lkAtiQfI. Themore, WltNVe; DI!« ible Mt Eor 1IIIKh· duivatlv& with tMttt ~ tdld(W. 

w:luded!rom th. sc;aling an:Isubwquent Fcurlet alc:u.LatiON and II\Otbffwlwn _ ~vt ItIdudfd thüe tqualOrla1~ 

2 _ defuùtîcncft.he C13SnIOdtlln QQptef 7. 

3 1I!1.! ddinltion of the itandom col1agm ll'IOdflln Otaplitt 7. 
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the program output are given in the tables below. 

2,. Find heavy atom sites by solving Patterson maps for one derivative and then 

finding the major site(s). 

~ Refinement and phasing: 

(a). Heavy atom refmement and phasing : mlphilre 

(Maximum ,LilceUhood fhasing and ~finement) 

(b). Heavy atom refinement vecref ,heIlvy 

i.. Difference Fouriers to find new heavy atom sites ln the fîrst and other 

denvatives: fft -> pwkmax -> npo 

~ Bad:: to calcu1ate and check Pattersons for other derivatives. 

a) Scaling between Native and Derivative CoUagen Data: 

, 
The normal procedure to scale the native and derivative data sets together is to use a Wilson plot to 

put the data on the same absolute scale. But this is generally a poorly reliable method especially for 

rugh resolution studies. One other method which i5 relatively simple and which always yield good 

results is the K.raut's method. The derivative scale fador is calculated by equating the Patterson 

origins for both native and derivative sets according to the equation: 

where Ks is the scale factor to be applied to the derivative data set (for a review see: Kraut et al, 1962i 

Ticlde, 1991) 

Scaling Gold derivative to Native data using mSCALE 

NUMBER OF REFLECI10NS REAn, USED::: 2145 660 

COMMON RESOLUTION RANGE = 135.14À 6.59Â 

SHELL 1/!!JÀ> NUMBER RMS*-FP RMS-FPH 1<9 

1 9.50 4S0 1040.6 1589.0 1.41884 

2 7.54 181 1044.0 1579.1 1.35OCl7 

3 6.59 29 1035.5 1930.5 1.41343 

TotaIs 600 100.3 1602.8 1.23726 

From difference Wilson plot: 

Overall scale and standard deviation = 1.42971 0.03840 

The n~ults of the scaling program FHSCAL are given in the following tables. The progtam was run 
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for each derivative to native scaling. 'flle number of reflections used as weIl as tbe total number of 

reflections are listed in the top row of the tables given formerly. The used reflecttons are those actually 

used by the scaIing process, that is, these are the common reflections belween derivative and native 

data set. This number is unusually low but this is because the d;ll'" _..,~t!Ct1I1g was done by hand and 

not systematically by an automatic process. The FllSCAL program also calculales a global scaUng 

factor according to Wilson plot for each derivative. The derivativ~ to native Wilson scale iactoJ's are 

given in the last table rows. 

Scaling lodine derivative to Native data mRI mSCALE 

NUMBER OF REFLECI'IONS READ, USED == 2133 793 

COMMON RESOLUTION RANGE == 13S.14À 7.42A 

SHELL l/d"(Â) NUMBER RMS-FP RMS-FPH Ks 

1 11.78 325 1046.3 2280.9 1.934:74 

2 9.35 278 1027.8 1202.2 221574 

3 8.17 140 968.6 1526.0 2.56794 

4 742 50 1020.3 1349.1 2.72370 

Totals 793 1024.9 1779.0 2.20528 

From diHerence Wilson plot: 

OveraU scale and standard deviation = 1.83999 0.03383 

Scaling PEG derivative to Native data usingJl'fSCALE 

NUMBER OF REFLECI'lONSREAD, USED;:: 2123 627 

COMMON RESOLUTION RANGE = 135.14.À 7.40Â 

SHELL 1/d"(À) NUMBER RMS-FP RMS-FPH Ks 

1 10.68 363 1032.3 1898.8 1.52457 

2 8.48 191 1024.5 1133.4 1.55401 

3 7.40 73 1065.7 1189.8 1.59286 

Totals 6'0 1033.9 1625.9 1.73300 

From diffetence Wilson plot; 

Overall seale and standard dëYiation ;: 1.51086 0.00490 

bl Determination of heav:y atQm§ positions! 

The amplitude and the phase of the heavy atom contribution to the structure fadot of the derivative 

has to be determined fram the experimental data by wotking out the differènces m ~ttering 
amplitudes caused by the introduction of heavy atoms. The dif'fetent techniques usuaUy usèd to do 

thls are: Patterson searches of diffetent kindst direct methods and difference Fourièt'S. 
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Fig. VI.26: A 3-Dimensional perspective view of the 
differerlCe Patterson maps that l lutve calcuÙlted for 
each colIagen heavy atom derivative using the 
experimental data 1 harJe gathered. The three images 1 
have obtained were noisy sa 1 only show the major 
peaks in the maps after the continuaus background 
level was truncated. The difference Patterson maps 
shawn here are not on the same scaJe because Fouriers 
are altvays calculated Otz arbitrary sc ales. Th.ese are 
consequent!y amy shown to display the CLllculated 
structure in the Patter son space. (a) is a FIO-FNO 
difference Patterson map azlculated in tlre reciptocal 
unit cell volume deftneà by a=[0,0.5], 11=[O,O.5J and 
c=[O,O.5J. The vertl.cai axis is the c~, bis ac:ross the 
paper plane and a is in the paper plane. (h) is the FGO
FNO map ca1culated in the same volume as (a) and (c) 
is the control T1tilp calculnted using PEG data (t.g. 
FEO-FNO difference Patterson). The number of 
sections used to calculate the Fourier are usually set ta 
one third of the maximum resolution cf Ure data in 
each principal directio1I.. We Iuwe thus 21 sections in 
fhe a directian (1/d"':::6.0AJ, 9 sections in the b 
direction (1/d lt:c9.oAJ and 331 sections.in the c
direction (1/d"~.oA). 

The conventional metbod to searcll for heavy atom 

peaks in a Patt.?rson map is usually facllltated br 
plotting special sections (e.g. the Harker sections of 

an 1 Fpfll2 cakulated map) of the Patterson map 

where heavy-atom+o+heavy-atom pe,aks are dearly 

distinguished. Sinœ our aim 15 ta search for the 

heavy atoms contribution to the c,oltagen structure 

the frrst step is thus the calculation of a 

conventional Patterson map. The Hatker m.ethod 

hawever. operates ,,-ith crystals belonging to 

special symmetry groups ather then the Pl éryStal 

system defmed for c:oUagen. Acc:ordingly. a 

PatterSon map calculated with a collagen hea\l7 

atom derlvative will provide the means te observe 

the heavy atoms contnbutions but Us interpretation 

will he more com.plicated. 

Now the transfonn of the Pl sytruneuy group îs p~ 

l (e.g. centro-symmetrlc Laue group) 50 that a 

Patterson map <:an always hé eakulated OVfl" one 

haif of the unit œll volume uslng eac:h dem'ati'lle 

data set. The difference Patterson maps ! FPfll2.. 



(a) 

1 Pp 1 2 sho'Wll in figure V126 will he preferred 

Fig. VI27: These J..Dimensional perspective 
vie"Uls s1ww the differem:e Patterscm maps l 
have calculated for each coUagen heauy atom 
derivative using the experimental structure 
factors. Here, the equatàrU21 rejlectio115 have 
been included in the scaling and FFT 
calculations ;. .... ause of their contribution to 
the taler. ' .. rrangemènt of collagen molecu1es. 
The CJllculat.ion is /tere shov.m separatèly 
because the CO"ect indexi7zg and peak overlap 
of these structure factors has not aem dtecked. 
Hencc, (a) Î$ an FIOEQUAT-FNOEQUATl 
differeltee Pattersan map calcu1ated in the 
reciprocal unit celi volume deftned in figure 
Vl.26, (b) is f·lze FGOEQUAT~FNOEQUAT 
map ca1crllated in the same volume as (a) and 
(c) is agairz the control map calcula1ed using 
FEOEQUAT-FNOEQUAT data. The number 
of sections akmg each reciprocal U1iit cel1 axis 
is the sarne as figure Vl.26. 

to the usual 1 FpH 1 2 maps because the 

contributions of the heavy atoms are better 

noticed when proteinHprotein peaks have 

been subttacted. 

1 have calculated the dil!lerenc.e PatteI"'JOn maps 

for each derivative collagen data using the 1ft 
programs of the CCP4 package. The maps 

shown in figures VI.26 & V1.27 are those 

obtained with difference Patte.rsons. The 

symmetry group Wé1$ set to Pl so that the 

Patterson symmetry is P-l. The number of 

sections along each redprocal unit cell axis was 

autonlatical1y set by the prograu:t. This number 

is usually chosen sa that it samples the volume 

of the calcu1ated map at one third of the 

maximum available resolution within the data 

set. The maps have been calcu1ated using aU 
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the available data in the fîles (that ÎS, aU thé do\lta within the J'e$olulionrange ét9d aIso the data 

obtained with high standard déviations). But on~càn al.so chbose to calçulate Pattetsort or Fourier 

maps with either a resolution or an FI <rF cut()f( hl otder to tmptove the map qua1ity.For fustance, 

high ~lution terms in fo\1rler sYlltltesiSinttodu~e hight!r hal'ino~c;: compQl\ètlts in the sUQiDlation, 

that is, if these tettnS àré randomly e~neoWithertag16bal~ackgroundis.dd,êd to tlw:èalculated 

electron density otPatte~n(unction: 

The three maps shoWrt mfigure VI.26 at~ differeficePaUetsollS càlçUlatèéÎlot eêi.è~ ·collagen 

derivative, (a) iodine-nàtive difference pattèrsOn,(b) gôld.,..i1ativè diHereDéePatterson- à,rid (c)thè PEG

N~tive derivative.that is used as control. The bta~ zones inthê maps IDakate the maxitrul m U\~. 
difference Patterson funcHon and are fepresented on an Sleve! grey scale, 

The calculated maps (figure VIJ6 &: VI.i7) have each a continuous levei in the differënœ Patterson 

function that shows some strong peaks ilt different pQsitions. hl.otde~,~o visualise these peaks, the 

continuo us backgrou~d bas been es~~ in the regions where th.~,~ was no peah and then 
," 

subtracted 50 that only the strongest peaks are rdained. The high level peaks in the c;:O plane, 

observed in iodine and gold derivatives are the wual peaks at the origin of Patterson maps that 

correspond to atomHatom auto correlation functions. On the other band the litrong peak at the origin 

in the PEG-Native calculated map is obviously wener then the ones in the heavy atoms derivatives , 

gold and iodine. This result, however, was expected sinee first, PEG added collagen does not contain 

heavy atoms 1 so that heavy - atom H heavy - atom étuto correlated peaks are entirely absent, and 

second the subtraction in the PEG-Native difference Patterson calculation bas removed the major 

contribution of proteîn+-+protein vectors to the central peak. 

Iodine and PEG difference maps do not show discemible peaks in the volume represented in figures 

VI.26 (a) and (c) but more or less flattened peaks that are nearly parallel ta the ab plane a~ different c

axis levels. Whereas the Gold-Native difference Patterson map shown in figure Vl.26(b) exhibit sucb 

peales. Considering the low resolution in the a and b direction that we have already demonstrated, thé 

flattened pe~ we observe in the Iodine and PEG dilference Patte.rsons thus correspond to weIl 

resolved peales in the c.dJrection but baclly resolved peaks in the two other directions. 

2.. A PreUmin~ry Fourier Calcut.tion 

In the previous paragraph. the dtfference Patterson maps ware calculated for each derivative to see il 

the heavy atoms give actual contribution ta them. However. di{{eren.ce Pattel'SOn maps usually 

provide the mean ta find heavy Itoms positions if one knows tbat there are a few of them in the 

structure. In that case the search for heavy atom position is donc by hand or using automatie peak 

l~g. atoms with hlgh Z nu~ (11ft ,,150 the tquation d.l!finIt15 thl! boY)' lltom conb"Wution ta thl! IliUu«une fador ~Itiv~ dlffetem:ü ln 

Paragraphe 
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search programs. Nevertheless, we are in the presence of a structure whare one knows Uttle about the 

heavy atoms number and occupancy in the unit cell. Therefofe, 1 have built a set of 4 reasonably 

mode lied structures of collagen like molecules in chapter 7 in order to gain an additional source of 

material. These models were originally constructed for the simulation of fibre diffraction pattems and 

will later on be demonstrated to fit the experimentat patterns, but they di/fet in that the molecular 

arrangement in the unit cell was differenl. These models have enabled me ta caléUlate structwe 

factors and phases and the data so obtained were then merged and combined with the expèritnental 

data. Hence, 1 will use these data to calculate Fourier maps using the phases of one of the modelled 

structure (the so called C135 and the control model FCRAND) and the experitnental structure factors l 

have gathered. Furthermore 1 wiU presume that the model structure îs a good approximation of the 

native structure and thus the calculated phases are a rough guess of the realistic ones. Theo, 1 have 

calc:ulated Fourier maps for eath derivative. The calculated maps are shawn in figure VI.28, VI.29 and 

VI.30 these should in principle show strong peales corresponding to the heavy atoms positions. 1 have 

made use of the fact that phases in Fourier calt::ulations need not necessarily to be very precise. The 

following maps are thus a preliminary attempt to find heavy atom positions for the coUagen 

derivatives. 

Figure VI.28 shows the calculated map for the iodine derivative. The map on the lelt (a) is the one 

abtained with phases calculated from the FCRAND model defined above. This map displays some 

blac:kened peaks at c-o.5 that are weaker in the map (b) on the right. The continuous background in 

the map bas been removed using the procedure used in figures VI.27. One thus might assign these 

highest elcctron density peaks in the map ta iodine atoms (or éluster of iodine atOJll$ ). One also 

knows that the model molecule ends up in that regio~ patticularly with the C135 model in (b). The 

molecular end might hawever introduce some unusual behaviour in the Fourier synthesis sineethe 

electron density bas a steep change ta zero in that reglan. The figure V1.29 in tum shows the maps 

calculated with the gold experimental data. 80th maps display a set of peab in the unit ceU volume 

which might correspond ta gold atoms in the structure. Finally 1 show in figure VI.sa the maps 

calculated with the PEG experimental structure faétors. None of these maps shows discernible 

disaete peaks as the structure does not contain any heavy Rtoms. 

As 1 have atready stated, 1 have calculated these Fourier maps (figure VI28 VI.29 and VI.30) on a trial 

basis sinee 1 have gol some original materia! to start with (experimental structure factots and phases 

from model structures). The maps were analysed with automatîc peak seatC.h p mgrams that bas 

provided a list of possible heavy atom site for the structure (data not gi'r~ here). In :ondusion.. these 

maps are to he considered as Î5 until more experimental eVidence will be performed. 
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(a) 

l '/!I

l 
l, 

Fig. VI.28 : The phases from the modeUed structures 
were 1.Ised ta calculate Fourier maps u:,îng the 
experimmtaI heavy atoms structure factor amplitudes. 
(a) is a map calculated using iodine e:rperimentaI 
structure factors and phases /rom the collage1J model 
'luith atoms raruiomly displaced in the unit eeU; (b) is il 
calculated map using iodine erperimental structure 
factor amplitudes and the phases ClllculaJed withtlte 
C135 mode!. The volume slurf.l.11t represi!lIts the wlwle 
melinie unit œll with the é axis verticnl and the a axis 
ilt the plane of the poper. The resolution in each 
direction of the unit ce11 vectors is the samt as in figure 
VI. 27. 
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(c) (d) 

Fig. VI.29: (Jeft) Here 1 show the 
calculated Fourier maps usillg the 
mode1 phases and the experimentaZ 
structure factors amplitudes. (c) is a 
map calculated using gold derivative 
experime-ntal structure factors and 
pfzases from the cotlagerl mode! with 
atoms randomly distributed in the 
U71it eeIl; (d) is a calcuIated map 
using gold experimerttal structure 
factor amplitudes aHd the phases 
calcu1ated with tlle C135 modeI. The 
1Jolume slunun is one unit ceIl. 

Fig. VI.30 : (right) FinaIly, 1 show 
here the calculated Fourier maps for 
the PEG derivative: (e) is a map 
calculated using PEG experimentai 
structure factors and phases ft'Om tlte 
collagen matieZ with atoms randomly 
distributed in the unit celI; (fi is a 
calculated map using PEG 
experimental structure factor 
amplitudes and the phases calcuÙ2ted 
with the C135 model. 

(e) (l) 
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Chapter7 

Molecular Modelling and Computer Simulation of Collagen Fibre 

Diffraction Patterns 

In this chapter 1 present the results of a computer built model of coUagen molecules packed like in 

tendon that 1 have constructed from a template of a collagen triple--helical fragment found in the 

Brookhaven Protein Data Bank. A set of fibre diffraction patterns fot the crystalline domains were 

then calculated for the unit cell and for different orientations of the molecule in the unit cell. This was 

done using the molecular modelling and data analysis packages avaUable at the ESRF and yielded 

fltJults which sustain the crystalline quality of tendon fibres. 

A. (Gly-Pro-HyPro)n Sequence as a Triple-helical Madel for 
Collagen Molecule. 

An energy minimised 3-D structure of collagen molecular template l'las constructed by Chen et: al 

(Chen et.al., 1991), using molecular modelling methods and Kollman force fields. For this modet Chen 

constructed individual molecules with three ide.ntical polypeptide chains. The sequences used were a 

(Gly-pro-Proh6, a (Gly-Pro-Hyp)16 and a (Gly-Ala-Ala)16, coUed into a right.-handed triple--heUcal 

structure. The axial distance between adjacent amino acid residues is about 2.9À per polypeptide 

ch.ain. and the pitch of each chain is approximately 3.3 residues. These data were deposited in the POB 

data bank and were retrieved from there for the purpose of model building and fibre diffraction 

pattern calcu1ation. 

1 have chosen the (Gly-Pro-Hyp)16 fragment because of the Wgh content of collagen molecules of bath 

Pro and Hypro residues since Hypro is known to stabilise collagen molecules in tendon. The fragment 

taken as is from the POS has a length of -looÀ an~ thus J replicated this fragment to construct the 

full 3000Â length model molecule. The collagen molecule in tendon is thought to have a rod shape 

with diameter lO-14À and an appt'Oxim.at~ length of 4.4xO =30001... Thus1 il straight molecule of the 

triple helical (Gly-Pro-Hyp) pattern was produced and lt was then placed in a tridinic unU cell lor the 

calculation of fibre diffraction patte~. The position and orientation of the molecule in the unit cell 

will be thought about later in this chapter since the exact pacldng of coUagen crystalUne domains 

depends on the fractional coordinates of the coUagen segments in the unit cell. 

B. Relevance of the Model 

L Sequence Restriction 

It is obvious that the aminoadd compo~ition and sequence in the prest.>ntly prevaUmg mode! 15 not 

reallst!c for biochemlcal considerations but lot the purpose of low-resoluUon dilfractlon studies it is a 

sultabJe mode). The model molecule has an elec:tron den.sity distribution which is Il t'ough 

approximation of the real one where thé absence of other amino adds results in the absence of bulky 
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side chains. Tendon crystals also contain water molecules in the intermolecular space in addition to 
1 

other substances like the carbohydrates. The organisation of these substances however 15 not thought 

to comply with any crystallographic symmetries and can be modelled by a flat homogenous electron 

density. There 15 also an additional periodicity in the Gly~Pro-HyPro sequence repeat that also 

restrains our representation to a simpUstic model. 

2. Molecular Shape 

The molecular shape of native collagen molecules in tendon i5 not yet clear. Thus, 1 assume at present 

that all molecules in the crystalline domains are rods of straight molecules with dimensions given in 

the paragraph A. These molecules however, are the basic structural unlts and consequently aU the 

models of padang in the unit cell have to be consistent with the wholeness of fuis unit (e.g. the 

segments arrangement in the unit cell must ensure first, the wholeness of one molecule when crystal 

translations are applied and second, the connectivity between molecules lying within l\eighbouring 

unit cells). 

3. Thermal Motion and Molecu.lar Disorder 

Both these effects can be thought about for the X-ray diffraction calcu)ations but these are not the 

subject of the study during this work. The first thermal effect can be calculated by applying a classica1 

thermal B factor fot each atom or atont groups in the modelmolecule whereas·,mq second çan ~ 

calculated using the appropriate random disorder effects. 

4. Domains Oisorlenution and Cryst.Uitet Site ~ 

These two important effects werc mostly c:overed in the $~\ilatiQn Qf flb~ ~pn~tt~.tha~~' 
.f " 

carried with the collagen modell have buUt. TheêOinpl~xilY of ~ ~i~n.pait~~ Qbt~ci~WjUi " 
fibrous materials is principally due ta these twoeff~so thâtat0o:'Put~t $Û1\yt.tîQfi~UdinJtb~ 
two effects is necessary for understanding the fibred.U~~on pâttems. ~do~dlSbrimtàti\)Îl, 
result is usually an arcing of the diffraction $pol$ and Wil$ abit.dl' estin\atëd.f9f éôUa8énftbtë$ toti 

or 2° . During the film processirtg èame.d in chaptet ;; &: 6 this ha" sbnply reCJ,tlktd ~tth~ hltegtatipl1. 

area to'be 5'Jt in a way to fit the shape and extent(,lf thepéakS pVetthtimmtegiônS~ 

Size effests in tum are also important slnée stronspeak ovedap ma)" OèCUt especiâllyln th~'~ al 

crystals with large c .. axis. Furtherm9teJt has béen givert iJlcltâpt~t 4thatth~ 1:1fagg$pot$. in .. 

diffraction experlment with fibrôûs samplés âré broadë,n~ a(:@tcUi1g '0 thé :Sçhett~r llW 

B(20} .. Â./LcosO , where L Is the average crystallltèsize.b\ U1e d1tè<tiQI\ defln~ br t.b.p~h~j l'hé 
Sherrer formula was derived for a p:-.Iwder d~ttion pattém but ft â1sohQlds lot Hbr~~ifti~W?Ji 
patterns. n,e X-ray p~ltems simulations done inthis chaplerWUl ~atrlèd.~' av~t.gê ~ 

sizes of respecUvely 1~ in the direction patallel to the fibtè lds and. O.~xO.2fL in. U\t. Retio.ti, 

perpendicular to il However, dlfferent values for the averagê crystal sites will be tdéd Ïrtôfderto 
characterise the ~f1ects on the X-ray patt~ms. The above valuest ob~ one êXperllnèlltally (along 
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the c axis) in the present work and from previous electron microscopy studies will be shown to fit at 

best the experimental patterns. 

c. Molecular Orientation in the Triclinic Unit Cell 

A detailed model for the molecular packing in the crystallirte regions of collagen fibrUs was first 

proposed by Miller & Parry (1973). Based on helleal assemblies of coUagen Molecules in the form of a 

five-stranded rope (Smith,1968), the model was termoo a mic!iofibrU, packed on a near-tetragonal 

lattice. Later, an alternative model based on straight collagen molecules packed in a tridinic unit ceU 

was proposed by Hulmes &: Miller (1979) and this model is presently the most agreeing with 

experimental data (chapter 3). In the curl'ent construct, the unit celI has dimensions a=39Â, b=26Â, 

.. -.. ... _ .. - it 

(a) 

5 , 
4 CD 

, 
1 

3 

2 • 0 
1 ........ .. .. Ji 

(h) 

Fig. VlU: (a) (after Miller, 1981) A collagen molecule is schematically represmted ûy il rod ditlided into 5 
Stg1PJtnts lllbelltd 1-5, Viewed in a cross section, the unit eeU has thus fivt possiblt positions that define the 
IJSYmmetric unit. 
(b) One unît œil con tains one collllgen moltcuJe and crystal 3D transllltions generafe the whote structuu by 
unit cell Tq1UClJtion. This figure shows one possible structure for tIre collJlgen ltIo1ecules thAt is dtfin.td with CI 

fixed orientation of the segment 1 rellltive to the crystallographic unit cell axes. Thtre art thus Il tot of possible 
arrangements and orientations t.g. up and doum molecuies far the molecul4t segments 1 .. 5 in tht unit a:ll but 
this is not yet understood. 

c=677 A and containS live segments oi one coUagen mode) molec:u1e (figure VIl. 1). 

The content of one unit ceU is thus an entire moJecule. One molecule must successively proceed 

through cell positions 1, 2, 3, 4, Si 1 ... with increasing z. For positive X, moleeules go uJl and for 

negative x, molecules go down. The molecular path cao thus he defined by looking at the intercepts of 

. one molecule startirtg at an arbitrary position in the x==O plané; with the plane x=5. These intercepts 

have been demonstrated (Fraser el.al., 1983) to 00: 

(5q+ lt5r+3,±S) 

(5q+2..5t+l,:t5) 

(5q+3,5r+4t±5) 

(5q+4~r+2.±5) 

p.g~1S1 



where q and rare integers or zero. Considering the above coordinate set, there 18 a great number of 

possible orientations but the correct models have to agree with additional experimental observations . 

. For instance, the gap-overlap feature of the HM micrographs and the tilt of collagen molecules relative 

~~-.--~-.~ •• z=l • 

overlap 

•• • •• • •• • •• • •• • •• • •• • •• • •• • •• • •• • •• • •• • •• • •• • • ••• • ••• • ••• • ••• • ••• • ••• • ••• • ••• • ••• • ••• : ::: -_.- .... ,.-
: : :: .,.r •• ~ •••• , ...... ,. .. :. gap · . .. ..-.....-: : :: ... .." .. - ... . 

o 

• • • .. ....... " .... 111 ......... . :. • ......... _fII·- " .... _ .•.. 
• •• • •• • • • • • 

~b 

Tht! figure on the nut page shows how 
coUagen crystals were constructed using 
one single collJlgtn molecule lhat Jras bem 
repliCilted to gmerllte the whole crystal. 
The model shoum iSi the 50 called Cl35 
coIlQgtn·li~ pllcking that 1 have deftned 
in the text. One coUagm Molecule is 
represented &:,-' Q thick arruw and a region 
of unit cells of the crysÜll neighbouring 
this collagen molecule are slwwn up to 
z=5. The otJter collagen Molecules are 
hîdden for the moment for clllrity. The 
three comman axis a, band c of the 
triclinic unil œIl fmd the orientation of 
thtse reIDtive to the fibre axis IIrt also not 
to scale for the moment. Htrlct, the 
molecule MS it's origin Ilt (0,0,0) (e) and 
il points toward a direction parallel to the 
direction (1,3,5) indicated hg the dashtd 
Une. The molecule Iuls thus intuctpts 
with t1u! diffortrlt plJlrres of the successive 
unit cells and pcrticms of it thaf belongs ta 
dijftrtnt unit Cf Ils. The differmt portions 
of the molecules are thm braught Into the 

overlap 

gap 

• • t • • • t • • • • : • • o 

o 1 .... • 

~ .. 

to the fibre axis. 

Fig. VII.2: 11Ie figurts hm show Q region 
of the crystal containing 12 unit ctlIs. The 
collagtn molecules IIrt thought ta be 
bunc1u!s of parfilieZ Molecules. Only the 
content of one unit cell is shawn for 
simplicity. One collagen molecule in a 
bunch of five molecults is shifted 
vertically by -D to give the gap-ovnlllp 
bandîng pattern. observed under elecfron 
microscope. Nt:JW if the molecules are 
slightly ti.lted to the c-am (figure on the 
le/tJ then the gap~over/Qp feature ls 
normally obsuved. Whereu the figure 
below shows mo1ecules strcmgly tilted to 
the ab pùme. Tht ratio of gap to overlap is 
cottstqutntly lcn«r th4n 0.4D. 

~ ..... ....,.~~ ..... ...,.. z=l • 
l • • • • 1 • • : • t 
1 

D 

z--o 



original one which UJaS equivalent ta Il mathematical projection of the fracti01tlll èOOfdinates into one single unit 
cell. The figure (d) shows such a projection for thtu consecutive unit cells. The srlUltl dtclèS itùlicate the ends of 
each portion of tlJe one molecule tllat Is contained in the unit eeU. A demcmstration of MW the gap-overlDp 
feature of tms packing is obtained will be shawn Illter in this chaptér, hOWt!Vtr, thîs mtthod tlNIS used in the 
suhsequent camputer generated modtls of difformt molecular pIlc1dng of collagert in tèndon • 
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Fig. Vll.3 : ln the figure here l show the cunstructtd Cl35 modell IulVt defintd in 
the tat. n.e ... 3000A length triple-helical colL1gttl tempÛlte was fiTSt "Ugntd 
paralle1 to a spedfic direction defined by the intcgers q=O, r=O and tllen the 
coordinates were projected înto the trlclittic unit celI. The arr(}W indicates the 
position of one end of the rPlo/teule whtre tlu: gap beh«en cort..'ifcunve moltcules 
occurs. 

Thus for large q or r values, the coUagen molecules lUe too much indined ta the ab plane in the fibrils 

and consequently the gap*overlap ratio is ,t;O.40. Consequently, only low values for q and r are 
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2) for q==r=-l. molecules oriented down, this gives the cOOrdinates (4,M2,-S) of the intercept 

with molecules quasi-parallel to the c-axis. The model will be designated G4-2-S. 

3) for q=r=l. molecules orlented up, the coordlnates of the intercept with the z=51evel àre 

(8,6,5) with molecules slgnificantly tilted to the ab plane. This model will be designated 

C685. 

4) finally 1 have buUt a model with the C13S one but whete atoms have been dîsplaced by 

random amounts to generate a crystal with random distributed atoms in the unit cell. The 

model 50 obtained is not a realistic one but however it has the following advantages: first, 

the helical symmetry e.g. the heUx periodicity is lost 50 that we can validate the triple

helical feature of the secondary structure of collagen moleculesj second the model has 

enabled me to calculate a set of ;;tructure factors and phases to serve as a starting model for 

the experimental Fouriers cakulated in chapter 6. 

D. Results of Molecular Modelling and Computer Simulation of 
Fibre Diffraction Patterns 

The four above defined models have been written to the standard POB rues alter projection into the 

unit cell and were also used in the fol1Owing fibre diffraction simulation. The pattem simulation were 

done using the Cerlus software available at the ESRF. The rad lîlœ model molecule was first aligp.ed 

parallel to the l)'Pedal directions in crystal space defined in the previous paragraph and then the 

coordinates transformed into the fractional coordinates in the unit cell. The fft routine ot the CCP4 

suite was then used to calculate the structure factors and phases for each model. Then a fibre 

diffraction pattern was simulated for each model anel 1 show the patterns below. Additional SàJnple 

characteristics cau be simulated som as fibre oriéntation in the beam and average crystaUite size in the 

sample. Thermal and disorder factors however were ueglected as already &tated because 1 wu only 

looking for low resolution features in the simulated X·ray patterns. FigUre VII.3 shows a simUlated 

pattern calculated with the C135 model. The simulated pattem shows the typical features observed in 

experimental films sum as the meridional reflections, the two prominent tow lînes and the helix 

layer-line reflections. The equatorial data are also identical to the experlinental ones in that one obtairt 

a continuous intensity distribution due to small crystallites with some off Equatorial spots. The 

computation of the pattern shawn in figure VIt.3 w~ done with a fibre tilted to the X-ray primary 

beam by 3° and the crystalline size of the ordered domains was IJ.U1l x 0.2 J.l.m x 0.2~. The palu 

disorientation of the fibrUs was approximated to 1 CI but higher polar disorder wasintroduced that 

produced an important ardng of the reflections. Other parameters involved in the fibre geometry 

were also simulated and the results are shawn in the foUowing figures. The simulated pattems are 

represented by one quarter of the X-ray film eam for simpliclty. The intensity levëls are shawn as 

intensity contours and the fibre parameters when changed are li$ted in the caption of èach figure. 
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Fibre Diffraction 
Radiation used = XRAY 
Wavelength = 1.4880 
Tilt angle = 3.0000 
c13S cryst.size==40x30x3000 Aeb:j3 

Fig. VIlS; The high continuous itl1ensity bad..'g1'Ound cm the equator and the heIix layer-fine ili dlLe ta 
small crystallites in the 5i1mple 05 [ show if in this figure. The simulated average crystalline mE is 
ht're supposed ta be 40 .:r 30 x 3UOO A 3, that is the crystalline domair:.s art! composed by a fr:w rnnnber 
of collagen ma1ecules whcre t.hese demains me in tum rrmdomly oriented around the jt"bre axis. 
Consequently, the actW11 diffraction pattern is the superposition uf the intensity contributionjrom 
weIl ardered damains (Bragg spots.l and the continuous diffuse sœtte:ri7J8 fram ltss ordued dontains 
t1uzt is sh07lnl hae. 
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Fig. Vn.6: The simulattd X-Til Y diffrRçlion pattern l sJwwhq~';sfo!thtC~~~ThtJilt;tl$' 
tilted l1y .3 0 1o the direct btatn and tilt fibrlIs hirt.te "boUt 11). po14r 4lsàri~tfdWnt ·'JJst.:~tfaUît~ 
Ilvemge size is O.2Ju O.2jJ.x 2,Op wh/ch is ronsist(nt'WithtMpt'tS#lt stu4yatti pttt!Wi4$ tltéh\1t4 
microscopié studlts. TIre strong intensîtybdWttnth~ eqi#ltQrfal "!flectiotfS;. îs d~: to .$ttUtll 
crystRllitts tlult (4tt present in the fibre 'WIrere~ tlit Ilf'clngolthl rtflêctwns ~n t~hili% liI~4irlt 
is prindpally due to thtE.WGI4 qhlre ~mztU"e IIndt~ polar d~tiDil tfUlt:~iMtIliM .. T~ 
Ildditlo11al strang rtfltctlons on tlu: equatQ1' t~t U$UIIlly Art .w,-~ i;;,tht t~~.l
colÛJgen diffraèllon p"tttnis but thtse Ciln J~ aplJJlntd by .thèfoçl th#lt 1_bi41t " r,;(Jde! IMt 
dijfnJcts Wtll lit hightt ftsOlutfott lind IitS(J fty. thtlRct llulf.tbemodtttholt,;ule Ih4vt mâlt 1i;U li 
radius whÎch is smal1tr.thtrl. the realist.ic ont dUt 10 tht'absmt:e <f~ sidt, ~ms~ 
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Fig. VU.8: Hae 1 s1ww (l simulilted X"r4ydfffr4Ctiotl:ptlttern wfthtMGl35 
model whm MiO, d()rrU1trrs pollltdisoritnUdwn t~tsm lin. ~ttn4t.d ~"èihg 
of the rtiflectio"$ •. t}tt ftbrils disoriml4lùm {s j6c·tilbi!:h.jsQbviquslynôt q 
fcdistic Vell"t if! COflcpAtisoft tu tntexptrimmfatollkmltiotl.v. 
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Fig. Vll.9: This figure shows tJ ùihâle diJfriJction ptI,ternCJlIC&J'ittd for the C135 
model. The fitm1s polRr4i!Wrlmtationls ItJaHd the dorH4ms ."Iver~ge $izê ls 
0.2 ~ 0.2 x 1.0 p.3. ont prittdV"Uy t(cogrtises c the rcmnolllric:e '(bUIt the 
exptrirnmtll1 fibre dijfraction ptll'tnI$ !lnl esptcîally the ~ce of htlU lqt:t·, 
üne rf/lections. 



fig. Vn.lO: The unit cell content for the C685 modtl is sbcwn hne in 
Il perspective triew, The unit aIl thus amt/lÎns one moltcu1e that .hJlS 
ban first aligned parQlleZ ta the direction defintd by q=l ; 1'=1 and 
t~ the atom.ic coordi7ùltes 1uJve "un projected inti) !lat unit cell. 
One whale molecult ;5 thus obtQined whm crysÛJl trllns14tions are. 
applied and generate bundlts of staggered molecults. 
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Fig. VIl.lI: This figure shows the central part" i.e. the muidio'Mllow angle 
orders and the first 1'OU1-1ines witl, III.!OO, of tlte diffraction pattern calcuüted 
with the C685 model. Tlle flbrlls polar disorientaticm {s 10 and thé demains 
average siz.t is 0.2 :r 0.2 t 1.0 ~ . TlIe figure shows lhat olftquatorlal rr:Jledicns 
are obtainable provided tlrere is weak peak averlap. 
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Fig. VU.l2: A whole diffraction pattmr calculated with the C685 model. Fibrils 
polar disarientation is 10 amI the domains average siu is 0.2 x 02 x 1.0 p3. 
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Fig. VII.13: Orte of tire mast important pammeler u: a fibre diffraction e:cperimtnt 
is the average domains polar disorienttttion because if produces an atdng and 
con5eIfUently lln overÙlp of the Bragg rejlections that precludes thrir integraticm 
The figure heTe shows b-uch a situation with the whole diffraction pattern 
calculated for the C685 mode!. TIre fibriis naw Iuwe higfc polor disorientation 
.=d tJ tlzat results in an extensive arcing of the Bragg spots over the film. The arrow 
indicates tlle overlap of the meridional (0,0,1-75) refltction u.ith tht (-1,0,1-75) 
riflection. 



10 ~ ______________________________________________ ~ 

8 

~ -
6 

4 

2 

o -F-------r 

Fig. VILI4: This figure shows cme qwarttr of the diffraction JNÙlem CIllculated wüh 
the C685 modet The fibrils pOÛlT disorientation is 10
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Fig. VIl1S: This figure shows the diffraction pattem cakulated witll the C+ 
2-5 modeL The fibrils polar disorientation is 1°. The arrow indicates the 
always observed strongintensities al R"'1113A-l that are usuaUydesignated 
br the triplet Henee, tbis düfraction feature is the most compatible with the 
experimental data obtalned with native collagen but quantitative $tt,ucture 
factor analysis is more suitable to determine the exact nature of the 
molecular packing in tendon. 
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Fig. VII.17: 11u! SDmt random mode' is shown hm with too snuall crystaUUes si%t. 

E. Low Resolution Model Data 

In addition to the above simulated patterns which in some cases tesemble \0 the experbnentalfilms, l 

have extracted some low-resolutîon data from the structure factors set caleulaled with the pteVious 



I!l0dels. For instance, if one wishes to model a collagen structure with different pacldng in the unit cell 

than one have to ensure that the comparison between model structure factors and experimental ones 

is relevant. Moreover, the meridional and the two prominent row4ines reflections are the most easiest 

to obtain from the experiments, and has been shown to be accurate enough dwing this WOlk. These 

data can thus be used for such a quantitative study. This in tum assumes that the different pacldng in 

the unit cell results in a noticeable relative variation of the low resolution data. TItus 1 present here 

some results whîch consist in comparingthe relative variation in structure .factors ilttlplitudes when 

different pacldng are assumed. 

ln table VII.II show the calculated structure factors amplitudes for the 17 first méridional orders. The 

C135 collagen like model was taken as the reference and the last two COlUDUis show the relative 

difference in structure factors amplitudes when other models are assumed, We see in tabie Vtt.l that 

the orders 2, 4, 6 etc ... are the ones with the highest relative variation in amplitudes. These relative 

variations are better shown in figure VII. 18 
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d 

1 675.70 

2 337.85 

3 225.23 

4 168.93 

5 135.14 

6 112.62 

7 96.53 

8 SU6 

9 75.08 

10 67.57 

11 61.43 

12 56.31 

13 51.98 

14 48.26 

15 .5.05 

16 42.2.3 

17 39.75 

1 Fl=structure factors calculated with the 

Fa:: 

~Fzl :otl~(F2.Fl)/rl 

AF21 =lW(F3-Fl)/Fl 

Fll 

387 

9 

127 

7 

78 

9 

53 

9 

42 

13 

30 

7 

26 

9 

22 

8 

19 

TableVIU 

F2 F3 ÂF21 AFal 

% 0/0 

386 385 0.27 0.47 

21 19 127.13100.54 

125 126 1.36 1.15 

19 17 156.64 130.76 

75 76 3.37 2.59 

11 18 132.64 107.30 

50 50 5.47 4.62 

20 17 126.12 101.40 

37 38 13.18 9.06 

2.3 21 71.52 57.25 

25 26 15.99 12.35 

19 16 148.94 115.69 

20 22 22.58 15.66 

18 17 103.61 88.10 

16 18 27.88 18~ 

17 16 108.30 93.-'6 

13 14 33.95 25.15 

C135model 

C86Smodel 

C4-z-5 modcl 

... 
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Fig VII.18 : The relative variation in the meridiol1ll1 structure factor 
amplitude is plotted hue for the tbree cplculated models. The Cl35 model 
i5 taken as reference. Only et/et, orders seems ta he affocted (e.g. MlF 
... 160%) by the differmt packing of collagen like molecults. Thisfigure 
demonstrate that Law resolution meridional data can protJide the ttIttIns 
ta madel a structure. 

The other experimental data that might contribute to the understanding of mo1èetllat pacldng in 

tendon are the row-Unes ref1ections obtained at low-resolution. 'these data are relevant for the lateraI 

paddng of coUagen molecules and are Usted in table vn.2. for one of the row-lines with h=l, k=O and 

1=-20 to 20. The equatorial and near equatorial reflections are usually overlapped on experimental 

films sc that integrated întensities are not easUy obtaînable but l will give them here as an exampte fot 
1 

the method. The calculated structure factors amplitudes for the (1,0,1) row4ine are Ustéd in tab)e VIl2. 



Table VII.2 

h k 1 d Ft FZ F3 ÂF2t Mat 
1 0 .. 20 26.4209 23 7 11 69 51 
1 0 -19 27.184 12 22 15 88 23 
1 0 -18 27.%93 13 10 11 21 21 
1 0 -17 28.7744 6 26 )- 350 59 
1 0 -16 29.5964 12 IS 18 23 41 
1 0 ·15 30.4312 9 29 13 220 40 
1 0 -14 31.2736 26 14 22 .. 5 16 
1 0 -13 32.1173 20 61 23 201 18 
1 0 -12 32.95016 35 58 71 65 118 
1 0 -11 33.7762 33 107 79 221 1'-3 
1 0 -10 34.S716 44 M 15& 24 248 
1 0 .AJ 35.32.91 46 54 117 19 lM 
1 0 -8 36.0357 13 9 113 32 190 
1 0 -1 36.6779 2S 62 27 144 S 
1 0 -6 37.2421 33 ft 61 26 87 
1 0 ·5 37.715 61 139 29 127 52 
1 0 -4 38.0849 75 62 152 11 llNt 
1 0 .. 3 38.M19 146 331 79 131 '" 1 0 -2 38.4187 216 162 fU 2S 164 
1 0 ·1 38."15 S03 410 1387 19 176 
1 0 0 38.3198 36tS 169 412 95 89 
1 0 1 38.147 221 77 130 ..... 65 .1 
1 0 2 37.7995 176 fiS 9. 63 .7 
1 0 3 37.:u67 120 53 33 56 73 
1 0 4 36.8002 91 M 66 63 18 
1 0 5 36.1729 58 35 22 40 61 
1 0 6 35.4783 21 31 st 12 â6 
1 0 7 34.7302 62 7. oiS 19 28 
1 0 8 33.9415 45 30 5S 33 23 
1 0 9 33.1244 18 56 U 20S 171 
1 0 10 32.2895 31 t3 " 39 j2 

1 0 Il 31.4465 56 7 M 87 39 
1 0 12 30.6032 14 36 20 1" 48 
1 0 13 29.7664 31 17 28 (3 8 
1 0 14 28..MU 5 33 14 595 206 
1 0 15 28.1326 2S 31 17 24 32 
1 0 16 27.343 5 27 23 395 :u. 
1 0 17 16.,5753 19 13 2S 17 31 
1 0 18 15.8309 '1 28 n 301 195 
1 0 19 15.111 24 .. 15 85 37 
1 Il 20 24.1162 fi 18 la lBI l!U 
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Fig VII.19: The relative deviation in the structure factor amplitude of the roW-line 
(l,O,l) ref1ections is plotted hm for the thru constructed madt/s. The eus model is 
takm as reference. Large amplitude dtVÛltians in the structure factors (e.g. NIF 
=100% to 800% ) is noticeQble for the different packing of collagen like molecules. 
These data and the low-angle meridional ones shoum in figure VlI.18 detnonstrate 
that the low resolution row data can prauide the mtans to solve the ptlcldng problem 
in tendan crystallites. 

Fig. VII.20: ln titis figure 1 show 12 adjacent unit cells from tM constructtd C135 
crystalIine model in a perspective vîew. Tht whale 3D structure and tl.t 1tWlecu1ar 
connectivity are obtained when segments from adjacent unit cells are aligtU!d head 
to ta il. 
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Fig. VlI.21: nte structure shawn in figure 
VII.20 was stretched longitudinally 50 that now 
the unit eell veetors are roughly on a more 
realistie scale. The 3D structure is th us 
constituted of bundles of staggered molel:ules 
shawn here in perspective. The gap overlap 
!eature ls atso obtaÎned by the staggered 
molecules. 
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CONCLUSIONS 

The main topie of this work has covered the data analysis aspect of fibre structure detetmi..'1ation. 

AJthough film detector techniques are now superseded by phosphor image plates aIld high resolution 

fast area detectors, the current experiments using synchrotron radiation and X-l'ay ftlms was an 

important work specifical1y designed for collagen structural investigations at the molecular level. The 

one dimensiona! structure, or axial projection, of wet collagen fibrils in rat taU tendon has bèen 

intensively studied using electron microscope, X-rar diffractiorwmd neutron diffraction techniques 

over the last 25 years. However, the resolution limits of the HM and weak scattering of neutrons have 

provided a poor structural evidence for 'the three dîmensional pac1d,ng of molecules. Wherças the 

advent of synchrotron radiation X-rays nowprovides the poténtiality for low and medium resolution 

studies ta be undertaken because of short exposure tintes and Jess damage to the biological specimen. 

Moreover, the high brilliance of synchrotron radiation sources allow for weak reflections ta be 

recorded. 1 have ta1cen advantage of the high flux of the synchrotron radiation X-ray beam al the 

sample in order to observe and integrate very weak spots usually not obtaïned with classiéal X-ray 
, 

sources. These weak spots are Bragg reflections, relevant ta the 3--0 structure studies of col1agen 

crystallites and are thus necessary for the Wlderstanding of the molecular packing ln tendon. 

The understanding of colla,gen diffraction patterns has been facllitated by a computer simulation 

program that 1 have written. The Bragg peak!; positions on the mm wate thus calculated. with a good 

accuracy taking into consideration the fibre geometry and the unit cell parameters of the crystals. This 

in addition has enabled me to simultaneously éompare the experimental patterns with the predicted 

ones, thus yielding better experimental parameters and as a COnséquence, has provided the way to 

obtain integrated background subtracted întensities. 

1 have started my investigation with a prellminary study of the conventional crystal unit cell that was 

definitely established Le. the trklinic cell obtained by Fraser et.Jll. This was necessary for a correct 

lndexing of the collected Bragg reflections. The new model suggested by Kajava bas aOO been 

disproved as there was no experimental evidence for il This was done using PTA labelled coUagen 

that produces diffraction patterns with many reflectîons on alt the row·lines. 

Then, the use of small angle X-ray scattering has enabled me to mèa5Ure the average crystalUtes sile 

in tendons along the c-axis. 1 have used standard peak shape analysis known in powder diffraction 

methods but never used with coUagen crystalline fibres and this technique was here sttaightfotWard. 

This characterisation was adûeved in the llght of the reeent developments on the use of miaofocused 

synchrotron X-ray beams for the study of ultra-small specimens. The crystal average dimension along 

the c·axis that came out 15 about lp whereas the average dime.nsions in the section of the fibre were 

more difficult to obtain because of fibrîls polar disorientation. This result and the ones obtained by 

previous (Hulmes tt./d.; 1981) electron microscopy studies which have already given an estimate of 

the lateral dimension of crysta11ine domains have been used ta simulate the difffilc;tion patterns of a 

coUagen model built up with u1tra-.sm.all crystalllne domains. 
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l have then gathered a set of structure factors obtained from the experimental recorded patterns. The 

experiments were done by Dr WESS at Oaresbury with native coUagen fibres and a set of heavy atom 

derivatives for the purpose of MIR method evaluation. An additional experiment with PEG added 

fibre was aIso analysed in arder to serve as a control for my data collection method and to asses for 

the phasing capabUity of the MIR methods, The data were glthered manually by carefully checldng 

aU films in a pack. for each of the native and other derivative patterns. The use of pattem prediction 

was also of a great benefit to mininÏ.ise the experimental errors and to correctly fudex the Bragg 

reflections. Peak overlap and background estimation were aIso considered and strongly ovetlapped 

reflections were rejected. Furthermore, due to lûgh dynamic range in the X-ray pattern of tendol'ltl"é 

low intensity reflections were coUected on top films whéreas high intensity peaks were obtained from 

the bottom films to prec1ude saturated peales. Theo a systematic fIlm absorption èorrection WilS 

applied whenever it was necessary. The data coUected hom the patterns were separated mto three 

categones as follows: the meridional reflections that are the easiest to coUect and ta index were first 

given with a higher arder and accura',':}' than never obtained, then the (-1,0,1) and (1,0,1) row-Unes were 

obtained for the native and the derivatives, that were also systematically indexed and listed for a 

future use. The remaining weak reflections related to the 3D structure of collagen W~re a.lso collected 

and listed in the Appendixes but their use requites further corrections and systematic checldng. The 

meridional reflections were obtained with a better resolution than in aU previous works and can he 

used for a one-dimensional structure determination to approximately 8.oA resolùtion. The (Ultra) 

small angle diffraction experiment used in chaptar 4 bas aIso provided the means to measure the 

amplitude of the lowest (e.g. the l st to the 9th) orders of the native structure factors that, ta my 

knowledge, have never been obtained before. 

l have aiso collected the structure factors of the H,OJ) and (1,0,1) prominent row-Unes with 1 == 0 to 

1 - 75, that 15 up to the reflections on the helix layer-line. These Bragg reflections form a complet.e 2-

dimensional structutal data set that can be used to caltulate medium resolution Fouriers with the 

resolution of the pitch of the basic collagen helix. The low 1 orders of these two row-Unes were 

obtained for IU'tive and three derivatives but some ambigulty ls still actual reg41rding the MUler 

indices sinee these reflections are Gtrollgly overlapped near the equator. 

The remaining 3-odiInensional data 1 have collected are of poorer qualîty when compared to the 

meridionals and the two other principal row-Unes but however they have been useful for a 

preliminary Pattersoll differences and other model calculations. The whole data set were then merged 

and scaled together according to standard protein c:rystaUographic algoriUuns provided by the CCP4 

routines. Henee, an overaU evaluation of the quality of the data was obtained ushtg statistic:a1 methods 

on the data obtalned after film processing and bas revealed the poor data quality with regard to other 

crystallographic data. Howeverl the data set used in the statistical analysis contain~ all of the data 1 

have collected including those with low accuracy. For a better compréhensive data analysis these data 

were also checked (or symmetry related reflections using graphicaJ d1splay. 

Then an attempt to calculate Patterson differences was dOnt! for the purpose of the evaluation of the 

isomorphous intenslty differenœs with fibre diffraction experiments. The Patterson differenèes were 
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calculated in the P-l symmetry group using structure factors of respectively the native, gold and 

iodine labelled fibres and aIso the PEG added fibre. The gold-native Patterson difference map shows 

some peaks that can be related to heavy atom-heavy atom vectors whereas the iodine-native and the 

control PEG-native Patterson differences did not show sUéh pronounéed peak!;. The absence of 

evident peaks in the last two maps was probably due to the lack of numerous heavy atoms in the unit 

ceIl. Despite the bad quality of these maps, they have heen obtained for the fitst lime and demonstrate 

that, provided an auto matie film processing and ameliorated experimental conditions (e.g. 

microfocused synchrotron X~lay beam), one can expect a successfullow-resolution structural study of 

collagen packing in tendon. The program 1 havé written al the ESRF is ~ontinuany improved to 

pedorm the peak prediction, the automatic intensity integration and the background subttaction tasks 

and has recently been applied ta other biological crystalline fibres. 

Finall y, 1 have canied on an extensive fibre simulation work with a model tnotecule that :resemblès the 

rod shaped actual collagen molecule. 1 have buUt tlùs mode! using a fragment of a coUa.gen-lik:e triple 

helical poly-Gly-Pr()-cHyPro segment retrieved from the PDB. This model 'VIas then used to construct a 

crystalline arrangement of parallel and staggered molecules ta fulftl the gap-overlap Eeature observed 

under electron microscope. The ptodel with the triclinic unit eell bas beèn used to calcula te structure 

factors and phases that can be further used (for example for phase fermement of observed ,eflections 

using solvent flattening techniques as well as other phase refinement methods). Diffra'1ion patterns 

from the model fibrils were then calculated using the Cerius package al the ESRF, and the different 

fibre geometry e.g. fibre tilt, fibrils disorientation, fibrUs average crystalline size~ were analysed. This 

simulation has facilitated the understanding'of the usua11y complicated fibre diffraction diagrams 
1 

obtained experimentally. On the other hand, it clearly shows that a crystallographic analysis of 

collagen fibre diffraction patterns is possible provided the experimental procedute is atneliorated • . 
However the peak overlap problem of the equatorial reflections will always };Je crucial. 



IX. REFERENCES 

- Arndt, U. W., WUlis B. T. M., (1966), In "Single Crystal Oiffractometryt1, London, Cambridge 

University PreS3. 

• Atkins, E. D. T. and Keller F. R. S., (1975), In IIStnlctu.re of Fibrous Polymet/', ButterwQthS, London 

- Blundell, T.L., Johnson, L. N., (1976), ln "Protein CrystaUography", Academie Press, London. 

- Bradshaw, J. P., Miller A., Wess T.J., (1992), Physica, BI80 le 181, p. 776-778, 

• Bradshaw, J. P., Miller A., Wess, T.J'I (1989), J.Mol.Biol. 1 205, p. 685-694. 

• Brodsky, B., Eikenberry, E.F. and Cassidy, K., (1980)/ Biochim. biophys. Acta, 611; p.162-166. 

- Olen, J. M., Kung C. E., Feairheller, S.H. and Brown, EM., (1991), J. Protein Chem., 10,1" 535-552-

- Cochran, W./ Crick, F. H. C. , Vand, V. 1 (1952), Acta ctyst., S, p. 581. 

- C.rick, F. H. C. (1952). Nature (London), p. 882. 

- Crick, F. H. C. (1953), Acta Cryst., 6,p. 685-689. 

-Crick, F. H. C. (1953). Acta Cryst. ,6, p. 689. 

- Cruickshank, D. W. J., Helliwell, J.R., Moffat, K., (1987)/ Acta Cryst. ,A43, p. 656-674-

- Ealick. S. E. , Walter, R. L. (1993), Current Opinion in structural Biology, 3, p. 725-736. ... 
- Fietzek, P.P. , Kuhn, K., (1976), In "International Review of Cormective Tissue Researchtt

; \'011, 

(Hall, O., and Jackson, O.S., cds.) Academie Press, New York, p. 1-60. 

- Fi':!her, A. J. , Johnson, J. E., (1993), Nature (London), p. 176-179. 

- Franklin, R. E. , Gosling R. G., (1953), Acta Cryst., 6, P 678-85. 

- Fraser, R. D. B. ,MacRae 1'-. P. , (1981)~ Int. J. Biol. Macromol. ,3, p. 9-18. 

• Fraser, R. D. B., MacRae, T. P., Miller, At (1987), J. Mol. Blot, 193, p. 11,5..125. 

- Fraser, R.D.B. ,Suzuldl E., (1973), in "Physical princlples and techniques of Protein Chernistty" (Bd 

S.J.Leach) PartC, Academie Press, New York.. 

- Fraser~'R.D.B., MacRae, T.P., Miller A., Rowlands~ R.J., (1976), J. Appt Cryst., 9, ,r. 81 .. 94. 

- Fraser, ltD.B., MacRae, T.P., Miller, A., Suzuki, B., (1983), J.MotBloL, 161, p. 497 .. 521. 

- Fraser, R.D.B., MacRae, T.P., Suzuld, E. and Tulloch, P .A., (1981), ln "Structural aspects of recognition 

and assembly in biological macromolccules" (Balaban, M., cd.), 8alaban, Rehovot, p. 321..s40. l. 

- Fratzl, P. and Oaxet, A., (1993), Biophys. J., 64 (4), p. 1210-1214. 

- He1liwell, J. R. .. (1992), In "Macromolecular Crystallography with synchrotron Radiationtl
, Cambridge 

University Press. 

• Helseth, D.L., Lechner, J. H. ,Veis, A.t (1979), Biopolymers, 18, p. 3OOs.3014. 

.. Hodge, A.J., PetntSka, J. A. 1 (1967), in ''Treatise on Collagen", (Rd. C.N. Ramathandran) Academie 

Press, New York 

- Holmes, D.F., Chapman. I.A., Prockop. D.J., Kadler, K. B., (1992), Proc Nat! Acad Sei USA., 89 (20), p, 

9855-9859. 

• Huklos, O. W. L, {1992}, Proc R Soc Lond [Biol] , 249, (1326), p. 28}.·28S. 



- Hulmes, D. J. S. , Millet, A. , (1979), Nature, 282, p. 1-3. 

- Hulmes, D. J. S., Jesior J. C, MUler, A. and Berthet-Colominas C., (1981), Proc. Nat!. Acad. Sei. USAI 
.' 

78 (6), p. 3567-3571. 

- Hulmes, D. J. S., (1992), Essays in Biochemistry, 27, p. 49·67. 

- Huxley, H. E. , Brown, W. J. , ( 1967), J. MoL Biol. , 30; p, 383. 

- Jesior, J. c. , Miller, A. , Berthet-Colominas, C , (1980) , Febs. tell. J 113, p. 238-240. 

- Kajava, A. V" (1991), J. Mol. Biol., 218, p. 815-823. 

- Katz, E. P. and David, C.W., (1992), J Mol Biol., 228 (3), p. 963-969. 

- Klug, A., Crick, F.H.C. , Wyckoffl H. W., (1958), Acta Cryst., 11, p.199-213. 

~ Krauss, N" Hinrichs, W., Witt, 1., Fromme, p" Pritzkow, W.; Daute!'1 Z., Betzelt C., Wilson, 1<.5., Witt, 

H. T., Saenger, W., (1993), Nature (London), p. 326-331. 

- Lightl N. D. and Bailey ,A. J., (1980)1 Biochem. J. 1185, p. 373-381. 

- Logan, O., Abu-Ghazalt hl Ro, Blakemore, W., Cury; S., Jackson, T., King, A.I Lewis; R, NewlllêlI\ JOi 

Pany, N. et al., (1993), N. lture (London), p. 566-568. 

- MiUane Rick, P. and Strut. ler A., (1985), J. App!. Cryst., 18, p.419-423. 

- Miller, A., Parry, D.A.D. 1 (j.Q73), J. Mol. Biol., 15; p. 441-447. 

- Miller, A. , Tocchetti D. , (1981), l..~ •• J. Biol. MacromoI. ,3, p. 9. 

- Miller, E.J., Gay, S., (1982), In ''Structural and Contractile Proteins", Methods in ErtzymolQg';, Vol 82, 

Academie Press. 

- Nave, c., Helliwell, J. R. ,Moore, P.R., Thompson, A.W. and Wotgan, J. S., (1985>,}. AppJ Cryst.,18, 

p.396-403. 

- Nemetscheck, T., Naturwissenschaften, (1968), 55, p. 346. 

~ Nemetscheck, T., Riedt, H. j Jonale" R., (1979), J. Mol. Biol., 13~, p. 67 

~ North, A. C. T., Cowan, P. M , Randall, T. J., (1954) 1 Nature (London) , 11., p.l142. 

- Pauling, lo 1 Carey R. B. ,(1953), Nature (London), p. 59. 

- Pauling, lo, Corey, R. B. , Branson. H. R" (1951). Proc. Nat. Acad. Sei. Wash., 37. p. 205. 

- Pflugl, G., I<allen, J., Schinne.l. li" Jansonius, J. N., Zurini, M. G. M. and WalkinShaw, M. 0'1 (1993), 

Nature, p. 91-94. 

- Ramachandran, G.N., Reddl , A. H., (1976), ln "Biocltem.istry of ~ollagen", Plénum Ptè!$, NèW York. 
- Rich, A., Criek, F.H.C.; (1961), J. Mol. Biol. ,9, p. 483-505. 

- Schetrer, P., Nachr. Gesell. Wiss. Goet., (1918)1 98, p. 394. 

- SUVet, D., Miller J./ Harrison.lt and Prockop D. J. ; (1992)/ Proc Nat! AÇad Sd US~ 89 (2Ù), p. 9860-

9864. 

- Smith, J .W. , (1968) f Nature (London) ,219, p. 157 .. 158. 

- Smith, P.J.C., Amott, S. (1978), Acta Cryst., sect. At M, p. ~11. 

- Stokes, A. R. 1 Wilson A. J. C. , (1942); Proe.Camb.PhlLSoè. 138, p. 313. 

- Stokes, A. R. , Wilson A. J. C. , (1944), Proc.Camb.Phil.Soe. f .." p. 197 . 

• Stoss, H. , freisinger P. , (1993), Am. J. Merl. Genet. ,'S (2); p. 251. 

- Suzuki, E., Fraser, R. D. B. 1 MacRae, T. P., (1980).lrtt. J. Biol Macramol. ,2,; p.54-56. 

page: 180 



- Traub, W. 1 Piez K. A., (1971), Adv. Protein Chem. / 25, p. 243. 

- Veis, A., Yuan, L., (1975), Biopolymers, i4, p. 895-900 . 

• Vibert, P.J. , In "Fibre diffraction methods", (1987) , (Edited by Squire J. M. and Vibert P.J.), Academic 

Press. 

- Warren, B. E. (1969), In "X-Ray Diffraction", Addison Wesley. 

" Warren, B. E. (1990), In "X-Ray Diffraction", Addison Wesley, (second edition). 

- Wilson, H. R. (1966), In "Diffraction of X-rays by proteins, Nucleic Aclds and Viruses", London, 

Edward Arnold Ud. 

- Woodhead-Galloway, J. , (1984), in Il Connective Tissue Matrix! topies in Molecular and Structural 

Biology" , VoL S, (Hukins, D.W.L. ,ed.), Verlag Chemie, WeinheilIl, p. 133--160. 

- Woodhead-Galloway, J., Huldns, D.W. L' f Wray, J. S., (1975), Biochem. Biophys. Res. Commun, 64, 

p.1237-1244. 

- Vang, C. L. L., Rui, H. F" Mosler, S.; Notbohm, H., Sawaryn, A., Mullet, P.K., (1993), Eut. J. BiOchem., 

213, p. 1297-1302 

" Yonath, A. and Traub, W., (1969), J. Mol Biol., 43, p. 46147'7. 

"Zylberberg, L., Bonaventure J., et al. (1992), J. Cell SeL, 103 (part 1), p. 273-28$. 

pale: 181 



X. APPENDIX A 
Gauss Fit 

110 r----y---~--r--_w 

301---.&--...&-.--'--...... 
.Q.00f -0.003 ·(MI1l2 -0.001 2S 0 -0.003 .0.002 .0.001.

29 
0 

Fig. Al: Fit of the 00-1 arder with a Gaussian muta Imentzian CUrot. The edges of 
the beamstop are indiCQted by the arrows. Some intensity from the main. btam is 
corruptitrg tlLe base of the peak. Consequrntly, the btst fit is obtaintd by the 
Lormtzi;m model which has Il Mrruwer base. 

CR 
lb 
Xc 
a 

.Ars 

i 
R 

39.2 

Table Al 
Gaussian Profile 

37.204 
54.685 

~234.709 10~5 
26.22310~5 

2544.42110.5 
2607 
0,% 

GaU" Fit 

0.690 
1.718 

0.64510.5 

1.025 10.5 

Cauchy Profile 

33.467 0.693 
65.197 1.591 

.. 2.35.95910"'5 0.44210.5 

18.41610~5 0.8381(r5 

3371.0781()"S 
l553 
0.97 

Fig. Â2:fit of the OO~2 order with Il GaUSSÛIn Ilnd Il I..ormtZUltt curot. The ~lds fd 
weak hdght. A mtdium value for tl,e goodness..qJ~fit plirtlmder ... 0.95 ha$ bun 
attai,ud which am hl!! u:pÙlîntd by the high sigtUll to Mise rRtiD of the dslta. 



TableA2 
00-2 Gaussian Profile Cauè!hy.fJtofi1e 

37.974 0.027 37.645 0.047 
0.896 0.046 1.059 0.058 

-463.30610 .. 5 0.60710.5 -i6l.122 10-5 0.64110-5 
a 15.568 10.5 1.08510.5 13;438 10-5 1.58610-5 

24.54710.5 35.94510-5 
0.39 0.« 
0.95 0.94 

36 36 ~-~----......... - ........... 
.c.0015 .c.OO72 .0.0069 '().0065 J.0062 -0.0075 .Q.oon .{).()069 -<I.D065 2Q.().0062 

fig. A3 : The third meridiOTUll order (J()...3 fitted with the model cuftJtS. Both modtls 
yield a high (cf table A3) figure of mmt foctar but the GilUssÛln curot is more 
suitllble la fit the wings region of the expmment.al d.atll. 

TableA3 
Gaussian Ptofile 

Oe 38.123 0.038 36.715 O.l1Z 
Ua 9.592 0.066 11.345 0.2.12 
Xc, -691.950 10·S 0.08610«5 0.691.91510.5 o.2â310..s 
a 16.56810-5 0.15310-5 14.4111(j5 0.5811<,-5 

Ana 281.239 10-5 4l5.12210-5 

i- 0.93 6.81 
R 0.99 0.99 

Table A4 
Gaussian Profile Cauchy Profilé 

Oe 38.330 0.029 38.170 0,055 
Uo 0.846 0.045 1.02.4 0.058 
Xo -917.23910-5 0.66810.5 -917.30210·S 0.699 10-5 
a 17.32310.5 1.27010-5 16.13710-5 1.96610-5 

Ara 25.850 10.5 .O.0751~ 
i- 0.38 0.41 
R 0.95 . 0.94 
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Cauchy FI\ 

Fig. A4 : The arder 00-4 is very weJlk (peak hdght<2) but ont catrfit the model 
curves and chtain an tsHrrurte of the parameters. Notîœ the tow il. Valut in table 
A4 and the relatively high standard mors on tltt petzk broadening mtQsutemmt 
deduced /rom these jits. 

Gauss Fit 

38----04--~-~-__' 

'().Dm .(),0117 .().OUl .().Ol09 ~.OlOS -0.0121 .0.0111 -0.0113 .o.01()9 :J'.OlOts 

Fig. AS : Fit of the ()()..5 meridiàTUJl arder. 

Table AS 
Gàussian Profile Cauchy Ptofilt 

Cè 38.771 0.039 3tU58 0.097 
lb 4.254 0.081 •• 904 0.144 
~ -1145.04110.5 0.24110.5 
a 16.36110.5 0.404 10-5 

-1145.07010.5 0.37910.5 

13.9101<rS 0.855 10·S 
AM 123.190 lcr5 119.903lCr5 
i- 1.71 4.13 
R 0.99 0..98 



Galiss Fit 
:«I;~ It"--_e_-_--_-.... 

Fig. 11.6: Curve fit oll1t(t;aeridUiiud roUagtn @l, ord~. 
. \~;/.' 

'Tà'bleA6 
Gaussian Profile CauChyPtotUe 

(î,â8.,930 0.032 38.128 . . 0.062 
lb~:; .. ;,p.89'-' Il 0.043 
><0::';1373.50810-5 0.195 10-5 

a~2(.26110-5 1.642 10-S. 

1.109 0.061 
-1373.81210-5 0.82910-5 

23.5~ 10-$ 2.62110~5 
AmI 38.21610"'5 60.462 10"5 
r 0.55 0.58 
R 0.94 . O,~ 

Fig. A7 :The 7th Drdu fit. 

TableA7 
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Gaussian Profile 
39.332 0.025 39.18$ 0;042 
1.146 O.OS! 1.~27 o.06i. 

-1599.5151()"S O;6M HrS 4~.72810-:5 Ô.7àl1o-S 
19.63410-5 i,139 1<r5 l11.97i 10-5 1,665 lft5 
39.95510-5 .59,43010-5 

1.0 ut 
0.95 .. ,0.94 

Fig. A9 t9th arder fit. TM drop in the intensity on the kft side of t~ p6ikî$iiJ~ to 
the film edge • This expllZins tht lower "goodtïèSS of fit" ~ter inttibit A9 
(R=O.97) but neverihtltssthe required .ta IJre CDrrfl."t • 

. ' TableA9 
Gaussian Pro~ ... 

40.171 O;()(J62 
5.268 O.1~1 

-2052.397 ur5 0.485 llr5 

2.;205 10-5 0.810 10.5 

226.426 10-5 
11.0 
0.97 

39.487 
6.t:~2 

.20$2.;1661 crS 
ZO.969to~ 
339$ 10"!i. 

lO..&l 
O~97. 

0.103 
0.151 

0.,.1910.5 

1.~lcrS 



XI. APPENDIX B(Native Data) 

h k F (IF cr4> ·3 1 .6/l 13 :J 20 -2 .1 2i 21 S 13 
IF .3 1 ·59 12 Z 21 -2 ·1 23 k a 31 

-4 0 73 6 3 50 -3 1 -58 0 0 100 ·2 4 U ~ 10 
-4 0 74 2 3 129 ·3 i -57 1~ 9 18 ·2 "1 24 " 0 100 
-4 0 i'5 19 3 15 .~ 1 .'S1 15 a 18 .,2 -1 25 O· 0, 100 ... 0 76 19 3 15 .3 1 -56 0 a 1.00 -2 .j .~ 25 2 10 ... 0 77 0 0 100 ·3 1 ·55 0 0 100 ·2 -1 21 0 0 100 
-4 1 -Il Hl 3 15 ·3 1 -5& 4 3 6f "2 .i 28 0 Ô 100 

'" 1 ·10 0 0 100 ·3 1 .S3 8 3 33 .2 -1 2? 2l ~ 11 
-4 l ·9 17 3 11 ·3 1 ·52 (t 0 100 ·2 ·1 M 14 3 19 ... 1 -8 0 0 100 ·3 1 .s1 0 ô 100 ·2 ~1 31 cr 0 100 ... 1 ·7 0 0 100 ·3 1 .sa 13 .. 28 -2 ·1 ~ 0 0 100 ... l 8 12 3 22 ·3 1 -49 10 2 21 ·2 ·1 33 32 :.1 Il ... 1 9 0 0 100 ·3 l 48 20 3 14 .a .. 1 34 1) i 28 ... 1 10 25 3 13 .3 1 ..fi 0 () 100 ·2 ~1 35 11 '3 33, .. 1 11 0 0 100 ·3 l -46 0 0 100 ,2. ·1 36 0 0 100 .. 1 12 16 li 18 .3 1 -45 5 3 52 ·2 .1 31 26 2 9 .. l 13 0 0 100 ·3 l -44 0 0 100 ·2 .i às 0 Il 100 .. 1 14 0 0 100 ·3 2 ·30 0 0 100 ·2 -1 39 U 3 10 .. 1 15 13 3 21 .g 2 ·29 0 0 100 ·2 -1 ~ 0 0 100 
-4 1 16 0 0 100 .a 2 .28 18 2 14 ·2 4 41 0 0 100 
-4 1 17 22 3 14 ·3 2 ·27 2 a 118 .. î .i 42 ~ 2 21 
-4 1 18 0 0 100 ·3 2 -26 9 3 30 ·2 -t 43 0 0 100 
-4 1 19 0 0 100 ·3 2 ·26 9 3 30 ·2 -1 Ü 12. 2 21 .. 1 20 0 0 100 -3 2 ·25 0 0 100 -2 .. 1 ~ 0 à 100 
-4 1 21 0 0 100 -3 2 .2. 0 0 100 ,2 ,.1 ·46 1S 3 1/1 
-4 1 22 0 0 100 ·3 2 ·23 5 3 59 ~2 ~1 47 .0 0 100 
-4 1 23 11 4 37 ·3 2. ;! 12 3 28 -2 ~l !t8. 16 2 15 
-4 1 24 0 0 100 -3 2. 3 " • 60 ~2 ·1 49 0 0 100 
-4 1 25 21 3 14 -3 2 4 2. 5 20 -2 ·1 50 0 0 100 
-4 1 26 0 0 100 ·3 2 5 0 0 100 ·2 -1 st 18 :2 13 
-4 l '1.7 13 3 21 -3 2 6 0 0 100 -2 ·1 52 8 t n ... l 2S 0 0 100 -3 2 7 25 5 21 ~2 ... 1 ~ 26 2 !il 
-4 1 73 9 3 33 ·3 2 $ 0 0 100 ~2 ..,1 st lQ " 31 ... 1 74 11 3 .24 -3 2 9 l! 3 ta ·2 ·1 5!! 0 0 100 
-4 l i'5 18 2. ,·13 . ·3 2 13 '1 3 45 .2 -1 58 22 3 12 .. 1 76 0 0 ;iQtJ , ·3 2 1t 0 0 100 .2 ..1 59 29 2 8 
-4 1 Tl Il! 3 ·15 -3 2 15 C 0 100 .2 .1 tiO 12 2 21 
-4 l 7S 14 3 20 -3 2. t6 22 a 12 .~ ~i 61 3 2. 93 
-4 1 80 23 3 12 -3 2. 17 0 0 100 ·l ·1 62 () 1,1 100 
-3 -1 -49 0 0 100 -3 2 18 3 a 113 ·2 ..01 63 2fJ 2. 11 
·3 ·1 -47 0 0 100 .a 2 19 0 () 100 +2 ·1 " 30 2 8 
-3 -1 -46 6 3 4.5 -3 2 20 24 4 III ·2 -1 6s 0 0 100 
·3 -1 .. S 18 3 15 -3 2 21 18 3 U ·2 .. 1 66 27 2. 9 
·3 ·1 .... 20 3 11 ·3 2 22 0 0 100 ·1 ·1 61 1,1 0 100 
.a -1 -43 0 0 100 -3 2 24 0 0 100 ~ ·1 " il 3 2.S 
.g ·1 -26 S 3 53 -3 2 25 .. li 62 .2 .1 e la 3 11 
·3 ·1 ·25 C 0 100 ·3 2. 26 a 0 100 ·2 ~1 10 13 3 20 
-3 ·1 ·24 0 0 100 -3 2. 27 15 3 18 .~ 4 11 1t 3 16 
-3 -1 -23 n 3 2S -3 2 28 22 3 U -2 "'1 n 0 0 100 
·3 ·1 ·12 8 3 33 .a 2 29 0 0 100 -2 -1 73 2& 2. 9 
·3 -1 -21 0 0 100 ·3 2 30 U 2 18 ·1 -1 74 31 4 11 
-3 ·1 ·20 0 0 100 .a 2 31 0 0 100 .2. -1 7S h' 3 18 
·3 -1 -19 7 2 36 ·3 2 32 Tl 3 11 ·7 ·1 16 a 100 
.a -1 ·1! 7 :1 ~ -3 2 33 0 0 100 .1 -1 TI 0 Q 100 
·3 ·1 ·17 20 3 1S -2 -1 ·14 7 a 48 .2 ~1 18 0 0 100 
·3 -1 ·16 0 0 100 -2 ·1 ·13 9 3 38 *2 ·1 79 20 a n 
·3 ·1 -15 0 0 100 ·2 ·1 ·12 0 Q 100 ·1 .1 BQ 0 0 100 
-3 ·1 -14 14 3 19 -2 ·1 ·11 18 4 ',···if -2 .1 81 0 0 100 
·3 ·1 ·13 9 3 33 ·2 ·1 ·10 0 () 'l4fi'C ~l ~1 .2 0 Q 100 
·3 ·1 ·12 15 2. 17 ·2 ·1 ·9 21 5 ·2 4 83, 0 r.i 100 
·3 ·1 ·11 17 3 18 -2 ·1 -3 6 4 11 -2 -1 .. Il 0 100 
-3 -1 ·10 0 0 100 ·2 ·1 -6 19 ,. 22 .2 -i .$5' .." :J 1 
-3 ·1 -9 19 3 16 ·2 ·1 .a 75 9 12 ',1 ·1 U 0 0 100 
-3 .. 1 -8 0 0 100 -2 ·1 -2 7S S 11 ·2 -1 S7 Il 0. 100 
-3 -1 -7 0 0 100 -2 ·1 6 17 8 " ·2 .1 M 32 3 11 
·3 ·1 9 2 3 153 ·2 ·1 1 0 0 100 ·2 .1 a~ 0 .0 100 
~ ... 1 S3 16 3 17 ·2 ·1 8 li 7 US -2 -1 ~j 31 • 11 
-) 0 -4 23 6 25 ·2 ·1 9 1S 5 3S ·2 ·1 91 '0 3 13 
.a 1 -12 5 3 53 -2 ·1 la 15 5 31 ·2 0 ... 10 t l6 
·3 1 -71 15 2 17 -2 ·1 11 13 " 33 ·2 0 ,.'fj/ 1 2. 112 
.] 1 ·10 0 0 100 ·2 ·1 11 a 0 100 -2 0 .&$ 16 ~ ]( 
.a 1 .fJ9 18 " 21 -2 ·1 13 14 a 21 ·2 0 .&; 11 ~ 13 
·3 1 -'8 '1 2 35 ·2 ·t 14 0 0 100 ., 0 -M S ~ 4$ .a l -67 10 :1 26 ·2 .1 1$ 5 3 $8 ·2 0 4t 0 1) ~oo 
-3 l -é6 6 2 .a -2 ·1 1& 0 0 100 .2 0 .sJ 11.,'·~ 14 .a 1 ~ .2 .2 129 -2 -1 17 U li %3 *2 () ..al 1'".,~,: 15 
-3 1 -64 12 3 24 ·2 ,.1 18 li 3 t4 ·2 1) -81 O'é.icr· 100 
·3 1 -63 13 9 ~ -2 ·1 19 18 3 13 -,2 () "*' a ·0 100 
..J 1 .Q 11 :% 20 ·2 -1 20 0 0 100 .1 0 .!J9 0 0 100 
-"1 1 -'1 18 3 t4 ·2 -1 21 0 0 100 -2 0 -111 7 2 la 



·2 0 ·77 0 0 100 ·2 0 91 0 0 100 ·2 1 -9 20 4 ZZ 
-2 0 -76 0 0 100 -2 0 92 9 2 22 .. 2 1 -8 0 () 100 
-2 0 -75 5 2 51 ·2 (j 93 0 0 too .2 1 .1 'Il 5 19 
-2 0 -74 14 2 16 -2 0 94 6 2 r, ~2 1 ~ 8 4 45 
-2 0 -73 0 0 100 -2 0 9S P 0 ,.;(1 -2 l ~ 7 3 « 
·2 0 ·71 12 2 :l() ·2 0 96 8 2 24 .. 2 1 ... j5 li 40 
-2 0 -10 5 3 50 -2 Il 97 7 2 33 ·2 1 ..3 13 li 51 
-2 0 ~ • 3 lM -2 a 9Ii 6 2 31 .. 2 1 -} )6 S 30 
·2 0 ~ 16 2 14 -2 à .~ 6 2 26 ·2 i j 15 3 23 
-2 0 -67 0 0 100 -2 0 100 P 0 100 .2 1 6 0 P 100 
·2 0 -66 8 2 32 ~i 1 037 0 il 100 ·2 1 7 li 4' 34· 
-2 Il .os 12 2 18 ·1 1 -86 li à 100 -2 t 8 21 5 2$ 
·2 0 ~ 10 2 23 ·2 1 .as 0 a 100 ,.2 1 9 15 4 26 
-2 0 -63 0 0 100 ·2 1 -84 0 0 100 ~2· 1 10 10 l 24 
-2 0 .02 3 2 65 ·2 1 -82 19 2 12 ·2 1. 11 10 2 i .. 
-2 (} .01 12 2 19 -2 1 .fil 0 0 100 ~l 1 12 , 3 &9 
-2 0 ..li() 17 2 13 .2 1 -80 2 2 100 -2 1 1~ 13 2 18 
-2 0 -59 0 0 100 -2. l ~7IJ 0 0 100 -2 l 14 ~ 3 30 
-2 0 .se 1~ 2 :l() -2 1 .~ 0 0 lOO -2 '1 15 4 ~, ~ 
-2 0 -S7 6 2- 43 ·2 t .'" i 2 129 ·2 i 1& S 3 55 
-2 0 -56 11 1 20 ·2 1 -76 17 • 13 .2 i 17 Il .11 '100 
·2 0 -55 5 2 4S ·2 1 ·75 21 2. 11 .2 t n 7. ~. ~ 
-2 0 -st 0 0 100 .. 2 t -74 0 0 100 .2 l %0 12 .2 21 
-2 0 ·53 8 2 31 ·2 1 ·73 0 0 100 ·2 :i li 0 0 100 
-2 0 -52 6 1. 39 -2 1 -72 0 0 100 -2 1 49 0 il 100, 
.2 0 ·51 0 0 100 ·2 1 -71 25 3 la ·2 t 50 0 1) ïCX1 
·2 0 -50 22 :3 16 -2 1 ·70 20 2 19 ·2 t 51 li 3 19 
-2 0 ..f9 3 1. 87 ·2 1 ·lB 25 3 10 .2 1 53 '1 1. 30 
·2 0 -48 0 ·0 100 -2 1 .(,8 0 0 100 ~l 1 $4. Il ti 100 
-2 0 -i7 5 Z 42 '2 l -67 8 1. 32 -2 1 55 19 i 12 
-2 0 "" 11 1. 21 -2 1 -66 0 0 100 ·2 l 56 15' 1. 15 
·2 0 -4S 3 2 8S ,.2 1 ~ (J 0 100 .2 1 51 (l 0 '100 
·2 0 -44 • 1. 51 ";2 1 -64 20 2 12 -2 1 58. Û 1. 2J 
·2 0 -43 0 0 100 .2 t 063 0 0 1CQ -2 l 59 14 2 11 
-2 0 -42 0 0 100 -2 1 -62 13 3 21 .t 1 60 1 1. 3! 
-2 0 -41 6 3 G -2 1 -61 0 0 100 -2 1 61 II 1) 100 
-2 0 -tO 0 0 100 -2 1 .6Q 0 0 100 .2 1 63 ~ 1. 11 
-2 0 ·39 0 0 100 -2 1 ·59 17 1. 13 -2 ~ 1$1 i5 1. 16 
-2 0 -38 7 1- 31 -2 1 -58 0 0 100 -2 1. ~, 0 0 100 
-2 0 .37 11 2. 21 ·2 1 ·57 0 0 100 -2 1 60· 6 ~ ~ 
·2 0 -3ô 11 2 21 -2 1 -56 7 2 34 "2 t 61 10 1. 23 
-2 0 -35 15 2. 16 ·2 1 ·55 11 1. 22 -1 1 68 1) 0 too 
-,2 0 -34 14 1. 17 -2 1 .s. 17 3 15 .. 2 1 ,(fi 12 j 21 
-2 0 -33 0 0 100 -2 1 -53 13 2 

1~'~")!' ·2 1 10 6 2 35 
-2 0 49 14 :z 16 -2 1 -52 16 2 .2 1 71 0 0 ~W 
-2 0 50 13 2 18 ·2 1 ·51 0 1) -2 1 'il 17 ~ li 
-2 0 51 11 2 2() -1. 1 -50 0 à 100· . -2 1 n'. i.-> 1. , 
-2 0 52 0 0 100 . ~ 1 -19 0 0 100 -2 1 74;.· ,29 • l' -2 0 53 4 2. 61 ·2 1 -48 10 2 25 -2 t 15.., ' :'0 0 100 
·2 0 S. 10 :z 24 -2 1 47 11 2 21 ·2 1 Ti·'· 2- 1. 91 
-2 0 55 16 i 16 ·2 1 -46 0 0 100 ·2 1 78 3 2. 84 
·2 0 56 {) 0 100 ·2 t ..s 0 0 100 -2 1 79 o. 0 100 
-2 0 57 13 j 17 -2 1 ... 0 0 100 -2 1 50 (j Il 100 
·2 0 58 14 2. 16 -2 1 -43 7 2. 36 ·2 1 Il 0 à 100 
·2 0 59 17 7. 11 ·2 1 -42 14 2. 16 ·2 1 81 l' i 11 
-2 0 59 17 t 11 ·2 1 41 0 0 100 ·2 1 53 0 0 100 
·2 0 60 0 () 100 ·2 1 -40 " 2. &3 .~ i ~ (} 0 100 
-2 0 61 4 2. 50 -2 1 -39 0 0 100 -2 1 85 1) 0 100 
·2 0 62 0 () 100 -2 1 -38 0 0 100 .~ l fI6 2:l 2 U 
·2 0 63 7 Z ,. 

·2 1 -37 12 2 1~ .2 l 87 16 2 15 
·2 0 64 0 0 100 ·2 1 .3(, 0 0 100 ·2 1 118 21 2 11 
·2 0 6S 14 7. 16 -2 1 -35 10 2 24 -2 1 iI9 a a 100 
-2 0 66 0 Q 100 ·2 1 .~ 8 2 31 -2 1 90 !Il 2. U 
·2 0 67 7 l; 31 -2 1 ·33 8 2 73 ·2 1 91 0 0 100 
·2 0 68 15 7. 16 , -2 1 ..32 9 2 24 -2 j 92 16 :3 20 
-2 0 (f} " 3 61 -2 1 ·31 0 0 100 .,t 1 93 19 2 12 
·2 0 (f} 4 :l 67 -2 1 -30 15 3 HI ·2 l 94 17 a l' ·2 0 70 3 7. 6S ·2 1 ·29 17 :2 1S ·2 l 9S 0 0 100 
·2 0 72 7 7. 37 '2 t ·28 0 0 too ·2 1 96 0 0 100 
-2 0 73 13 7. 19 ·2 1 .'0 0 0 too .2 1 '1l' '3 2. 65 
·2 0 74 8 2 32 ·2 1 ·26 20 :3 16 -2 1 98 0 0 loo 
·2 0 75 0 0 100 -2 t .25 14 2 16 ~2 1 99 , l 31 
.2 0 76 " 2 53 -z 1 -2' a 0 100 ·2 l 100 li 2. 23 
-2 0 77 0 " 100 .2- l ·23 0 0 100 ·2 2 -34 1~ 3 11 
-2 0 18 0 (} 100 -2 1 ·22 13 2. 17 -2 2. <l3 ~ 3 31 
-2 0 '19 0 0 100 ·2 1 ·21 0 0 100 -2 2. -32 0 0 100 
·2 0 80 0 0 100 ·2 1 ·20 0 0 100 ~2 :1 -31 Ut 2 15 
·2 GI 81 0 () 100 ·1 1 ·19 0 0 100 -2 2. .IX) :1 2. 1~ 
·2 0 82 9 l 24 ·2 1 -lB 11 2 22 ·2 1 .2.9 2S " 1$ 
·2 0 83 12 :z: 18 -2 1 ·1? 17 2. 1S ·2 2. ·28 16 9 17 
·2 0 84 8 Z '1J ·2 J 46 2. a !4 .. 2 l .!p 00 3 9-
·2 0 8S 0 11 100 ~2 1 ·15 la .- 13 ·2 2 .26 11 a 15 
·2 0 86 15 'l 13 +2 1 ·14 0 () 100 -2 2. .25 i2 S 23 
·2 0 r7 0 0 100 .~ 1 -13 1 li ~ -2 2. ~2' 13 3 21 
·2 0 M 14 1. 17 ·2 1 ·12 Il " 26 ·2 2 -23 19 :1 14 
·2 0 39 0 0 100 -2 1 ·11 1.4 2 17 ·2 2. ~22 0 0 100 
·2 0 W 0 0 100 -2 1 -]0 fi Ô 100 -2 l ·21 il!. a 13 



·2 2 .21) 13 3 20 ·1 -2. 18 9 li 29 ..t -1 -Si 9 2: 26 
·2 2: ·19 17 3 18 -1 -2: 19 17 li 16 -1 "1 .53 13 2: 19 
·2 2: -6 2:2 7 32 ·1 .2- 20 0 0 100 -1 -1 .52 0 Q 100 
·2 2 -s 23 5 24 ·1 ·2 21 0 0 I~ -l -1 -St ~ 2: 26 
·2 2: -2 15 8 54 ~t ·2 22 0 0 100 -1 ·1 ';50 ~ 36 
·2 2 ·1 11 8 76 ·1 -2 23 0 u 100 ·1 .1 ~ 6 2: 39 
·2 2: 0 0 0 100 ·1 .. 2: 24 J 2 ~ -1 -1 -45 1.1 i 3S 
·2 :2 2 0 0 100 ·1 -2: ,1: 17 a 15 -1 ,,1 -44 5 2: .tt 
-2 2: 3 0 0 100 ·1 J. :tli 10 li 26 -1 ·1 -t3 9 2 25 -,/,. 

·2 2: 4 6 0 100 ·1 .2 1:1 15 2: 16 -1 ..} -U 0 0 100 
·2 2 S 0 0 100 ·1 .... 28 18 2 14 .1 ·1 48 ~ 0 100 
-2 2: 7 15 6 31 -1 -2 29 0 0 100 -1 .. 1 49 li 2 38 
.2: 2: 9 9 6 6S -1 -2 30 0 0 .100 4 -1- ~ 1~ 2: 15 
-2 2 10 9 5 51 -1 .2: 3i 26 3 10 ·1 .. 1 51 0 0 100 
·2 2 11 23 " 19 -1 ·2 32 0 0 100 ·1 .1 52 0 IL 100 
·2 2 12 :3 " 136 ·1 .2: 33 0 0 100 -1 .. 1 53 ~ Q 100 
-2: 2 1$ 15 4 24 ·1 -2: 34 6 2 41 ·1 -1 54 0 0 ltX;l 
-2 2 U 6 3 41 -1 ·2 35 0 0 100 .. 1 ·1 SS 0 0 100. 
·2 2: 15 28 " 14 -1 -~ 36 0 1) 100 .1 .. 1 56 l) 0 100 
-2 2 11 23 " 16 -1 .2. 37 15 3 18 ·l ., 57 0 0 100 
-2 2: 48 15 2 11 -1 .. 2 38 0 () 100 -1 -1 58 (i à 100 
-2 2 49 0 0 JOO -1 -2 39 0 0 10.) 4 4 59 () (J 100 
-2 :2 51 0 0 100 ... 1 -2 4Q 0 fi 100 ... 1 ~i 00 1t 2. 2i 
-2 :2 52 0 0 100 -1 -2 41 14 3 21 ·1 ~1 61 1.1 ~ 37 
·2 2 53 11 3 2S -1 .2 42 0 0 100 -1 ~1. 62 a 0 100 
-1 .. 2 -53 0 0 100 -1 -2 43 0 0 100 .. i .. 1 63 8 2- 28 
-1 -2 -52 20 3 14 -1 -2 44 0 0 100 ~1 -1. 64 ~, 2 21 
-1 -2 -50 10 3 26 ·1 -2 4S 38 .. 11 -1 .l. 6S 0 0 ,100 
·1 ·2 -49 0 0 100 .1 .2 4b 0 Q 1(1) -1 -1 65 a ô 100 
·1 -2 -48 15 3 19 ·1 ·2 47 0 0 100 ·1 ~i 67 .0 100 
·1 ·2 -47 0 0 100 ·1 -2 48 0 () 100 -1 .. 1 68 1; 3 fi -1 ,,:2: .-4,6 8 3 39 -1 -2 49 7 3 37 -1 -1 69 2:3 2 
·1 .,,1 4S 16 3 17 -1 ·2 50 19 2 13 -1 ·1 10 1$ 2 14 
·1 ~2 -44 9 3 31 ·1 ·2 51 0 o . 100 -1 ·1 71 .0 1) 100 
·1 -2 -43 12 3 22 -1 ·2 52 12 .. 29 ·1 .. 1 73 1s ï 16 
-1 ·2 -42 17 3 15 -1 .2 53 19 3 1. -1 ~1 7. a 2 al 
-1 -2 -41 0 0 100 -1 -2 54 0 0 100 -1 -1 75 13 2. 19 
·1 -2 -40 0 0 100 -1 ·2 55 to .. 37 -1 ~1 76 0 0 100 
-1 -2 .39 17 3 17 .1 ... 2 Si) 0 0 100 -1 ·1 71 17 3 15 
-1 -2 -38 la 3 28 ·1 ·2 51 8 3 32 ·1 -1 7i {) 0 100 
·1 -2 .3'J la 3 26 .1 ·2 58 16 2 16 -l ·1 '19 15 2 15 
·1 ·2 ·36 0 0 100 .1 -2 59 Cl 0 100 • 1 -1. 110 1~ '! 1 • 
-1 -2 -35 18 li 17 ·1 ~2 60 13 :2 19 -1 .. 1 èl 1~ 2 16 
-1 -2 -34 15 3 18 -1 -2 61 a 0 100 -1 .. 1 82 0 0 100 
-1 -2 -33 0 0 100 -1 ·2 62 23 ::1 12 -1 -1 33 6 2 ~ 
·1 .2 -32 0 0 100 .. 1 ·2 63 0 0 100 ·1 -1 ~ 0 Q 100 
.1 -2 ·31 9 S 29 ·1 -2 65 12 3 23 ·1 .1 85. 12 2 i9 
-1 -2 -30 12 9 24 -1 -2 " 23 3 13 .i .. 1 86 .l6 :2 14 
-1 -2 -29 17 2 13 -1 -O! 6'1 45 .. 9 ·1 ·.1 87 1.5 2 15 
-1 ·2 -2B 23 4 17 -1 ·2 69 () (} 100 ·1 ·1 88 il ô 100 
·1 -2 -27 7 3 37 -1 -2 70 ~ 4 12 -1 .. 1 89 9 2 25 
-1 -2 -26 15 3 19 ·1 -:2 71 10 " ~ .1 4 :I Il l 20 
-1 -2 ·25 8 3 31 ·1 ·2 n ~ .. 18 .. 1 ·1 lO ~ 20 
-1 ·2 -24 0 a 100 ·1 -2 n 31 :3 9 .t .1 92 8 ~ 42 
-1 ·2 -23 '12 2 21 -1 -1 ~ 16 :2 13 -1 ·1 93 15 3 l& 
-1 -2 -22 0 0 100 -1 ·1 -88 0 () 100 ·1 ·1 ~ 0 0 100 
-1 -2 -21 8 3 36 .} .J ..ffl 0 0 100 .. 1 .1 11 2 18 
-1 -2 -20 la 3 27 .1 ·1 -86 8 2 ~ ·1 ·1 96 1 2 224 
·1 -2 -19 13 a 22 -1 ·1 -85 0 0 100 ·1 .. 1 97 • 2 lîO 
-1 -2 -18 22 3 13 ·1 ·1 -84 Il 2 )) ·1 -1 96 0 0 It),l 
-1 -2 -17 15 .. 29' ·1 ·1 4J3 13 :z 19 -1 ·1 9IJ 0 () 100 .. 
-1 ·2 ·16 18 :3 i. ·1 ·1 -82 Ô Ô 100 -1 ·1 100 0 0 100 
-1 -2 -lS 14 :3 23 -1 -1 -3l U 2 19 -1 1 -100 7 2 3l 
·1 ·2 -14 6 :3 4S .1 .1 .fla tO 2 23 -1 1 -99 0 0 100 
·1 -2 ·13 0 0 100 -1 ·1 ·79 0 0 too ·1 1 -98 10 2 20 
-1 -2 ·12 0 0 100 ·1 ·1 .:78 a 0 100 .. 1 1 "ll 2 2 US 
-1 -2 -11 0 0 100 -1 -1 .77 li " 24 .1 1. -96 12 2 11 
-1 -2 -to (} 0 100 ·1 -1 .75 fi Z ~ -1 '1 ·95 1) 0 100 
-1 -2 -1 la 4 .tJ -1 .. 1 -74 0 0 100 ·1 1 ..9f 14 i l' 
-1 ·2 0 19 5 iJ -1 ·1 ·73 17 2 lS ·1 l -93 0 a 100 
-1 ·2 1 0 0 100 ·1 -t ~7.t (l Q 100 -1 1 -92 1 2 30 
-] -2 2 13 • 35 ·1 ·1 ·11 4 ~ 56 ~l 1 -91 0 0 100 
-1 -2 3 21 S 24 -1 .. 1 ·70 0 0 1(K) ·1 l .~ 3' 2 S 
·1 -2 4 1"; 4 25 -1 ·1 ..69 0 1,) 100 .l 1 -19 0 0 100 
·1 ·2 5 6 3 S'J -1 .1 .. n :2 15 ·1 1 .sa U 2 i7 
·1 -2 6 2S 6 25 -1 -1 .Çf a 0 100 -1 1 .f1 15 2 14 
-1 -2 7 30 " IS -1 ..s -6& 0 () l{i) ~t 1 -16 4 2 "5 -1 -2 8 16 , 2.5 . -1 .Qi 0 (1 100 .. 1 1 .as 0 0 100 
·1 -2 9 20 3 17 ·1 -1 "'" 1) 2 19 ·.1 1 .st 19 2 Il 
·2 -2 10 0 0 100 ·1 .1 --63 Q 0 100 -1 1 -33 0 0 100 
·1 ·2 Il 0 0 100 -1 ·1 "'1 1 :1 ..s ·1 1 -àt 14 2, 16 
-1 ·2 12 11 3 'f} .] .. 1 .«) 1& 2 li' -1 1 -8l 0 0 100 
·1 ·2 13 0 0 100 .1 ·1 .$ s 2 42 -1 1 .II) 10 2 20 
-1 ·2 14 6 3 Sj .1 ·1 -!li! 0 0 100 -1 1 .'/9 0 0 100 
-1 ·l 1S 6 3 $2 ·1 ·1 .,5( 0 0 100 ·1 1 -78 '1 2 30 
·1 -2 16 16 2 16 ·1 ·1 ..st; a 2- .1) ... 1 .:n , 2 3(' 
·1 ·2 t7 Q 0 100 ·1 ·1 .ss 1 2 ta -1 1 016 19 l 12 
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·1 1 -75 13 2 18 -1 1 12 1~ 2 16 ·1 2. 2. .. 5 116 
·1 1 ·74 4 2. 58 ·1 1 13 () 0 100 ·1 2 3 32 ,. 22 
·1 1 -73 0 0 100 .. ·1 1 U 6 2. 36 ·1 2 " Z1 10 37 
·1 1 -72 11 2 20 -1 l 1S ., 2 34 ·1 .2 5 59 10 16 
·1 t -71 5 2 44 -1 1 16 ~ 2 24 .1 2 fi " 8 17 
.1 1 -70 29 3 11 ·1 i 17 0 li 100 ·1 2 '7 53 ]0 18 
·1 1 .lfJ 9 2 22 -1 l 18 11 2. 20 -1 2 8 SI 8 15 
-1 1 -.Q7 12 3 26 -1 1 19 10 2 21. .j .2 9 18 5 31 
·1 1 .(,6 0 0 100 :.,t l 20 17 2. 14 .1 2. 10 l' 3 19 
·1 1 -65 0 0 100 ~t 1 21 10 2. 23 ·1 2. 11 12 3 22 
-1 1 -64 17 2 12 ·1 1 22 l 2. 115 ·1 2. 12 13 à 23 
·1 1 -63 0 0 100 ·1 1 23 Q Ô 100 -1 .2 Il 15 3 22 
-1 1 -62 16 3 ru ·1 1 33 3 2 60 ·1 i 13 16 4 ~ 
·1 1 -61 0 0 100 -1 l 3( 0 0 100 ·1 2. 14 16 4 24 
·1 1 ·60 0 0 100 -1 1 SS 10 2 23 "'1 2. 13 17 2 1S 
·1 l ·59 14 2 15 ·1 1 36 " 2. 55 () -2 -54 il 1 21 
-1 l ·58 o. 0 100 ·1 1 37 10 a 29 0 .~" ... .pJ 0 0 100 
·1 1 ·fil 13 2 18 -1 l 38 5 2. 38 0 -'2 .-52 0 0 100 
·1 1 .,56 14 2 17 -1 1 39 0 0 

W 
0 ~2ti·Si 0 0 100 

·1 1 ·55 0 0 100 -1 1 4Q 7 2 0 ·2 .,.:.50 11 3 2.5 
·1 1 .s. 4 2 56 ·1 1 41 5 .2 0 ·2 -49 0 0 100 . 
·1 1 ·53 0 0 100 ·1 1 42 9 2 21 () ·2 -&8 iz l 20 
·1 1 -52 8 Z 26 ·1 l 43 4. 2 50 0 ·2 47 11 3 24 
·1 l ·51 20 2 11 ·1 1 49 t 2. 50 0 -2 -46 0 0 1~ 
·1 1 ·50 0 0 100 ·1 l 50 Q 0 100 0 ·2 .45 0 0 100 
·l 1 -49 17 2. 13 ·1 l 52 0 a 100 0 .2 -44 0 0 100 
-1 1 -48 8 2 29 -1 1 53 19 3 16 0 -2 43 8 3 3i 
-1 1 47 7 2 30 -1 1 54 7 :3 46 0 -2 -U /1 0 100 
-1 1 -'6 6 2 37 -1 1 55 li 0 100 0 ·2 41 0 0 100 
·1 1 -4S 8 2 24 ·1 1 S6 , 2 as 0 -2 .4Q 0 0 100 
·1 l -44 16 2 14 -1 1 57 ii 0 100 0 -2, -~ 18 2 14 
·1 1 43 10 2 22 ·1 1 58 11 2 20 0 ·2 35 24 3 12 
·1 1 -42 8 2. 28 ·1 1 59 0 0 II)) 0 ·2 36 0 0 100 
·1 1 -41 19 2 12 -1 1 60 19 l 16 0 -2 37 0 0 100 
.} 1 ..4() 0 0 100 -} 1 61 12 :3 23 0 -2 38 12 3 2:;' 
-1 1 ·39 13 2. 16 -1 1 63 13 2 11 0 ·2 39 0 0 100 
·1 1 ·38 0 0 100 ·1 1 64 5 Z 40 0 ·2 40 20 3 13 

. ·1 1 -37 9 2 25 -1 1 65 8 2 27 0 -2 41 16 2 15 
.1 l .3(, 0 a 100 -1 1 66 4 2. 55 0 ·2 42 .16 3 16 
·1 1 -3S 17 2 la ·1 1 67 0 a 100 0 ·2 67 29 3 10 
·1 1 ·34 Il 2 as -1 1 68 5 2. ~ 0 ·1 .100 0 0 100 
-1 1 -33 0 0 100 ·1 l (D 16 l lS 0 ·1 -99 a 2 24 
-1 l -'32 0 0 100 ·1 1 iD Il 2. 18 0 ·l ..§18 .. 2 sc 
·1 1 ·31 G 0 100 ·1 l 71 9 2. 24 0 -1 .ro 0 0 1~ 
·1 1 -30 0 0 :00 -1 1 72 12 a 2'1;, 0 -1 -96 0 0 ioo 
·1 1 ·29 a 0 100 -1 1 73 7 2 :rt a -1 ·95 11 2. 18 
-1 1 ·28 0 0 100 -1 1 74 .. 2 .;~ 0 -1 ·.94 6 2- 36 
·1 1 ·v 10 2 21 ·1 l 75 4 2. .:,M;,; 0 ·1 ·93 0 0 100 
-1 l ·26 0 0 100 -1 1 76 0 0 0 -1 ·92 16 2. 14 
·1 l ·25 0 0 100 ·1 1 '17 5 2 3S 0 ·1 .91 0 Il 100 
·1 1 ·24 0 0 100 ·1 1 78 2 2 91 Il -1 .(II) 0 0 100 
·1 1 -23 8 2 26 ·1 1 79 0 0 100 0 ·1 .fi 0 0 tOO 
·1 l -22 7 :z 25 ·1 1 80 0 0 100 0 -1 -N 11 2 19 
-1 l ·21 0 0 100 ·1 l 81 0 0 100 0 -1 ..v 0 0 100 
-1 1 ·20 9 2 22 ·1 l 82 0 0 100 0 -l -86 13 l 16 
·1 l -19 16 2 14 -1 1 83 4 2 47 0 ·1 -as 11 2 16 
·1 1 ·18 11 3 24 -1 1 84 0 0 100 () ·1 -st 8 2 2S 
·1 1 ·17 13 3 22 -1 l 85 15 3 2!l 0 -1 -83 0 0 100 
.] 1 ·16 0 0 100 -1 l 86 0 a 100 0 -1 -8.2 13 7. 15 
·1 1 -15 0 0 100 -1 1 87 13 2 16 0 -1 -81 % 2. 100 
·1 1 -14 0 0 100 -1 7 SB 0 0 II)) 0 -1 410 1) 0 1~ 
·1 1 ·13 6 2 42 ·1 , 89 0 0 100 0 ·1 ·79 0 0 100 
·1 1 -12 0 0 100 ·1 1 90 6 :2 3S 0 ·1 ·78 7 2 ~ 
·1 l -11 0 0 100 -1 l 91 3 :z 58 0 -1 ·11 0 0 100 
·1 1 -10 8 :2 2$ ·1 1 92 0 0 100 Cl -1 ·7& 2 2 91 
·1 1 -9 0 0 100 ·1 1 93 4 2 53 0 ·1 -75 1S 2 1:3 
·1 1 -8 2 1 100 ·1 1 94 12 2 11 0 -1 • 74 \) 2 2 • 
·1 1 -7 0 0 100 ·1 1 95 9 2 23 0 -1 .~ 0 0 100 
·1 1 -6 0 0 100 -1 l 96 .( 2 <&S 0 ·1 :12 0 0 100 
-1 l ·5 5 2 48 -1 l 97 0 0 100 0 ·1 -71 .( l 56 
·1 1 4 0 0 100 ·1 1 98 0 0 100 !.l ·1 ·070 .( 2 51 
·1 1 -3 1 3 40 ·1 1 99 S 2 41 0 ·1 .Qg 5 Z 49 
.] 1 ·2 12 3 24 ·1 1 100 0 0 100 0 ., -68 '1 2 31 
·1 1 -1 16 3 16 -1 2 ·1.( 0 0 100 Cl ·1 Ji( 0 0 100 
·1 l 0 0 0 100 -1 i -13 0 0 100 0. -1 -66 0 0 100 
-1 1 1 12 3 22 -1 2 -12 5 2 46 1) ·1 .6$ 0 0 100 
·1 1 2 12 2 19 -1 2 -11 ~ 4 11 () ·1 ~ ~ 0 100 
-1 1 3 11 'Z 23 -1 2 ·10 10 2 2S 0 -1 -63 9 2. 2~ 
·1 1 4 13 3 23 ·1 2 -9 15 3 21 0. ·1 Q 11 2 2C 
·1 1 5 6 3 56 ·1 2 .s 12 3 26 0. -1 '-61 1$ 2 1" -1 1 li 12 .. 33 ·1 2 -6 22. 6 26 0 ·1 -61 1 2 a3 
·1 l 7 la .. 43 .} 2 oS 15 ., 43 0 ·1 .8j 2 • 3 13 
·1 1 8 0 0 100 -1 2 4 35 ., 21 () -1 .s u i 20 
-1 1 8 22 .. 18 -1 2 ·z V ., 15 1) ·1 ~ 0 0 100 
·1 1 Il 0 0 100 ·1 2 ·1 0 0. lm 0 ·1 -Si' 0 0 100 
·1 1 10 18 3 lS -1 2 0 0 0 100 0 ·1 .s& 9 1 as 
·1 1 11 0 0 100 ·1 2 1 2.9 4 14 1) ·1 -ss 4 l 60 
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0 -1 -$4 0 0 100 0 -1 63 0 0 100 0 1 -47 11 2 18 
0 -1 -53 0 0 100 0 -1 64 0 0 100 0 1 -'$ " l 53 
0 ·1 ·52 6 2 40 0 -1 65 0 0 100 0 1 "" 0 0 100 
0 -1 ·50 14 3 21 0 -1 67 0 0 100 0 l -43 13 2 17 
0 -1 -49 12 2 17 0 -1 68 0 0 100 0 1 -42 0 0 100 
0 -1 -48 l 2 158 0 -1 69 0 0 100 0 1 -42 0 0 100 
0 ·1 ·23 0 0 100 0 -1 70 10 2 23 0 1 -41 0 0 100 
0 -1 ·22 0 0 100 0 -1 71 6 2 33 0 1 -40 1.1 2 18 
0 -1 -21 0 0 100 0 -1 72 8 2 27 0 1 ~ 0 0 100 
0 .] ·20 6 2 3!! 0 -1 73 5 2 .. 9 0 1 ·38 8 2 24 
0 -1 ·19 13 2 17 0 -1 74 0 0 100 0 1 -37 '0 (} 100 
0 -1 -18 3 2 75 0 -1 75 0 0 100 0 l ·36 li 2 25 
0 -1 ·17 0 0 100 0 ·1 76 9 2 26 0 1 ..35 0 0 100 
0 -1 -16 0 0 100 0 ·1 77 6 2 as 0 l -34 2 2 100 
0 ·1 ·15 9 2 25 0 ·1 7B 0 0 100 0 1 -33 () 0 100 
0 ·1 ·14 0 0 100 0 -1 79 9 2 25 0 1 .32 0 0 100 
0 ·1 -12 0 0 100 0 -1 80 0 0 100 0 l .31 0 0 100 
0 ·1 ·11 12 2 18 0 -1 81 0 0 100 0 1 -30 () 0 100 
0 ·1 -10 0 0 100 0 -1 82 12 3 24 0 1 .']9 0 0 100 
0 .1 ·9 12 3 'lJ 0 ·1 83 0 0 100 0 ] -28 17 3 18 
0 .1 -8 5 3 50 0 -1 a.. 6 3 45 0 1 -21 9 ~ 23 
0 -1 -7 0 0 100 0 -1 85 0 0 100 0 1 ·26 10 3 33 
0 -1 -6 38 3 8 0 ·1 86 0 0 100 0 1 *25 11 2 17 
0 -1 ·5 33 3 10 0 -1 87 3 3 100 0 1 ·24 2 3 129 
0 -1 -4 23 4 16 0 -1 89 8 2 25 0 1 -23 11 il 18 
0 -1 -3 34 4 11 0 -1 90 18 3 16 0 1 ·22 0 0 100 
0 -1 -2 0 0 100 0 ·1 91 2 2 115 0 1 -21 0 0 100 
0 -1 -1 24 " 14 0 ·1 92 0 0 100 0 1 -21 a 0 100 
0 -1 0 35 3 8 0 .1 93 10 2 ~ 0 1 .20 13 2 '7 
0 -1 1 29 3 11 0 -1 94 7 2 ']9 0 1 -19 7 2 al 
0 -] 3 14 3 25 0 -1 95 6 2 35 0 1 .18 6 2 33 
0 ·1 4 7 3 45 0 -1 96 13 2 16 \} 1 -17 10 2 22 
0 -1 5 0 0 100 0 ·1 97 0 0 100 0 1 ~16 0 () 100 
0 -1 6 5 3 (lJ 0 -1 9S 7 2 28 0 t -15" 0 0 100 
0 -1 7 9 2 26 0 ·1 99 6 2 33 0 1 ·14 1 l 29 
0 ·1 9 22 3 15 0 ·1 100 0 0 100 0 t ·13 0 () 100 
0 ·1 10 0 o ,. 100 () 1\ -100 0 0 100 0 1 o'U 0 0 100 
0 -1 11 3 2 75 0 1 -99 0 0 100 0 1 ·U 0 0 100 
0 ·1 12 5 2 43 0 1 -96 0 0 100 0 1 -10 '7 2 33 
0 -1 13 11 2 21 0 1 -!Il 11 2 19 0 1 -9 7 1 26 
0 -1 14 8 2 29 0 1 -96 8 2 24 0 1 2 15 3 18 
0 -1 15 4 2 50 0 1 -95 0 0 100 0 1 5 6 3 54 
0 -1 16 0 0 100 0 1 -9t 8 2 26 0 i ô 10 3 29 
0 ·1 17 7 2 ~ 0 1 ·93 0 0 100 0 1 7 0 0 100 
0 ·1 18 0 0 100 0 l ·92 10 3 ~ 0 1 8 0 0 1WO 
0 -) 19 9 2 2.5 0 1 -92 0 0 100 0 1 9 2 2 100 
0 -1 20 0 0 100 0 1 ·91 0 0 100 0 1 10 0 0 100 
0 ·1 21 10 2 23 0 1 ·90 7 2 100 0 1 11 0 0 100 
0 -1 22 16 2 14 0 1 419 2 2 89 0 1 Il 0 0 100 
0 -1 2. 1 2 200 0 1 .sa 5 2 .t2 0 1 13 23 3- 14 
0 -1 25 0 0 100 0 1 .$l 0 0 100 0 1 14 0 0 100 
0 ·1 26 0 0 100 0 1 -86 0 0 100 0 1 15 9 2 25 
0 ·1 27 0 0 100 0 1 -85 0 0 100 0 l 16 12 '2 11 
0 ·1 Z8 2 2 91 0 1 -84 0 0 100 0 1 11 l '2 115 
0 -1 29 4 2 45 0 1 -83 0 0 100 0 l 18 0 0 100 
0 -1 30 7 2 33 0 1 -82 10 2 20 0 1 1.9 0 0 100 
0 -1 31 0 0 100 0 1 -dl 0 0 100 0 1 20 0 0 100 
0 ·1 32 11 2 18 0 1 .!Q 0 0 100 0 1 21 12 2. 19 
0 -1 33 0 0 100 0 1 -79 0 0 100 0 l. 22 6 2 SS 
0 ·1 as 12 2 19 0 1 -18 13 3 23 0 1 23 10 2 22 
0 -1 36 0 a 100 0 1 ·16 5 2 .. 0 1 23 10 2. 22 
0 ·1 37 9 2 23 0 1 -75 0 0 100 0 1 :!5 17 2 13 
0 -1 38 12 2 19 0 1 ·74 0 0 100 (l 1 31 0 0 100 
0 -1 39 0 0 100 0 1 ·73 7 3 44 0 l 33 10 2 20 
0 -1 40 lS 3 19 0 l ·72 l' 2 32 () 1 34 6 2 28 
0 -1 41 0 0 100 0 l -71 il 0 100 0 1 35 0 0 100 
0 ·1 42 11 3 27 0 1 ..iI.J 8 3 36 0 1 a6 7 1 28 
0 -1 43 8 2 22 0 1 ~ 7 2 !7 0 1 37 10 2 2t 
0 -1 44 0 0 100 0 1 ..Q D 0 100 0 1 38 ( 2 55 
0 ·1 45 0 0 100 0 1 -66 0 0 100 0 1 39 fi 2 38 
0 ·1 4S 4 2 50 0 1 -65 6 2. 32 0 l 40 8 2. 2S 
0 ·1 47 10 2. 20 0 1 -ô4 4 :2 S2 0 1 U 8 2. 26 
0 ·1 48 9 2 23 0 1 ~ 0 0 Joo 0 1 42 13 3 22 
0 -1 49 8 2 26 0 1 .Q 4 2 .t6 () 1 (9 14 3 21 
0 ·1 50 0 0 100 0 l -61 16 3 t9 0 1 5îO 14 3 ~ 
0 ·1 51 10 2 22 0 J ~ S 2 "" 0 t 51 10 2 m 
0 -1 52 0 0 100 0 1 .59 0 0 100 0 1 52 0 () nOO 
0 .] 53 0 0 100 0 1 ·58 7 .2 tl 0 l 53 0 0 100 
0 ·1 54 0 0 100 0 l ~ 0 0 100 1) 1 54 4 2. 45 
0 ·1 55 0 0 100 0 1 -56 Q 0 100 0 1 liS 15 2 15 
0 -1 SIi 0 0 100 0 1 ·55 11 2. 16 0 1 U 15 3 20 
0 ·1 57 8 2 24 0 1 -sc 1 2 29 ~, 1 51 (1 0 100 
0 .'J 58 0 0 100 0 1 .$j a ~ 2. 0 1 s. 0 Cl 100 
0 ·1 59 1\ 3 36 0 1 -5l (1 C \00 0 1 59 tl 0 100 
0 ·1 60 0 0 lOO (1 1 ·51 0 Q 100 0 t 60 0 0 100 
0 -1 61 0 () 100 0 1 -50 0 q 100 0 1 il U 2 15 
0 -1 62 0 0 100 0 t .,49 0 0 100 0 1 &2 0 0 100 
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0 1 63 0 0 100 1 -2 6 15 5 34 1 -1 4. 9 3 30 
0 1 64 0 0 100 1 -2 1 33 5 17 1 -1 $ 0 0 100 
0 1 65 11 2 17 1 -2 8 lS 5 34 ] ·1 6 0 0 100 
0 1 66 0 0 100 l -2 9 15 6 41 l -1 8 16 .3 18 
0 1 67 6 2 36 1 ·2 10 16 a 19 1 ·1 9 7 2 32 
0 1 68 0 0 100 1 ·2 10 27 5 17 1 ·1 10 S 2 29 
0 1 70 0 0 100 l -2 11 lt 5 32 1 ·1 11 0 0 100 
0 1 71 13 2 18 l -2 12 9 2 2S l -1 12 7 2. 34 
0 1 72 5 2- 46 1 -2 13 0 1) 100 1 ·1 13 7 2 ~1 
0 1 73 6 2 32 1 ·2 14 0 0 100 1 ·1 14 0 0 100 
0 1 74 13 2 15 1 -1 -100 0 0 100 1 -1 15 0 0 100 
0 1 7S 0 0 100 1 -1 -99 2. 2 82 1 ·1 16 12 2 17 
0 1 76 li 2 67 1 -1 -96 2 2. 89 l -1 17 0 0 100 
0 1 n 0 0 100 1 -1 .rp 0 0 100 1 -1 18 0 0 100 
0 1 78 0 0 100 1 -1 -% 6 2 32 1 ·1 19 12 2 la 
0 1 79 0 0 100 1 ·1 -95 0 0 100 1 ·1 20 0 0 100 
0 1 80 0 0 100 1 -1 -904 0 0 100 l -1 21 0 0 100 
0 1 81 2 3 122 1 .} .94 13 3 22 1 -1 22 1) 0 100 
0 1 82 0 0 100 1 ·1 ·92 0 0 100 1 -1 23 11 2 2Q 
0 1 83 0 0 100 1 -1 .91 0 0 100 1 ·1 24 4. 2 56 
0 1 84 18 2 iz 1 ·1 -90 0 0 100 1 -1 2S 7 2. 30 
0 1 85 0 0 100 1 .] -89 2 2 l1S 1 -1 26 0 0 100 
0 1 86 19 2 12 1 ·1 -88 0 0 100 1 ·1 27 12 2. 19 
0 1 67 8 2 29 1 ·1 -81 8 2 24 1 ·1 28 0 0 100 
0 1 S8 12 Z 19 1 -1 -86 4 2 sa 1 ·1 29' () 0 100 
0 1 89 0 0 100 1 ·1 ..st 4 2 46 1 -1 30 S :2 37 
0 l 90 10 2 20 1 -1 -83 0 0 100 1 ·1 31 0 0 100 
0 1 91 0 0 100 1 ·1 -82 5 3 52 1 ·1 31 0 0 100 
0 1 92 0 0 100 l -1 -81 la 2 m 1 -1 33 0 0 100 
0 1 93 0 0 100 l .1 -80 8 2. 24 1 ·1 as 9 2 23 
0 1 94 5 3 65 1 -1 .79 5 2 4.0 1 ·1 36 11 2 19 
0 1 95 0 0 100 1 ·1 ·78 9 2 21 1 ·1 37 0 0 100 
0 1 96 0 0 100 l -1 -77 0 0 100 1 ·1 38 ., :2 '27 
0 1 97 0 0 100 l .1 -76 0 0 100 1 ·1 39 15 2. 1S 
0 1 98 17 2 13 1 -1 -75 6 2 as 1 ·1 40 7 i 30 
0 1 99 0 0 100 1 -1 ·73 21 3 14 1 ·1 4.1 17 2 13 
0 1 100 0 0 100 l ·1 -71 12 2 17 1 ·1 4.2. 0 0 100 
0 2 23 3 2 75 1 -1 -70 0 0 100 l .. 1 43 0 0 100 
0 2 24 6 3 41 1 -1 .fi} 8 2 28 l ·1 ... ~ 2 21 
~ 2 25 0 0 100 1 .1 .ftS () 0 100 1 ·1 t5 () 0 100 
0 2 26 0 0 100 t ·1 -61 0 0 100 i ·1 46 0 Q 100 
0 2 27 17 4 21 1 ·1 -66 10 3 29 1 -t 47 8 2. 24 
(J 2 28 0 0 100 1 -1 -65 7 2 26 1 ·1 " 19 3 16 

~O 2 30 0 a 100 1 ·1 -64 5 2 37 1 ·1 49 12 2 18 
0 2 31 0 0 100 1 ·1 -63 0 0 100 1 ·1 50 0 0 100 
0 2 32 9 3 30 1 ·1 -62 0 0 100 1 -1 51 12 2. 19 
0 2 33 0 0 100 1 -1 -61 5 2 ::JI} 1 ·1 52 6 2. as 
0 2 34 10 2 23 1 -1 ..(,Q 0 0 100 1 ·1 53 0 0 100 
0 2 3S 0 0 100 1 .i ·59 0 0 100 l ·1 Sol 9 2 22 
0 2 36 13 2 18 1 -l .QI! 1~ 2. 12 1 -1 S$ 14 2. 15 
0 2 37 10 2 24 l .1 $T 1. 2 l' 1 .j 56 la 2: .21 
0 2 38 6 2 4.4. l . ..:j .56 6 ,2. M 1 -1 57 3. 2 ,,~ 

0 2 ~ 0 0 lrh i -1 ..$$ ... l 55 1 ·1 5& 0 {} 100 
0 2 40 0 0 100 "1 ·1 ~s3 16, 2 U 1 ·1 59' • 2 56 
0 2 41 0 0 100 l ·1 ..5a () 0 \~ 1 ·1 60 () 0 100 
0 2 42 U 3 21 1 .1 .. 51 .2 2 1 -1 61 0 0 100 
0 2 43 0 0 100 1 ~1 ~SO 15 3 20 l ·1 62 .. 2 sa 
0 2 44 14 9 19 j .1 .,.~ 7 2. 30 1 -1 &3 0 0 100 
0 2 45 15 2 16 l ·1 -32 1 ~ 71 1 -1 6( 0 0 100 
0 2 46 7 3 37 1 .1 -2of. () 0 100 1 ·1 64. 0 0 100' 
0 2 41 0 0 100 l ·1 .2J. 5. 2 37 1 -1 65' fi 2' .~ 

0 :2 48 10 :1. 2S l -1 ·22 .: '0: 0 100 l .1 " 10 .2 !~ 
0 2 49 Il :1 24 1 -1 -21 >17. 2 13 l ~1 61 () ,Cl :100 
0 2 50 15 4 24 ] ·1 ·20 0 a 100 1 .1 68 5 '2 ·il 
0 2 51 12 2 19 l .1 -19 0 0 100 1 .. 1 .69 'il. :2 11 
0 2 52 7 2 37 l ·1 ·18 S l 41 1 .1 'lfi. " ft :$i 
0 2 53 0 0 100 1 -1 47 10 2 21 l ,.1 . 11 1. :3 .21' 
1 ·2 -15 19 :1 16 1 -1 ·16 7 2: 31 1 +l 12. Il ,'0 1«1 
1 ·2 ·14 5 4 82 1 ·1 ·15 " 2 C 1 .. 1 n 9 2 2S 
] -2 -13 19 3 IS 1 .1 ·14 8 2 25 1 0.1 1,(, lb. 1 24 
1 -l ·12 Q (\ \00 \ ·1 ·13 , '1 ~ t .. \ 1$ 9 2. ';ZS 
1 -2 -11 26 Li 20 1 ·1 ·12 12 2 17 1 ·1 14 Q, D 100 
1 ·2 ·10 18 5 11 1 ·1 ·11 0 0 100 l ·1 11 :ft, l tl 
1 ·2 .g 14 1 47 1 ·1 -la 0 0 100 l .i 1l 2 la 
1 ·2 -8 26 S a1 l ·1 .g 8 2 21 1 ~l .~' .. '0; . 0. 100 
1 ·2 .7 15 5 32 1 .1 -8 1 2- 28 t ·1 80 (t Il 100 
l ·2 -6 27. 7 26 1 ·1 .1 () 0 l~ 1 _,1 ~1 0 0 100 
1 ·2 ·5 U 1 17 1 ·1 -6 0 0 100 1 ·1 81 0. Q 100 
l -2 .. 37 7 19 l ·1 oS 9 3 31 1 .1 S3 le î 22 
1 ·2 ·2 29 5 11 1 ·1 ..( " 3 50 l -1 84 ~ 0. 100. 
l ·2 -1 12 5 U 1 ·1 .a 1$ 3 19 1 -1 8S Ci 0 t(Xl 
1 ·2 0 14: 5 306 1 .1 .2 10 2 24 1 -1 e6 1 2 12 
1 -2 t 15 6 42 1 ·1 .j 1,} :. 26, l ·1 el 0 Ô 100 
1 ·2 Z !l2 10 20 1 ·1 0. 9 3 2J 1 ·1 88 9 l 25 
l -2 3 61 10 17 1 ·1 1 8 % 211 1 ·1 89 0 Q 100 
1 ·2 • 31 6 20 l -1 :2 9 3 29 1 ·1 90 12 :2 19 
1 ·2 5 45 7 15 1 -1 :3 9 3 31 l ·1 !il 0 0 100 
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1 -1 92 12 2 16 1 l 52 19 2 13 1 2 9 17 3 20 
1 -1 93 3 2 63 1 1 73 11 3 28 1 2 10 11 3 31 
1 .] 94 10 2 22 1 1 74 4 2 63 l 2 11 13 , 31 
1 ·1 95 6 2 32 l 1 75 0 0 100 1 2 lZ 3 3 100 
1 -1 96 0 0 100 1 1 77 5 2 44 1 2 13 0 0 100 
1 ·1 97 0 0 100 l 1 18 0 0 100 1 2 U 16 :; 18 
1 -] 98 10 3 26 1 l 79 18 3 29 1 2 i5 14 2 17 
1 -1 99 0 0 100 1 l 81 9 :1 39 1 2 16 9 3 29 
1 -1 100 15 2 15 1 l 82 0 0 100 1 2 17 4 2 68 
l 1 -100 0 0 100 1 l 83 0 0 100 1 2 18 0 Ô 100 
1 1 -98 0 0 100 l 1 s.a 0 0 100 1 2 19 17 3 17 
1 1 -97 4 2 47 1 1 85 0 0 100 1 2 20 0 0 100 
1 1 -95 22 3 14 1 1 86 0 2 100 l 2 21 7 3 4(1 
1 l -94 0 0 100 1 l 81 19 3 14 1 2 22 15 3 18 
1 l ·93 0 0 100 1 2 ·73 6 3 46 1 2 23 19 3 14. 
1 1 -92 0 0 100 1 2 -72 0 0 100 1 2 24 7 3 3& 
1 1 -91 0 0 100 1 2 -71 0 0 100 1 ... 25 10 3 28 .. 
1 1 -90 8 2 28 1 2 -70 4 3 69 1 2 26 0 0 100 
1 1 -89 5 2 43 1 2 -69 t9 3 15 1 2 11 0 0 100 
1 1 -88 0 0 100 1 2 -68 0 0 100 1 2 2S 15 3 lS 
1 1 .$l 17 3 18 1 - -67 25 3 12 l 2 '19 8 :; 35 . 
1 1 -86 11 2 21 1 2 -66 0 0 100 1 2 30 15 3 19 
1 l -85 14 2 16 1 2 -65 2S 3 U 1 2 31 21 3 l' 1 1 .8( 0 0 100 1 2 -64 4 3 59 l 2 32 23 3 13 
1 1 -83 " 3 76 1 :2 -63 0 0 100 l 2 33 24 4 17 
1 l -82 0 0 100 1 2 -62 0 0 100 1 2 34 1) 0 100 
1 1 -81 7 2 30 1 2 -61 0 0 100 1 .2 35 17 3 Il 
] l .ao 0 0 ]00 1 :2 -60 0 0 100 1 2 36 0 0 100 
l 1 -79 3 2 58 ~ 2 -59 0 0 100 1 2 31 0 0 100 
1 l -78 0 0 100 1 2 ·58 20 3 13 1 .2 38 li " 40 
1 l ·77 0 0 100 1 :2 -57 0 0 100 1 2 39 23 2 11 
1 l -76 0 0 100 1 2 -56 23 " 17 1 2 40 0 0 100 
1 l -76 0 0 100 1 2 -55 18 2 14 l 2 41 0 0 100 
] 1 ·75 3 2 65 1 2 ·54 0 0 100 ] 2 fI 0 0 ]00 
l l -74 9 2 26 l 2 .sa 14 3 18 1 2 43 13 2 19 
1 1 -73 7 :! 31 1 2 ·52 28 3 11 1 1 2 .u 0 0 100 
1 ] -72 0 0 100 1 :2 ·5] 0 0 100 1 2 45 0 0 100 
1 1 ... 71 la 2 22 1 2 ·50 11 3 23 1 2 ,,~ 0 0 100 
1 1 -70 20 2 12 1 2 -49 li 3 13 1 2 41 0 0 100 
1 1 -€9 23 2 11 1 2 -49 li :; 13 1 1 45 17 2 13 
1 . -68 7 2 35 1 2 -48 0 0 100 1 2 49 21 3 13 , 
1 1 -f3 8 2 'Il 1 2 47 0 0 100 1 2 51) 1) 1) 100 
1 1 -66 6 2 38 1 2 -46 15 3 18 1 2 51 0 0 100 
1 1 -65 14 2 18 1 2 -45 0 0 100 1 .2 52 Il 2 2Z 
1 1 -64 0 0 100 1 2 -44 4 3 68 1 2 53 11 2 22 
1 1 -63 0 0 100 1 2 -43 0 0 100 1 2 54 .ft 0 100 
1 1 -62 16 3 19 1 2 -42 17 3 16 1 i 55 0 0 100 
1 1 -61 7 2 31 1 2 -41 37 4 10 1 2 56 0 0 100 
1 l .!JO 0 0 100 1 2 -W 23 " 17 l 2 57 () Q 100 
l 1 -59 S 2 26 1 2 -'P 0 0 100 1 .2 58 26 .( 14 
1 1 -58 5 2 44 l :2 -38 18 3 16 2 -2 -55 9 2 28 
1 1 ·57 12 2 19 1 2 .-g 13 " 20 '2 ~2 .s4 2l 21 Il 
1 1 -56 9 2 24 1 2 -36 0 0 100 2 ·2 -53 2 2 100 
1 1 .ss 0 0 100 1 2 ..J5 20 " 19 2 ~2 -52 0 0 100 
1 1 ~ Q 0 100 1 2 -34 0 0 100 2 ·1 .s1 6 :; .a 
l 1 -53 9 2 24 1 2 -33 0 0 100 :2 -2 -so 13 2 19 
l 1 ·52 0 0 100 1 2 -32 0 0 100 2 ·1 ... 9 15 :3 17 
1 1 -SI 12 2 19 1 2 -31 15 4 24 2 ·2 -48 lS 3 15 
1 1 -50 0 0 100 l 2 -30 0 0 100 2 -2 ·1,7 14 2 Il 
1 1 -49 5 2 46 1 2 oJ..'9 0 0 100 2 -2 ~ 15 :3 23 
l 1 -4S 0 0 100 1 2 .2î't 0 0 100 2 ~2 ·7 25 il 23 
1 1 -46 4 2 55 l 2 -'27 9 3 32 1 -2 -6 2S 1) ~ 
1 l -45 0 0 100 1 :2 ·26 II} 2 25 2 -2 ..s 0 0 100 
1 1 -44 2 2 100 1 :2 .25 0 0 100 2 ·2 -4 39 11 lB 
1 1 ..u 0 0 100 1 2 -24 13 3 71 '2 -2 -3 Q Q llX1 
1 1 -42 0 0 100 t 2 ·23 " 3 61 2 ·2 -'2 () 0 100 
1 1 -40 11 2 20 1 2 ·22 15 a 19 2 ·1 -1 Q 0 100 
1 1 -?B 0 0 100 1 '2 -11 "j 21 lS 2. .j 0 1) \) 11]1) 
1 1 -38 0 0 100 1 l -20 9 2 28 2 .2 l 15 10 68 
1 1 -~ 10 2 25 l 2 -19 5 21 54 2 ·2 '2 .. li 195 
1 1 -36 ~ 2 (,1) l 2 -ta 11 ~ 10 '2 -1 à 9 S Si 
1 1 -35 9 2 2B 1 2 -11 0 0 100 2 -2 .. 8 li 68. • 1 ...;.; 0 0 100 t 2 ·16 15 " 19 2 ·2 5 S .. 80 
l l -34 0 0 100 1 • -1$ 13 3 21 2 -2 6 1( li .u ., 
1 l -33 5 2 51 1 2 -16 9 " 3Q 2 -2 '1 2S li 11 
1 l ·33 12 2 2D 1 2 ·13 2> 3 14 :2 ~2 8 16 3 :zo 
1 l -32 0 0 100 l 2 ·12 9 :3 3l 2 -2 9 0 Il 100 
1 1 -31 7 2 33 1 2 -11 10 3 33 2 ~1 11 li 5 .. 
1 1 -30 0 0 100 l 2 ·10 9 3 38 :t ~2 12 17 .. 23 
1 1 -29 0 0 100 1 2 -2 ~ S as :1 .z 11 0 (1 1W 
1 1 ·lIS 0 0 100 '1 2 0 18 • 21 2 -l '18 Q 0. 100 
1 1 .17 15 a 15 1 2 1 ro S 2' 2 ·2 20 0 Il 100 
1 1 15 12 ;3 Z1 1 2 2 U • 41 2 ·2 tt U 2 1f1 
l 1 17 S 3 3C l 2 3 11 , 3S 2. .: 22 16 2. 16 
1 1 18 5 2 -4S l 2 .. 3) â 20 2 4 23 0 0 100 
l l 19 9 2 2S 1 2 i • .3 31 2 ~% 2' 0 Q too 
1 1 20 0 0 100 1 2. 8 () 0 100 Z -2 25 19 , 16 

page:: 193 



2. -2 26 25 3 ]0 2 ·1 14 6 :z 98 2 0 -82 a 0 100 
2 ·2 'lJ 0 0 100 2 -1 19 0 !I 100 2 a -8l li . 2 22 
2 ·2 28 0 0 100 2 -1 20 6 2. 41 2 0 ..S) 11 2. 21 
2 -2 29 0 0 100 2 -1 21 V 2 14 2 0 ·79 12 2. 19 
2. -2 30 15 3 18 :2 -1 22 9 2 24 2 0 -78 1 3 212 
2 -2 31 8 3 35 2 -] 23 ]8 3 15 2 0 :n 11 2 20 
2 ·2 32 1 4 374 2. ·1 24 0 0 ItAl 2 0 46 0 0 100 
2 -2 33 0 0 100 2 -1 25 a Q 100 2. 0 ·15 0 0 100 
2 -1 -98 0 0 100 2. -1 26 16 2. 16 ~ 0 ·1~ 0 ci 100 
2 -1 -fJ] 18 2. 12 2 -1 27 0 0 100 2; 0 -73 9 2 25 
2 ·1 ·96 0 0 100 2. -1 28 12 3 2î 2 0 ·72 11 2. 21 
2. -1 -95 24 3 13 2 ·1 29 0 0 100 2. 0 -11 0 0 100 
2. -1 ·94 0 0 100 2 -1 30 9 0 100 2. 0 -"lO 14 2 16 
2 -1 -93 0 0 100 2. ·1 31 16 2. 15 2 .0 .$ 17 2 13 
2. ·1 -92 0 0 100 2 -1 33 ir, s 20 2- 0 -68 8 2. 29 
2. -1 ·91 12 2 19 2 ·1 34 14 2 17 2: 0 -67 12 2. 19 
2 -1 ·90 26 3 12 2 ·1 35 7 2. 34 2 0 -66 0 0 100 
2. -1 -89 0 0 100 2. -1 36 0 0 100 2 0 -65 8 2 25 
2. -1 -SB 0 0 100 2 .1 37 18 2. 14 2. 0 -6l 0 0 100 
2 ·1 -El 0 0 100 2 -1 38 6 2. 39 2. a -63 11 2 20 
2. ·1 -86 11 3 29 2. -1 39 32 4 12 2 0 .Q 3 2. 74 
2 -1 -85 0 0 100 2 -1 40 12 2. 18 2 0 o.li1 0 Il 100 
2 -1 -84 11 2 18 2 -1 41 0 0 100 2 Q -llJ S 2 50 
2 -1 -83 :n 3 la 2 -1 42 22 3 15 2 0 -51} 11 .1 20 
2 ·1 -82 7 3 47 2. -1 43 0 0 100 2 0 ~ 8 2 29 
2 -1 -81 23 3 14 2 -1 44 0 0 100 2 0 -S7 1) 0 100 
2 -1 -80 7 .2 33 2 -1 45 0 0 100 2 0 -56 Q 0 100 
2 -1 ·79 0 0 100 2 -1 46 11 2 2P 2 0 ·55 0 0 100 
2 -1 ·78 0 0 100 2 ·1 47 0 0 100 2: 0 .!if S 2 63 
2 -1 -il 16 2 14 .2 -1 -lB 0 0 100 .2 Q -53 8 2 26 
2 -1 -16 0 0 100 2 -1 49 15 1 14 .2 0 ~52 0 0 100 
2 -1 -75 10 2 24 2 -1 50 6 2 38 2. 0 -51 3 3 8:l 
2. -1 -74 8 2 31 2 -1 51 23 2 la 2 0 -sa 7 .2 ~l 
2 ·1 ·73 0 0 100 2 -1 52 2 2. 100 .2 0 -6 0 0 100 
2 -1 -72 2S 2. 10 2 -1 53 16 2 14 .2 (} -48 9 1 15 
2 -1 -71 17 2 14 2 -1 54 13 2 16 2 0 -47 {} 0 100 
.2 -1 -10 0 0 100 2 -1 55 S .2 29 .2 0 -46 3 .2 74 
2 -1 -69 9 2 26 2 ·1 56 9 3 00 .2 0 -'5 5 .2 42 
2 -1 -68 0 0 100 2 ·1 58 0 0 100 .2 0 

'"'" 
1 .2 2'J 

2. -1 -67 0 0 100 2: -1 59 25 à 13 .2 0 -fa 0 0' iOO 
2 -1 -66 9 2 26 2 ·1 6(l 15 3 16 2 0 -i3 0 0 100 
2 ·1 -65 6 2 36 :2 -1 51 14 '" 21 2 0 ..u 0 0 100 
2 ·1 -64 4 .2 51 2 -1 62 a 0 100 2 a ..(1 2 2. 111 
.2 -1 -63 16 2 14 .2 ·1 63 5 2. 52 2 0 -iQ 3 2 65 
2 ·1 -62 0 (} 100 2 -1 &4 15 2 17 2 0 -39 0 () 100 
2 -1 -61 :3 2 82 2 ·1 65 22 2 10 2 0 -38. 0 0 100 
2 ·1 .(,() 13 2 15 2 ·1 66 0 0 100 .2 0 -'51 0 0 100 
2 ·1 ·59 2 2 129 2 ·1 67 28 3 12 2 0 -36 1 .2 30 
2 -1 -58 0 0 100 .2 -1 68 0 0 100 2 0 -3s 0 0 100 
2 -1 ·57 0 0 100 .2 -1 69 24 2 9 .2 0 -34 ô 0 100 
2 -1 ~ 0 0 100 1 -1 70 12 2 18 2 0 -33 14 :2 la 
2 ·1 ..ss 0 0 100 2 ·1 71 24 2 10 .1 0 -n 4. 2; ~ 
2 ·1 -54 6 2 « 2 -1 n 17 " 21 2 0 .. :31 16 1 H 
2 -1 -53 22 3 15 2 ·1 13 0 0 100 2 0 -:10 3 .2 71 
.2 -1 ·52 0 0 100 2 -1 14 0 0 100 2 0 1( 11 l 32 
2 ·1 ·51 10 2 21 2 -1 15 13 .3 21 2 0 lS a 0 100 
2 -1 ..sa 13 :2 19 2 _1 76 0 0 1.00 2. a 16 15 2 11 
2 -1 .-48 0 0 100 2 ·1 Tl 0 0 100 2 0 17 0 0 100 
2 -1 -47 0 0 100 2 ·1 78 9 l 25 2 Q 19 15 2. 1S 
2 -1 ~ 11 2 22 2 -1 79 0 0 100 2 0 55 15 2 lS 
2 -1 45 12 2 2D :2 -1 sc 0 0 100 2 1) ~ 10 a 'J() 
2 ·1 -44 0 0 100 2 ·1 81 5 2 .fl 2. Ô 65 0 0 100 
2 -1 -2.3 10 2 23 2 -1 a:! 0 0 100 2 1) 6ô 1 3 J6 
2 -1 ·22 0 0 100 2 .} 83 13 2. 17 2 0 61 Il % tg 
2 4 ·21 0 0 100 2 -1 i4 15 2. 11 l 0 é9 Q Oc 100 
2 -1 ·20 0 0 100 2 ·1 as 0 4) 100 2. 0 10 12 a :u 
2 -1 -19 20 3 15 2 -1 st. 13 2. 11 2- 0 11 %t 3 12 
2 -1 -18 .. 2 6l 2 -1 81 5 :2 .u 2 1) 7,1 2 .3 l~ 
2 -t -17 13 2 11 :1 -1 ~ 24 .3 14 2 0 15 0 0 100 
2 -1 -16 6 2 36 2 0 -100 0 0 100 2 \) 16 13 :z. 19 
2 -1 -15 5 :2 52 2 0 -99 .. 2 55 2. 0 Tt 0 0 100 
2 -1 -14 0 0 100 2 0 ·98 9 l 1l 2 0 18 0 Q 100 
2 -1 -13 1S 3 17 2 0 .1/1 0 {} 100 2 Il 19 11 2- là 
2 -1 -u 8 :; 3S 2 0 -96 10 2- 20 2 (1 :ao a 0 100 
2 -1 ·11 (, 2 39 :2 0 -95 li 2. 18 2 0 St () Q 100 
2 -1 -ID 0 0 100 2 0 ~ 12 2. l' 2 0 82 Q 0 100 
.2 ·1 06 15 :; 21 2 0 ..9J 0 () lœ 2 0 .83 0 0 100 
2. -1 ..s 0 0 100 2. 0 -92 18 3 19 .2 0 i( H J 2S 
2 -1 .. 0 0 100 2 0 -91 0 iJ, 100 2 () 8S 0 0 100 
2 -1 5 6 3 511 2 0 ..9Q () 4) 100 2. {) 86 11 2: 2:1 
2 ·1 6 3 • 122 Z 0 .8') tJ 0 100 :z. () 11 0 t} 100 
2 ·1 7 16 3 20 2 0 ... 0 Q 100 2 l JS .. , 21 
2 -1 1 11 S 44 2 0 -31 20 .2 11 2 l -3t Il 0 100 
2 ·1 S 0 {) 100 2 (j -86 0 1)- 100· 2 1 .0 Il fi 100 
.2 -1 9' 5 3 62 2 0 -85 0 0: 100 .2 1 .:rz 0 ~ 100 
.2 ·1 11 4 2 53 2 0 -84 11 1 19 l l .$1 9 3 ~ 
.2 -1 13 0 0 100 .2 0 -.83 5 2 311 .2 t -81 9 a 29 
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2 1 .go 10 2 24 2 1 69 18 4 21 :; ·1 55 0 0 100 
2 l -79 0 0 100 2 1 70 0 0 100 3 -1 S6 b 0 100 
2 1 -78 10 2 23 2 1 71 15 3 19 3 -1 57 0 0 100 
2 1 :TI 18 2 14 2 l 72 5 3 55 3 -1 58 23 3 11 
2 1 -76 0 0 100 2 1 73 18 a 15 3 -1 59 0 0 100 
2 1 ·75 B 2 19 2 2 -14 19 3 15 3 4 60 0 0 100 
2 1 -74 0 0 100 2 2 ·13 7 3 .ta :; ·1 61 fi 0 100 
2 l -73 11 2 20 3 -2 ·53 0 0 100 3 -1 62 9 3 30 
2 1 ·72 23 3 12 :; ·2 ·52 11 2 22 :; ·1 63 0 0 100 
2 1 .7] 0 0 100 :; -2 -50 15 :; 20 3 ~1 64 li 0 100 
2 1 .70 7 2 36 3 -2 -6 0 0 100 3 ·1 65 • 3 71 
2 1 -69 0 0 100 3 -2 -48 4 :; 64 3 -1 66 0 0 100 
2 l -68 la 3 26 :; -2 -47 0 0 100 3 -1 67 ao .. 12 
2 l -67 18 2 14 3 -2 0.46 0 0 100 3 0 5 15 6 40 
2 l -66 15 3 18 :; -2 45 0 0 100 3 0 6 28 5 19 
2 l -65 0 0 100 :; -2 -44 9 :; 31 ;} 0 8 8 3 39 
2 l -64 11 2 22 3 -2 -43 0 0 100 3 0 9 21 5 26 
2 l -63 0 0 100 3 ·2 -42 9 3 31 3 0 10 U .. ;n 
2 1 -62 19 2 13 3 -2 -41 22 :; 11 3 0 31 () 0 100 
2 1 -61 20 3 13 3 -2 ..,10 0 0 100 3 0 33 0 0 100 
2 1 -60 11 3 23 3 -2 ·39 18 3 17 3 1 ·53 0 0 100 
2 1 -59 10 2 24 3 ·2 -38 15 3 18 :; 1 .sz 0 0 100 
2 l MSS 0 0 100 :; ·2 -:ri 21 :; 14 3 l -51 0 0 100 
2 1 .sT 9 2 29 3 ·2 .~ 22 3 13 3 1 -50 0 0 100 
2 1 -56 5 3 53 3 ·2 ·35 0 0 100 3 l -49 13 3 i2 
2 1 -55 0 0 100 3 ·2 .:u 0 0 100 3 l -48 0 0 100 
2 1 -54 7 :; 36 3 -2 -33 4 3 66 3 l ..0 13 " 22 
2 l -53 33 :; 11 3 ·2 -32 0 0 100 3 1 0.46 0 0 100 
2. 1 ·52 7 .2 33 " -2 -31 14 3 20 " 1 -44 0 0 100 
2 1 -51 0 0 100 3 -2 -30 10 3 26 3 l ~ 0 0 100 
2 1 -sa 0 0 100 3 -2 .']9 0 0 100 3 1 -43 Q. 0 100 
2 l -49 24 2 10 3 -2 -28 0 0 100 3 1 -39 Q 0 100 
2. l -48 15 3 19 a ·2 ·Tl 0 0 100 3 j 4 0 0 100 
2 1 0.47 15 .3 18 :; -2 ·26 0 0 100 3 1 ·34 a 0 100 
2. 1 0.46 7 3 ~ 3 -2 -25 10 3 25 3 1 -31 0 0 100 
2. l 45 0 0 100 3 -2 ·24 19 3 14 3 l .211 9 3 28 
2. 1 -U 7 4 56 3 -2 ·13 13 3 20 3 l -27 8 3 35 
2 1 -43 14 3 19 3 ·2 ·23 13 3 20 3 1 -26 11 3 25 
2 1 .(2 0 0 100 3 -2 ·22 13 3 20 3 l -10 16 3 18 
2 1 -41 11 2. 22 3 ·2 ·21 U :; 23 S. 1 -9 4 3 62 
2 l 0.40 0 0 100 3 ·2 .21) 0 0 100 3 1 3 .- 3 71 
2 l -39 0 () 100 3 .2 -19 0 C) 100 3 l 5 0 0 100 
2 1 ·38 8 .3 34 3 -1 -18 0 0 100 3 l 8 Il 3 39 
2 1 -37 18 .3 15 3 ·2 -17 0 0 100 3 1 9 14 .3 22 
2. 1 ·36 14. .3 18 3 ·2 ·16 0 0 100 3 1 17 il (1 100 
2 1 -35 11 .3 16 3 ·2 -15 10 4 38 3 1 18 '1 3 33· 
2 1 -M 0 0 100 3 -2 ·14 0 0 100 3 t 19 0 0 100 
2 1 ·33 10 .3 Tl :; -2 -13 0 0 100 3 1 21 0 0 100 
2 1 -32 7 .3 40 3 ·2 -12 5 3 60 3" 1 21 0 {} 100 
2 1 -31 0 0 100 3 -2 ·11 0 0 100 3 l 23 () 0 100 
2 l .~ 0 0 100 3 ·2 ·10 16 .. 26 .. ·1 ·29 0 .0 lm 
.2 1 -29 " .2 59 3 -2 -2 14 3 21 '" ·1 ·28 0 0 1r.o 
2 1 -28 0 0 100 3 ·2 1 1& 3 18 ·4 ·1 -11 12 .. 33 
.2 l -26 0 0 100 3 -2 .2 lB 3 19 .. .• 1 -26 l 3 l6S 
2 1 -24 0 0 100 3 -2 3 2 3 108 4 ·1 ·23 G 0 100 
2 1 -21 0 0 100 3 ·2 5 a 0 100 .. Al ·21 1t 3 22 
2 l -20 10 3 'l1 :; A2 "'S 0 0 100 4- *1 .21 (} 0 100 
'2. 1 -19 11 S 24 :; ·2 46 0 (} 100 ~ -1 .<'Ji S 3 3S 
2 1 -18 21 3 le a -2 47 33 .. il .. ·1 -1$ (} 0 100 
2 1 -16 13 2 18 3 ·2 48 a 0 100 • -1 47 0 0 100 
'2. 1 -14 20 .4 18 :; ., ~ 0 0 100 4 .1 .15 (} 0 100 
'2. 1 ·12 3 .. 129 3 -2 50 0 (l ID;) .. -1 -1' 0 1) 100 
2 1 -9 11 .. 39 3 ·2 69 12 3 22 .. -1 ·13: li 3 ~ 
2 Il ·5 21 7 a6 3 ·2 :rO 1& 3 17 4. -1 42 (} 0 100 
2 '~ 0 .ca 8 17 :; -1 17 19 3 i4 .. -1 5 (} ~ 100 
2 1 6 8 6 102 3 -1 21 9 2 26 .. ·1 ~ 0 (} lCD 
'2. l 9 16 " 2S 3 ·1 2l 5 :; 51 .. ..1 7 10 ,; 28 
2 1 11 5 3 6l :; ·1 24 24 3 12 .. ·1 ~ 1) Q 100 
'2. 1 12 13 Z tll 3 .] .6 11 3 13 .. -1 H Q 0 100 
'2. 1 13 12 3 'lJ 3 *1 47 0 0 100 " "1 lZ 0 0 100: 
2 1 66 17 S 17 3 -1 .9 (J 0 100 
2 1 GI (} " 100 3 ·1 !iO 0 0 100 
.2 l 68 6 " 61 :3 .1 St {l (j 100 

H,tiwcO .. : An.l,'llÎjl&cavJnlol.rulll!l: 
!mu JUât Av..). ff UfI Id NIYIN NtWf ~ 

1 
500. o.sl. 191. 199.9 1.0 99.' 1& 'SI2 0 
100). run 811. "Vot 1.9 l2(L8 ~t 12 j} 
lsoo. O.lAS 13116. 331;1 ~ 2(4.4 ,(. 2 0 
2!)D. "JXk} • O. 0.0 0.0 0. 0 0 
2SOO. 0.000 0. 0.0 OJ) 110 0. {} Ô 
3Im. 0.000 O. 0.0 (l.(J ll.Q 0.- Q 0 
3500, o.lXXl 0- 0.0 0:.0 0.0 Ô. 0 (J 
4ro). O.«xl O. 0.0 ilQ 0.0 0- (; i) 
4SOO. o.too 0. 0.0 0.0 ao (J. 0 0 

PAle: l.qs 



5000. 0.000 0, 0.0 0,0 0.0 o. (1 0 
5500. 0,000 sa,u. 0.0 0.0 224.5 2- 1 0 
6000. 0.000 0, O,Q 0.0 0,0 o. (1 0 

4A521. 0.074 41469. 3060.7 13.5 640.6 2- 1 0 
ToWs 0.333 335. 261.8 1.3 105.8 780. 388 0 

Native Dlta t Analysis Completènes$ '" mldtiplicitv v. t6?lutibn 
N <s> Dmin Nmlll5 Ntef o/qpor;s MlIltipUcit 

y 
1 0.003 18.97 225 ... 146 67.9 15 
2 0.006 13.41 191 150 38.1 1.3 
3 0.008 10.95 219 162 31,8 l.4 
4 0.011 !M9 306 240 39.8 1.3 
5 0.014 8.48 213 158 23.1 .1.3 
6 0.017 '1.75. 158 120 15.9 1.3 
7 0.019 7.17 119 92 11.2 1.3 
8 0.022 6.71 97 77 s:i t.a 
9 0.025 6.32 32 23 2A 1.4 
la 0.028 6.00 0 0 0.0 0.0 

Tot1l 1560 116S 17.2 La 

Natift Dib : AnalY!iillf standard deviation "1. Intmllity 
Range ImIn !max Irms No Mean Sipa. 

l 0, 500. 288. 748. 0.28 0.96 
2 500. 1000. 926. 24- D.Ui 1.23 
:3 1000. 1500. 1417. 4. 0.1.4 0.91 
4 1500. 2000. Q. O. 0.:00 0.00 
5 2000. 2500. O. O. 0.:00 0.00 
6 2500. 3000. O. O. 0.00 0.00 
7 3000. 3500. 0. O. 0.00 0.00 
8 3..'iOO. 4000. O. O. 0.00 0.00 
9 4000. 4500. O. O. 0.00 0:.00 
IO 4500. 5000. o. 0. 0.00 0.00 
11 5(0). 5500. So.U. 2- 0.00 0.00 
12 5500. 6OO(l O. O. 0.00 0.00 
13 6000. 41244. 415H1. 2 \1.17 4.16 

Totals O. ·412'", 2148. 780. 0.28 1.00 
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XII. APPENDIX C (Gold Data) 

h k F crF ru: ·1 1 -14 35 6 18 ~1 l 100 100 6 6 
-1 1 -15 39 7 16 .1 l "1 1IX .a 21 

E -1 1 -16 10( 14 14 .1 2 ·2 2" 48 10 
·1 l -17 89 12 13 ·1 i .58 101 la 10 

-1 -1 ·11 149 25 17 ·1 1 .11 102 11 Il 4 i -61 79 10 13 
·1 -1 ·12 190 29 15 ·1 l -18 43 9 20 4 :2 -&3 56 il 11 
-1 -1 ·13 166 ZJ 16 -1 1 -22 64 6 10 -1 2 -64 58 7 12 
·1 -1 -21 60 8 13 ·1 1 ·25 61 7 11 ·1 2 .os 59 6 iO 
·1 -1 -Z! 94 9 9 -1 1 ·29 6( 8 13" -1 2: 1 166 ~ 2" ·1 ·1 44 68 9 13 -1 1 -3 162 29 18 -1 2 3 ~ 6 1. 
-1 ·1 -C6 52 '7 14 ·1 1 -3 1&5 28 11 -1 2: 4 240 48 1() 
-1 -1 -47 34 7 21 ·1 1 -30 70 8 12 .1 2: • '119 t5 16 
·1 ·1 -48 30 6 20 -1 1 -31 91 9 10 -1 2: 8 90 21 U 
-1 -1 ..f9 46 7 15 ·1 1 ·32 84 7 8 -1 2: 10 159 2!i 11 
-1 -1 -50 ." 6 8 -1 1 -33 28 6 22 ·1 2 11 159 30 19 
-1 -1 -52 228 30 13 ·1 1 ..3( 75 8 11 -1 2: 33 ~ 8 is 
-1 ·1 -53 38 5 14 ·1 1 -36 68 1 la ·1 2: 39 44 8 17 
-1 -1 -54 245 31 13 .1 1 ·39 39 1 17 ·2 .. 1 ~ 93 11 11 
-1 -1 .ss 121 '7 6 -1 l -4 112 2S 22 ·2 -1 --68 71 11 14 
-1 -1 -56 92 11 11 -1 1 -40 61 9 14. -2 .;1 .71 :ms 25 u 
-1 -1 -57 111 13 Il -1 1 .. U 75 7 !Il ·2 .. 1 -73 2Si 24 9 
-1 -1 -59 113 11 10 ·1 1 ..u i8 9 Il ·2 -1 1 î13 29 t .. 
-1 -1 -60 96 10 10 -1 1 -43 64 8 12 ·2 -1 6 231 41 18 
-1 -1 -61 93 la 11 ·1 1 44 68 6 9 ·2 4. 8 251 40 16 
-1 -1 -62 SI la 19 ·1 1 -4S fJ7 10 10 .2. ..} 1.0 j28 2!J 16 
-1 ·1 -63 103 11 11 -1 1 -46 94 la 11 .2 .. 1 13 ::os 1.9 li 
-1 ·1 -64 90 18 20 ·1 l -4.7 36 6 18 ·2 -1 17 36l 50 lj 
-1 -1 -65 86 ~ 24 ·1 l ·5 155 2S 16 .2 ·1 19 176 29 17 
·1 -1 -68 XI4 24 8 ·1 1 -so 61 9 15 ·2 .. 1 2ft 286 11 9' 
-1 ·1 -lB 95 8 9 ·1 1 ·51 Ils 11 13 .1 .1 21 71 13 19 
-1 ·1 ·7 169 19 17 ·1 1 ·53 152 ~ 6 ·2 .1 22- 93 16 11 
-1 -1 -jQ 43 9 21 ·1 1 ~ 88 10 12 .2 .1 24 328 Sj la 
-1 ·1 ·71 85 7 9 ·1 1 ·55 82 7 9 .2 -1 2S 16 la 14 
·1 ·1 ·72 82 9 11 .1 1 -56 58 7 12 .2 -1 26 1i7 25 1.1 
·1 ·1 ·73 57 8 14 .1 1 -56 81 7 9 .2 -1 2'1 as la 12 
-1 ·1 ·74 118 S. 1 -1 1 -57 239 %S 11 ~2 ·1 32 110 la 9 
·1 -1 -76 41 4 11 ·1 1 -58 167 20 12 .2 .1 al i'IJ 1l 19 
-1 -1 .a:J 62 6 9 .1 1 -60 84 5 li ·2 -1 st 111 15 13 
·1 ·1 -81 51 li 12 ·1 1 -61 57 5 9 -.'2 ·1 3S j" 10 1 
-1 -1 9 105 19 18 ·1 1 -63 5& 6 11 ·2 -1 36 .~ 10 12 
·1 -1 "1 115 8 7 .1 1 -65 50 7 14 .2 ·1 39 l!9 16 16 
-1 -1 42 f9 7 10 ·1 1 -66 61 5 9 ~2 ·1 40 .~ 39 8 
·1 -1 46 iO li 9 ·1 1 -67 32: 6 18 ·2 -1 41 SI: 11 20 
-3 ·1 ~ 51 7 14 .1 1 -7 109 Z4 22 ~2 .1. ~ fts 12 a 
·1 -1 49 111 1,2 10 -1 1 ·1 188 30 16 .2 ~l " ~ 13 2:l 
-1 -1 50 " la 16 -1 1 -71 60 fi 13 -2 .1 4S 120 12 10 
·1 -1 57 6Ii 7 11 ·1 1 ·72 5& 5 9 ·2 ·1 46 56 9 11 
·1 -1 59 57 6 11 .1 '1 ·Tl M 1 a -2 -1 ·fI 195 1" $ 
-1 ·1 61 4!i 6 14 -1 l ·78 st 1 12 -2 ·1 49 93 B 9 
-1 ·1 62 88 12 14 ·1 l .. ~ 16 li 10 -2 -1 50 m, 1 li 
-1 4 ti3 59 fi 13 ·1 1 4 !.18 Il 2i .2 ·1 51 61 a 12 
-1 -1 64 90 10 12 -l 1 5 121 2Q 22 .2 _1 51 l~ 10 9 
-1 ·1 66 43 1 V ·1 l 9 55 11 21 -2 .. 1 S& ~ 13 23 
-1 -1 67 53 1 13 . .1 1 10 sa. fi 13 -2 .t 6S ~1 l '9 
-1 ·1 f.s 90 8 9 ·1 1 12 36 • 11 ·2 "1 68 6S 9 13 
-1 ·1 68 104 li 8 .1 1 13 26 6 22 ..2 ·1 'l1 j.92 13 '1 
-1 -1 71 47 9 19 -1 1 14 CIO lO tG ~l .. 1 n 19? U '1 
-1 ·1 72 56 11 19 ·1 l 15 St 11 3J .1 -1 il !iIl 12 2' -1 -1 15 47 1 14 -} 1 19 48 6 13 .z ·1 u 112. 1. 11 
-1 ·1 76 4S 10 11 ·1 1 iO 55 6 11 ·1 .1 st n , lO . .} ·1 76 46 10 11 ·1 1 21 t!7 11 13 .1 ·1 16 m ! '1 
·1 ·1 79 127 11 9 • .1 1 :23 61 1(1 17 .2 -,1 !8 ~ 11 ?' 
·1 -1 sa 132 10 8 -1 1 31 124 11 9 .2 .. 1 t9 101 1 '1 
·1 -1 84 98 12 12 ·1 1 50 2' 5 19 .2 .. 1 il id 13 19 
·1 -1 85 123 12 9 -1 1 53 7Q 7 10 -2 ·1 92 .58 12 11 
-1 .1 89 98 10 10 -1 l 53 HM 1 & .. 1- -1 M 19 1 ~ 
-1 -2 11 156 26 11 .1 1 $5 st !i 18 #~ .. t '96 S(i 9 ~ 
·1 -2 13 154 22 15 ·1 1 S& 50 11 22 .1 .., W 18 15 11 
·1 -2 14 324 " 9 .1 t ~ ro " 10 ·1 .. 1 99 14! 1 S 
.. 1 -? 16 29& lS 9 -1 1 51 9 l' .. 2 i -, IN :2't U 
-1 -, 18 235 2S Il ·1 1 66 fJ1 1l 11 .% 1 ~1 :n :36 l' ,1 -2 49 100 23 II ·1 ~ ~ Q 10 ~4 4 1 -lG 1.s 11 ~. 

-1 ·2 50 34.1 11 8 ·1 1 69~, 84 9 li .. 1 1 ott .10 il 17 
.. 1 -2 51 206 17 13 .1 1 1( 83 10 12 .:z. 1 ·tl 7. 12 li 
·1 -2 51 :zn 14 li -1 1 15 lin 10 10 .. 2 l -ll ... ~ li 
·1 ·2 S( 30l 26 9 ",t 1 79 5 (, '1 ·t 1- -1. :lJ6. 2.5 a ..:1 -2 55 3t8 :zl:; 7 -i , &1 " ln. 15 ... 2- l ~1S. Q il :20 
-1 l ·10 40 1 19 -1 1 92 ilS II lO 42 l ·11 321 u 20 
-1 1 ·n 8t 11 13 .1 l 100 • 6 1' ·1 1 .18 n& n 9 

pap: t91 



-2 1 -19 71 14 20 ·2 2. 9 22'1 31 14 0 ·2 ·29 16 10 14 
.2 l ·2 292 39 1~ -2 2 46 72 8 11 Il -2 -34 M 11 13 
·2 1 -20. 185 20 11 ·2 2 47 290 24 8 0 ·2 30 160 17 11 
.2 1 ·26 77 8 11 -2 2 48 344 28 Il 0 ·2 39 l()O 8 8 
-2 1 -27 82 9 11 -2 2 55 52 S 10 0 .2 68 70 6 9 
-2 1 ·29 101 9 9 ·2 2 56 56 7 13 0 ·2 es 70 .8 11 
·2 1 ·3 116 14 13 ·3 1 58 101 9 8 0 ·2 56 131 15 11 
-2 1 -30 86 11 13 ·3 1 i'2 71 8 11 0 ·2 88 122 14 Il 
.2. 1 -32 n 11 16 ·3 1 74 106 9 9 Q .7, 89 ID 16 13 
·2 1 ·36 86 11 13 ..s 1 7S 68 13 18 0 ·2 90 141 1? 1Q 
-2 1 ·37 56 12 21 ·3 1 80 71 ., la 0 1 ·10 27 4 16 
·2 1 ·38 89 8 9 ..s 1 82 94 9 9 0 1 '10 SJ '1 13 
·2 1 ·39 97 9 10 ·3 l 84 ,. ., 9 0 1 .13 43 1 16 
-2 1 -4 232 37 16 ..s 1 Ils 161 13 8 0 t ~lS " 8 19 
·2 1 -43 63 8 13 -3 l 86 as 13 15 0 1 ·18 55 7 13 
·2 1 -" 39 ., 17 -3 1 87 152 14 9 0 1 ·21 as '1 19 
·2 1 -45 61 8 13 ..s 1 89 8'l 7 9 0 1 ·22 39 6 16 ., 1 -46 50 ., 15 ..s 1 90 51 12 23 0 1 -25 59 6 .11 
·2 1 -47 46 6 12 ·3 1 91 80 1& 19 0 1 .2:6 121 il 9 
-2 1 -48 113 11 9 ·3 1 93 65 '7 11 0 i .28 59 6 10 
·2 1 -49 59 10 16 ..s 1 9.f as 8 24 0 1 ·29 41 10 24 
-2 1 ·51 28 5 20 ·3 1 96 169 .21 12 0 T .~ 56 9 16 
.2. 1 -S2 107 7 7 0 ·1 -18 88 11' 13 0 l ·)1 56 7 13 
·2 1 ·53 47 ., 14 0 ·1 -2 168 25 15 0 1 -:Ji 6.1 8 il 
·2 1 ·55 58 "} 12 0 ·1 .3 127 24 19 0 1 .33 30 (, 20 
-2 1 -56 68 6 9 0 ~l ·31 n 10 14 0 1 ·35 50 6 11 
·2 1 -51 119 21 18 0 .1 -49 87 11 13 0 1 -"SI si 7 'J 
·2 1 ·59 398 31 8 0 -1 -56 143 25 17 0 1 ~ 51 "} 13 
·2 1 -6 75 16 21 0 -1 ·57 202 18 9 0 1 ~3!I 62 a 13 
·2 1 .8J 38? 22 6 0 .1 ·58 a6 5 15 0 l .~ 73 1- 10 
·2 1 ~l 82 6 1 0 -1 -$9 63 8 12 0 l ... 123 24 2t) 
-2 1 -63 150 20 13 0 -] -60 62 

., 11 0 1 .t(J 50 5 Il 
·2 1 -67 41 9 21 0 ·1 -62 41 6 15 0 l ... 1 59 8 il 
-2 1 .fi} 58 9 16 0 -1 "" 42 7 11 0 1 -42 61 6 10 
.2 1 -7 178 16 9 0 ·1 -67 58 5 9 0 l -43 26 6 24. 
·2 l ·71 125 12 9 0 ·1 -68 40 6 14 0 1 -45 n ~ 12 
·2 1 ·12 88 ? 8 0 -1 -70 37 6 17 0 1 -46 310 'l! 9~ 
-2 1 ·74 69 '} 10 0 .] ·71 56 6 10 0 1 ·5 131 2S- 18 
·2 1 ·76 102 8 7 0 ·1 ·12 4'7 6 13 0 1 ·s 167 24 14 
-2 1 -'Tl 92 1 8 0 -1 ·76 42 5 11 0 1 ..S(I 41 ., 14 
-2 1 -78 69 6 9 0 ·1 -77 38 .. 12 0 1. ..sJ i;l. 7 lQ 
·2 1 ·79 113 10 9 0 ·1 1 153 2S 16 0 1: ·56 39 5 H 
·2 1 -9 103 13 13 0 -1 8 117 24 20 0 t ·58 58 7- il 
·2 1 1 'YJ7 38 12 0 -1 14 181 26 14 Q 1 -60 43 6 15 
·2 1 2 106 26 12 0 -l 17 63 7 11 0 1 .61 32 6 17 
·2 l 3 1~ 25 16 0 ·1 19 53 8 10 0 1 .63 48' 10 20 
·2 1 3 245 32 13 0 .1 20 108 8 Il 0 t -64 91 9 la 
·2 1 6 259 30 12 0 ·1 21 60 9 15 0 1 .t;& 61 9 15 
·2 1 7 281 32 11 0 -1 23 68 8 12 0 1 -67 6à 6 il 
·2 l 8 103 16 16 0 ·1 25 E 9 20 0 1 ~ 6,'Ç (; 9 
-1 1 10 7S 11 15 a -1 26 :;.& ., 19 0 1 -70 .ta S 13 
·2 1 11 55 11 19 0 -1 29 91 11 12 0 l -71 49 S 11 
·2 1 12 55 10 18 0 ·1 31 66 S 8 0 1 ·12 3( '1 21 
.2 1 1( 88 12 14 0 .1 33 M 13 16 0 1 :n. fi 1 li 
·2 1 15 73 12 11 () ·1 34 " 7 li' 0 1 ·13 53 (; 11 
-2 1 17 77 14 18 0 -1 ~ SI ., 14 Q 1 -75 39 6 14 
-2 1 2S 168 18 11 0 ·1 35 91 11 12 0 1 ·76 34 " 12 
·2 l 4.7 87 12 14 0 ·1 36 83 1 9 0 1 ·TI 31 5 12 
-2 1 4.9 118 12 10 () ·1 38 ...s 6 13 0 1 -7$ ~ 4 13 
-2 1 50 133 7 5 0 .1 a9 58 6 11 0 1 -79 18 " 20 
·2 1 52 115 8 '1 0 .1 oU 94 Il 12 0 l t 113 Z 15 
-2 1 56 93 6 ., 0 ·1 ~ 57 '1 12 (J l 10 .t6 9 19 
.2 1 58 105 -; 7 0 ·1 "3 81 8 9 0 1 1~ 15 11 15 
·2 1 59 97 6 6 0 ·1 4S 95 !il la 0 1 13 72 7 ~ 
·2 1 60 43 7 16 0 .1 46 88 6 '1 0 i te 39 8 21 
·2 1 6.1 88 6 1 0 ·1 .7 31 8 22 0 1 15 53 '1 U 
·2 1 63 35 8 23 0 .1 48 6S !il 1. 0 1 15 S8; .. u ~ 

·2 1 64 81 9 11 0 ·1 ~ 4.l 8 19 () 1 16 52; f 12 
·2 1 65 '70 10 15 0 .J 50 33 6 18 .0 1 16 U (; 9 
·2 1 66 76 8 11 0 .1 51 74 9 la 0 1 17 83 10 U 
·2 1 67 38 6 Hi Q .1 53 1Ô 9 t~ à 1 tt l1t .. '1 
·2 1 68 40 6 1$ 0 ·1 M 51 jO 20 0 1 24 15 t 9 
·2 1 69 sa 11 21 0 ·1 56 51 & 11 0 1 25 58 $. 15 
·2 1 i'O 83 9 11 0 .1 51 '11 5 18 g 1 t5 63 i 13 
·2 1 n 140 '1 5 0 .1 63 91 8 9 1 26 b5. 10 16 
·2 l i'3 126 8 6 0 ·1 6S ÇJ 8' 12 .0 l 29 SI6 1 '1 
·2 1 74 19 8 !il 0 ·1 67 .fS 10 ~ (\ 1 ~l " Î 12 
·2 1 7S 130 5 6 0 ·1 68 $1 9 11 0 1 36 101 11 10 
·2 1 91 lOt ; '1 0 ·1 76 76 10 19 0 l '1 81 .' g 
-:2 1 92~ 6 11 0 .j 19 102 9 9 1) l « '$ l' 11 
·2 1 94 18 8 '1 0 ·1 81 11 8. 1b 0 1 !S' 4). 4 10 
·2 2 ~l ~ 14 0 .1 83 ~ 11 12 0. 1 49 si " 11 
-2 2 -la 180 2S 14 0 -1 113 11$ 11. 10 1) 1 51 " '1 11 
·2 2 .3 1~ 36 18 0. .j 15 .(jQ 6 to 0 1 U 50 'J 14 
·1 2 3 125 30 24 0 .2 ·26 3i 6 17 (J l 5) 63 10 11 .. ~ 2 4 '1!il 36 14 0 ;2 -2'1 1'). ~ 13 l) i ss u la. 12 
·2 2 6 le 25 17 0. ·2 ·28 51 ., 12 0. 1 ~ 156 15 10 



0 1 59 102 9 9 1 ·1 -79 71 5 7 l 1 .fi) 112 9 a 
0 1 62 92 9 10 1 .1 -81 49 5 11 l 1 ·70 90 Sc 9 
0 1 66 57 8 15 1 .1 10 30 5 17 l 1 -71 '" 7 17 
0 1 68 102 7 7 1 -1 13 6iI '1 11 1 l -15 52 8 lS 
0 l 69 25 5 19 1 -1 15 58 10 18 1 1 -76 86 ., 8 
0 1 70 35 7 19 1 ·1 17 269 31 12 1 1 ...so 69 ., 10 
0 1 72 57 6 11 1 -1 18 iiI 10 17 1 1 ·9 115 13 11 
0 1 73 34 6 18 1 ·1 21 75 8 11 1 1 2 104 ïO 20 
0 1 74 94 9 9 1 ·1 22 71 ., 10 l 1 l 19i 31 16 
0 1 75 45 6 13 1 -1 2S 43 7 16 1 1 11 lU sc 23 
0 1 76 86 6 7 1 -1 26 74 12 17 l i 14 114 12 la 
0 1 Tl 79 11 13 l -1 2J 130 19 14 1 l 17 Tl 12 15 
0 l 79 92 7 7 1 ·1 29 100 Il 11 l 1 40 95 If ]5 
0 1 80 127 10 8 1 ·1 30 55 7 13 1 1 44 368 40 11 
0 1 81 98 7 ., 1 ·1 31 78 9 11 1 l 45 1/M as 21 
0 1 82 136 10 7 1 -1 33 30 6 21 l 1 49 129 13 la 
0 1 84 129 10 8 l -1 J.& 55 li 11 l 1 56 41 6 16 
0 1 88 95 10 la l ·1 35 1!6 8 9 1 1 51 61 6 la 
0 1 89 100 la la 1 ·1 38 43 6 13 t 1 58 f,S 7 tl 
0 1 90 68 9 13 1 -1 40 106 8 Il 1 l 60 72 7 9 
0 1 91 83 10 12 1 -1 41 46 6 14 1 1 62 S5 S la 
0 1 92 66 10 16 1 -1 (2 75 12 16 1 1 63 :u 5 16 
0 1 99 79 6 7 1 Ml 43 il6 5 13 1 1 6S 96 11 12 
0 2 ·29 100 11 11 1 -1 .... 85 9 10 1 1 67 t08 12 12 
0 2 -31 142 15 la l -1 47 54 6 12 1 1 68 55 10 19 
0 2 -32 162 15 9 1 -1 49 il6 6 16 l l 69 100 13 13 
0 2 ·33 59 19 22 1 .1 50 115 10 9 1 1 70 128 li 9 
0 2 -35 95 11 11 1 ·1 52 28 5 16 1 1 7.2 125 13 la 
0 2 -40 131 13 10 1 -1 53 73 la 14 1 1 73 6l! 13 19 
a 2 11 102 13 13 1 -1 54 29 S 16 1 1 76 M '1 8 a 2 -42 66 13 20 1 -1 56 75 5 '1 1 1 82 BI) 7 9 
0 2 ·56 84 8 9 1 -1 61 ?l 8 8 1 1 83 57 8 1( 

0 2 .(,8 51 8 lS 1 ·1 63 60 7 12. 1 1 84 125 11 9 
0 2 ·7 475 50 10 1 -1 66 62 5 8 1 1 86 86 9 la 
0 2 -72 106 10 la 1 -1 &7 33 7 20 1 1 87 102 13 12 
0 2 ·75 111 10 9 l Ml 68 Tl 11 15 1 1 88 68 7 10 
0 2 ·76 ~ 7 11 1 ·1 70 80 10 12 1 l 90 208 8 1 
0 2 20 233 23 10 1 ·1 7I 108 10 9 1 1 91 33 7 23 
0 2 21 264 33 12 l -1 72 56 S 10 1 1 96 M 7 8 
0 2 22 249 38 1S 1 ·1 74 34 6 19 1 1 98 9'J 6 6 
0 2 24 48 12 24 1 -1 i5 108 11 11 1 2 -59 4O:tI '1,7 7 
0 2 25 92 16 17 1 ·1 76 29 5 18 1 2 -61 295 :ffi 9 
0 2 28 95 12 13 1 -1 79 48 11 24 1 2 -63 366 25 8 
0 2 32 114 10 S 1 -1 81 43 S t8 1 2 -64 126 Tl 21 
0 2 34 88 10 11 1 -1 91 113 10 8 1 2 8 :z:M 2& 11 
0 2 36 .cs 6 14 1 ·1 92 53 12 22 l 2 9' tl3 31 13 
0 2 37 71 8 11 1 -1 93 90 11 12. 1 2 45 188 28 IS 
0 2 44 71 13 17 1 -1 95 49 6 11 1 l 48 166 21 15 
a 2 46 162 13 8 1 -2 -69 71 '1 9 1 2 49 ID 28 23 
0 2 47 90 14 16 l -2 7 171 27 16 1 2 5.1 31S 2( li 
0 2 48 65 '1 10 1 .'}. 8 127 30 24 2, .1 ·14 78 li 15 
0 2 .9 49 6 12 1 -2- 10 1.1 21 iS 2, ·1 ·15 1()6 11 10 
0 2 50 32 8 24 1 -1 63 80 8 10 :2 -1 ·16 65 12 18 
0 2 52 26 5 19 1 -2 &0 88 11 13 2, ·1 -11 218 2' n 
0 2 53 47 6 13 1 ·1 11.3 79 7 9 :2; ·1 ·17 ZJ8 2S 10 
0 2 54 34 6 18 1 -2 90 !H 12 13 :2 ·1 ·2 368 19 8 
0 2 SS 47 7 14 1 1 -18 71 9 12 2 -1 ·21 93 11 12 
1 -1 -10 241 :JO 12 1 1 -20 215 2S 12 :2 .1 -11 sa 13 23 
1 ·1 -12 51 7 1-4 1 1 ·24 66 S 13 2 -1 -36 137 13 ~ 
1 -] ·13 58 8 14 l 1 -29 73 9 12 2 -1 ~ 'Ji 7 20 
l ·1 ·14 9S 9 10 1 1 -33 54 8 loi 2, -1 ..41 +4 5 18 
1 -1 -15 61 12 20 1 ! -39 63 10 16 2 -1 4& ~ 9 15 
1 -1 -16 68 9 13 1 1 -40 60 11 39 :2 ·1 -49 71 cS li 
1 -1 -18 52 9 17 1 1 -41 110 11 10 2 ·1 -!iO Si 10 18 
1 -1 ·21 21 • 20 1 1 -42 69 la lS 2 .1 -51 21 5 23 
1 -1 ·22 48 5 11 1 l ~ 54 11 21 2 ·1 -S2 4$ Si 17 
1 -1 -25 40 5 11 l 1 -45 SIS 14 l' i ·1 -53 ~ 6 zn 
l -1 ·26 28 6 22 1 1 -46 64 12 18 2, -1 .ss 12 13 16 
l -1 -Z! 28 6- 20 1 1 47 62 11 19 2, -1 -5' 2!1 , 21 
1 -1 -18 39 5 12 1 1 48 108 12 11 t .1 .58 4'1 1 15 
1 ·1 ~ 47 6 13 1 1 -49 61 11 19: l ·1 -59 lQ6 12. 11 
1 ·1 -46 .. 6 14 1 1 -51 37 51 24 :2 ·1 -6 lSS 33 18 
1 -1 -48 29 5 19 1 1 -s2 !i3 '/ 13 2 -1 ...6l) ~ 11 18 
1 ·1 -49 60 11 19 1 l -53 47 '7 15 2 ..t -61 52, 111 tg 
1 -1 -5 99 24 24 1 t ~ 58 fi 11 2 ·1 -&1 .90 13 1. 
1 ·1 ·50 60 6 9 1 l -55 116 12 10 2: ,<1 44 54 11 20 
1 -1 ·55 49 S 11 1 l .56 lWj 4 14 2 ,.1 -'6 " 12 13 
l ·1 -61 71 S 1 1 1 -SI) tt '1 10 2 ·1 -'$ 171 18 n 
l ·1 -6S 80 9 11 1 l -59 10 1S 2 -1 -69 135 11 20 
l ·1 -69 49 5 10 l 1 -60 49 5 10 2, ·1 .. 10 ,U , 10 
l ·1 .70 49 6 12 1 1 -G1 69 '1 lÔ 2: -1 ·71 i5 1 11 
1 -1 -71 Ü & 12 1 1 .Q <ti 1 18 2 -1 -n Sè '1 13-
t ·1 ·12 34 .. 13 1 1 "" la1 11 14 2 ·t .. 13 '56 i il 
1 -1 -14 53 7 13 l 1 -6S ~60 21 13 2 -1 .. 303 '38 n 
1 -1 ·15 58 6 10 1 1 -ô6 90 1: , 2 .. 1 7 i! 1t 19 
1 ·1 ·75 10 6 8 1 l -67 114 Il 7 2 .. t 13 lé 12 14 
l ·1 -76 41 5 12 1 l .&S U 'j i6 :2 ·1 j$ '1:'1 11 9 



Z -1 18 73 13 18 2 .1 85 59 7 12 2 1 ·51 4S 6 14 
2 -1 19 111 13 12 2 ·1 89 61 6 11 2 l ·57 63 8 13 
2 -1 24 63 10 15 2 .1 90 114 14 12 :t 1 -59 30 $ 18 
2. -1 30 107 9 9 2 -1 91 69 7 la 2. 1 -60 91 7 8 
2 -} 31 126 12 la 2 -2 oS 157 29 18 2 1 -62 168 10 ~ 
2 -1 32 5S 12 21 2 1 ·12 116 16 14 .2 1 -63 91 '1 8 
2 -1 33 165 13 8 2 1 -13 76 13 18 2 1 -63 100 7 7 
2 -1 35 81 8 la :2 1 -15 76 13 17 2 1 -64 119 8 7 
2 ·1 36 32 7 23 2 1 -18 en 16 18 2 1 .ftS 53 8 16 
2 -1 41 114 12 la 2 1 ·20 96 12 13 2 1 -67 00 8 8 
2 ·1 42 153 12 8 2 1 -21 82 14 16 2 1 ·72 280 3Z 11 
2 -1 46 49 8 16 2 ] -21 117 13 11 2 1 ·73 51 7 15 
2 -1 47 123 13 Il 2 l -24 158 17 11 2 1 -74 Z93 35 12 
2 ·1 50 388 .40 la 2 1 ·26 51 5 10 2 1 -75 449 2S 6 
2 ·1 54 132 14 10 2 1 -28 52 12 22 2 1 ·76 263 44 17 
2 ·1 55 96 12 13 2 1 ·29 114 11 9 2 1 .77 a67 .23 6 
2 -1 56 106 8 8 2 1 -30 70 8 11 2 i ·78 6U 4.5 7 
2 -1 58 90 12 13 2 1 -31 13t 12 9 2 1 .g 40S 4'i 12 
2 -1 60 134 13 10 2 1 -32 55 10 18 2 1 -SI 351 7.4 7 
2 -] 61 lOS 13 12 2 1 -33 92 lÔ 11 2 1 5 168 37 li 
2 -1 64 76 11 14 2 1 -34 as 7 9 2 1 '1 183 36 20 
2 -1 65 1.40 12 8 2 1 -35 106 9 8 ~ 1 15 121 , i5 
2 -1 66 64 12 19 2 1 -36 64 10 15 2, 1 47 71. 10 
2 ·1 67 122 12 10 2 1 -37 100 11 11 2, l 48 47 8 16 
2 -1 68 88 12 14 2 1 -38 111 9 8 2 1 " S9" 6 10 
2 -1 71 98 8 8 2 l -40 161 13 8 2 1 66 68 '1 10 
2 -1 75 88 6 7 2 1 -43 66 7 11 l 1 68 86- 6 7 
2 -1 80 73 5 8 2 1 -45 73 7 10 ~ 1 10 119 6 7 
2 -1 81 35 '1 i9 2 1 -46 52 8 15 i 1 72 60 li li 
2, -1 84 106 10 10 2, 1 -47 68 7 11 2, l 73 173 '19 11 

Golcl pm tAn.alrsis Rfactot v Inœn"!ï 
hnax JUac Av_l. 0 .1Ià Id 
500. D.859 1810. 2125.1 0.9 923.9 
1000. 0.765 19M. 2819,4 0.7 815.9 
1500. 0.246 1060. 305.3 3.4 7S6:I 
200). 0.000 O. 0.0 0.0 0,0 
2500. 0.398 2930. 1247.9 13 87].4 
3000. (1000 O. 0.0 (10 0.0 
3500. 0.205 3400. 709.1 U 1149,2 
4000. O.œ3 3667. 303 .• 12.1 1620.:t 
4500. 0.399 5409. 2409.5 2.2 Il1:r7a 
5000. 0.000 O. 0.0 0.0 (10 
5500. 0.000 O. 0.0 0.0 0.0 
6000. 0.000 D. 0.0 0.0 0.0 
91136. 0.148 5014.5. mt..s. &.3 35352.9 
Tottls 0.204. 11313. 3853.5 2.Y 729U 

Gol4 0.-': Anallm cf ... ndVd dcmtionv. hih!nJL 
Ranae ~!e &;iln imaX r;;; No 

1 1. m 2386. i o.,. 1.14 
2 500. lCXXl. 3151. 6. 0.59 1.42 
3 1000. 1500. 1011. 2. 411 0.30 
-4 1500. 2000. O. O. 0.00 0.00 
5 ml. 2500. 3153. 2. 0.2~ 1.29 
6 2500. 3000. O. O. 0.00 0.00 
7 3(lX), 3500. sm. 2. 0.iJ6 0.60 
8 3500.. ((O). 3679. 2. 0.01 o.l~ 
9 4000. 4S1lO. 582 ... 2- MO .1.12 

10 4SOO. 5CXXl. O. 0- 0.00 0.00 
11 SOO'.l. S5OO. O. O. 0.00 0.00 
12 ssoo. 6OOô. O. o. 0.00 0.00 
13 6000. 891136. 5W. ... 0.02 tUl . 

Total 1. 89n*- 23115- 22- 0.28 .. 1.03 



XllI. APPENDIX D Oodine Data) 

h k F oF DE -c 1 -co 0 a 100 -4 2 45 47 S 16 
-4 1 -39 45 7 16 .. 3 ·2 7 0 0 100 

E -c 1 ·38 35 7 20 -3 ·2 8 47 10 21 
-4, -1 8 0 0 100 -4 l ·37 0 0 100 . -3 ~2. 9 27 9 34 -c ·1 9 62 8 14 -4 l -M Q 0 100 -3 -2 10 79 9 Il 
-4 ·1 10 55 9 16 -4 1 -35 0 0 100 ·3 -2 11 0 0 100 
-4 ·1 1.1 a 0 100 -4 1 -34 64 '7 13 -3 ·2 12 15 Il 55 
-4 ·1 12 71 8 11 -4 l ·15 47 9 20 ·3 -2 13 110 la 9 
-4 ·1 13 0 0 100 -4 1 -13 0 0 100 ·3 ·2 14 0 0 100 -c ·1 14 0 0 100 -4 1 ·12 76 8 la ·3 -2 15 83 8 10 -c ·1 15 110 la 9 -4 1 ·11 0 0 100 -3 ·2 16 59 8 1! 
-4 -1 16 0 0 100 -4 1 -10 0 0 100 -3 ·2 11 0 0 1.00 
-4 ·1 17 87 9 la -4 1 .g 0 0 100 -3 -2 18 .94 9 9 -c ·1 19 a 0 100 -4 1 -li ~ 12 14 ·3 -2:. 19 à 0 100 
-4 ·1 20 0 0 100 -4 1 -7 102 Il 11 -3 -2 20 37 7 19 -c ·1 21 44· 7 16 -c 1 -6 0 0 100 -3 ·1 -50 0 0 100 
-4 ·1 2l 61 6 13 -4 1 .S 98 12 13 ·3 -1 -49 26 6 24 
-4 .1 23 103 9 8 -4 1 -4 0 0 100 -3 -1 -48 0 0 100 
-4 ·1 24 SI 6 11 -4 1 -3 0 0 100 -3 -1 ~ 0 0 100 
-4 ·1 2S 0 0 100 -4 1 ·2 34 11 32 -3 ·1 -45 0 0 100 
-4 .] 26 74 6 8 -4 t -1 ~ 14 36 -3 ·1 -28 7S 13 17 
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0 3 ·24 33 6 18 1 ·1 -63 63. 4 7 l -1 33 12 ~ ~ 
0 3 ·23 62 8 13 1 -1 ..Q 32 .. 12 1 ·1 à4 0 0 100 
0 3 ·22 15 8 54 1 ·1 -61 19 .. 24 1 ·1 34 0 il )00 
() 3 ·20 62 8 13 1 ·1 .(,() a 3 44 1 -1 ~ 0 a 100 
0 3 ·19 0 0 100 1 -1 -59 $0 .- 8 1 -1 36 0 0 100 
0 3 ·18 69 9 12 1 ·1 -511 27 5 20 1 -1 37 17 6 'J7 
0 3 24 0 0 100 1 -1 -57 74 6 8 1 ·1 38 () 0 100 
0 9 2S 75 '1 10 1 -1 .5'" 55 5 10 1 ·1 ~ () il 100 
0 :3 26 55 6 12 1 -1 ·55 41 5 11 l -1 M) 0 ~ 300 
0 3 '1J 0 0 100 1 -1 ·55 St 4 8 1 ·1 41 0 il 100 
0 3 28 ~ 8 16 1 -1 -54 0 0 100 1 -1 "3 52 5 )0 
a 3 29 0 0 100 1 ·1 -53 26 -4 15 1 "1 44 0 0 100 
0 :3 30 64 7 Il 1 -1 -52 55 5 10 1 -1 45 13 5 .a 
a :3 31 16 8 50 1 ·1 ·51 33 5 14 1 .1 ~6 0 0 100 
0 3 32 0 0 100 1 -1 ·50 8 5 62 1 -1 047 0 0 100 
0 3 33 (l 0 100 1 ·1 -49 as 4 11 1 .1 48 24 4 17 
0 3 34 36 6 18 1 ·1 -48 33 " 12 1 ·1 49 ~ 5 19 
0 3 35 38 8 20 1 -1 -47 19 " 20 1 ·1 50 0 Il 100 
0 3 !J6 64 7 11 1 ·1 -46 25 6 25 l -1 S1 29 5 18 
0 3 37 liO '1 12 l -1 -4S 2$ 5 18 i -l 52 62 5 7 
1 ·2 ·77 19 13 16 1 ·1 ..... 0 0 100 1 -1 53 33 $ u 
1 .2 ·76 a 0 100 1 -1 -43 20 .- 21 l .1 ~ 31 5 12 
1 -2 .75 J09 15 14 1 -1 -41 0 0 100 l .1 55 ~ , 9 
1 ·2 ·74 0 0 100 l ·1 -40 19 " 23 1 ·1 56 li 11 100 
1 -2 ·73 43 7 18 1 ·1 ·39 012 6 15 1 -1 S1 0 0 100 
1 -2 ·71 42 6 14 1 -1 -38 0 0 100 i ·1 sa 0 0 leM:! 
1 ·2 ·70 0 0 100 1 ·1 -3'1 28 .. 1S 1 .1 59 14 S 38 
1 -2 -69 89 '1 8 1 -1 ·36 12 4 as 1 -1 60 11 0 100 
1 ·2 -68 0 0 100 1 ·1 -as 2S 5 19 1 .1 61 60 6 10 
1 -2 -6'1 0 0 100 t -t -34 49 S 10 1 ·1 62 0 0 100 
1 ·2 -66 0 0 100 l ·1 $ Si 5 Il 1 .} ~ 0 a 100 
1 ·2 -65 17 6 38 1 -1 -31 () 0 100 1 ·1 64 39 5 12 
1 -2 -64 0 0 100 1 ·1 -30 47 5 la 1 ·1 6S 19 5 2lS 
1 ·2 -63 67 5 7 1 .1 -'0 39 4 11 1 -1 66 oU 5 10 
1 ·2 -62 19 5 '1 1 .1 .26 ~ .. 14 1 ·1 67 0 0 100 
1 ·2 -61 13 6 46 1 -1 -2.5 a () 100 1 .j 6! 4S 5 12: 
l ·2 -22 100 13 13 1 ·1 ·2-4 0 0 100 t -1 69 a2 s 17 
l -2 -17 0 0 100 1 -1 ·23 0 0 100 1 -, 70 2S S %1 
1 ·2 -16 a 0 100 1 ·1 ·22 20 5 26 1 1 .8C) a 0 100 
l ·2 ·15 20 '1 34 1 ·1 -21 47 7 14 l 1 .7f} « 1 16 
1 ·2 -14 11 8 75 1 -1 ·19 28 S 18 1 1 ·18 ~ $ '1J) 
1 -2 ·13 32 8 25 l ·1 -18 0 0 100 1 t -'17 12 6 49 
1 -2 ·t2 38 10 25 1 ·1 ·17 40 5 13 1 1 .76 'ï 6 9 
t ·2 ·11 0 0 100 1 -1 ·16 33 t 13 1 1 ·74 0 0 100 
1 ·2 ·10 87 11 13 1 ·1 .. 15 0 il 100 1 1 -73 0 Q 100 
1 ·2 -9 '11 17 18 1 ·1 ·14 il 9 32 1 1 -n 54 5 la 
1 ·2 -è fj/ 21 i4 1 ·1 ·13 0 0 100 l l -71 11 q $ 
1 ·2 08 0 0 100 1 -1 .12 0 0 100 1 1 -10 41 1' 1.6 
1 ·2 ·7 172 22 13 1 ·1 -11 ~ '1 22 1 l <$ 0 0 100 
1 -2 -6 113 22 12 t ·1 -ta 0 () 100 t 1 -68 « $ 11 
1 -2 oS 230 26 11 1 ·1 ·9 0 " 100 l 1 -'7 4J $ 10 
1 -2 -4 204 23 11 1 -1 -8 0 0 too 1 1 ~ 8 5 Q 
J -2 .l 221 24 11 1 -1 ·7 51 11 21 1 1 -&S Q " 1!lQ 
1 ·2 ·2 193 18 9 1 ·1 -6 ." 12 1$ l 1 ":6S 0 () 100 
1 ·2 -1 0 0 100 l -1 -~ 0 0 100 1 l "" 13 5 38 
1 ·2 0 182 22 12 1 ·1 -4 'la li 2Q l 1 ~ 0 () 1"., 
J -2 1 120 17 té t ·1 ·2 $6 1. 25 1 1 ~~ Il 0 100 
1 ·2 2 195 23 12 1 .1 t 6 la 2t 1 1 -61 12 :1 7i 
1 ·2 a 183 19 10 1 4 2 3SI 13 35 1 1 .fIO 0 0 100 
1 -2 4 132 22 16 1 ·1 a ~1 1S 24 t t .59 0 0 100 
t ·2 5 61 21 32 1 -1 4 Ô 0 100 i 1 .$1 0 0 100 
1 ·2 6 131 17 11 1 .1 5 0 0 100 t l -$6 0 0 100 
t .2 7 196 20 lO î .1 6 4() U 21 1 1 .$5 32 6 t& 
l ·2 S 83 t& 22 1 -1 7 0 0 100 1 1 .s4 2. , 2. 
1 ·2 9 0 0 100 1 -1 Il 52 10 10 1 1 .. ~ 3Q 5 t& 
1 ·2 10 45 12 2G l -1 S 0 0 100 t 1 ..$2 31 • .. 
1 -2 11 91 13 15 1 -1 11 31 U 40 l t -St 4$ 4 9 , ·2 12 0 0 100 1 ·1 10 0 0 100 t 1 .sa 0 0 100 
1 ·2 13 33 12 3G l ·1 11 9 1 Il i 1 .sc as s 1$ 



1 1 -49 0 0 100 1 2 -71 64 14 22 1 2. 16 « 8 18 
1 1 -48 5 6 121 1 2 -10 86 7 8 1 2. 17 93 li 10 
1 1 -47 0 0 100 1 2. ..fi) 23 8 37 t 2 19 18 8 42. 
1 t -46 0 0 100 1 2. -68 4e 7 14 t 2 20 0 0 100 
1 1 -45 50 5 11 1 2 -'7 76 8 10 1 2. 21 0 0 100 
1 1 -44 64 6 10 1 2. -66 99 8 21 1 2 :t2 0 0 100 
1 1 -43 0 0 100 1 2. -65 0 1) 100 1 2. 23 65 7 10 
1 l -42 39 6 15 1 2. -64 20 6 29 l 2. 24 0 0 100 
1 1 -41 32 6 18 1 2 -6l Tl 6 7 l 2 2S 0 0 100 
1 1 ·39 56 1 12 1 2. -62 57 5 10 1 2 26 0 0 100 
1 1 .aB 26 5 19 1 2. .61 0 0 100 1 2. 21 48 7 lS 
1 1 -37 50 5 10 1 2. -60 0 () 100 1 2. 28 0 0 100 
1 1 -36 0 0 100 1 2 -59 (,3 6 10 1 2. 2:9 ., 8 17 
1 1 -35 '27 li 19 1 2. -57 40 7 17 l 2 30 0 0 100 
1 1 ·34 0 0 100 1 2 ·56 0 0 100 l 2. 31 95 8 8 
1 1 -33 1~ 4 26 1 2. -55 0 0 100 1 2. 32 91 9 9 
1 1 ·32 38 6 15 1 2 ..s. 79 Il 11 1 2. j3 (l 0 100 
1 1 -31 0 0 100 1 2. -54 0 0 100 1 2 3.i 33 8 2S 
1 1 -30 44 6 13 1 2 -$3 0 0 100 1 2 as 77 li 12 
1 1 -2:9 0 0 100 1 2 -52 ... 5 12 1 2 36 0 a 100 
l 1 ·28 a 0 100 1 2. ·5~ 51 6 12 1 2 37 47 1 15 
1 1 ·27 22 7 30 1 2 ·SO 0 0 100 1 2. 3/1 82 8 10 
1 l ·26 22 5 21 1 2 -49 0 0 100 l 2 39 101 8 8 
1 1 ·25 33 6 19 1 2 ..fil 34 6 17 j 2 40 0 il 100 
1 1 -:24 23 5 20 1 2 -'6 0 0 100 t 2 41 9S 1 8 
1 1 -23 21 6 27 1 2 .... 5 113 9 8 1 2 42 54 9 10 
1 1 ·22 28 5 18 1 2 ..... 0 0 100 1 2 43 32 9 TI 
1 1 -21 21 6 28 1 2 -43 16 1 t2 1 2 « 0 0 100 
1 1 .'20 6S 'S 8 1 2 ""2 0 0 100 1 2 4S 86 9 10 
1 1 -19 0 0 100 1 2 .... 1 38 7 18 1 2 (6 0 0 100 
t 1 ·18 35 5 16 l 2 -40 0 0 100 1 :2 (7 0 0 100 
1 1 ·17 0 0 100 1 2 -39 32 6 19 1 :2 48 15 9 57 
1 1 ·14 36 6 17 1 2 -38 65 6 10 1 2 49 0 0 1.00 
1 1 ·13 21 12 59 1 2 -37 0 0 100 1 :1 50 'Tl 8 11 
1 1 ·12 34 0 0 1 :2 -36 120 7 6 1 :2 51 0 0 ~oo 
1 1 ·11 0 0 100 1 2 -36 100 7 7 1 :2 52 0 () 100 
l 1 ·10 77 14 18 1 2 -35 67 6 10 1 :2 53 1) 0 lOCI 
1 1 ·9 fB 12 18 1 2 ·34 67 6 8 1 2 54 0 0 100 
1 1 -6 0 0 100 1 :2 ·33 0 0 100 1 2 55 64 8 13 
1 1 14 11 7 59 1 :2 -32 41 6 16 i -3 .s2 si fi 15 
1 1 15 59 7 11 1 :2 -31 83 7 8 :2 -3 -:11 69 9 13 
1 1 20 41 6 14 1 :2 -31 71 7 9 :2 -3 .00 94 lI) U 
1 1 21 0 0 100 1 :2 -30 58 6 11 2 .. 3 -49 0 0 100 
1 1 22 17 7 41 1 :2 -28 0 0 100 2 ·3 .4iJ 0 0 100 
1 1 23 46 5 11 1 2 ·28 51 '1 13 2 .~ .. 7 0 0 100 
1 1 24 as 4 12 1 :2 .'JJ a 0 100 :2 -3 -46 46 la t1 
1 1 25 0 0 100 l :2 -25 66 9 13 :2 -3 -42 39 6 15 
1 1 26 25 5 19 1 2 -24 75 7 9 :2 -3 -41 17 9 54 
t 1 27 25 5 20 1 2 ·23 88 7 , 2 -3 -4ô $t 7 1tJ 
t 1 28 0 0 100 1 2 ·22 0 0 100 2 -3 ..):) () 0 100 
l 1 29 0 0 100 l 2 ·21 65 " 12 :2 ·3 -38 0 0 100 
1 1 00 37 6 17 l 2 -2.(1 82 7 9 2 .. 1 -37 12 li 11 
1 1 33 sc 6 t2 1 2 -19 55 7 13 2 .j ~ 4!l $ 18 
1 1 ~ 0 0 100 1 2 -18 0 0 100 2. ·2 .st SI fi 15 
1 l 35 0 0 100 l 2 ·17 0 G 100 l .. '2 oS n 10 2S 
1 1 36 54 6 11 1 2 -16 CI 0 100 2 ·2 .51 0 () 100 
1 1 37 46 5 12 1 2 ·15 0 0 100 2 ~2. -51 54 11 11 
1 l 38 TI 6 20 1 :1 ·14 26 9 as 2 .2 .SO () () 100 
1 1 39 0 0 100 1 2 ~13 30 9 29 2 ·2 ~ 0 0 100 
1 1 40 0 0 100 1 2 -12 a 0 100 2 ·1 66 11 17 
t 1 41 39 5 1{ 1 2 -11 30 11 38 2 -2 .fl 55 tj t'l 
1 1 42 0 0 100 1 2 ·10 0 0 100 2 ·2 -46 82 12 14 
1 1 43 46 6 12 1 2 -9 0 0 100 2 .2 44 90 1t 12 
1 1 44 0 0 100 l 2 -8 8 17 211 2 .2 -t3 lOS 11 11 
1 1 45 33 6 1& 1 2 ..'/ 69 19 2'1 Z ·2 ...tt 0 0 100 
1 1 46 !J 7 as 1 2 <6 72 18 2" 2 -2 .20 ~2 'Z l' 1 1 41 (,Q 5 8 1 2 -5 0 CI 100 2 .2 ·19 (1 CI tOO 
l 1 48 SI ~ 10 1 2 -4 1. 19 26 l ·2 ·18 CI CI 100 
1 1 49 15 6 41 1 '2 .a 0 0 100 2 -2 .11 () 0 100 
1 1 50 0&, 6 13 1 ;1 .2 9S t6 11 2. .2 -1& 28 Il ~ 
1 1 51 11 6 53 1 à .1 0 0 100 2 .Z -15 " 1 1$ 
1 1 52 32 7 20 1 2 0 0 0 100 2 -2 -14' fil 11 l6 
1 1 $3 66 7 11 1 :2 1 8 16 199 2 .2 ·l~ () 0 100 
1 1 54 0 0 100 1 2- 2. a 0 100 1 ·z .12 10 la ü 
1 l 55 ri 4 16 1 2 3: 61 16 26 2 -2 41 SS 18 33 
1 1 56 0 0 100 1 :2 .. 0 0 100 :2 ·z -10 () 0 100 
1 1 57 13 5 48 1 2 5 0 0 100 a ~l .g 0 0 100 
1 1 58 17 S 29 l 2 6 0 0 100 2 ·2 -8 0 0 100 
1 1 59 0 0 100 1 2 '1 0 0 1(X) 2 .1 4 ~a 2!): 11 
l 1 ÉO 31 6 19 1 2 & 1) 0 100 1 -2 "' r.i 1? 26 
l 1 61 41 6 14 1 2 9 i6 10 12 2 .2 ·5 46 ~ 42 
1 l '2 0 0 100 1 2 10 50 16 32 2 -2 ... .(S a 61 
1 1 63 68 6 8 1 1 li 28 Il !W 1 ·2 .a ~ 31 .,1 
1 1 64 0 0 100 t 2 12 0 0 100 2 .~ .2 261 )& 13 
1 l ~ -43 $ 11 1 2 13 lt,S 14 1( :2 -'2. -1 3St U 12 
1 1 61 0 0 100 1 :2 1-4 0 0 100 i ·2 () 201 ~ lU 
1 1 68 0 Il 100 t 2 15 0 C 100 l. ·1 1 11!) 36 33 
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2 ·2 2 126 31 2S 2 ·1 ·14 0 0 100 2 0 -ô3 0 0 100 
2 ·2 3 1~ 26 16 2 ·1 ·]3 19 10 51 2 0 -62 17 5 31 
2 ·2 4 24 20 83 2 .1 ·i2 53 10 19 2 0 -6l 23 5 22 
2 ·2 5 63 21 34 2 ·1 ·11 61 9 1~ 2 0 .8J 0 0 100 
2 ·2 6 92 21 22 ~ .1 ·10 122 15 12 2 0 ·59 0 0 100 
i ·2 7 0 0 100 2 .. 1 -!l 172 16 9 2 0 ..ss 0 0 100 
2 ·2 8 0 0 100 2 .1 .g 86 t~ 16 :2 0 .s7 59 5 9 
2 ·2 9 0 0 100 2 ·1 -6 0 0 100 2 0 .$& 35 6 16 
1 ·1 \0 S3 13 1(, l .\ ·1 53 1& 3S l G -$ 51 1 11 
2 ·2 Il 0 0 100 2 .1 ·1 0 0 100 i 0 .$& 6 0 100 
2 ·2 12 28 10 34 2 .1 1 47 15 32 2 à ..s3 28 5 18 
2 -2 13 60 11 18 2 -1 3 0 0 100 2 0 053 52 5 9 
2 ·2 14 75 11 15 2 .1 4. ~ 17 2S :2 0 .~ 49 5 11 
2 ·2 15 0 0 100 2 ·1 S ~7 19 40 2 0 ·51 0 0 100 
2 ·2 16 0 0 100 2 ·1 S 51 11 70 2 0 ..si 0 0 100 
2 ·2 11 0 0 100 2 ·1 10 40 10 .25 :2 0 ·SO 81 S 6 
2 ·2 18 0 0 100 2 .1 11 40 8 20 2 0 -49 73 6 8 
2 ·2 19 0 0 100 2 ·1 12 21 9 40 i 0 -48 0 0 100 
2 .2 20 0 0 100 2. .1 13 0 0 100 2. a .(7 65 5 ~ 2 ·2 21 11 6 9 2 ·1 15 62 7 11 2 0 -46 .61! 5 
2 ·2 22 70 6 9 2 .1 16 0 0 100 2 0 "'" Q 0 100 
2 -2 23 92 6 7 2 .1 16 54 8 IS 2 0 -&3 85 6 '7 
2 ·2 24 6S 7 10 2 -1 17 (l 0 100 2 0 -42 35 li 16 
:2 ·2 2S 0 0 100 2 ·1 1S 79 1 9 2 0 -«1 0 0 100 
2 ·2 26 0 0 100 2 .1 19 0 0 100 2 0 -38 17 5 29 
2 ·2 Xl 0 0 100 2 -1 20 0 0 100 2 0 .JI 21 5 11 
2 ·2 28 32 9 28 2 .1 21 0 () 100 2. 0 ·36 0 0 100 
:2 -2 29 41 11 26 2 ·1 22 0 0 100 l 0 >35. 0 0 100 
2 ·2 30 60 8 13 2 ·1 23 10 6 Si' 2 0 ·34 21 5 24 
2 ·z 31 5'7 9 17 2 .1 2( 70 6 8 2 0 ·93 0 0 100 
2 ·2 32 66 9 13 2 .1 25 0 0 100 2. 0 032 35 " 11 
2 -2 33 27 8 31 2. ·1 26 52 7 13 2. 0 ·31 27 5 l~ 
:2 -z 34 0 0 100 2 .1 21 15 5 32 2 0 .00 20 " 20 
2 -2 38 115 13 12 2 .1 28 5'7 6 11 2 0 ·19 29 5 16 
2 .2 39 112 20 17 2 .1 29 57 7 12 2 0 ·Xl /) 0 100 
2 ·z fO 96 17 18 2 .1 :JO 0 0 100 2. 0 ·26 19 5 28 
2 ·2 41 0 0 100 2 ·1 32 63 6 10 2 0 .2.'1 0 0 100 
2 -1 -80 32 5 17 2 .1 33 103 7 7 2 0 ·24 J9 5 14 
2 ·1 ·79 57 8 13 2. .1 34 0 tJ 100 2 0 -23 43 '1 16 
l .\ -76 ~ Il 100 2 -1 35 0 1) 100 '2 0 -11 13 s .II) 
2 ·1 ·77 5.3 7 13 2 .1 36 ~ 6 13 2 0 .20 0 0 100 
2 -1 ·76 118 7 6 2 .1 37 0 0 100 2 0 44 0 0 1tx1 
2 ·1 ·75 102 8 8 2 .1 38 0 0 100 2 0 .13 () 0 100 
2 -1 -74 I!O ï 9 2 ·1 39 0 0 100 2 0 -11 0 0 Joo 
2 -1 ·71 51 6 12 2 .1 40 0 0 100 :2 0 ·1P 58 15 .2{. 
2 ·1 ·70 tOIl 8 7 2 ·1 41 0 0 100 2 0 -2 U 14 !t1 
2 .1 -69 24 6 26 2 -1 42 53 6 11 â (j 20 1~ 5 3(1 
2 ·1 -68 52 5 la 2 ·1 43 2S 6 25 2. (1 tif 0 0 100 
2 ·1 -67 22 5 22 2 .1 U 63 6 9 2 0 31 63 6 9 
2 ·1 -66 25 5 18 2 -1 4S 26 5 1,9 2. 0 39 10 6 00 
:2 ·1 -65 133 5 " 2 .1 46 Si 6 19 ~ 0 40 .. & 13 
2 ·1 -64 14 ~ 90 2 -l 47 20 6 28 0 41 18 S 2$ 
2 -1 -'3 64 9 2 .1 48 as 6 16 2 (} oU 19 5 li 
2 ·1 -62 :ri 5 14 2 .1 50 0 0 100 2 0 43 70 il • 2 ·1 -61 28 5 17 2 .1 51 0 0 100 2 G " 30 6 21 
2 -1 -60 45 5 12 2 .1 52 -l9 fi 11 2 0 45 0 ~ 100 
2. ·1 -59 65 6 9 2 .1 53 0 0 100 2 0 46 U 6 12 
2 ·1 ·58 0 0 100 2 .1 54 0 0 lM 2 U .,. 0 Il 100 
2. -1 -57 27 5 2IJ 2. -1 55 27 5 18 2 (1 .a S6 6 n 
2 -1 -56 44 6 13 ,. .1 56 26 5 19 2 0 ~ .. ~ 6 15 
2. ·1 -55 0 0 100 2. -1 'fit 13 5 .1 2. 0 50 .,» 6 là 
2 ·1 ·54 42 5 12 2 .1 58 0 () 1.00 2 0 St 59 li 11 
2 ·1 -53 0 0 100 2 .1 59 1) 0 ïOO 2 0 tîl 0 t) 100 
2 -1 ·52 31 5 13 2. .} 6Q ~6 5 12 2. 0 53 13 5 ~ 
2 ·1 -51 41 li 1,( 2 .1 61 0 0 100 2. 0 St 0 (j 11» 
2 -1 ·sa 33 6 18 2 -1 62 48 li 12 t 0 .$5 50 6 11 
2 ·1 ... 9 39 6 15 Z .1 63 00 6 21 2 (} 56 a 6 ai 
2 ·1 -48 18 6 3-i 2 .1 " 54 '1 13 2. 0 &'1 (J 0 100 
2 ·1 -47 82 5 li 2 .1 65 128 10 8 î Q 58 rl 6 l( 
2 -1 -46 45 5 11 2 .1 6ti 21 a 33 î li 59 5 15 
2. .\ -45 Q l'l 100 l 0 ~ fi (} 100 'l \) liQ- .. S 12 
2. ·1 -« 42 " 1$ 2. 0 ·79 20 $ 2S 2 0 ~I .1 5 12 
2 ·1 -43 0 0 100 2 0 ·18 1$ 6 ~ 1 0 62 U ~ 13 
2 -1 -42 31 '1 22 2 (} ·:TI 0 0 100 2. 0 ~, t;o il 13 
2 ·1 -41 0 P 100 2 0 .76 25 .s 21 2 () 65 Ü fi tî 
2 -1 .26 3S 5 1~ 2. 0 ·15 16 6 3$ ~ 0 " 90 a. 8 
2. .1 .24 0 0 la) 2 0 .7i 29 il 11 2. 0 6" 4l • 19 
2 ·1 -23 38 8 20 2 0 -'13 50 li H 2. 1 ,.19 0 \) 100 
2. ·1 ·22 0 0 100 2 0 .72 13 S '1 2 1 -78, 101 8 8 
:2 .1 .21 0 ,t) 100 1 0 .71 46 li 13 ~ i ~77 34 '1 20 
2 ·1 ~11 a Q 100 1 à .'10 .. '1 19 2. 1 -16 11 fi ~ 
2 ·l ·20 0 0 100 :2 0 .IJi) 10 S '" 2 l .7$ 34 '1 21 
:2 -1 .19 0 0 100 Z g -68 12 ( 32 2 t ""4 26 li 24 
2 ·1 ·18 51 .5 10 2 ~7 26, .5 20 2 1 .. 13 J.~ t 7 
2 -1 -17 52 .5 H 2 l' -'6 U .. 36 :2 1 ~n 4S '1 15 
:2 ·1 .16 46 li 13 2 0 .(.5 28 .. i6 2 l ·il 71J 1 33 
:2 -1 .15 42 .5 13 :1 0 .(,4 19 .. ii 2 1 ·10 45 li 1. 
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2 1 .fJ9 37 7 18 2 2 19 69 14 20 3 ·2 -21 0 0 100 
2 1 -68 57 5 9 2 2 20 0 0 100 3 ·2 ·20 36 1 20 
2 1 ..f.7 0 0 100 2 2 21 10'1 .'> 11 3 -2 -t9 Q 0 100 
2 1 -66 0 0 100 2 2 i.J. tex! 13 12 3 ·2 ·18 21 8 37 
2 1 -65 7 5 10 2 2 23 0 0 100 3 ·2 ·11 42 6 14 
2 1 -64 35 6 t& 2 2 24 0 0 100 3 ·2 ·16 0 0 100 
2 1 ..f.3 68 6 9 2 2 2S 0 0 100 3 ·2 ·15 42 9 72 
2 1 -62 96 6 6 2 2 26 41 14 34 3 ·2 .14 0 0 100 
2 1 -61 59 5 9 2 2 21 0 0 100 3 ·2 ·13 0 0 100 
2 1 -60 62 5 8 :2 2 lJ 0 0 100 3 ·2 ·12 56 8 1$ 
2 1 ·59 82 6 7 2 2 29 65 6 9 3 ·2 ·11 46 9 20 
2 1 -58 49 6 12 :2 2 30 rn 9 IS 3 .2 -10 0 0 100 
2 1 -51 49 5 11 2 2 32 0 0 100 :3 ·2 -9 28 11 ~ 
2 1 -56 0 0 100 2 2 33 26 8 31 a -2 -8 0 0 100 
2 1 -55 38 5 13 2 i 35 85 7 8 3 -2 ·7 0 0 100 
2 t -54 59 5 9 :2 2 39 0 Q 100 a ·2 -6 0 0 lOO 
2 1 -53 0 0 100 2 2 31 49 6 13 3 -2 -5 149 21 14 
2 1 -52 0 0 100 :2 2 38 0 0 100 3 ·2 -4 67 17 25 
:2 1 -51 0 0 100 2 2 39 46 7 15 3 ·2 -3 62 19 30 
:2 l -50 70 7 10 :2 2 40 21 (; 30 3 ·2 -2 45 19 43 
2 1 -t9 0 0 100 2 2 41 0 0 100 3 .2 -1 12l 18 14 
2 1 -48 65 6 10 i 2 42 49 8 16 3 ·2 0 0 0 100 
2 1 -47 0 a 100 2 2 43 40 7 16 3 -2 3 78 13 16 
2 1 -4S 0 0 100 2 2 « 0 0 100 :% -2 4 Q 0 100 
2 1 -44 0 0 100 2 :2 45 19 8 « 3 -2 5 0 a 100 
2 1 -43 0 0 100 3 -3 -45 33 8 25 3 ·2 6 0 0 too 
2 1 -42 101 6 6 3 -3 .... ru Il 16 3 -2 ., P 0 100 
2 1 -41 0 0 100 3 -3 -43 66 la 15 3 -2 8 0 0 100 
2. 1 -40 0 0 100 3 ·3 -t2 0 0 100 3 -2 ~ 53 10 20 
2 1 ·39 52 6 U 3 ·3 ...sI 64 9 a 3 -2 10 a 0 100 
2 1 -38 0 a 100 3 -3 -40 0 0 100 3 -2 11 6s 11 18 
2. 1 -37 0 a 100 3 -3 .:1J 0 Q 100 :1 -2 11 56 11 II 
2 1 -36 74 7 9 3 -3 ·38 0 0 100 3 .2 22 0 0 100 
2 1 -35 6S 7 Il 3 -3 .g7 0 0 100 3 ·2 2.3 0 a 100 
:2 1 ·34 33 5 15 3 ·3 .'J6 a a 100 3 -2 2. 53 13 24 
2 1 ·33 0 0 100 3 ·3 -3$ 0 0 100 3 ·2 2S 34 i2 'ST 
2 1 -32 99 7 7 3 -3 -34 0 0 ]00 3 ·2 26 20 8 43 
2 1 -31 58 7 13 3 -3 ..33 84 8 10 3 -2 27 0 0 100 
2 1 ·30 91 7 7 :3 ·3 -32 40 8 19 3 -2 28 sS' 8 H 
2 1 -29 90 7 8 3 -3 -31 0 0 100 3 -2 29 28 9 31 
2 ] ·29 90 1 8 3 ·3 -00 62 8 13 3 ·2 30 16 5 3J 
2 1 -28 80 7 9 3 -3 -29 0 0 100 3 -2 31 0 () 100 
2 1 -27 0 0 100 3 -3 ·28 36 '1 19 3 -2 32 29 S tJ 
2 1 -26 70 1 la 3 -3 ·77 46 '1 15 li -2 33 0 0 100 
2 1 ·.U 53 6 Il 3 ·3 ·26 0 0 100 3 ·2 34 8S 7 ft 
2 1 ·20 0 0 ]00 3 -3 -2$ 11 7 10 3 ·2 35. ft 6 14 
2 1 -18 48 7 14 3 -3 ·24 0 a 100 3 -2 :M 8 '1 &C 
2 1 ·11 57 8 14 3 ·3 ·23 0 0 100 3 ·2 37 0 0 100 
2 l -17 0 a 100 " -2 -62 0 0 100 3 ·2 38 i6 6 14 
2 l -16 0 0 100 3 -2 -61 66 8 12 3 -2- 39 63 '1 li 
2 1 -15 0 0 ]00 3 -2 -60 0 Q 100 3 -2 40 44 1 1S 
2 1 -14 63 9 15 3 ·2 -59 0 0 100 3 ·2 41 50 '1 13 
2 1 ·13 0 a 100 3 -2 ·58 22 8 3$ à .2 ,u 11 ., ffl 
2 1 ·12 0 0 100 3 -2 -57 Tl 7 10 3 .1 « 0 0 100 
2 1 -1\ 41 16 40 a ·2 ..s6 19 9 4g :) ·2 45 19 1 a1 
2 1 -10 40 19 41 3 -2 .$ 0 0 1~ (1 .2- 41 56 7 12 
2 l ·9 3S 23 6S 3 ·2 .s4 0 0 100 3 ·2 fS 2S 9 $4 
2 1 .g 80 21 26 3 -2 -53 00 6 19 3 -1 49 « 8 11 
2 1 -5 0 (} 100 a ·2 ·52 37 S 15 3 ·1 50 0 0 100 
2. 1 -2 !!S 19 54 3 -z -51 26 5 21 3 ·1 -'t1 0 0 100 
2 1 -1 165 22 13 3 ·2 .50 0 0 100 3 .~ ·26 0 0 100 
2. 1 0 0 0 100 ;) ~2 -49 41 5 13 3 ·1 .24 0 0 100 
2 1 1 90 22 2S 3 ·2 -48 52 6 11 3 -1 11 0 0 100 
2 1 2 0 0 100 3 ·2 -47 0 0 100 3 .t 18 63 1 H 
2 1 3 120 23 20 " ·2 -46 0 0 100 li -1 19 0 0 100 
2 1 .. 16 28 181 3 ·2 -45 70 9 13 3 ·1 2:0 {) 0 100 
2 1 5 96 ZJ 21 3 -2 ... 0 0 100 3 ~1 21 68 8 11 
2 1 7 76 22 2.8 Il ·2 -43 7' 1 10 l -1 U 11 $ 4S 
2 1 8 76 22 29 3 ·1 -42 0 0 100 3 .1 24 0 cr 100 
2 l 10 0 0 100 3 .2 -41 71 7 10 3 -1 2!i 53 16 31 
2. 1 12 (2 10 24 3 -2 ...a 50 7 14 3. -1 1& 0 0 1(X1 
2 1 13 11 & n 3 .2 ·39 0 0 100 3 .. 1 '11 N 12 14 
2 1 14 ~5 7 17 3 .2 .38 0 0 too 3 ~l 30 A4 1; 18 
2. 1 16 121 11 9 3 -2 -37 $6 8 U 3 .i li 9$ lt 18 
2 1 17 0 0 100 3 ·2 ·36 1) 0 100 3 ·1 .1 61 ~5 » 
2 1 18 91 8 SI 3 ·2 4S 51 '1 14 3 ·1 43 37 9 23 
2 2 ·56 21 6 al 3 -2 .,32 0 1) 100 :3 ·1 oi4 6(J è 14 
2. 2. ·55 0 0 100 3 -2 -31 9i 7 , il ·1 j$ 0 0 100 
2 2 -54 0 0 100 3 ·2 .~ Cl 0 10) 3 ·t '6 51 8 16 
2 2 -53 43 6 14 3 ·2 ·29 $6 7 8 :1 -1 '1 11 9 12 
2 2 -52 M 6 9 a -2 ·28 () 1) 100 ~ -1 .. 0 0 100 
2 2 -SI 0 0 100 3 ·2 .t/ 19 6 22 3 ·1 .~ 21 7 33 
2 2 -S(} 0 0 100 3 ·2 .:tli 65 8 12 3 .1 SIl 0 0 100 
1 2 -49 fl9 7 10 3 -1 -15 59 i 12 3 -1 St 0 1) 100 .. 2 -48 0 0 100 3 ·2 .2. 41 '1 15 3 ·1 52 a 0 100 ~ 

2 2 11 0 0 100 3 ·2 ·23 57 9 tll 3 ·1 53 60 10 16 
2 2 18 16 1:3 11 3 -2 ·12 50 5 11 a ·1 M 0 0 100 



3 ·1 55 33 8 24 3 2 ~2 40 10 24 .. ·1 16 43 15 35 
3 ·1 56 0 0 tOO 3 2 ~1 66 9 U .. -1 31 40 7 11 
3 ·1 57 83 9 10 .. ·2 ·55 47 1 15 .. .1 a2 17 6 39 
a ·1 58 51 9 18 .. ·2 ·54 0 li 100 .. ·1 aa 23 li 17 
3 0 ·74 75 7 10 .. ·2 ·52 !'il 7 13 .. .1 34 72 7 9 
3 0 ·73 21 6 30 .. ·2 ·51 0 0 100 .. -1 35 1~ 6 42 
3 0 ·72 67 7 10 4 -2 -50 70 7 9 4 ·1 37 0 0 100 
3 0 -71 32 6 20 .. ·2 -49 0 0 100 .. ·1 39 0 0 100 
3 0 -27 76 15 20 .. .2 -48 7S 9 12 " -1 .40 21 8 40 
3 0 -2 59 21 36 .. ·2 47 0 0 100 .. ·1 .41 82 9 10 
3 0 ·1 91 22 24 4 -2 -46 0 0 100 .. ·1 42 0 0 100 
3 0 0 0 0 100 .. -2 ....s 0 0 100 4 4 .u, n 7 10 
3 0 3 0 0 100 .. ·2 ..u a 0 100 4 .1 45 69 8 12 
3 0 5 9 2S 291 .. ·2 ~3 78 7 9 .. 0 .52 0 0 100 
3 0 6 0 0 100 .. -2 -42 20 7 97 .. Il .~ 0 0 tOI) 
3 0 1) 159 18 11 .. -2 ~1 41 6 16 " 0 -50 8ô 8 IG 
3 0 13 73 !\ il .. .2 -40 0 0 100 .. 0 -t9 56 8 It 
3 0 14 41 12 30 .. ·2 -39 53 8 if .. 0 17 74 1S 20 
3 0 16 91 9 10 .. -2 .3(1 11 8 71 " 0 2.1 64 9 1( 
3 0 32 148 15 10 .. ·2 -37 0 0 100 4 . 0 2S Ô 0 100 
3 0 33 33 15 46 4 -2 .3(; 10 8 11 4 \) 2! 31 ; 23 
3 0 39 119 15 13 4 ·2 -35 0 0 100 .. 0 30 82 ? 9 a 0 40 0 0 100 4 ·2 .as 0 0 100 4 0 31 93 6 7 
3 0 41 110 18 16 4 -2 ·34 «i 8 12 .. 0 32 62 7 11 
3 1 -61 0 0 100 .. ·2 ·33 52 7 j. 4 0 as 

2& 
0 10(1 

3 1 ~ 56 9 16 .. ·2 ·32 0 0 100 .. 0 U '1 11 
3 1 ·59 31 8 25 .. ·2 ·31 15 8 52 .. Q 39 0 0 100 
3 1 -58 0 0 100 .. ·2 -30 0 0 100 .. 0 40 91 ft 8 
::1 1 • 57 0 0 100 .. ·2 .:28 21 7 ~3 .. Il' "'1 0 0 100 
3 1 ·56 0 0 100 .. ·2 ·17 23 7 29 .. 1 ~1 33 8 ~ 
3 1 -55 47 8 16 .. -2 ·26 52 8 l!i .. 1 -t6 46 9 19· 
9 1 -54 .. 5 137 .. ·2 ·25 33 8 24 • 1 4S 50 9 i9 
3 1 ·53 36 5 15 .. -2 ·14 55 7 13 .. 1 ~ 0 0 100 
3 1 -52 2S 6 23 4 -2 ·23 "9 7 14 .. i ~ 4li 8 11 
3 1 -51 26 6 23 .. ·2 ·22 'iI7 9 10 .. 1 -'2 !iO 8 17 
3 1 .50 0 0 100 4 ·2 -7: 32 7 22 .. t -41 2S ~ i1 
3 1 ~9 0 0 100 4 ·2 -lO 0 0 100 4 1 --40 6éi 8 13 
3 l ~8 0 0 100 .. ·2 -19 71 8 11 .. 1 -1J 0 0 100 
3 1 ~'1 0 0 100 .. . . ·57 31 6 ,15 .. 1 .J9 0 0 100 
3 1 -« 39 7 18 4 ·1 -56 0 0 100 .. 1 .aB ~. ~ to 
3 1 -43 0 a 100 4 -1 -S5 88 ? 1 .. t .'J7 8., 10 
a 1 .39 67 7 11 • ·1 -54 47 5 11 .. 1 ~ 56 '1 13 
3 1 .a6 0 0 100 .. '1 -5:l 0 0 100 4 1 ·35 4ï 7 17 
3 1 -33 0 0 100 .. ·1 ·52 0 0 100 .. 1 .;Ù 0 0 100 
3 1 ·32 0 0 100 4 ·1 ·51 0 0 100 4 1 ·33 0 0 iOO 
3 1 -31 '1 '1 108 4 ·1 -50 0 0 100 .. 1 -32 49 '1 JC 
3 1 ·29 81 '1 8 .. ·1 49 10 '1 10 .. 1 -31 ~ '1 13 
3 1 ·26 9 'l 71 4 ·1 -48 0 0 100 .. 1 .)J !iO li 1$ 
3 1 • ]4 '15 14 19 .. ·1 ·29 55 6 12 .. l ·28 75 8 11 
3 1 -13 100 13 13 .. ·1 -28 0 0 100 4 1 -'1:1 0 Q l~ " 1 ·11 0 0 100 4 ·1 .'17 33 '1 ,22 .. 1 .25 0 0 
3 1 -7 () 0 100 .. ·1 .26 la '1 sa. • 1 ·24 1} 0 100 
3 1 -6 0 0 100 .. ·1 ;25 0 0 100 .. 1 ,,~ 13 '1 li) 
:3 1 ,2 33 15 46 .. -1 .. 24 25 1 29 .. 1 11 104 9 il 
3 t 3 Ô 0 100 " -1 -23 53 7 14 " t 11 0 II 100 
3 1 4 37 14 37 " -1 -21 60 9 15 " 1 13 ~ 8 11 
3 1 5 118 11 9 .. ·1 ·20 0 0 100 " l 14 i'O g lt 
3 1 6 123 14 n 4 • 1 ~19 0 0 100 .. 1 15 0 0 100 
3 1 ? 71 14 18 4 -1 ·18 29 ? 3t 4 t 16 83 '1 a 
3 1 10 6G 13 19 4 -1 47 0 0 100 • l 11 0 0 100 
3 1 10 ti6 13 19 .. ·1 ·16 80 1l) 12 
3 1 11 73 9 13 -4 ·1 ·15 72 '1 10 
3 1 12 0 0 100 .. ·1 -13 59 11 19 
3 1 14 63 9 14 4 ~l ·12 63 11 1& 
3 1 15 48 11 23 • -1 ·11 (} 0 100 
a 1 16 37 '1 19 4 -1 -10 0 Q 100 
3 1 17 127 'J 6 , 

·1 -9 0 0 100 
3 1 18 72 8 11 " -1 ..g (1 i) 100 
3 1 19 0 0 100 .. -1 ·1 ri ~l 13 
3 1 20 92 li 9 " -1 ~ \~ 12. l:1 
3 1 21 al 1 21 • il -s 15 18 
3 1 23 t04 13 12 .. ·1 -3 31) rt 30 
3 1 24 0 0 100 4 .1 1 0 0 100 
:3 1 24 54 9 16 .. -1 2 94 12 13 
3 1 25 s:l $ 10 4 ·1 J.! 0 0 100 
3 l 1:1 76 à la 4 ·1 4 " (1 100 

" t lB 0 0 100 4 .1 6 0 Q: 100 
a 1 ~ 71 11 16 " -1 1 a (1 100 
3 1 JIJ 0 0 100 .. -, 8 0 0 100 
3 1 41 1. 9 l~ .. ·1 9 '" 9 20 
3 1 42 0 0 100 • .1 10 10& , ! 
a 1 43 0 0 100 • -1 11 Il (1 iiJj 
3 t oIS 41 8 20 4 ·1 12 &7 ~ ta 
3 1 '6 26 1 1.1 • -1 12 83 10 12 
3 1 .., ~ 1 12 • ·1 13 (1 0 100 
3 1 ~ 0 0 100 .. ·1 U 0 (J 100 
3 2 ~3 40 to 24 4 .1 15 79 13 17 



l 
2 
3 .. 
5 
6 
7 
8 
9 
10 
11 
12 
t3 

Total 

Inwt 
500. 
1000. 
1500. 
2000. 
2500. 
3000. 
3500. 
4000. 
4500. 
5000. 
5500. 
6001), 

:>6000. 
Total 

IOdin. Oala t Analy!ls Rblctèlr li Intemlty 
Rfa" AvJ a l/f1 ad 
0.000 o. 0.0 0.0 0,0 
O.tm O. 0,0 0.0 0.0 
o..ua 1934. il49,g U 1320.0 
0,678 317'1. 2532..7 1.3 2U •• 
0.000 O. 0,0 M 0.0 
O.IXXJ 2500. 0.0 0.0 2~;a 
O.1XXl 3364. 0,0 0.0 263209 
0.000 o. 0.0 0:,0 0.0 
O.(X)O O. o.!> 0,0 Q,Q 
0.000 O. 0,0 0.0 0,0 
(),OOO O. o.a 0,0 0,0 
0,145 5731. 837./l 6.8 4195.0 
Q,074 67111. Qi09.0 9.5 257$1,0 
0.096 17858, 34S.u 5.2 8212.1_ 

104i1l. Oata: ArWysis bf lltandaid deVlàtlon v.lnlènsltr 
ImIl\ II'I'ItIJ( Inns No Mean Sip 

1. 500. O. O. 0.110 
500. 1000. 0, O. 0,00 
1000. 1500. 2310. 4, O.i5 
1500. 2000. 3837. 2.. 0.28 
200>. 2SOO. O. 0. 0.110 
2500. 3000. 2500. 2. 0.1)0 
900). 3500. 3364. 2. 0.110 
3SOO. 4000. 0. Ô. 0.00 
4000. .500. O. o. 0.00 
4500. ~. O. 0, 0,00 
5(Xk). 15500. O. O. 0.110 
5500. 6000. 5790. Z. 0.01 
6001. 1()83681, 82561. 4. 0,00 

1. 1083lé81. 41399. 16. 0.07 

0.00 
0.00 
0.59 
O,~ 
0,00 
0.00 
0.00 
0.00 
Ml 
0.00 
0,00 
0.20 
0.13 

. 0.43 



XIV. APPENDIX E (PEG Data) 

h k L F a aFI .2 ·1 71 23 2 9 ·2 0 46 0 0 100 
.2 ·1 72 0 0 100 ·2 0 47 16 ~ 15 

F F ·2 ·1 7J li 3 13 ·2 0 48 0 0 100 
·2 -1 -'n 30 5 17 -2 -1 74 14 3 19 ·2 0 49 l~ 3 15 
-2 ·1 -71 10 4 36 -2 -1 75 29 3 10 ·2 0 50 7 2. 33 
·2 ·1 ·70 15 4 30 ·2 ·1 76 0 0 100 ·2 0 51 0 0 100 
·2 ·1 -69 0 0 100 .2 ·1 77 0 0 100 ·2 0 Si 0 0 100 
·2 ·1 -68 0 0 100 .2 ·1 78 18 2. 14 ·2 0 53 3 2. 77 
·2 ·1 .67 13 4 32 .2 ·1 79 24 2. 10 ·2 0 54 a 0 100 
·2 ·1 -66 11 4 35 -2 -1 79 24 2 10 ·2 0 55 10 3 29 
·2 ·1 -6S 21 " 18 ·2 -1 80 12 2. 19 ·2 0 56 15 3 19 
·2 ·1 .04 Il " 36 .2 0 ·78 19 3 17 -2 0 51 6 2 43 
·2 ·1 -63 0 0 100 ·2 0 ·77 9 .. 41 ·2 0 58 20 2. 11 
-2 -1 .62 0 0 100 ·2 0 ·76 à 0 100 ·2 0 59 11 2. 23 
·2 ·1 ·61 14 .. 30 -2 0 -75 23 3 IS ·2 0 60 0 0 100 
·2 ·1 .6() 7 4 55 ·2 0 ·74 29 4 13 -2 0 61 17 3 17 
·2 ·1 6 42 11 26 -2 0 ·73 14 3 25 ·2 0 62 20 2 li 
-2 -1 7 66 14 22 -2 0 ·72 24 " tG -2 0 63 () 0 tOO 
·2 -1 8 53 9 16 .2 0 ·71 19 3 18 ·2 0 6& 0 0 100 
-2 ·1 9 16 8 51 ·2 0 ·m 16 3 22 ·2 Ô 6S () 0 100 
-2 -1 10 21 7 32 ·2 0 .fJ} 26 .. 14 ·2 0 66 .. :3 73 
-2 -1 11 0 0 100 ·2 0 -68 20 " 18 ·2 0 67 0 0 100 
·2 ·1 12 0 0 100 ·2 0 "(''l 0 0 100 ·2 0 68 23 4 16 
-2 ·1 13 0 0 100 ·2 0 -66 0 0 100 ·2 0 fIJ 6 3 57 
-2 -1 14 21 .. 21 -2 0 -65 20 3 16 ·2 0 10 96 4 10 
-2 ·1 15 35 4 12 -2 0 -64 19 3 1S -2 0 71 18 3 19 
-2 -1 16 9 3 37 .~ 0 -63 12 2 20 -2 0 n 15 3 21 
-2 -1 17 22 3 16 -2 0 ,,(,2 17 2 13 ·2 0 73 16 3 22 
-2 -1 18 0 0 100 ·2 0 ,,(,1 0 0 100 -2 0 7,( 9 3 ~ 
·2 ·1 19 8 3 36 ·2 0 .(jQ 0 0 100 -2 0 'lS 'i 2. 28 
-2 ·1 20 0 0 100 .2 0 ·59 0 0 100 -2 0 76 .t 2. 56 
-2 .1 21 20 3 15 .2 0 -SB 2 2 100 -2 0 71 1$ 2 14 
·2 ·1 22 15 ::1 18 ·2 0 ·51 Il 2 19 .. 2 0 '18 '1 2: 'J.1 
-2 -1 23 18 2 14 -2 0 -S6 0 0 100 .2. 0 19 15 2 13 
-2 ·1 24 .. 2 59 .2 0 -55 7 2 27 -2 0 M \1 0 100 
·2 ·1 25 27 2 9 .2 0 -5& 7 2. 34 ·2 l -tIO 18 3 18 
·2 ·1 2~ 3'l 3 7 -2 0 -53 0 0 100 .2. 1 .16 16 a 20 
-2 ·1 27 26 2 10 ·2 0 ·52 16 2. 13: .a t ·75 24 3 l' 
·2 ·1 28 0 0 100 .2 0 ·51 2 2. 115 ·2 1 ·74 0 il 100 
-2 .1 29 33 2. 7 -2 0 -50 0 0 100 +2 1 -73 0 0 100 
-2 ·1 30 0 0 100 .2 0 -49 14 2 14 -2 1 ·71 18 4 22 
·2 -1 31 0 0 100 .2 0 ..s 7 2 27 .. 2 1 .70 0 0 100 
-2 ·1 32 '19 3 9 ·2 0 -47 0 0 100 .2 1 .69 32 .. 12 
-2 -1 33 2S 2 la ·2 0 -46 4 2 51 ·2 1 -'8 2S .. 15 
-2 -1 :u ::1 2. 87 .2 0 ..fS 12 2. 18 ·2 1 -'7 1 ::1 lU 
-2 -1 35 0 0 100 -2 0 -44 16 2 13 -2 1 ~ 24 .. 15 
-2 -1 36 35 2. 6 ·2 0 -43 12 2 16 -2 1 -'5 22 .. 16 
-2 -1 37 45 ::1 7 ·2 0 -42 0 0 100 -2. 1 "" 0 tl 100 
·2 ·1 38 19 2. 13 .2 () -41 19 2 11 ·2 1 -63 0 0 100 
-2 -1 39 0 0 100 -2 0 ..fIO 13 2. 17 -2. j ~2 l4 2. 14 
-2 ·1 40 :u 3 9 ·2 0 -39 19 2 U ·1 l -61 12 2 16 
·2 ·1 41 5 2 su -2 0 .31\ 0 0 100 ·2 1 ~ 0 ô too 
·2 -1 42 20 '2 11 -2 0 -37 10 ::1 32 -2 1 ..s9 '1 2. 30 
·2 -1 43 0 0 100 -2 0 .9(; 0 0 100 --î 1 .sa Q 0 100 
·2 ·1 44 22 2 11 .2 0 .as 0 0 100 ·2 1 .s'l 11 2. 12 
·2 -1 45 22 2 11 ·2 0 ~ 0 0 100 ·2 l -56 1$ 2 13 
·2 ·1 41i 10 2 2S ·2 0 10 31 '1 ~~ ·2 1 ..sS 16 2. 14 
-2 ·1 ,,7 22 2 11 '2 0 19 11 3 2~ -2 1 -St U 2 16 
-2 ·1 48 40 3 7 ·2 0 19 0 0 too ·2 1 05:4 U 2. 12 
·2 ·1 .49 7 3 43 .2 0 22 '1 2. 3( ·2 1 -st .. ~ 53 
·2 ·1 50 19 2 13 -2 0 '}J 0 0 100 -2 1 ..si 0 0 too 
·2 ·1 51 0 0 100 .2 0 28 21 3 13 ·2 1 .sa 0 () 100 
·2 ·1 52 13 2 18 ·2 0 28 0 0 100 ~2 1 .(9 17 2 12 
·2 -1 53 0 0 100 ·2 0 29 16 3 17 ·t 1 -48 13 2 17 
-2 -1 54 11 3 17 -2 0 30 13 3 20 ·2 t ..q 0 0 100 
·2 ·1 55 0 0 100 .2 0 30 8 2 JO ·2 t -'6 0 tl 100 
-2 .1 56 0 0 100 -2 0 31 20 9 13 ·1 1 "'5 6 2 39 
·2 ·1 S'J 11 2. 23 ·2 0 32 fi 0 lq:) .~ 1 ..u 16 ~ U 
·2 ·1 58 17 2 13 -2 0 33 9 3 18 -'2 1 ..(3 $ 2. ·33 
·2 ·1 59 34 2. ., ·2 0 j4 ., 3 41 ·2 1 ~ 16 2 11 
·2 ·1 60 0 0 100 .2. 0 ~ 18 3 iS ·2 l .. 1 2 2 19 
.2 ·1 61 21 2. 11 ·2 0 36 7 2 36 ·1 t ~. 5 2 42 ., ·1 62 24 2 8 ·2 0 37 14 3 1.8 .2 1 0 0 100 
·2 ·1 63 0 (i 100 ·2 0 3B 4 2 ô8 ,.2 1 -38. 12 2 18 
·2 -1 64 0 0 loo -2 0 39 0 (1 fI» .. 2. 1 .:11 0 0 100 
·2 .J 6$ 29 3 9 ·2 0 40 0 à joo -2 t -3ô 1) Q 100 
-2 ·1 66 23 2 11 .2 CI .1 1 3 42 ",2- i 4S 0 0 100 
·2 ·1 (,'1 0 0 100 .2' () 42 12 2 21 • .2 1 -M 12 2 20 
·2 -1 68 18 2 14 .2 0 a 9 2 2e, *2 1 -33 0 0 loo 
-2 ·1 ~ 0 0 100 .2 a 19 3 n .. 2 1 ~ () 0 100 
-\1 -1 ro U 2 10 .1 0 .tS 7 3 'il -2. l -31 " 2 2' 

pise: 214 



·2 1 ·00 0 0 100 'Z 1 80 0 0 100 ·1 ·1 67 0 0 100 
·2 1 ·29 22 :3 12 ·2 2 53 2S .. 17 .1 ·1 611 32 3 11 
·2 1 ·28 0 0 100 ·2 2 SC 5 .. 85 ·1 .1 (/J II 4 12 
.2 1 ·27 11 2 21 ·2 2 55 12 4 32 ·1 -1 70 0 0 100 
·2 1 -26 0 0 100 .2 2 56 18 4, 23 ·1 ·1 71 22 .. 17 
-2 1 -25 20 2. 10 ·2 2 57 21 4 18 -1 ·1 12 18 4 21 
·2 1 -24 14 2 16 ·2 2 58 22 .. 20 ·1 ·1 73 21 3 17 
·2 1 ·23 5 2 49 ·1 ·1 -!KI 0 0 100 ·1 ·1 74 5 3 69 
-2 1 -22 0 0 100 -1 -1 ·19 ? :3 49 ·1 ·1 15 0 (} 100 
-2 1 -21 0 0 100 ·1 ·1 70 2.1 .( 17 -1 -1 '16 6 2 35 
·2 l .2) 17 2 14 ·1 ·1 ·77 13 4 ~" ·1 .} 77 14 2. 15 
·2 1 ·19 0 0 100 ·1 ·1 ·76 20 4 20 .1 ·1 711 11 2 16 
-2 1 ·lS 6 2. as -1 -1 ·15 9 .. .1 .1 ·1 79 9 2- 22 
·2 l -17 17 2 13 -1 ·1 -74 14 a 24 ·1 .1 80 0 0 100 
-2 1 -16 11 2 23 -1 -1 ·73 0 a 100 ·1 l ..8Q 12 3 24 
-2 1 -15 17 2 13 -1 -1 -12 IS .. 23 .1 1 -79 18 3 19 
-2 1 ·14 9 2 28 ·1 ·1 ·71 a a 100 ·1 1 ·78 11 :3 Xl 
·2 1 -13 10 2 22 -1 .1 ·70 19 :3 18 -1 1 -71 () 0 100 
·2 1 -12 0 0 100 -1 -1 .qJ 0 0 100 -1 1 ·76 32 3 10 
-2 1 ·11 24 4 15 ·1 -1 -68 29 .. 12 -1 1 -'75 0 0 100 
-1 1 ·10 0 0 100 ·1 ·1 .fil 0 0 100 .1 1 -7t 24 2 8 
-2 1 ·9 0 0 100 -1 -1 ..6/j 23 a 14 ·1 1 -n 0 0 100 
·2 1 -8 0 0 100 -1 ·1 -65 0 0 100 -t i -72 16 t 13" 
-2 1 -5 0 0 100 ·1 -1 .0. 0 0 100 -1 1 -71 11 S '0 
-2 1 -4 49 li 12 .} -1 -ô3 0 0 100 .1 l -70 15 j 22 
-2 1 ·3 71 8 11 ·1 ·1 -62 22 3 16 ·1 i -69 14 3 iS 
·2 1 -2 0 0 100 -1 ·1 -6i 'i 3 38 ·1 1 -68 14 3 24 
·2 1 -1 78 9 11 -1 -1 .6() 10 2 18 ·1 t -6., 0 0 100 
-2 1 0 76 7 " -1 -1 -59 0 0 100 .1 l -66 11 S 30 
-2 l 1 58 ., 11 -1 -1 ·58 11 2 20 ·1 l -65 U 3 2Q 
·2 1 2 71 6 9 -1 ·1 -57 :3 2 52 .1 1 "'" 15 2 14 
-2 1 3 44 5 12 -1 -1 -56 9 2 19 -1 1 .6J 0 () 100 
·2 1 4 58 8 14 -1 ·1 -55 12 2 18 ·1 1 -61 0 0 100 
-2 1 5 0 0 100 -1 -1 -54 11 2 18 ·1 1 -61 H 2 16 
·2 1 6 23 5 22 -1 ·1 -53 ., 2 30 4 1 -60 16 2 11 
·2 1 6 0 0 100 ·1 ·1 -52 10 2 21 -1 1 -59 10 2 17 
-2 1 7 0 0 100 -1 -1 -51 0 0 100 -1 1 -sa 0 0 ioo 
·2 1 8 33 6 17 -1 -1 ·so 0 0 100 -1 1 .$7 13 2 lé 
·2 1 9 15 5 31 ·1 -1 -49 Il 2 15 -1 1 -Sé 9 2 10 
-2 1 10 15 5 33 ·1 ·1 -48 16 3 :ID -1 1 .. 55 6 i 19 
-2 1 Il 10 .. 44 ·1 -1 47 20 .. zo -1 1 ·54 .. il .s 
-2 1 12 0 0 100 -1 -1 -46 0 0 100 ·1 1 -53 ., 2 26 
·2 1 13 24 3 15 -1 -1 -4S II! .. 20 -1 1 -~2 6 2 ~ 
·2 1 U 25 :3 12 -1 ·1 -44 2 3 141 -1 1 -51 9 2 20 
·2 1 15 0 0 100 ·1 ·1 -43 15 2 14 ·1 t -so la 2 20 
·2 1 16 .. S (/J -1 -1 -42 0 0 100 -1 1 .... 9 10 l 71 
-2 1 17 22 3 13 ·1 ·1 .4J 16 2 13 ~1 l -t& 9 '2 zo 
·2 1 18 0 0 100 ·1 ·1 ·29 13 :3 21 ·1 1 .... 7 2 Z 82 
-2 1 19 10 3 32 -1 ·1 21 20 3 13 .. 1 1 -u 1S 2 U 
·2 1 20 11 3 23 -1 -1 2B 0 0 100 -1 1 -tS 0 0 100 
-2 1 21 4 3 73 ·1 -1 30 13 3 21 -1 l -44 8 2 21 
·2 1 ... 12 3 21 ·1 ·1 31 0 0 100 4 1 -43 () 0 100 
·2 1 45 2 2 100 ·1 ·1 32 0 0 100 -1 t -t1 ~ 2 zo 
-2 1 46 la 2 24 ·1 '1 33 16 3 16 -1 1 .... 1 () 0 100 
·2 l 47 13 3 20 -1 ·1 :u () 0 100 ·1 1 40 (i 0 100 
-2 1 48 12 3 23 -1 -1 35 13 2 18 -1 l ·39 10 2 20 
·2 1 49 5 3 53 -1 -1 36 0 0 100 -1 1 ..J8 0 0 100 
-2 1 50 0 0 100 -1 ·1 37 0 0 100 .1 1 -37 0 0 100 
-2 1 51 0 0 100 ·1 -1 38 0 0 100 ·1 l ·36 9 l 19 
-2 1 52 8 2 24 -1 -1 39 0 0 100 ·1 1 .3$ 0 0 11);) 
-2 l 53 0 0 100 -1 -1 .0 8 2 32 -1 1 ~ Il 7: 18 
-2 1 54 0 0 100 -1 ·1 41 5 2 15 -1 1 -;B 4 2 . 46 
·2 1 55 6 2 as ·1 -1 42 0 0 100 .1 t ..a2 () fi lm 
·2 1 56 0 0 100 ·1 ·1 C 22 3 13 -1 l ..al '3 2 11 
-2 1 57 17 2 12 ·1 -1 " t 3 40 .t 1 .3() 11 2 19 
·2 1 58 19 2 11 ·1 -1 45 2() 3 15 ,.1 t -29 0 0 lm 
-2 1 59 5 2 46 -1 ·1 46 0 0 100 -1 1 ·li a () 100 
-2 1 60 0 0 100 -1 ·1 41 6 2 41 ~1 l ·27 'i 2 28 
-2 1 61 21 2 11 ·1 -1 48 12 2 21 .. 1 \ .2,& 0 0 100 
-2 1 62 0 0 100 ·1 ·1 49 0 0 l@ .. 1 t -16 0 0 l~ 
·2 1 61 16 2 14 ~l .1 50 0 0 100 -1 l -25 1) 0 100 
·2 1 64 20 2 10 ·1 ·1 51 14 3 19 -1 1 .24 14 1 li 
·2 l 6,1j 16 2 14 -1 ·1 S2. t9 :3 l! .. , 1 .2) Il 2 2S 
-2 1 66 0 0 100 ·1 ·1 ~ 16 3 16 .. 1 1 -21 8 2 21 
-2 1 67 19 :z 13 ·1 -1 54 ii 2 U -t 1 .. 21 0 0 100 
-2 1 6& as 3 9 -1 ·1 55 Ù 0 100 .. t 1 .. 20 0 0 lOCI 
·2 1 69 0 0 100 ·1 ·t !i6 11 1 Z3 .. 1 \ "l9 0- b 100 
-2 1 70 26 " 15 ·1 .1 S1 Cl fi lt'X1 ~t 1 ·1. 11 2 18 
·2 1 71 20 " le- -1 -t 58 t3 :2 11 .r 1 "11' « 2 4S 
.2 1 11. 14 .4 :l5 ·1 ·1 59 12 2 20 ·1 l .1& a 2 2S 
·2 1 n t2 a 28 .. 1 4 ro 19 .2 13 ..t l 45 Q (l 100 
·2 i 74 Ô 0 100 ·1 ·1 61 .~ 1 87 ·1 ï ·14 (J a 100 
-2 1 n 1 .( 55 ·1 -1 62 1 l 34 ",1 t ·u [j 0 100 
-2 l 76 12 a 2" ·1 -1 43 16 3 li ·1 1 ·j2 , 3 .311! 
-2 1 71 0 0 100 ·1 ·1 64 t1 ~ J) ,,1 i ·11 0 0 100 
-2 l 7i 0 Il 100 ·1 ·1 6S 0 0 100 .t 1 ~i() 10 ... 19 ... 
·2 l 19 0 0 100 ·1 ·1 6ô Il $ 32 -l 1 .g 0 0 100 



·1 1 ·9 22 7 32 ·1 1 71 15 4 24 0 ·1 -56 2 2 100 
·1 1 .a 14 6 48 -1 1 71 0 0 100 0 -1 -55 7 2 24 
-1 1 .a 0 0 100 ·1 ] 73 21 3 17 0 ·1 ·54 0 0 100 
-1 1 -7 21 6 28 -1 1 74 0 0 100 0 ·1 ·53 8 2 26 
-1 1 -7 0 0 100 -1 1 7S 0 0 100 0 ·1 oU 0 0 100 
·1 1 -6 44 6 15 -1 1 76 0 0 100 0 ·1 -13 0 0 100 
-1 1 -6 3 7 251 -1 1 71 9 3 34 0 ·1 -Il 14 4 32 
-1 1 -5 13 5 36 -1 1 i'8 0 0 100 0 .1 -ta 17 5 26 
-1 1 -5 0 0 100 -1 1 79 6 3 48 0 .1 ·:19 23 .- 19 
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2 ·1 fi 31 6 19 2 () ..6i 0 0 100 2. .} .06!1 '1} Q 100 
2 ·1 12 10 3 31 2 0 -61 0 0 ,~ :1 '* 21 2 11, 
2. -1 13 !i 3 5& :2 0 .tItJ :; 2. S~ 1. l .fil. (J: 0 100 
2 .1 14 0 0 100 2. 0 -59 11 :2 19 2 t ~ 17 t i~ 
2 .1 15 9 3 32 2 Q -58 () 0 100 :2 1 4S: 3, 2, ,75: 
:2 ·1 17 0 0 ~oo 2 /) .Ijf 0 () 100 '2 1 -"i 1 2. 31 
2 .1 18 10 3 'lJ :2 () ..s6 0 () 100 2 1 ..Q 16 :2 li 
2 -1 19 g :1 32 2. {) -S5 11 ~ 22 2. t ,Q (l .~ 100 
2 -1 20 15 2 15 2 0 .s4 12 :2 2(! 1. t -61 la. 2. iS 
2 ·1 21 .13 2 9 2 0 -53 Q 0 100 2 i .00 () ~ 100 
2. ·1 22 17 :2 14 2. 0 -$ 17' :2 t$ :2 l .$ 1$ ~ 1$ 
2 .,.. 23 18 2 13 i 0 ~51 13 1. 18 2. 1 ~~ 9 '2 i4 
:2 -1 2. 12 2. 21 2. 1) ·50 16 3 17 2. 1 .s1 19 .2 11 
2 -1 25 25 2 10 :2 0 ..t!i! 0 0 100 2. 1 ...sti 28 2. 1: 
2. -1 26 0 1) 100 2 0 "" la 3 i6 2 1 -SS. j) Q 100 
:2 -1 27 0 0 l(l{l 2 a ..fi u ;) 19 '2 1 .54 0 0 100 
2 4 28 18 2 12 :2 () ~ 10 S 21 2 1 ~3 26 ;!. c9 
2 .1 29 19 2 lZl ~ 0 ..., 8 :2 ao .2 1 -.52 7.1 2 .9 
.2 ·1 30 & 2. 28 0 ... U 3 20 2 1 "sI Q 0 100 
.2 ·1 31 S 2 51 2. (1 ..(J 11 :} 24 .2: 1 .~ li $ 2S 
2 -1 32 9 ~ Z9 2 0 .062 c (} 100 2 1 -49 12: 5 l(î 
2. ·1 1.1) ., 36 2 () '*'1 3. q 84 2. ~ 

..., 
/.1 0 too 

~ -1 34 4 .2 65 i 0 -tà Cl 0 l~ '2 1 41 1) 0 1«1 
.2 .j 35 () () 100 :2 1) .~ lîl 3 11 2. 1 ..t& 11 ~. l' 
2 ·1 36 0 1) 100 2 0 .)1 0 ij 11)1) 2 . 1 -.iS 9 3; ~t 
.2 ·1 37 0 1) 100 2 0 -'Ji 10 2 11 2- 1 "u. 1:\ li 2;3: 

2 .1 38 0 () 100 ~ (J ..J5 11 2 .21 ,1 l .;tl. 0 0 100 
.2 .1 ai 20 2 U :2 0 ~ 0 (! tOO 2 1 ..Q 11 .3 1$ 
l ·1 .u 0 Q 100 2 0 41 j Z Il j 1 ""t il a 11 
2 ·1 .1 0 () 100 1 1) '-33 • j M l l ~ '12 ~ "., 
2 -l t2 .22 % 9 t (1 -31 20 '3 ·1) :2 :1 .$ II a 11 
2 .. 1 43 D Cl 100 2 1) ~31 10 l 2·t; 2 ). 'O. n Q~ lOO 
2 .1 44 2i l 111 2 b .. 1$ .u 5 j~ , .2 1- 41 if , 19 , ·t 45 a 0 100 ~ 0 '" 3$ 1 '1!1 l t 

""" 
0 0 lI» 

".p: 219 



Z 1 -35 a 3 95 
2 1 .34, 22 ::1 13 
2 1 ·33 0 0 100 
2 1 032 0 0 .100 
2 1 ·31 0 0 100 
2 1 ·30 16 3 19 
2 1 .~ 21 3 13 
2 1 ·28 0 0 100 
2 1 -'li 16 :3 19 
2 1 ·26 0 0 100 
2 1 ·25 0 0 100 
2 1 ·24 0 0 100 
2 1 .2,3 0 0 100 
2 1 ·22 12 3 23 
2 1 -21 18 ::1 19 
2 1 ·20 15 3 22 
2 1 ·18 0 0 '00 
2 1 -17 0 0 100 
:2 1 ·15 2S :3 13 
2 1 -u 0 0 100 
2 1 2 18 8 10 
2 1 :3 82 10 13 
2 1 5 29 9 32 
2 1 ., 33 6 18 
2 1 8 26 ., 25 
2 1 9 5 6 110 
2 1 12 10 4 37 
2 1 52 37 .. 11 
3 ·1 ·71 37 .. 11 
3 0 -80 17 .. 24 
3 0 .'19 0 0 100 
3 0 .7S 21 4 19 
3 0 -76 0 a 100 
3 0 ·75 12 .. 34 
::1 0 -14 20 :; 17 
3 0 5 0 0 100 
3 0 6 22 -6 26 
::1 0 7 -'!i 11 24 
3 0 9 0 0 100 
::1 0 10 'li 6 20 



__ ~ ______ ~P~EG~D~.~~;~.ri#~t~vmRnRtr 
lmax Rfac Av_I (1 lia Id 

--~~~.~--~ru~~~--~l~~.----~~~A~--~~~.~----l~ 

~nge 
1 
2 
3 
.( 

5 
6 
1 
8 
9 
10 
11 
12 
13 

Total 

1000. 0.000 576. 0.0 0.0 157.0 
1500. 0.000 O. 0;0 0.0 0.0 
2000. 0.000 O. o.a 0:.0 0.0 
2SOO. 0.000 D. 0.0 0.0 0.0 
300). 0.000 0. 0.0 0.0 0.0 
3500. 0;000 O. ().() 0.0 0.0 
4000. 0.000 O. 0.0 0.0 0.0 
4500. 0.000 O. 0.0 0.0 0.0 
5000. 0.000 O. 0.0 0.0 0.0 
5500. 0.000 (), 0.0 0.0 0.0 
6000. 0.000 O. 0.0 0.0 0.0 
19600. 0.000 O. 0.0 0.0 0.0 

Imin hrwc Irms No Mean 
1. soo. 227. 16. 0.08 
~. 1000. 576. 2. 0.00 

1000. 1soo. (l. O. 0.00 
lsoo. 2000. (), O. 0.00 
2000. 2500. O. O. 0.00 
2500.. 3000. 0. 11 0.00 
3000. ~soo. O. 0. 0.00 
3500. 4000. O. O. 0.00 
tooO. 4500. O. O. 000 
4~. .sooo. o. O. 0.00 
sooo. 5500. O. 0. 0.00 
ssoo. 6000. o. O. 0.00 
6!W. 19600. O. O. 0.00 

1. 19600. 1J!i'l. 18. om 

S'!f5IJ!! 
052 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
\lOO 
0.00 
0.00 




	pg
	AVERTISSEMENT
	merci
	dedicace
	c1
	c2
	c3
	c4
	C5
	C6
	C7
	CONCLUSION
	REFERENCE
	APPENDIC

