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essentielles se

de toutes ces

liées à leur

INTRODUCTION GENERALE

"We wish to suggest a structure for the salt of

deoxyribose nucleic acid (DNA). This structure has novel

features which are of considerable biological interest".

J.D. w.ATSON, F.H.C. CRICK, Nature 1953, 737

La proposition d'une conformation en double hélice droite

pour l'acide désoxyribonucléique (ADN) par Watson-Crick est,

sans contestation possible, à l'origine de découvertes

capitales en biologie moléculaire. En effet, cette structure a

permis de comprendre comment l'ADN stockait et transmet tait

l'information génétique,et de découvrir les mécanismes de

duplication de l'ADN, permettant à l'information génétique

d'être recopiée et transmise au cours des générations

successives .

Avec la découverte de l'universalité du code génétique, la

biologie moléculaire a pu décrire les mécanismes de

transcription de l'ADN qui dirigent la synthèse des protéines

(1). De nombreux événements se sont ensuite succédés en

biologie moléculaire découverte du clonage, des enzymes de

scission, possibilité de déterminer des séquences d'un ADN

quelconque, mise au point de sonde spécifique, synthèse d'ADN

qui code une protéine donc synthèse de protéine, insertion

d'une séquence dans un gène et ouverture d'un nouveau domaine

de recherche avec le génie génétique (2).

Les propriétés chimiques et physiques

macromolécules biologiques sont étroitement

structure tridimensionnelle. Des questions
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posent donc pour comprendre comment une structure comme celle

de l'ADN conditionne sa fonction au niveau moléculaire Ces

problèmes sont ceux de la biophysique moléculaire qui dispose

de plusieurs types de méthodes pour les appréhender : méthodes

d'analyses phys ico-chimiques en solution (absorption U. V. et

infrarouge, dichroïsme circulaire, RMN, dif fus ion R. X... ), la

diffraction des rayons X, l'analyse conformationnelle et la

dynamique moléculaire. (3,4) Parmi ces méthodes, la diffraction

des rayons X constitue une méthode d'analyse structurale

incontestée mais elle présente aussi les inconvénients majeurs

liés à la nécessité d'obtenir des cristaux de bonne qualité et

d'étudier la matière biologique dans des conditions non

physiologiques. De plus, dans le cas de l'ADN, l'obtention de

cristaux n'est possible que pour des oligonucléotides.

Néanmoins, on peut approcher les conditions d'existence de

l'ADN en solution en utilisant les avantages que donne la

diffraction des rayons X en organisant les molécules d'ADN en

fibres étirées et orientées. C'est du reste ce moyen qui a

permis de proposer la structure en double hélice de l'ADN (5).

Cette structure de l'ADN semble très rigide mais de nombreux

faits expérimentaux laissent, au contraire, supposer une

grande souplesse de conformation. Par exemple, dans

l'organisation des chromosomes, la molécule d' ADN subit des

enroulements successifs pour obtenir un volume compact. De

même, les récentes études d'association ADN-protéine révèlent

une flexibilité de la double hélice (6,7). Pour les ADN

circulaires des surenroulements de la double hélice existent

localement lors de la transcription et peuvent induire des

changements de sens de la double hélice (8). Il est également
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connu que la structure de l'ADN peut facilement être perturbée

par des insertions de colorant ou de drogues (9). Dans le cas

d'une séquence complémentaire sur un même brin, la séparation

locale des deux chaînes peut créer des conformations

cruciformes (la) . Lors d'interaction de recombinaison on

obtient même des échanges de brin entre deux molécules d'ADN

avec le type de jonction Holliday (11). Tous ces faits

dénotent donc une très grande plasticité de la conformation de

cette molécule d'ADN et montrent que les structures secondaire

et tertiaire sont facilement perturbées par les conditions

dues à l 'environnement (12) .

Dans ce vaste champ de recherches, l'objectif du travail

présenté ici est restreint à l'étude de la structure

secondaire de l'ADN et de polynucléotides placés dans un

environnement très simple mais modifiable. Cette étude est

faite en utilisant la diffraction des rayons X par l'ADN

étirée en fibres orientées.

Les résultats obtenus, rassemblés dans des publications

s'inscrivent sur une certaine période, ce qui explique des

études répondant à un problème très précis comme, par exemple,

l'étude sur la validité d'un modèle conformationnel de l'ADN

constitué de la succession d'hélices droites et gauches. Cette

période a également été marquée par la découverte d'une

structure en double hélice gauche dans un cristal d'un duplex

d'hexanucléotide (13). Cet événement s'est traduit par une

remise en cause de beaucoup de modèles conformationnels de

l'ADN ou de polynucléotides résultant de l'analyse par la

diffraction RX de fibres (14).
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c'est ainsi que les premiers travaux présentés portent sur

des modèles conformationnels de la forme B de l'ADN placé dans

un environnement de cation alcalin et d'hydratation très

élevée.

Après l'étude sur l'incidence de la composition en bases

de l'ADN sur les résultats expérimentaux obtenus par la

diffraction des rayons X, il apparait, que pour opérer une

discrimination entre les modèles, il est nécessaire d'utiliser

les résultats provenant de techniques complémentaires comme le

dichroïsme linéaire infrarouge sur film ou la RMN (15,16).

Cette démarche s'étant révélée pertinente, elle a pu être

poursuivie pour analyser les conformations de l'ADN placé dans

d'autres conditions d'environnement. Ainsi, les conformations

appelées A et C ont pu être précisées. Ces formes

correspondent à un état d'hydratation moyen des fibres et dans

le cas de sel de sodium associé, à une très faible

concentration pour la forme C. De la même façon, la

conformation de la forme D du poly (dA-dT). poly (dA-dT) a été

établie en tenant compte des contraintes résultant des données

des techniques envisagées .

Disposant alors de modèles conformationnels de l'ADN pour

un environnement proche des conditions physiologiques,

l'action d'autres types de cation métallique a été étudiée

expér imentalement af in d'en déduire l' inc idence sur la

conformation. La motivation essentielle est d'expliquer

certains comportements de l'ADN en solution comme dans le cas

de l'étude de la fixation d'argent (17). D'autre part,

l'intérêt biologique n'est pas négligeable puisque la teneur

en métaux dans la cellule et celle de l'ADN en particulier,



varient considérablement

l'embryogenèse. De même,

5

pendant_

il a été

Les phases critiques de

remarqué que les cellules

cancéreuses avaient beaucoup plus besoin de métaux pour

fonctionner ou se reproduire (18). Nous avons poursuivi notre

travail de recherche en introduisant une contrainte nouvelle,

souvent implic i tement appliquée aux fibres d'ADN, la tens ion

mécanique. Ce facteur peut intervenir du fait de la

structure tertiaire de la molécule d'ADN. L' inf luence de la

particulier lors

des ADN naturels,

étant induits par

tension mécanique est analysée en

transitions conformationnelles pour

passages de A à B et de B à C

changements d'hydratation des fibres.

Les derniers travaux expérimentaux présentés sont

des

les

des

consacrés uniquement aux transitions entre les différentes

formes des ADN et polynucléotides. Ces analyses étant

réalisées dans des conditions précises de cation alcalin

associé aux fibres en fonction de l'hydratation. Pour préciser

les types de transition et l'état des conformations en

présence ansi que les variations d'hydratation de la molécule

d'ADN, une méthode complémentaire à la diffraction RX de fibre

a été utilisée. Cette méthode fait appel à la mesure des

dimensions des fibres; elle est fondée sur l'établissement de

rapports entre les paramètres géométriques des fibres et les

paramètres cristallographiques.
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CHAPITRE l

7

METHODÈS THEORIQUES ET EXPERIMENTALES

A) INTRODUCTION

La di f fraction des rayons X par un cr is ta l par f ai temen t

ordonné est un moyen adéquat pour déterminer la structure

d'une molécule. L'utilisation de la diffraction des rayons X,

dans le cas de molécules constituées de longues chaînes

d'unités identiques, comme l'ADN, qui ne permettent pas

l'obtention de cristaux, est également possible si on associe

ces chaînes en fibres orientées.

Une fibre peut être considérée comme un groupement ordonné

de micro-cristallites résultant de l'assemblage ordonné de ces

chaînes. Mais ces cristal lites sont disposés de façon

aléatoire autour de la direction de l'axe la fibre (figure

Dans le cas de

Figure nOl

Section d'une fibre polycristalline.

Les petits cercles représentent les molécules

et les régions irrégulières, les cristallites.

l'ADN, ces molécules en chaîne ont souvent

la particularité de former des hélices. En fait des doubles

hélices de deux chaînes antiparallèles, chaque chaîne étant

constituée par la succession de nucléotides. Un nucléotide

comprend un enchaînement phosphate-désoxyribose et sur le

désoxyribose se greffe une chaîne latérale, la base, qui est

soit purique, soit pyrimidique. Les deux chaînes sont liées

par des liaisons hydrogène entre bases complémentaires
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(Adénine avec Thymine et Guanine avec Cytosine) selon le

schéma de Watson-Crick (19).

La théorie de la diffraction des rayons X par des

structures en hélice a été faite par Cochran, Crick et Vand en

1952 (20). Cette théorie a été complétée par Vainshtein (21).

Elle est également présentée dans des ouvrages plus récents

(22,23).

L'hélice est définie par son pas P mais aussi par la

distance C de répétition du motif élémentaire dans la

direction de l'axe de l'hélice et par le paramètre p distance

entre les projections axiales de deux unités consécutives

(figure n °2).

c

p

F' nOZ19ure

Hélice discontinue, de pas P

comportant 7 unités en 2 tours.

Ces paramètres d'hélice sont facilement déterminés à l'aide

des clichés RX de fibre.

Pour avoir des renseignements précis sur la conformation

atomique du motif élémentaire (le nucléotide pour l'ADN), il

est nécessaire d'établir un modèle moléculaire et de

confronter les intensités théoriquement diffractées par celui-

ci aux intensités expérimentales. Un bon accord entre ces

grandeurs constitue un critère de validité du modèle.
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Dans ce chapitre, quelques résultats théor iques sur la

diffraction par les structures en hélice sont rappelés.

L'exploitation pratique des clichés de fibre de l'ADN, la

construction de modèles moléculaires sont également précisées.

Enfin, des détails pratiques sont présentés sur la technique

d'orientation des fibres d'ADN et sur les moyens expérimentaux

pour obtenir de bons clichés RX.

B) THEORIE DE LA DIFFRACTION DES RAYONS X PAR DES FIBRES DE
MOLECULES HELICOIDALES

I. Hélice continue

On considère une hélice uniforme, d'épaisseur infiniment

petite, de longueur inf inie, de rayon r et de pas P cette

hélice sera représentée (figure nO]) dans l'espace réel par:

27l"z
x = l' cos

P

2nz
y = l' sin

p

z = z

et dans l'espace réciproque par

x* = R cos Il

z* = R sin y

z* = z

Hélice droite continue et sa représentation en coordonnées cylindriques.

... y.

x
a) espace réel

y
x·

b) espace réciproque.

F· nO]19ure



la

Si la densité électronique le long de l' hélice continue

est prise uniformément égale à l'unité, le facteur de

structure, F (x* , y* , z* ) , est donné par la transformée de

Fourier de la fonction "forme" H(x, y, z) .

* * *
+ 00

f * * *F(x , y , z ) H(x,y, z) exp 2 TIi (x x + y y + z z ) dv
- 00

La fonction H(x, y, z) étant égale à zéro partout sauf sur

l'hélice ou on suppose qu'elle a une valeur égale à l'unité et

en remarquant que dv est proportionnel à dz , on peut écrire,

en fonction des coordonnées cylindriques

* * * +00 2TIZ *F (x , y , Z ) = f exp 2 TI i [r R cos ( -p- - \)J) + Z z ] dz
- 00

La fonction H a pour période P selon la variable z. La

transformée de Fourier de cette fonction périodique est

différente de 0 seulement pour les valeurs z· P = n, avec n

entier. Le diagramme de diffraction sera donc réduit à des

courbes d'intensité situées sur les strates d'ordre n, à

distances de 0, l/P, 2/P de l' équa teur du cliché (figure N°4).

On a donc

P
F(R, \)J, 1:...) = f exp 2 TIi [r R cos (2

p
TIZ - \)J) + ;z] dz

p a

En utilisant une relation relative aux fonctions de

Bessel, on obtient: (figure N°5)

F (R, \)J, !) = J (2 TI r R) exp i n (\)J + !2)
c n

Le calcul de F2 donne une quantité proportionnelle à

l'intensité diffractée par cette hélice continue.
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Caractéristique du diagramme
de diffraction d'une structure

en hélice continue.

II. Hélice discontinue

Pour figurer la distribution d'atomes identiques

sur une hélice de pas P, (ces atomes ayant des projections

axiales distantes de p) on considère une distribution de

points représentés par l'intersection de l'hélice continue de

rayon r et de pas P avec une série de plans parallèles et

distants de p entre eux (figure N°6).
ordre des str:lte!1
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Caractéristique du diagramme de diffraction

d'une structure en hélice discontinue.
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Connaissant la transformée de Fourier de l'hélice continue

qui n'a de valeurs
- -- -

différentes de zéro que sur les strates

z'" = n/p et sachant que la transformée de Fourier de plans

équidistants de p donne une distribution de points alignés

distants de z'" = m/p (m ent ier) sur une droi te perpendicu l a it-e

à ces plans, la transformée de Fourier de l' hélice discontinue

est le produit de ces deux trans formées. Ains i, le f ac teur de

structure aura des valeurs finies seulement pour

z· = n/P + rn/p

De plus, s'il y a t tours d'hélice pour la périodicité

cristallographique C avec un nombre u de points, on a : t P =

up = C. En considérant une strate l définie par :

z'" = llc, on obt ient la règle de sé lect ion qu i fixe

l'ordre n des fonctions de Bessel sur cette strate avec m

entier

1 = n t + m u

Le facteur de structure pour la strate l s'écrit dans ces

conditions

F(R,
1

tjJ, ~) = L J n (2 TI r R) exp in (tjJ + ~)
n

L'allure du diagramme de diffraction est du type de celle

donnée par la figure nO? :

III. Molécule en hélice

Une molécule en hélice est constituée d'un nombre j

d'a tomes de di f férents types dans chaque mot i f é lémenta ire.

Chaque atome j de coordonnées (rJ, <I>J, ZJ) est situé sur une

hélice. Chaque type d'atome a son facteur atomique fJ. POUl'
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la strate l, le facteur de structure d'une telle molécule est

alors donné par

9-
F(R, tjJ, -) = L L f. J (2n r.R) exp ~

l
e J 11 J

11 J

avec la même règle de sélection pour les

ordres n des fonctions de Bessel de chaque strate, à savoir

1 = n t + mu.

Dans le cas de l'ADN, le nucléotide contient en moyenne 21

atomes en ne tenant pas compte des atomes d'hydrogène qui

diffractent très peu les rayons X.

IV. Intensités théoriques

Le fait qu'une fibre de double hélices d'ADN soit

constituée d'un grand nombre de molécules parallèles

organisées dans des cristal lites d'orientation quelconque

autour de la direction de l'axe de la fibre revient à dire que

chaque molécule individuelle est orientée au hasard autour de

cette direction. Par conséquent, l'intensité diffractée par

ces molécules en fibre doit être une valeur moyenne sur les

orientations, c'est-à-dire la moyenne pour toutes les valeurs

de If' puisque If' est l'angle qui définit la position de la

molécule dans le réseau réciproque.

En écrivant le facteur de structure d' une molécule sous

une autre forme :

9-
F (R, tjJ, -) = L (A

c 11
11

+ i B ) e
11

~ 11 I~
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avec

A
n

B
n

L

J

f. J (2nr. R)
J n J

Sin + 2 'TT! z.]
C J

L'intensité l s'écrit alors

*l F F

l L L [(A A
n mn m

+ B
n

B ) + i
m

CA Bm n
AB) ]

n m
i(n-m) t/J

exp

Cette valeur moyenne vaut 0 sauf pour n = m, on a alors

n étant les ordres des fonctions de Bessel de la strate 1.

Ajoutons que dans le cas de l'ADN, du fait de la présence

de deux chaînes antiparallèles, il y a un axe de symétrie (axe

dyade) situé dans le plan des bases et perpendiculaire à l'axe

de l'hélice. Cette symétrie annule les termes Bn.

v. Réseau

Dans le cas où l'on considère que les cristallites

constituant la fibre d'ADN sont parfaitement ordonnées, les

molécules en double hélice vont être distribuées aux noeuds

d'un réseau cristallin. De cet ordre, dans l'agencement des

molécules, il va résulter, sur le cliché de rayons X, des

taches de di f fract ion (ou taches de Bragg) correspondant aux



15

plans réflecteurs d'indices h, k, l propres à chaque type de

réseau cristallin.

Le cliché de dif fract ion de la fibre résulte donc d'une

part de la diffraction de la molécule en double hélice et

d'autre part, de l'assemblage des molécules en réseau

cr is tall in. En fa i t, les taches de Bragg du cliché rés u l tent

d'un échantillonnage, aux positions des noeuds du réseau

cristallin, des courbes continues des intensités diffractées

sur chaque strate. La figure (8 a et b) donne un exemple des

taches de Bragg ainsi obtenues.

aJ bJ cj

..... ' .

.: ...
:: - ~......,

~::......:-;.
.: :.

~:.<.;

~::.....
lus
acteur
e forme

1-- •
--4

1
1 ~

,~ .-
- - f-- •

Pau f
gonal d

~

rése
hexa

:5
2

1

F ' n08~gure

facteur de forme
de l'hélice

reflec tians
possibles

diagramme
désorienté
observé

Cliché de diffraction dû à l'assemblage en réseau de molécules en structure
hélicoïdale.

L'analyse de la distribution des taches de Bragg

permet de déterminer le type de réseau et les absences

éventuelles de taches sur certaines strates donne le groupe

d'espace avec l'agencement des molécules dans la maille.



16

En pratique, les clichés de diffr~ct~on ne présentent

pas de taches ponctuelles de Bragg mais des arcs de la largeur

angulaire approximativement constante (figure N°e c) Ceci

est dû à une distribution D (a) des axes des cristallites

autour de la direction de l'axe de la fibre (figure n09).

z

ll(cx) La fonction D(a) et ~largissement angulaire

des reflexions sur le clich~ RX.

De plus, la régularité de la distribution des molécules

dans les cristallites est souvent perturbée. L'analyse des

différents types de désordre et de leurs effets sur les

diagrammes de diffraction sont détaillés par plusieurs auteurs

(21-24-25). Un type de désordre fréquent donne des clichés de

diffraction appelés semi-cristallin (avec désordre de type

"vis") (26). Ce type de cliché se distingue par des taches de

diffraction bien définies au centre et par des distributions

continues d' intens i té sur les strates supér ieures et à des

distances éloignées de l'axe du réseau réciproque.

On remarque également que les fibres d'ADN qui sont

sensibles à l'humidité relative environnante ont des réseaux

cristallins dont les paramètres et quelques fois le type

varient en fonction de l' humidité. Ces évolutions entraînent

souvent l'accroissement du désordre dans la fibre.
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C) EXPLOITATION DES CLICHES RX(CAS DELA CHAMBRE PLANE)

I. Tâche méridienne

La recherche de la première tache méridienne sur un cliché

de diffraction de fibre d'ADN est importante car elle apporte

deux types de renseignements le nombre de nucléotides par

tour et l'espacement entre nucléotides successifs p projeté

sur l'axe de la fibre.

L'évaluation du nombre de nucléotides par tour résulte du

fai t que seules les fonctions de Bessel d'ordre zéro ont des

valeurs différentes de zéro pour un argument nul et dans ce

cas la règle de sélection des fonctions de Bessel s'écrit:

l = 0 t + ~ u , soit l = u.

L'ordre de la strate donne donc en principe le nombre de

nucléotides. Néanmoins, il faut remarquer que dans le cas où

les strates ne sont pas régulièrement espacées sur le cliché,

l'ordre de la strate est délicat à évaluer.

Pour obtenir la valeur de p, il est nécessaire d'obtenir

correctement cette tache méridienne. En effet, le noeud qui

correspond à cette tache est sur l'axe du réseau réciproque,

or, en principe, cet axe est perpendiculaire , comme la fibre,

au faisceau de rayons X, donc dans la zone aveugle de la

sphère de réflexion (sphère d' Ewald). Pour obtenir la tache

méridienne, il est donc nécessaire d'incliner la fibre d'un

angle œ par rapport à la perpendiculaire au faisceau RX

(fi gure n 010) •
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Figure 0 10n

(*

L \

Jar_
l t Fi 1111
1

.~

sphère de
réflexion

Effet de l'inclinaison de la fibre sur le diagramme de diffraction.

La loi de Bragg donne immédiatement pour p : p = À/2.sina

avec .,1, longueur d'onde du rayonnement X utilisé. On évalue

l'angle a en remarquant que tg a = dm/D, avec dm distance de

cette tache mér idienne au centre du film et D dis tance film

fibre.

Cette tache méridienne peut apparaître pour une fibre

faiblement inclinée du fait de la désorientation des

cristallites à l'intérieur de la fibre.

II. Détermination du pas de l'hélice

Le pas de l' hélice est évalué à partir de la distance

entre l' équa teur du cliché et la première s tra te, la fibre

étant perperidiculaire au faisceau de rayons X. Du fait de
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l'utilisation d'un film plan, il résulte que les strates ne

sont pas parallèles à la stiateéqUatoriéile 1 = O. En prenant,

sur le cliché, la direction équatoriale et la direction

mér idienne comme axes de coordonnées (x, z), chaque tache de

la strate aura une position bien définie. D étant la distance

de la fibre au film (figure nO]]),

Figure n° Il

:oordonnées définissant la position d'une tache de diffraction sur le film-plan.

on définit le pas P pour la strate 1 par :

P = P:1 = À (D2 + x 2 + Z2) 1/2 Iz avec À la longueur d'onde

du fa i s c eau RX • De plus, pou r t 0 utes t rat e d' 0 l'dl'el, a n a

également

l'hélice.

P = l Pl, ce qui définit parfaitement 18 pas de

Dans le cas où l'on constate une dissymétrie du cliché par

rapport à l'équateur, cela est da à une inclinaison de la

fibre par rapport à la perpendicula ire au faisceau RX. Iles t

alors pos s ible d'obtenir le pas de l' hé lice en tenant compte

de l'angle d'inclinaison y (27). Cet angle est évalué en

mesurant les pas Pll et Pl2 de part et d'autre de l'équateur

pour une tache donnée de la strate d'ordre L. Pour une tache

de Bragg sur cette strate à la distance d, on a:

tg }' = d 2 lÀ Il/PL 2 - 1/PL 1 1
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et la correction sur le pas devient

2
cos y

III. Détermination du pas cristallographique

Le pas cr is tallographique c es t dé fini à part ir de la

relation : t P = li P = c

P le pas étant déterminé ainsi que p et u, on peut

vérifier la cohérence de ces valeurs par le calcul de t. En

effet, la règle de sélection montre que l = t pour n = l et m

= o. Or, n = l implique des réflexions très intenses proches

du méridien Le paramètre t est donc défini par l'ordre de la

strate comportant des réflexions intenses quasi méridiennes.

En pratique, on détermine les paramètres P et p, puis on

calcule le rapport Plp : s'il est entier t = l alors C = P.

Par contre, si Plp est non entier, il faut que le produit P/p

x t soit un entier avec t le plus petit nombre possible.

Pour l'ADN en forme A, on évalue ainsi P = 28,15 A,

p = 2. 56 A, soi t PIp = Il = u 1t. On t r ouve las t rat e de 1 a

tache méridienne à l'ordre 11. Donc: u = 11 et t = l dans ce

cas. De plus c = P et la règle de sélection s'écrit

Il m.

l = n +

Par contre pour l'ADN de Li thium en forme C on remarque

des strates qui ne sont pas parfaitement équidistantes. Avec

la première strate, on obtient P = 30,8 A. La tache méridienne

donne p = 3.3 A, Plp = 9,33= u/t. u et t étant des entiers,

cela signifie que u = 28 et t = 3, alors C = 3 P = 92.'1 A et
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la règle de sélection s'écrit l = 3 n + 28 m. On remarque

que la réflexion méridienne se trouve sur la 28e strate.

IV. Détermination du réseau

L'identification du réseau cristallin fait appel à

l'évaluation de toutes les distances inter-réticulaires: dbkl

(hkl étant les indices de Miller (24), avec l étant l'ordre de

la strate). Ces distances sont évaluées pour chaque tache de

diffraction du cliché par la loi de Bragg

dh k 1 = À /2, sin e b k 1

Dans le cas du cliché plan, la valeur de l' angle ~h k 1 de

chaque tache est obtenu par la relation

tg 2 eb k 1 = <Db k 1 /2 D

D étant la distance de la fibre au cliché et <Db k 1 la

distance radiale entre deux taches hkl symétriques.

Pour les formes classiques A, B C de l'ADN et D, Z des

polynucléotides les types et les paramètres de réseau ont été

bien établis après un processus de raffinement (28,29,30,31).

L'analyse de la distribution des taches de diffraction sur les

clichés a également conduit à préciser l'arrangement des

molécules d'ADN dans chaque type de cellule unité (30,31).

En pratique, on retrouve pour les fibres d'ADN dans des

conditions expérimentales différentes, le type de réseau parmi

ceux proposés mais avec des paramètres qui peuvent être

variables.
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v. Mesure des intensités expérimentales

Etant donné que l'on utilise les films photographiques

pour collecter les informations diffractées par les fibres, il

est nécessaire d'employer au moins trois films superposés pour

couvr ir toute la gamme des intens i tés di f fractées . Le

développement de ces films devant être réalisé avec soin

(température de 20°C, bains neufs, agitation pour éviter les

inhomogénéités de développement).

Les intensités sont mesurées à l'aide d'un densitomètre.

Pour chaque arc de diffraction on obtient une trace radiale.

L'estimation du fond continu sous cette trace est faite

empiriquement en mesurant l'intensité entre les strates

voisines de la tache puis on mesure au planimètre la surface

S comprise entre la trace du densitomètre et l'estimation du

fond continu. Comme il y a quatre taches de diffraction par

cliché correspondant à la même valeur théorique de l'intensité

observée, cette dernière est en fait la moyenne des valeurs

trouvées pour les quatre taches. Pour utiliser ces valeurs, il

le détail,

différents

{du

le

polarisation

mais également

faut leur appliquer des facteurs correctifs dont

pour la diffraction de fibre, est donné par

auteurs: Franklin (27), Arnott (32), Fuller (33). Certains

facteurs correctifs sont négligés comme la

fait des angles de diffraction impliqués)

facteur d'absorption.

Par contre, l'utilisation de film plan implique

l'introduction d'une correction pour tenir compte de la

variation de la distance fibre-tache de diffraction et de

l'incidence oblique du faisceau sur le film. De même, du fait

de la désorientation autour de l'axe de la fibre, l'intensité
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observée est proportionnelle à la longueur L de l'arc observé

(28) •

Outre le facteur correctif dû à la multiplicité des noeuds

no du réseau réciproque contribuant à la même tache, il faut

prendre en compte le facteur de Lorentz; étant donné les

faibles angles de diffraction rencontrés sur les clichés de

fibre d'ADN ce facteur es t proport ionnel à R, dis tance de la

tache de diffraction à l'axe du réseau réciproque (28).

/
2 sin e 2 Q, 2

Avec R - (----) -(c)
À

e

C

angle de Bragg

pas cristallographique

l ordre de la strate

longueur d'onde

Après la correction de la distance, l'intensité

1

expérimentale désignée par F ob;2 s'écrira:

SLR
=--

nO

Les valeurs ainsi obtenues sont directement comparables à

celles résultant du calcul théorique.

D) MODELES CONFORMATIONNELS DES ADN

1. Méthode

Pour calculer les intens i tés théor iques di f fractées par

l'ADN en fibre or ientée, il es t néces saire de conna î tre les

coordonnées de tous les atomes constitutifs du motif

répétitif, à savoir, le nucléotide. Pour ce faire, un
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programme de calcul a été réalisé. Il est basé sur la méthode

matricielle d'Eyring (34) et dérive de la méthode de

cons truction mise au po int par J. Hermans et D. Ferro (35)

pour la construction de chaines protéiques.

Cette méthode de calcul utilise un modèle "d'arbre" qui

assimile une chaine de polymères à un arbre (le squelette de

la chaine principale constituant le tronc et les chaines

latérales les branches). Par cette méthode, on peut donc

construire une chaine macromoléculaire quelconque à partir des

données géométriques caractérisant les unités qui composent

cette chaîne. Ces données géométriques sont les longueurs de

liaisons, les angles de valence et les angles dièdres autour

des liaisons entre atomes.

II. Les nucléotides

Dans le cas de l'ADN, l'unité constitutive du "tronc", est

formée, dans le sens 5' 3', par trois carbones du désoxyribose

C5' - C4' - C3' suivis par 03' - P- 05' du groupe phosphate. Sur

Cl' se greffe également C2' et sur le phosphore les deux

oxygènes 01 et 02. La branche greffée sur C4' est constituée

de 04'Cl' suivi d'une base. Les quatre bases différentes

impliquent que l'on distingue quatre nucléotides différents.

Les longueurs des liaisons entre atomes de même que les

angles de valence sont pris comme des constantes. Les valeurs

de ces grandeurs sont fixées en prenant les données moyennes

obtenues avec différents cristaux de nucléotides et

d'oligonucléotides (36-39). Ces grandeurs sont donc astreintes

à rester dans des intervalles de valeurs trouvées par des

études sur des cristaux de petites molécules.
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désoxyribose, ces grandeurs ont été plus

particulièrement fixées à partir des histogrammes publiés par

s . Arnott (40) De même, la géométrie des quatre bases

proposée par S. Arnott (41) a été utilisée sans modification

(figure nO 12)

F ' nOl219ure

(0)

(b)

-.. ?~~?
C271}"-"

o

Longueurs de liaisons (A) et angles de torsion (0) d:lns l'<1ssoc1:llion \~<1(spn CrÎc-k
des basesl
8.) Thymine avec Adénine b) Cytosine avec Guanine

Pour réaliser une conformation du nucléotide il reste en

fai t à fixer les va leurs des six angles dièdres de la cha îne

principale ces angles sont donc des variables définies selon

la nomenclature

ex ,S
- P al

IY
cs

, 0
c4

1 E
C3 03 P -
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un septième angle dièdre variable X permet de définir la

position du plan de la base par rapport au désoxyribose.

III. Les structures hélicoïdales

La conformation hélicoïdale est construite par la

succession de nucléotides. Chaque forme particulière d' hélice

dépend essentiellement du choix des six angles dièdres qui

doivent être les mêmes pour tous les nucléotides.

Le programme de calcul donne les coordonnées cartésiennes

de chaque atome de l' hélice dans un repère arbitraire et les

transforme en coordonnées cylindriques avec l'axe z selon

l'axe de l' hélice et l'axe radial qui passe par le premier

atome de la chaîne.

De plus, en utilisant les relations de Sujeta et Miyazawa

(42) on peut exprimer, à partir des six angles dièdres

variables, les paramètres d' hélice p et () du nucléotide (p

étant la projection axiale du déplacement entre atomes

homologues et () l'angle de rotation entre ces atomes). Cet

angle s'évalue par le rapport

pas de l'hélice}}

IV.Ajustement des paramètres d'hélice du modèle aux
données expérimentales.

Etant donné le nombre important de variables qui

définissent la conformation du nucléotide, il est nécessaire,

au départ du processus de modélisation, d'avoir un ordre de

grandeur pour celles-ci. Pour cela, on construit un modèle

phys ique de type Kendrew et on évalue les 6 angles dièdres

qui imposent les paramètres d'hélice p et() ainsi que le sens
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de rotation sur l'hélice. En fait, on réduit à 5 le nombre de

variables en définissant le type de conformation du

désoxyribose (type C2' endo, C3' endo ... (43)) et en fixant la

valeur de l'angle correspondant. Un programme de calcul permet

de modifier progressivement les 5 angles variables afin

d'obtenir les paramètres d' hélice expérimentaux (J et p. En

pratique, le fait d'ajouter d'autres contraintes (distance à

l'axe du Cl' pour permettre l'appariement des bases

complémentaires, fixation de l'orientation du groupe

phospha te ... ) rend le proces sus as sez long et néces site même

des modifications des angles de valence et des distances

inter-atomiques.

V. Appariement des bases des chaînes antiparallèles
axe - dyade

Le calcul des coordonnées cylindriques d'un nucléotide

permet de réaliser une projection du modèle sur un plan

perpendiculaire à l'axe de l'hélice afin de vérifier

l'appariement des bases complémentaires. En effet, c'est

surtout la projection de la liaison Cl' N9 pour une purine (ou

Cl 'NI pour une pyrimidine) qui conditionne la position de la

base. Un schéma de l'appariement correct des bases

complémentaires est alors positionné sur la liaison Cl'N9

obtenue. On vérifie que la médiatrice de N9 NI située dans le

plan des deux bases passe par la projection de l'axe de

l' hélice. Si ce n'est pas le cas, des ajustements sur les

angles dièdres sont réalisés pour vérifier cette contrainte

tout en maintenant les valeurs de p et (J.



28

Par cette méthode d'approximations progressives, les bases

sont correctement appariées avec des longueurs de liaisons

hydrogéne conformes à celles mesurées sur des oligonucléotides

(44). De plus, l'ajustement de l'angle dièdre initialement

déterminé en imposant au plan des bases de rester au voisinage

de la perpendiculaire à l'axe de l'hélice, permet d'établir le

"tilt" ou le "prope11er twist" entre bases appar iées (f igl1re

Figure nOl3

Til~
Proplllier twist

Conventions pour les angles de "tilt" et de "twist".

Dans ces conditions, on remarque que, c ' es t en fa i t la

médiatrice de la droite passant par C6 (pyrimidine) et C5 - cs

(pur ine) et qui est perpendicula ire à l'axe de l' hé lice qui

devient axe de symétrie des deux chaînes antiparallèles. Cet

axe appelé axe "dyade" va être pris comme origine des angles

et des côtes z des atomes des nucléotides. Ainsi, chaque atome
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de coordonnée (R , $, z) dans une chaîne aura son homologue de

coordonnées (R - $ , z) sur la chaîne complémentaire

antiparallèle.

VI. Vérification de la stéréochimie du modèle moléculaire

La construction de plusieurs nucléotides avec des bases

différentes est nécessaire pour contrôler la stéréochimie du

modèle en double hélice. En effet, il faut vérifier que les

distances entre atomes à l'intérieur d'un nucléotide et entre

nucléotides, particulièrement au niveau de l'empilement des

bases, sont acceptables. Une première approche est obtenue en

étudiant le modèle de type Kendrew construit avec les angles

dièdres résultant du calcul. Une autre méthode, plus sûre,

consiste à utiliser un programme de calcul de l'énergie de van

der Waals pour la conformation envisagée avec une mise en

évidence des distances inter-atomiques défectueuses. Dans ce

cas, tous les atomes d'hydrogène sont placés dans la structure

étudiée et les encombrements des atomes sont définis par leur

rayon de van der Waals. Si certaines distances inter-atomiques

entraînent des empêchements stériques, un nouvel ajustement

des paramètres variables est entrepris.

E) INTENSITES DIFFRACTEES CALCULEES A PARTIR DU MODELE

1. Evaluation des facteurs atomiques

Le calcul du facteur de structure d'une molécule en hélice

nécessite de connaître les facteurs atomiques des atomes

présents dans la structure et au voisinage de cette dernière.

Or, dans le cas de fibre d'ADN, chaque double hélice d'ADN est
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entourée d'un certain nombre de molécules d'eau mobiles qui ne

forment pas une structure périodique et dont les coordonnées

cylindriques ne peuvent être déterminées. Par conséquent,

l'effet dû à ce "solvant" (en fait eau et cation alcalin

présents) ne peut pas être directement calculé.

L'approximation introduite (Wrinch 1950 (45) ) consiste à

considérer le solvant comme un gaz électronique uniforme qui

remplit l'espace entre les molécules d'ADN. Le facteur de

structure peut être calculé en utilisant le principe de

Babinet's (Langridge et al, 1960) (28) . Le facteur de

structure de l t ADN immergé dans l'eau est égal au facteur de

structure de celui-ci diminué d'une grandeur caractéristique

de la densité électronique moyenne du solvant. Mais plus

simplement, le terme de correction peut être incorporé au

facteur atomique fJ (R) de chaque atome (28). Finalement,

l'expression du facteur atomique corrigé fJ (R) utilisé dans

ce travail est celle proposée par Fraser 1978 «16) et qui

résul te d' une amél iora t ion de l' expres s ion donnée par Arnot t

1973 (41)

,
f. CR)

J

avec R coordonnée radiale dans l'espace réciproque, VJ volume

de déplacement de l'atome (Langride) p sol densité

électronique de l'eau prise à 0,334 électron par A3.

Les facteurs atomiques des atomes de l'ADN immergés dans

le solvant, multipliés par le facteur de température
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avec B étant égal à 4 A2 (28) sont donnés dans le tableau l

On remarque que l' on doit distinguer, pour les oxygènes,

les carbones et les azotes, différents facteurs atomiques qui

tiennent compte de l'environnement local et par conséquent, du

caractère plus ou moins hydrophobe des atomes.

~
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Atome

p 7.20 7.49 8.46 9.63 10.44 10.93 Il.04 10.87 10.40

- 0 - 4.95 5.01 5.20 5.36 5.73 5.94 6.18 6.30 6.29

o - 6.33 6.33 6.34 6.35 6.36 6.35 6.34 6.32 6.25

*- 0 - 5.63 5.65 5. 75 5.78 6.01 6.09 6.23 6.29 5.96

C 0.51 0.68 1.28 2.07 2.80 3.50 3.82 3.93 4.03

*C + H 0.49 0.75 1.52 2.60 3.46 4.21 4.57 4.74 4.64

C + H 0 0.11 1.06 2.33 3.35 4.20 4.60 4.7; 4.66
•C + 2H 0 0.13 1.34 2.77 4.06 4.86 5.37 5.46 5.27

C + 3H 0 0 0.81 2.96 4.74 5.91 6.22 6.19 5.88

N 6. 17 6.16 6.16 5.93 5.77 5.58 5.~2 S. 18 4. 76

N+2H 4.83 4.91 5.21 5.56 5.95 6.22 6.38 6.:' 2 6.25

H 0 0 0 0 0 0 0 0 0

* (désoxyribose)

TABLEAU N' 1

facteurs atomiques corrigés des différents types d'atomes formant un nucléotide.

II. Choix de l'unité répétitive

Pour un ADN de séquence quelconque mais dont le

pourcentage en paires A-T (G-C) est connu, on peut calculer le

facteur de structure d'un nucléotide moyen comprenant le

groupe désoxyribose phosphate et une base moyenne pondérée

suivant le pourcentage de A-T présents. Par contre, dans le

cas de polynuc léot ides alternés, le facteur de structure es t

calculé en prenant comme unité répétitive deux nucléotides qui

se suivent sur une même chaine (chaque nucléotide étant

associé à une base différente) Dans ce cas, l'axe dyade

donnant la position de la chaine antiparallèle doit être placé

entre ces deux nucléotides. Un autre cas à envisager pour les
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celui ou chaque chaîne présente la

succession d'une même base il est alors nécessaire de

considérer comme unité élémentaire le bloc des deux

nucléotides appariés, l'axe dyade restant interne au bloc. La

double hélice sera réalisée par la succession de ces blocs

avec les paramètres e et p précédemment définis. Cette méthode

de choix de l'unité répétitive, constituée d'un ou de

plusieurs nucléotides, peut donc s'adapter à des structures

complexes du type "side by side" par exemple.

III. Intensité calculée

La relation donnant l'intensité calculée sur une strate

fait donc appel aux coordonnées cylindriques de tous les

atomes de l'unité répétitive de la structure affectés d'un

facteur atomique modifié par l'effet du solvant. suivant le

type d'uni té répét i t ive chois i (nuc léot ide d'une seule cha îne

ou bloc de deux nucléotides de bases appariés) on a un axe de

symétrie entre chaîne ou non, ce qui dans le premier cas

simplifie le calcul de l car on peut alors annuler les 80 2 •

De plus, étant donné la résolution des clichés qui ne

dépassent pas 3 A, il est superf lu de calculer les fonctions

de Bessel d'ordre supérieur à 15, ce qui limite souvent à deux

fonctions de Bessel la somme sur n dans le calcul d'intensité.

En effet, sur une strate la différence entre la fonction de

Bessel est u (nombre d'unités répétitives pour la période Cl,

ainsi avec l'ADN en forme B, u = 10 et en forme A, u = 11.
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F} FACTEUR D'ACCORD

1. Définition

Le facteur d'accord permet d'évaluer la qua lité de la

structure proposée. Il dépend de la comparaison entre

intensités calculées

s'exprimer par:

L 1 vr- vr:-b 1o s
R =--------

L I./r-
bo s

(I) et observées (lobs). Ce facteur

Pour les ADN en fibre, R varie entre 20 et JO %, ce qui

n'est pas très bon. Ces mauvais pourcentages sont dOs à

plusieurs effets la désorientation des fibres d'ADN et les

nombreux défauts dans la taille et l'organisation des

cristallites constituant la fibre. A cela, s'ajoute

l'imprécision des différentes mesures. En fait, la précision

des meilleures mesures ne dépasse pas 10 %. Une autre

difficulté provient de la nécessité de choisir un facteur

d'échelle pour comparer les intensités expérimentales aux

valeurs calculées.

Enfin, le calcul de l'intensité théorique se fait à partir

de plusieurs approximations. La première vient du fai t que

l'on prend les coordonnées atomiques identiques d'un motif

élémentaire à l'autre dans la construction de l' hélice, or la

cristallographie de nombreux oligonucléotides révèle une

grande diversité de conformation entre motifs élémentaires

successifs (47). Une deuxième approximation découle de la

difficulté de tenir compte du solvant (eau et cation alcalin) .
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II. Comparaison entre les courbes des intensités
théoriques et les valeurs expérimentales

Une approche commode pour tester la qualité du modèle

conformationnel envisagé est de comparer les courbes des

intensités calculées et expérimentales. Les intensités

calculées pour chaque strate 1 sont représentées par des

courbes continues en fonction de la distance R à l'axe du

réseau réciproque. Les intensités expérimentales sont

positionnées, avec un facteur d'échelle compatible, aux

distances R déduites du cliché RX. L'analyse des désaccords

sur chaque strate permet, dans certains cas, des corrections

sur la conformation proposée. Par exemple, en modifiant le

"propeller tw is t" des bases de la double hél ice on change les

intensités calculées sur les strates supérieures. Un autre

moyen de modifier la distribution des intensités calculées sur

toutes les strates est de déplacer l'axe dyade Il en résulte

une modi f ica tion du "ti l t" des bases mais la chaîne sucre

phosphate n'est pas perturbée. Ce procédé permet de modifier

la conformation étudiée, donc d'améliorer progressivement le

facteur d'accord. L'examen des courbes d' intens i té calculées

permet également d'apprécier comment les intensités du cliché

peuvent être modifiées lorsque, pour un type de conformation,

les paramètres du réseau cristallin varient en raison des

changements de l'humidité relative de la fibre.

G) PREPARATION DES FIBRES

1. Mise en solution de l'ADN

Les ADN et polynucléotides, de poids moléculaire élevé,

utilisés pour obtenir des fibres sont achetés (Pharmacia,

Sigma ... ). Ils se présentent sous forme lyophilisée avec une
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forte concentration en sel de sodium. Pour obtenir des

conditions de préparation de fibre reproductibles, une mise en

solution est faite systématiquement ; cela permet de fixer par

dialyse un pourcentage précis de sel alcalin par nucléotide.

La mise en solution de l'ADN se fait dans l'eau distillée

déionisée à pH 7. Après au moins deux jours à 4°C, la densité

optique de la solution est mesurée au spectrophotomètre à 260

nm. On en déduit la concentration en ADN et par le rapport des

absorptions à 290 nm et 260 nm, on contrôle le bon appariement

des bases en doubles hélices. La connaissance de la

concentration permet de fixer la teneur en sel alcalin de la

dernière dialyse. C'est également par dialyse que l'on peut

remplacer le sel de sodium initialement présent par un autre

sel tel le lithium. On obtient en mesurant la densité optique

à la fin de la dialyse la concentration exacte de la solution

en cation par nucléotide.

II. Obtention du gel d'ADN

Pour passer de l'ADN en solution à la fibre, il est

nécessaire de concentrer la solution sans détruire la

structure en double hélice et en évitant de couper les très

longues chaînes de nucléotides. Le moyen le plus utilisé est

la centrifugation de la solution à 40 000 t/mn pendant

plusieurs heures. L'ADN est alors rassemblé dans le culot de

centrifugation. Séparé du surnageant, il forme un gel dont la

viscosité peut être diminuée par l'addition de quelques

gouttes d' eau distillée. Ce procédé permet de récupérer tout

l'ADN mis en solution même avec de très faibles concentrations

en cation alcalin.
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Le gel peut aussi être obtenu par précipitation de l'ADN

par l'alcool éthylique. Dans ce cas, l'ADN récupéré avec une

tige de verre do i t subir des lavages succes s ifs à l'acétone

avant d'être séché puis ré-humidifié. Il est probable que dans

ce cas la teneur finale en sel n'est plus celle de l'ADN

précipité. Néanmoins, ce procédé est utile pour les fortes

concentrations en sel.

Enfin, un dernier mode de préparation peut être utilisé

dans la mesure où la concentration en sel de sodium reste très

élevée. Il consiste à prendre une masse connue d'ADN

lyophilisé et à la dissoudre directement dans un petit volume

d'eau distillée.

III. Etirement et orientation des fibres

Pour obtenir des fibres orientées d'ADN, on opère par

étirement du gel tout en augmentant sa viscosité par

évaporation de l'eau. Pour ce faire, on dépose goutte à goutte

le gel entre deux fines baguettes de verre. Un porte

échantillon permet de maintenir fixe une des baguettes et de

laisser l'autre mobile. L'ensemble est placé dans une cellule

permettant l'observation du gel au microscope polarisant et le

maintient d'une humidité relative élevée autour de la fibre

ainsi que le déplacement, à l'aide d'une vis micrométrique, de

la baguette de verre mobile (48). En plaçant la cellule à 4°C,

l'évaporation de l'eau est très lente cela permet de

procéder à plusieurs étirements successifs. L'étirement est

arrêté quand la fibre a tendance à perdre son allure

cylindrique. La fibre est ensuite placée à l'humidité
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relative ambiante en maintenant sa longueur maximum (on fixe

ses extrémités) ..

Après un

l'orientation

test aux rayons X, il est possible d'améliorer

de la fibre en exerçant une légère tension

mécanique à l'une de ses extrémités tout en augmentant

l'humidité relative environnante jusqu'à 93-94 % avant de

revenir à l'humidité ambiante.

IV. Contrôle de la concentration en NaCl dans la fibre

Une propriété remarquable des ADN est le fait que leur

conformation peut changer lorsque la teneur en eau de la fibre

varie. Or ces changements dépendent du type de cation alcalin

présent mais également de son pourcentage dans la fibre. Avec

le sel de sodium par exemple, le pourcentage relatif du sodium

(Nat) par nucléotide (ou par phosphore) est parfaitement

défini en solution. Par contre, pour le passage à l'état de

fibre, un contrôle est nécessaire. Ce contrôle a été réalisé

par deux techniques différentes pour une série de fibres d'ADN

qui présentent les transitions B-C ou B-A. La transition B-C

étant obtenue à partir d'une solution à 0,05 NAt par phosphore

et la transition B-A pour des solutions contenant au moins 0,5

Nat par phosphore.

Première technique : la microanalyse par spectre de flamme

a été utilisée pour trois types de fibre provenant de trois

solutions d'ADN à des concentrations différentes en sodium

les résultats sont rassemblés dans le tableau nOII.

(mesures effectuées au Service Central d'Analyses du CNRS à

VERNAISON)
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TABLEAU N° II

Solution Na+/P

0,05
l
5

Dosage fibre Na+/p

0,62
1,04
1,45

Comparaison des teneurs en sodium par phosphore pour des
solutions d'ADN et pour les fibres préparées à partir de
ces sol u t ions. (méthode par spectrophotométr ie de flamme)

On remarque, avec la solution à très faible taux de

sodium, un désaccord d'un ordre de grandeur de 10 avec le

dosage réalisé sur la fibre. L'ADN étant un polyélectrolyte on

constate bien qu'il y a un minimum de sodium comme cation

compensateur qui fait partie de la structure et qui ne peut

être éliminé par dialyse. Inversement une grande concentration

de sodium en solution n'augmente pas le taux fixé une fois la

saturation atteinte. Dans cette approche, on obtient la

quanti té totale de sodium présent dans la fibre mais pas sa

répartition. Pour tenter d'analyser cette répartition, une

deuxième technique a été utilisée, à savoir la microsonde

électronique.

Pour faire cette analyse, des fibres provenant des

préparations d'ADN précédentes sont emprisonnées dans une

résine et avec un microtome on découpe des lamelles

perpendiculaires à l'axe de la fibre.

En sondant à différents endroits de ces lamelles, le

rapport entre sodium et phosphore peut être déterminé. De

plus, cette technique permet de visualiser la section complète

de la fibre avec sa densité soit de phosphore, soit de Na+
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mais également de CI-. Le tableau III donne les résultats

obtenus par microsonde électronique.

TABLEAU N° III

Solution Na+/P

0,05
0,5
l
5

Microsonde fibre Na+/p

0,27
0,47
0,86

0,7 - 0,9

Comparaison des teneurs en sodium par phosphore pour les
solutions d'ADN et pour les fibres préparées à partir de
ces solutions. (méthode de la microsonde électronique)

A basses concentrations en sodium, on remarque encore à

l'intérieur de la fibre un rapport sodium phosphore compatible

avec la donnée en solution.

Pour les hautes concentrations de sodium, on constate

également une saturation à 0,9 Na+ par phosphore dans la

fibre, ce qui est en accord avec les études théoriques de

condensation des contre-ions sur les ADN de petite longueur

(49). De plus, pour la plus haute concentration de sodium,

l'image de la répartition du sodium dans la fibre montre

l'existence d'inclusions de forte densité et une élévation de

la dens i té en pér iphér ie de la fibre. Ce fait expl ique les

écarts d'évaluation avec la méthode de spectrométrie de flamme

qui, elle, donne un rapport moyen.

H) DISPOSITIF EXPERIMENTAL

1. Sources RX

Les fibres biologiques étant constituées en majeure partie

d'a tomes qui di f fractent peu les rayons X, la s ource de ce
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rayonnement doit être de la plus grande brillance possible

pour éviter d'avoir des temps de pose trop longs.

L'utilisation la plus commode consiste à employer des

tubes scellés Philips à foyer fin (0,5 x 8 mm 2 ) de grande

brillance. Le rayonnement du tube à anticathode de cuivre est

filtré afin d'obtenir la longueur d'onde moyenne du Ka =1,542 A

Exceptionnellement, avec des fibres très bien orientées le

rayonnement Ka du cuivre a été obtenu à partir d'un tube

ouvert à micro foyer (40 ft de diamètre) mais la brillance

relativement faible nécessite des temps de pose très

importan t s . Enf in, pour certaines expériences part icul ières ,

l'accès au rayonnement synchrotron de LURE a permis d'utiliser

une source monochromatique dont la grande brillance réduit les

temps de pose d'un ordre de grandeur de 10 par rapport aux

temps habituels. Ces dernières expériences ont ainsi permis

de mettre en évidence certains artefacts dOs à un rayonnement

qui n'est pas parfaitement monochromatique.

II. Chambres RX planes

Les contraintes imposées par la diffraction des fibres

constituées de molécules à structure hélicoïdale rendent plus

commode l'utilisation de la chambre plane. En effet, la fibre

doit être positionnée soit perpendiculairement au faisceau,

soit inclinée d'un angle connu. De plus, du fait des

modifications de l'humidité relative entourant la fibre, cette

dernière se déforme et doit donc être ramenée facilement dans

une position correcte dans le faisceau R.X ..

Avec la chambre plane, la fibre est placée directement à

la sortie du collimateur qui délimite un angle solide très
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voit la source. Il est constitué

d'ouvertures circulaires de diamètre 0,1 à 0,2 mm, espacées d~

2 il 8 cm. Pratiquement, pour toutes les challlbre:" plalHôfi

construites pour différents types d'expérlences, un ax~,

translations, de positionner correctement

cOlllmandé de

rotations et

l'extérieur de la chambre, permet, par des

la

perpencHcu l a irement faisceau

clans le faisceau

au

RX. Le

direct

f.i.lm

se

plan

trouve à

pldcé

une

distance qui peut être fixée entre 15 mm à 70 mm selon le type

de la chambre. La distance précise fibre-film est déduite d'un

étalonnaqe réalisé en déposant sur la fibre une poudre de

quartz ou de calcite.

Une paroi plane transparente supportant le puits cl' arrêt

du faisceau direct ferme la chambre. Le film est appliqué

contre cette paroi mais à l'extérieur de la chambre. Cette

paroi transparente permet d'isoler le volume intérieur de la

chambre RX, elle autorise aussi l'observation de la fibre et

donc la mesure de ses dilnens ions à l'aide d'un microscope

binC:H~ulaire.

Toutes les chambres à RX sont placées :il.ll' un banc

d'optique dont les réglages permettent de positionner l'axe du

collimateur de la chambre dans le faisceau RX. Ce banc permet

également un déplacement commode du microscope binoculaire et

d LI LJ 0 l' t e fil m.

en clüipositif a été adapté à certaines chambres planes

pour permettre d'appliquer une tension mécanique variable à la

fibre. Des poids, accessibles clans un "container" extérieur

fixé à la chambre, exercent une tension à l'extrémité libre de

la fibre par l'intermédiaire d'un fil. Enfin, un dispositif,
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Photo nO Disposition des chambres planes devant la source RX

Photo n° 2 Chambre plane avec ses dispositifs d'orientation de la
fibre dans le faisceau RX et d'application d'une tension
mécanique
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toujours commandé de l'extérieur de

d'orienter la fibre dans le faisceau RX.

la chambre, permet

III. Fixation et contrôle de l'humidité relative

L'humidité relative entourant les fibres d'ADN est un

paramètre important qui conditionne la conformation de ces

mo lécules. Pour réal is el' l' humidi té re la t ive dés irée dans les

chambres RX, onfai t circuler un courant d'hydrogène chargé

d'une vapeur saturante créée par des solutions salines (50).

Par ce moyen, des changements progressifs mais également

brutaux d'humidité relative, peuvent être obtenus. La

stabilité d'une humidité donnée est assurée en ajustant avec

un débitmètre le flux d' hydrogène ma is aus sien maintenant

l'ensemble du dispositif à température constante. La mesure de

l'humidité relative est obtenue en plaçant la sonde d'un

hygromètre à l'intérieur de la chambre RX.

IV. Mesures des dimensions des fibres

Les fibres d'ADN étirées se présentent sous la forme de

cylindre de 0, l à 0,2 mm de diamètre et de l à plus ieurs

mi Il imètres de longueur et ont, en fa i t, des dimens ions qui

dépendent de l' humidité environnante. Pour mesurer ces

dimensions, l'emploi d'un microscope binoculaire à zoom

variable et possédant un micromètre oculaire s'est révélé le

plus commode. De plus, en choisissant un objectif qui donne

une distance d'approche supérieure à 30 mm, les mesures sont

réalisées sur la fibre à l'intérieur de la chambre RX, sans

perturber l'humidité qui l'environne.
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COMPARAISON ENTRE LES INTENSITES EXPERIMENTALES
ET CALCULEES A PARTIR DE QUELQUES MODELES DE LA
FORME B DE L'ADN

A) INTRODUCTION

Les ADN naturels étirés en fibre présentent tous, à haute

humidité relative, une conformation de type B (51). Par

contre, ces ADN, en présence d'une même concentration en sel

de sodium ne présentent pas tous la transition B-A lorsque

l'humidité relative de la fibre est diminuée. Ce changement de

conformation est d'autant plus empêché que l'ADN est riche en

paires de bases A-T (52).

Etant donné ce fait expérimental, il était intéressant de

contrôler si sur les clichés RX de fibre de ces ADN en forme B

(donc à haute humidité relative), le pourcentage en paires de

bases A-T ou G-C a un effet décelable comme cela a du reste

été suggéré (53). Cependant les clichés de fibre de ces ADN en

forme B présentent peu de taches de diffraction bien définies.

Auss 1, dans la première publication présentée, les intens i tés

ont été calculées à partir du meilleur modèle en forme B alors

proposé (41) mais en modifiant le calcul afin de tenir compte

avec précision du pourcentage en bases A-T et G-C. Les

quelques intensités expérimentales obtenues avec des fibres

d'ADN à taux de A-T très différents ont pu alors être

comparées aux intensités calculées pour ces mêmes ADN.

Un autre problème que posent les résultats de la

diffraction des fibres d'ADN provient du faible taux d'accord

généralement obtenu entre intensités expérimentales et

intensités calculées. De ce fait il peut résulter différentes

propositions de modèles moléculaires. Cela s'est effectivement

présenté pour l'ADN en forme B avec la proposition d'une
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conformation dite "side by side" où chaque chaîne est formée

alternativement de port ions d' hé lice droite puis gauche (54).

Dans deux publications présentées dans ce chapitre, ce modèle

a été étudié. Son intérêt réside surtout dans l'organisation

entre hélice droite et gauche avec la contrainte de régularité

dans l'espacement des bases. En effet, à l'époque où ce

travail a été réalisé,la cristallographie des oligonucléotides

avait révélé l'existence d' hélices gauches d'ADN (13) et bien

sûr d'hélices droites (55). Les intensités théoriques des

modèles proposés ont pu être calculées avec la méthode de

calcul de la diffraction par des hélices mais l'unité

élémentaire répétitive est dans ce cas, formée d'un bloc de

plusieurs nucléotides.

Enfin, dans la dernière publication présentée, ce sont des

modèles en hélice gauche, toujours pour l'ADN en forme B, dont

on compare les intensités calculées aux intensités

expérimentales. Mais pour restreindre le domaine des

conformations stéréo-chimiquement possibles, des contraintes

sur l'orientation du groupe phosphate sont imposées. Ces

contraintes proviennent des résultats obtenus par des mesures

de dichroïsme linéaire infrarouge appliqué à des films d'ADN

orientés (15,56).
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B) ETUDE PAR DIFFRACTION RX DE TROIS ADN DONT LES
COMPOSITIONS EN BASES SONT DIFFERENTES

Photo N° 3 Forme B de l'ADN avec sel de sodium à
92 % d'humidité relative.
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An X·ro.y diffmction study on three DNAs with gmmine + cytosine contcnts of
26%, 42% and 72%, respectivply has bcen made in order to establish a possible
correlation between base composition and the conformations of double l]pliccs.

This work shows that the helical pammeters in the A and n forms in tho
presence of sodium and lithium salts are independent of the Imse composition.
The experimental intensities are compared to calculated vaillos, taking into
account the variations of the parametor a in the hexagonal lattieo of the B form.
Tho three DNAs show no noticoable diffcronce. Theoretical cnlclliations with a
ratio of (A + T)/(C + G) varying from 4 to O' 25 confirm that tho base composi tion
has a negligible effect on the diffracted intonsities, pro\'ided the holical pam­
meters remain constant. A complementary calculation made with a tilt of tho
bases shows that OlÙy tho intensities corresponding to the higlwr layers are
affected. One may conc1ude that t,he conformation of the sugl1l'~phosphatechain
is not affected by the base composition, ltnd that the proportion of (G + C) bascs
cannot be dotected by X.ray analysis.

1. Introduction
X.ray diffraction studies on oriented DNA fibres hnve shawn the conformat,iona 1
variations induced by modification of t.he external conditions (hulllidity, ionic
strength, different alkaline snlts). 'rhese conditions induce the fundnmental and weIl·
determined B nnd A forms of DNA double helices. The B form appears at high
humidity in the presence of different saJts; the crystallinity of the fibres is best with
lithium salt..'l (Langridge et al., 10(0). The A [orm (Fuller rt al., Ifl(5) existR when the
relative humidity iR Iower thnn 75% and Il, sodium salt is present. DNA in the A form
has also been observed for calf thymus DNA in the presence of potassium and
rubidium salts. With lithium salt, the A form of DNA has not hcen obtained hut
when the humidity is near 40% a 0 form a,ppears, and this has been described by
Marvin et al. (1961).

DNA in the 0 form has also been obtaincd in the presence of sorlillm salt (Azoula,y
& Bram, 1973). Thc influence of humidity on the X.ray patterns has been studied by
Franklin & Gosling (1953) and the experimental conditions are kno\\'n for the
B ta A transition of DNA in the presence of sodium salt (Cooper & Hamilton,
1966). The similarity of the X.rll}' patternR corrcsponding to Il largp variety of DNA

27
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species (Hamiltoll pt ril .. lD(8) provided the ide11, that the DNA cOIl()rmatiolls do Ilot

depelHI Oll the 1>asl' e()Ill]lOsitioll. NC'\'I'I't.he\l'ss, Illall'y studic's han' \lel'Il Illlllerlai«'1l

in order to deterlllille the UNA st.mcture as 11, fllnction of !Jase compositioll.Fur a.

given sodium salt concentration, the B ta A tmnsit,ion drpcnds on the cumparative

proportion of (A -/- T) to (0 -/- C) (Pilet &; Bmhm8, 1972). A polYlllurpilislll of t1w
ll11,tura! D;-.,rA has !JCCIl Ilotcd (Bm.m &, TOllganl, U)7~); Illorc [ln'I'isely a varia(·ioll ill

the X-ra'y pattern intensities for the B form IW.8 !Jecll cOI'I'c1akd \Vith thc DNA lJ<lf~e

composition (Bram, Ifl73). In this paper \\'e prescnt a more qllant.itatil·p approach

to the prohlcm. The hcJic11,! parnmet.ers of three DNAf.\ VI'ry diO'cl'ellt ill ))asc CUIll­

position are dcterlllincd, and the experimental diffractC'd illtcnsitics an~ C'ompal'ed
to eakui1ttell vailH'fl lIfling 1l1Odcls tlHtt ine!lIlk a tilt of LIli' bas!'s 1\11d I·ariat.ioll of

their relative proportions.

2. Materials and Methods
Tho th!'('o DNA molccull's studiod aro: S]JiTD]Jlasma citri DNA oillailll'd [rolll omngo t.rcos

with the c1isoaso (8aglio et al., 1071); this Inoleoulo oontains 2G% (GI- Cl. Calf t hymn8
DNA ifl tho soconclmoloculo in onr stucly; it contains 42% G·C baso-pairs. Tho Insl nNA,
oxtracloti from Jllicrococcl/s i!Jsodcikticus, contains 72% (U -\- C) and wn..~ prqJH.rcd ollly
with soJi\I1ll saIL.

Tho oriontm]DNA fibrps woro Illado \Ising tho lIlothotl of LlLllgridgo ct 0/. (1 !l(jO) or lhal
of D1tvios &; Baldwin (10G3), starting \l'ith a fow mg of clry DNA. The X-ray photogrnphs
woro obLainod \l'ith a fiat camora. The spocimon-to.fiIm distanco \l'as approx. 15 Illm nlld
was cloterminod precisoly for oach fibre light.ly clustecl with calcito or quart?, powrlor. The
rolativo humidity in tho caillera \l'as I",pt constant by passing hydl'()gon thrllligh satul1ltt't1
salt solutions. Tho photogmphs o!Jtainod from nickel-filtcrocl CuKa mdiatiou (1'542 A) \\'01'0

enlargod on plastic paper for mcasurOlllcnt of tho parametors. Tho vahws of tho dirrml'll'd
intensitics \l'oro o!Jtainer! with a Zciss microdonsitomcter. \Vo usod t.ho multiplo film
tcchniquo \l'ith Inonolayer films; tho ratio of tho intonsities of ono film to tho fo!lowing OIlO

is of lho ortil'r of 1·5. Tho exporin10ntal valuo of tho intensity corr0Spondillg to n. spot in
tho X-ray pr\.ttl'rn dofinnd hy tho indices (h,I.:,I) \l'as c,t\I'ulate(l accorrling to lho [oIJolI'illg
oxprossion (L11,ngridgo et al., 1000): I exp (khI) = AL~/,5', \l'haro A is (·ho an'a m!'asllrod 'l'it h
a planimoto!' undcr tho traco clonsitomctered radia!ly across lhe spot (h,k,I). Tllis "a hl!' is
corroctod, taking into account the distancos betweC'n tho diJTracting vollllllo alld t he spots
on tho fiat film. Lis tho 10ngLh of tho spot-arc anc! ~ tho radia! co·ordinatn of tho (h,I.:,I)
point in reciprocoJ spaco.,5' is tho number of points from !'ociprocal spaco conlrilJllting 10

tho intonsity of tho spot. Tho intonsitios diffnwtod by a singlo double-II!'lix in t 110 laIt ieu aro
dotC']'Jnino(] from tho oxporimontal intC'nsitiC'R (Langridge ct al., 1DGO), and t ho~' /ln' COIll­

parmI \l'ith tho calculatod int.c'l1sitios.

3. Calculation of the Molecular Model
(a) Building the model

In orc1cr ta ealeulate the Fourier trnllsform of the DNA clollhlc-hclix 8Lrueture,

it is neec8sary ta determinc t.he cylindrieal co-ordinales of t·he atollls of the ll1oleellle.

Although one of the two antip11,rnlIcl hcIiees sllffices for ealelllation of the intensities,

it is ncecssary to build a mode! of the two eomplementary hcIiees in onlcr 1.0 eIder­

mine the atomie eo-orc1inates in a correct reference frame. In such a frame t,he dyadic

symmetry of the system is lIsed sa tlmt t.he eo-onlinates (</>,Z,U) of a givcn atolll on

one helix correspond t·o the co-ordinates (-</>, - Z, R) for the homo]ogollS at·OIIl on

the other hclix. 'l'hi8 is aehievcd by building with a computer 11, molecular nHHle! of

the double hclix in one of its precise furms, The geollll'try of t1lP sugar-phosphate



(a)

)

50

Cb)

['1.\'1"1: 1. 1II',':l)..!,tl]1'11 /; 1):\.\ 1III'l'I';I,'lll'll Il,1111'1'1\ [;11,1'11 ill !1~I'tl Il,1,1(1\(' 111111111111.\. :-":1>11111111,;111

1'.'\.\ \\,111 (;1)12"" (1: li. (i.) 21;"" \1: l') il 11<1 (<1) ~2"" (1: 1'1. I.II\,illlli -ilii 11\.\ \\1111 (l') 12""
il: 1'1.

1,/"""//' ;11



51

D N A \V l TH]) LL" 1<' l~ BEN T BAS ECO l'tI PO S l T ION S ZO

chain is completcly dcfincd oy t.hc scvcn dihcdral angles givcn hy Amott & Hukins
(1972). The bond lcngths and oond angles arc taken from the listing given by Arnott
(1970). The calculatians relevant ta this paper are donc on the B form, in which the
desoxyribose sugar is in the C(3) exo structure. The building programme is based on
Eyring's matrices method (Eyring, 1\)32); it construets progressively a chain CO!TCS­

ponding to a given sequence of hases. 'l'he procedure is transpos('d [rom that pl'O­
posed by Hermans & .Ferro (1971) for the representation of a protein molceule. The
method used allows the conformation ta oc modified simply and, fol' instance, makcs
it easy ta introduce a tilt and twist of the bases. When a chain is built in the proper
helical form, the complemcntary, antiparaJlcl one is adjusted ta a position that
l'l'alises the best fit for hydrogen bonds bctween assoeiated bases. The bases being put
at their right levels, the fitting is finished by the rotation of one helix around the
cammon helical axis. Then the eylindrical co-ordinates of the atoms are calculated
in ft system that uses a dyad axis and the serew-axis; the atom co-ordinatcs <p and Z
are related ta the dyad axis and the radius R is the distance [rom the atOln to the
double-helix axis. 'l'able l gives the atomic cO-Ol'dinates fol' the B form with no tilt
or twist on the bases.

TABLE l

Cylindrical co-ordinates of the five sets of atoms in B-DNA

Atom Rj(A) ri> (7) Zj (A) Atom R ri> Z

Adenine Cytosine
N(9) 4·59 -75'88 -0'08 N(l) 4·59 -39,85 3·28
C(8) 4·85 -92'39 -0·15 C(6) 5·04 - 55·19 3·20
N(7) 3·97 -105·47 -0'14 C(5) 4·47 -70·03 3·19
C(5) 2·27 -95'25 -0'04 N(4) 2·95 -99·75 3·27
N(6) (97 -loHH -0'01 C(4) 3·07 -74,32 3·27
C(6) 1·44 -122·14 0·01 N(3) 2·32 -50,02 3·35
N(!) 0·70 -42,93 0·10 0(21 3·56 -10·97 :1-43
C(2) 2·04 -29,33 0·13 C(2) 3·40 67·4 0·27
N(3) 3·1I -46·15 0·08
C(4) 3·25 -70·50 -0'01

Guanine Thymine
N(9) 4·50 -3,83 6·64 N(!) 4·59 32·10 0·00
C(6) 4·86 -19,65 6·65 C(6) 5·02 16'02 0·01
N(7) 3·93 -32,00 6·50 1\Ie 5·61 -10,55 9·82
C(5) 2·68 -21'90 6·68 C(5) 4·47 1·69 9·01
0(6) 1·76 -82·70 6·72 0(4) 2·07 -27,34 9·09
C(6) 1·37 -38,75 6·74 C(4) 3·00 -3'85 9·09
N(1) 0·84 33·74 6·82 N(3) 2·37 21·20 10·06
N(2) 2·00 70·58 6·04 0(2) 3·51 60·00 10·15
C(2) 2·17 44·72 6·85 C(2) 3·37 40·63 10·07
N(3) 3·19 26·15 6·80
C4() 3·26 2·34 6·71

Phosphate Dooxyribose
p 8·01 -58'35 1·75 C(1) 5·81 -66·24 -0,08
0(1) 8·75 -60,55 0·10 C(2) 7·04 -72-56 O·BO
0(2) 10·24 -IH'73 1·08 C (3 ) 8·20 -(J0'05 -0,19
0(3) 8·02 -6(j·42 2·54 C(4' 7·58 -60,05 -1·58
0(4) 7·73 -51'08 2·00 C(5) 7·(jO -70·00 -2,30

0(5) 6·23 -(j4-83 -1·42



30

52

S. l'REMILAT A~[) G. ALBI8El\

(b) Pourier lransform of the dm6ble helix

Owing ta the dyad axis in the double helix, the Fourier transform calculation takes
a simplified form. One can give the well·known exprcssion (Cochran et al., 1952) for
the structure factors:

,,_ " { ( 1T) 2 1T l Zi}P(l,IM) = ;- fJJJ n(21T Rj~) cxp i n If; -<pj +"2 -1- -e- ,

where l is the layer line number; Rj, <pj, Zj the cylindrical co-ordinates of the jth
atom in the repeating unit andfj it,s scattering factor; e is the length of the unit ccII
along the helix axis; tf; and ~ arc, respcctively, the angular and the radial co-ordinates
of a lattice point in reciprocal space. J n is the first·order Bessel function of n, and n is
defined as the integral solution (positive or negative) of the expression n/P =
(l/e) - (m/p), where P is the pitch of the hclix, p the axial separation of the repeating
units and m any integer. For the DNA in the B form with a hexagonal lattice, one
has P = 34 A, p = 3·4 A, e = 34 A ftnd so n = e~ 10 'In. For the calculations we
made, the values of n were limitcd by Inl ::::; 13.

The atomie scattering factors fj were taken from Langric!ge et al. (1960), which
takes into aceount the water in the structure and inc.ludcs a tcmperature factor.
For practieal reasons, the atoms of the helix arc nrrangec! in fivc sAts: in the fimt set
are the atoms of the sugar-phosphate group; the four following sets are composed of
the atoms of the bases adenine, cytosine, guanine and thymine, respectively. In this
ordering the atoms of group gare numbered from ng to mg. As we suppose a statistical
repartition of the different base·pairs along the double helix, a coefficient P g is given
to each base group. These factors define the proportion of the base-pairs (guanine

4

and cytosine have the same Pg value, as do adenine and thyminc) and L Pg = 1.
g~l

Of course the sugar-phosphate set has P g = 1. The co-ordinates in Table 1 carres·
pond to the atoms of the five groups.

Because of the presence of a dyad axis in the double helix and the fact that the
pitch contains ten base-pairs in the B form, the calculated intensitics vary whcn the
angle tf; inereases from 0 to 18°. Praetically, one calculates the difTracted intensities
averaged by the rotation tf;; this is well.justified on an cxperimentallevel. Therefore,
the structure factors can be written:

5 mg (2 1T l Z )
F(l,tf;,~) = g~tg ~j~/j J n(2 1T Rj ~) cos -e-

j
-- n <pj ,

and the diffracted intensities are l (l,tf;,~) = F2 (l,lp,Ç).

4. Results
(a) Salt and h16midity effeets

With the three sodium salt DNAs, the B to A transition is obt.:l,inac! when the
relative humidity is lowered from 92% to 75%. In the B fmm the lattice is hexagonal
and the parameter a is dependant on the humidity. But the main axperimental fact
that can be drawn from the series of X.ray patterns obtained with a humidity of
92% is: the a parametcr is about 49 A for the 72% (G + C) DNA, it is 45 A for t.llC
42% (G + C) DNA and 43 A for the 26% (G + C) DNA (Plate lia), (b) and (d),
Table 2).
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For the three DNAs studied in the B form, the meridional refieetion is at 3·4 Aand
the length of the unit cell along the c axis is very close to 34 A (33'8 A). Consequently,
there are ten nucleoticles in the piteh of the helix. The patterns eorresponcling to a
relative humidity of 75% present the A form with the three DNAs. The mericlional
refiection is at 2·56 A, thc lattice is triclinie (Fuller et al., 1(65) with the parametcrs
a = 22·2 A, b = 40·6 A, c = 28·15 A, f3 = 97°, when the quantity of thc sodium salt
is increased (more than 3,5% w/w), the 26% (G + C) DNA retains the B form for rela­
tive humiclities from 43% to 92% (Albiser et al., 1(73). In this case the parameter a of
the hexagonallattice vrrries from 37·6 A to 49·6 A.

For the three lithium salt DNAs we hrrve the B form with a rehtive humidity of
92%. Thc lrrttice is hexagonal, the parameters a and c are very close to those for
sodium salt DNA (Table 2 an(l Plate T(c)). When the relative humidity is lowered to
about 75%, the B fmm appears in the orthorhombic lattice (Langridgc et al., 1(60)
with a = 31 A and b = 23 k The pitch cloes not vary cven when thc hllmidit.y is
lowcrecl to 40%. An incrcasc of thc lithium salt concentration for the 26% (G + C)
DNA stahiliws the B form in its hexagonal lattice agrrinst the effcet of the hmnidity
diminution. The C form has been obtained only for thc 42% ancl 72% (G + C) DNA.
In this case t.he lattice is hexagonal or orthorhomuic a,nd the pitch of the hclix is
equa,l ta 31·8 A.

(b) The diffracted intensities

The cliffraetecl intensities ha,ve been measurecl on photographs outa,incd with DNA
fibres in high rela,tive humidity. Sa the pa,tterns correspond ta the B form in the
hexa,gonallattice for the sodium and lithium sa,lt DNA. Tn Ta,ble 2 the intensities tha,t
correspond to the strongest spots on the three first layer lines (i.e. (1,1,1), (2,0,2) a,nd
(2,1,3)) in t.ho patterns of tho three DNAs a,re comparecl. The intensit.y of the spot,
(2,0,2) is arhitrarily macle eqllal to 100 in eaeh case. The expcrimontal intensitics arc
compa,red to the ca,lcuhtcd va,]ucs; for thrse last, the positions of the spots inrcciprocal
space arc takcn into aceount.

The theoretica,l intcnsities wero calculat·ccl for a constant pitch of tho holix in the
B form (Arnott, 1(70) but· the relat.ive proportion of the base-pa,irs was incluclcel in
the computation through the values givcn to the factors P g • Wc useel a, ratio of

TABLE 2

.JIaxi1n1l1n relative intensities of the three B-DNA fibre pattern8

DNA
Relat.ive lst layer 3rd layer

(%G+C)
(A+T) humidit.y Salt, a(A) c (A) lino lino
(G+C) (%) loxp I cal l.xp 1.01

Spiroplasma citri 2·8 02 Na 42·8 34 31 26 62 50
26 02 Li 43·5 34 33 30 72 67

Calf thymus 1·35 02 Na 44,5 34 32 30 50·5 63
42 02 Li 46 34 28 32 54 57

.Micrococcus
lysodeikticu8 0·39 92 Na 49 34 38 35 51 47

72

Tho intcnsity of the spot 011 thc sccond laye!' lino is al'bitwl'ily made eguol t.o ] 00.
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bases (A+TfG + C) varying from 4 to 0·25. Analysis of the intensities for each layer,
as a function of the radial co-ordinate in reciprocal space, corrcsponding to the two
extreme cases of the base ratio reveals a very light diminution of the intensities of the
second, cighth and ninth layer lines ancl a small increase in the intensity of the tenth
layer line (Fig. 1). These ealculatcd effccts are less than the experimrntal crrors and
therefore cannot be dctccted on diffraction photographs. Tt is also a rrsult that would
be expected clue to the closcncss of the total atomic factors for the two possible
base-pairs.

Complementary calculations have been made in order to define the effect of the
base tilt on the diffractccl intensitics. For this purpose wc vary the c1iheclral angle X

on the sugar-base bond (Fig. 2). The variations 'l'cre +Do and _DO with respect to the

H

H

Base
------------r--~,

N

H

Fw. 2. The dihedral angle X around tho bond between the buse and tho sugar ring.

original B structure. These rotations have the same consequences as a simultaneous
tilt from +4 0 ta _10° and a twist from -4,15° ta + 11° in Arnott (W70) conventions.
Such rotations, for the extreme values, correspond to structures with very c1istorted
hydrogen bonds in the base-pairs. Nevertheless, one can only c1eteet an intensity
variation on the 8th Ia.yer line anc1 very smaIl ones on the Dth and 10th layer linrs
(Fig. 3). These results are in accordance with a similar stuc1y made on thc A form hy
Fuller (l!J61). Ta be complete, we vcrified that variation of the base-pair ratio does
not modify the precec1ing rcsults. Thus intcnsities of the higher layer Iines arc c1irectly
related to the relative orientation of the bases. These data confirm thosc of Marvin
et al. (1961) when they examined the DNA C form.

5. Discussion
The three DNA helices studied, although they are very c1ifferent in base composi­

tion, do present the same conformation under ic1entical physical conditions (salt
concentration and relative humidity); the helical paramcters in the A, Band C
forms are ic1entical for the three DNA fibres. This is not general hehaviour; Bram & .
Tougard (1D72) have studied systems that gave the opposite result. An increase in the
lithium or sodium salt concentration favours the stability of the conformation found at

3
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high humidity (B form in the hexagonal lattice). This effect of stabilization against
lowering of the relative humidity is more pronounccd when thc relative number of
(G' C) base·pairs in the DNA helix is lower. 'l'he experimcntal differenccs noted on the
diffracted intensities for the three DNAs are related to difTcrencos in the hexagonal
lattice paramcters; if one takcs into account the lattice parametor \\'hen tlle intcns­
ities are calculated, the experimental valucs arc in good agrcement with the t,hcoretical
values. 'l'hefi~fore, the hexagonal lattice parameters are difTerent for the thrcc DNA
fibres but the helices are the same or, at least, indistinguishable by X-ray diffraction.
Moreover, one should expect a corrclation between the pammeter a of the hexagonal
lattice and the relative proportion of the base-pairs.

The ealculated intensity curves obtained with DNA in the B form are vcry similar
to those given by Langridge et al. (19GO). The small difTerences come from the fact
that we use the rcfined dihedral angles proposcd by Arnott & Hukins (1072). The
intensities calculated with the modcls of DNA in the B fonn \\'ith very difTeront
base-pair contents do not reveal any significant variation. The complementary
calculations, which introduce a modification in the base orientation addcd to the
variation of the base composition, show that the tilt and twist of t,he DNA bascs
has an effect on the 8th layer line intensities. Rut no difTercnces are notecl on the
X-ray patterns of the thrce DNAs; thus the ()['ientntion of thc lJitRr-pail's cnllllot, bC'
related to the hase composition of t.110 douhle helicos. FllrthC'r, one ean Ray tlHLt tho
base composition doos not afTect the sllgar-phosphate chain or the basc oricntation.
Such a conclusion is not obvious; vory difTercnt chain conformations correspond ta
given helical parameters because of the number of modifiable dihedral angles in tlle
sugar-phosphate chain. This fact obtains from the hypothesis of a statistical repar­
tition of the base-pairs along the helix. So, one could suppose thnt tlle base composi­
tion may introduce perturbations in the main chain conformation if the base-pairs
nre in precise sequences; tllis has not yet !Jeen demonstratcd.

:From the experimental results presented above, we cnn draw tlle conclusion that
DNA with a low (G + C) content is characterized by the absence of the C forlU in
lithium salt preparations and also of the A form 'Nhen sodium salt is present in
concentrations greater than 3'5% (w/w); this behaviour is to be relatcd ta the resllits
of Pilet & Brahms (1972). The ahsence of the transition from the B ta C form for
DNA with a low (G + C) content unc1erlines the difficulty of inC'rC'aRing thc angle of
rotation for succceding nucleotic1cR. Zimmcr & Lllck (1974) Ilotecl this for long
homoligonucleotide sequences, part.iclllarly of (A' T) lHlRC-pniI'R.
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C) COORDONNEES ATOMIQUES ET INTENSITES CALCULEES A PARTIR
D'UN MODELE "SYDE BY SIDE" DE L'ADN

Figure N° 14 Projection de l'unité de 10
nucléotides sur un plan
perpendiculaire à l'axe de
la super hélice.
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Summary. A precise conformation of the side-by-side tyne is propo­
sed for the B-D.N.A. form. In this model the antioarallel chains
are related by a dyadic symmetry and binding between comnle~lentarv

bases is realized using Watson-Crick pairing. The elementary unit,
comprising 10 nucleotides for one chain, is composed of one seq~ent

in a right handed helix, a second segment rotated to the left élnd
two bends. Cylindrical atomic coordinates are given for atoms in the
elementary unit and the square of the Fourier transform is calcllla­
ted for this conformation and compared to the weIl known double he­
lix and to experimental data.

Introduction.X-ray measurement on crystalized fragments of D.N.A.

allowed to propose a new conformation for the D.N.A. double strand.

This conformation is very different From the Crick-Watson B-D.N.A.

form as it takes the form of a left handed helix (1). Left handed he­

lices seem to be also possible in synthetic D. N.A. fibres (2) . These

facts increase the interest for D.N.A.conformations oresenting si­

multaneously right and left handed helices e.a side-by-side models.

For the two different proposed models (J) (4) the segments of right

and left handed he1ix are each composed by five base pairs which are

associated as in Watson Crick mode1. What different1ates these two con­

formations 1s essentia11y that for type l, slIgar rin<]s are C (3) enrln

for nucleotides in left handed he1ica1 segments andC(3) exo for ri'lht­

handed ones/ but they are a1waysC(3)exo for the tYDe II. As il conse­

quence in the type l the oxygen a toms of the sugar rings have the

same orientation and in type II they are al ternrttive1y llO and clown.

Side-by-side mode1s are proposed in very general forms noprccise

atomic coordinates are given and thus comparisons with expcrimental

data as well as with the double helix model can only treat overal

features. Moreover the two methods used (J) (5) for ca1cu1ations of

diffracted intensities give results which do not agree. In the nre­

sent paper a complete1y defined side-by-side model for D.N.A. i5

given which a110ws precise ca1cu1ations of diffracted intensities.

0006-291X/80/151231-07$Ol.OO/O
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As we encountered difficulty when trying to build the type l struc­

ture (essentially for nucleotides in helix rotating to the left) we

propose atomic coordinates for a D.N.A. conformation similar ta the

type II. Cylindrical coordinates as weIl as Fourier trans forms are

determined for a stereochemically possible conformation of the bi­

catenary molecule. Curves of the diffracted intensities are there­

fore calculated and compared to experimental data and ta values as­

sociated with the double helix model in its B form.

Method. a) Geometrical conditions. In order to define with preci­
sion a D~N.A. conformation similar to the type II it is necessary
to impose some detailed characteristics of the structure. Firstl~

the two antiparallel sugar-phosphate chains and the stacking of
the complementary bases must present a good stereochemistry. Sugar
rings are put in their C (3) exo conformation which is the admitted
one for the B-D.N.A. form (6) but, as sugar rings present greatfle­
xibility (7) perturbations of their conformations are allowed during
the process of improvement of the chain conformation. The 3.4 Kdis­
tance along the axis is a characteristic parameter for the B-D.N.A.
bevealed by X-ray diffraction. In the proposed conformation the 3.4
A distance should be found essentially in the interval betweensuc­
cessive base-pairs which will be maintened perpendicular to the axis
of the structure. Another important feature observed on X-ray nat­
terns is the regular int~rval between layer lines corrcsponding ta
an axial distance of 34 A. In the double helix model this distance
corresponds ta the height of 10 pairs of nucleotides. Therefore in
the new conformation, the repetitive unit will be constituted by 10
nucleotides per chain. Indeed this conformation will ~resent alter­
nation of three nucleotides on a right handed helix and three nucle­
otides on a 1eft handed one. These segments will be separatedby two
types of bends corresponding respectively to the right handed ta left
handed helix transition and vice-versa. Each bend will be composed
of two nuc1eotides. The 10 nucleotides unit on a chain must be asso­
ciated with a complementary unit on the antiparallel chain. This
condition imposes the existence of a dyad axis oerpendicular to the
axis of the structure; moreover, in order for obtaining units of
tenonucleotide pairs which exactling repeat through a translation of
34 A along the main axis, the dyad axis in the riqht and lcft seg­
ments must have the same direction. For the beginning of the chain,
one imposes the geometrical parameter of the B-D.N.A. double helix
form (6) ta nucleotides in right handed helix. Moreover the axis of
the structure must also be the axis for the right handed segments
of the chain. Nevertheless, if one retains the dihedral angles of
the B-D.N.A. form for the left handed segments of the chain, these
latter will present axes with directions very far from the axis of
the structure. It will thus be almost impossible ta sunerpose the
axes of the successive right handed helical segments. As a conse­
quence, the dihedral angles of nucleotides in left handed segment
will be modified taking into account the imposed geometrical con-
di tians.e) Madel building. Computations of atomic coordinates are perfor­
med with a procedure previously used (8) ; bond lengths and valen­
ce angles used are those 1isted by Arnott (9). Dihedral angles cor­
responding ta nucleotides in the left handed segments and in the
bends are ta be determined but one should note that the number of

1232



VoL-95, No._3.L980

62

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

constraints on the system does not allow an easy computation of
these angles. This is why a kind of Kendrew molecular model was
built in order to evaluate the unkown dihedral angles. Buth sucha
model does not permit precise measurements and, moreover as atomic
space filling is not materialized it hardly gives a good idea about
the stereochemistry of a conformation. Nevertheless this modelgive
approxima te values of the dihedral angles which can be used as star­
ting data for computations of the cylindrical coordinates of atoms.
With the computed coordinates one can test the conformation as re­
gards the different constraints : if the stereochemistry is good,
one has to verify whether the binding of com~lementary bases ispos­
sible. In fact a conformation verifying the imposed constraintsand
presenting an acceptable stereochemistry, is progressively obtained
by going back and forth between the model and the computer and vice­
versa.
c) Fourier transform. The computation of the theoretical values of
Intensities diffracted by the new D.N.A. conformation is performed us­
ing the same expressions as for the double helix model (la) (8) .Thus,
due to the dyadic symmetry between complementary chains, the follo­
wing simplified ex~ression can be used for the structure factorson
the layer line t (11) :

2 n 9. ?: ,

F ( t, E;) = l If. J (2n R , E;) cos ( ] - n <Il .) = l TI (~, r.)
nj ] n J c l n n

where f, is the' radial coordinate in reciprocal space and R, ,<Il., z, the
cylindrical coordinates of the atoms in the ten nucleotidJs Juni~.
arder n of Bessel functions J are defined accordinq to the rule :
t=nt+mu withm a positive,n negative or null intéger. For the pre­
sent computations n is taken from -13 to + 13 for aIl values of ~ be­
cause here 9, = n + m. Atomic scattering factors f. are those given by
Fraser (12). The diffracted intensities averagEJ1 over the orientation
angle in reciprocal space is calculated as (8) : l (~, U = L TI 2 (~, () .n .

n

Results. In the best conformation obtained sugar rings in nucleoti­

des 1 and 2 are in the B-D.N.A. double helix form. The first bond 1s

realized between the sugar rings of nucleotides 3 and 4. The nucleo­

tides S, 6 and 7 are on a pseudo left handed helix. The second bcnd is

formed between the sugar rings of nucleotides 8 and 9. Finally the Stl­

gar ring of nucleotide la takes the conformation of the I3-D.N.TI. dou­

ble helix. It was necessary to modify the conformations of the sugars

in the bends in order to maintain the imposed geometry. Hence, the

conformations of sugar rings of nucleotides 3 and 8 remain very near
o

ta C(3) endo. They correspond respectively ta base interval of 3.58 TI
o

for the first bend and 3 TI for the second one ; this last value is

due ta constraints for association between complementary bases in

the two antiparallele strands ; bases complementary to bases of the

second bend must be in the conformation of the bases in the first

bend (dyadic symmetry).

unit present a distance

units are obtained only

The chain of ten nucleotides constituting a

of 34.4 A along the main axis. Successive
o

by a 34.4 1\ translation along this axis and
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Table 1. Chain dihedral angles for the nucleotides of the unit.

DIliEDRAL ANGLES(about atomic bond)
Nucleotide

0(0 ) [,(0) 0(0) (0) .p(o) w(o) x(o)nunlber (0'

(0
4

- C
5

) (C
5

- C
4

) (C 4- C
1

) (C 1-°1) °l-P) (P-0 4 ) (C
1

- N)

l r igh t handed -146.5 36.4 156.5 154.7 -95.6 - 46.1 150.5
helix

2 -146.5 36.4 156.5 155.7 -93.6 - 70 150.5

3 l st bend -144 34 .4 83 - 174 15 -168 124 .6

4 -160 36.4 145 96 -87 - 00 112.6

5 130 45 149 133 -96 84.5 72.2

6
left handed -122 33.4 154.5 140 -100 - 89 71.6segment

7 -124 32 153.5 140 -111 ') 75.5

8 2nd bend 170 - 24.6 107 58.5 -12 -175 16

9 -172 157.5 149.5 169 -77.6 - 67 121

10
right handed

-146.5 37.4 156.5 154.7 -95.6 - 46.1 138.9helix
-

thus dyadic axis in right and left handed segments have the same

orientation. The complementary chain is easily obtained with a

Watson-Crick bases association. Pairs of bases are almost perpen­

dicular to the main axis. Dihedral angles along the sugar 9hos­

phate chain are given in table I. Progression is done in the 5-3

direction and values correspond to Arnott conventions (9). Cyl in­

drical coordinates for atoms in the unit are given in table II. It

can be noted that the mean interval between bases is of the order
o 0 0

of 3.4 A with limiting values of 3 A and 4.3 A. In fig. lare given

curves of the square of the Fourier transform corresponding to this

D.N.A. conformation.

Discussion. The proposed conformation has been difficult to realize,

it still presents irregularities, mainly in spaces between bases.
o

The total height of 34.4 A for one unit is very near to the experi-

mental value. The Watson-Crick type of bases association is maintai­

ned and dyad axes in same direction for right and left handed seg­

ments allow an easy determination of the complementary chain and

avoid a superhelical distorsion of the conformation. Interatomic

distances are as satisfactory as in the B-double helix model ; one

should note that one sugar ring in each bend has to be C(3) endo in

order to avoid bad interatomic contacts. Residues 4 and 8 exhibit

unusual values for the w angles (table I). These values are necessa­

ry for the bending of the sugar-phosphate chain and are therefore

inherent to the present model. Moreover a similar value for w has
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Table II. Cyllndrlcal coordlnates for nlne nucleotldes of an unit.
(the coordlnatts of flrst nucleotide can be obtained by
removlng 3.38 from Zj and 36 Â from ~j of nucl~otlde 2).

---- NUCLEOTIOF. 2 NUCLEOTIOE 1 NUCLF.nT 1DF. 4
ATOM . (0) . 0 (0) 0 0 (0) 0

R
j

(A) 4>. Zj (,\) RJ(A) 4>j Zj (1\) R
j

(1\) 1>j Z j (II)
J

0 4 7.72 -52.95 2008 7.70 - P. 36 5.48 ~ . 21 -10.60 9.70

C 5 7.68 -44.83 1 . 14 7.93 - 7.77 4 .92 8 .35 -16.15 10.89

C 4 7.57 -34.87 1.86 7 .64 0.51 5.89 7.60 -25.57 10.87.

0
5

6.22 -30.63 2.02 6.33 5.49 5.69 6.23 -24.72 11 .28

C 3
8.19 -34.88 3.26 7.75 - 2. 1 1 7. 37 7. 58 -36.47 9.44

C 2 7.02 - 38.40 4 .13 6.86 6.26 8.01 6. 1S -28.16 8.97

CI 5.79 -32.06 3. 36 5.67 6.91 6.94 5.34 -26.58 10.18

N 4 . 58 -41. 71 3.36 4 .46 - 3.07 6.88 4.58 -11.75 10.11

01 8.74 -26.36 3.64 9. la - 1.81 7.81 7.99 - 40.49 9.51

p 8.92 - 24 .25 5.19 9.46 - 4.71 9.30 7.09 - 50,55 9.52

O2 10.23 - 20.35 5.40 9.74 2.33 10.15 8.C12 - 58 . 1 2 8.95

0
3

9.0 -32.33 5.96 10.72 - 9.05 9.28 5.86 -49.41 8.70

NUCLEOTIDF. 5 NUCLEOTIDE 6 NlJCLr:OTII1p. 7
...

'-- -.~---- .---~'--

0 4 6.80 - 52.13 Il.08 6.93 - 93.49 14.4) 7, 29 -1 31 .44 1R . 1

C
5

7.88 -55.52 11. 93 7. 96 - 94.04 15.44 8.23 -112.28 19,1 R

C4
7. 56 -64.54 12.77 7.80 -102.71 16.35 8.0\ -14 1.0\ 20.01

0 5
6.62 -61.90 13.83 6.86 -100.48 17.42 7.02 -119.28 21 .04

C
3

7.10 -74.40 12.03 7.47 -112.81 15.70 7.70 -150.48 \9.27

C
2 5.60 -75.42 12. 25 5.96 -114.60 15.83 6.19 - 152. 1 3 19. 34

Cl 5.36 - 67.38 13. 53 5.67 -107.26 17.20 5.84 -145.74 20.71

N 4 .41 -53.75 13 .55 4 .56 - 96.05 17.19 4.67 - l ) t1 • ,r} 20.74

01 7.89 -82.65 12.no 8.22 -120.01 16.40 8.41 -157,85 19.91

p 7.34 -93.93 12.89 7. 83 -13\.02 16.59 8.03 -168.64 19.99

O2
8.57 -99.53 12.63 9.14 -115.53 16.41 9, 2 r, - 17 1 . (lR 1/).",11

0
3

6.25 -97.86 12.00 6.87 -135.01 15.59 6.88 -171.59 19.14

-_. f-------------- ..
NlJCLP.OT IOE 8 NLlCI.f.OTIDE 9 NlJCI.P.O·\'TrIP. IP

--- ._-- ---,-. _.---_ .._---
0

4 7.76 -170.15 21.55 7. 44 -169.23 26. 14 7.68 -\ 28 .9 'i 10.24

C
5

7. 75 - 161.58 22.40 7.96 -165.04 27 .36 7. 78 -1 21 .4 J 29.22

C 4 7. 21 -164.21 23.77 7.74 - 154 . 14 27 .48 7. S7 -II \ . or, 2" .7 R

Os 6.57 -154.32 24 . 3 n.48 -150.09 26.97 6.21 -106. R9 29.7 J

C
3

6.38 -175.05 23.83 7.89 -150.02 28.89 8.04 -109.87 li . 23

C
2

5.14 -PI.45 24 .64 6.45 -149.74 29. H 6.77 - 1 \ 2.60 12. al

CI 5.39 -157.08 25.03 5.61 -147.05 28.04 5.65 -106.76 31 .04

N 4.62 -142.41 24.95 4 .53 -158.68 28.00 4.4J -1 16.53 30.99

0
1

7.27 -182.97 24 .41 8.67 -141.80 28.90 8.57 -100,96 11. S0

P 7.79 -180.85 25.90 8.88 -136.30 30.24 8.61 - 97. 38 3 J. al

O
2 9.26 -181.68 25.94 10.20 -132.31 30.16 9.95 - 9 J. 78 13,26

0
3

7.25 -188.65 26.82 8.94 -142.25 Jl.40 8.49 -105.01 11.94

~ -----_.

1235



Vol. 95, No. 3, 1980

65

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

..../-, . "
7 1-~':"-~"---'4~/:'-/~r-..::::'~=f

5

4

"e..---__

" ."

- - --.. -

Figure 1. Curves of the square of Fourier transform associated with
the new model (---) ; this model with bases perpendicular
to the axis ( .... ) ; curves for the B-D.N.A. Watson-Crick
double helix (------). Spots indicate experimentally
observed intensities .• strong, 0 medium and.:; weak (ll).

been found experimentaly (13). Improvements of this conformation

could be obtained with refinement methods taking dihedral angles

as variables. In that way le ft handed segments could be given a more

regular conformation. Dihedral angles of the right handed segment

(helix) could also be modified in order to decrease the interval

between bases 7 and 8. Nevertheless it seems difficult to improve

spaces between the bases near the bends as long as constraints are

maintained on the geometry of the system. Note that the obtained
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conformation fits well ta the orthorhombic lattice in the space

group P2 l 2 1 2 1 e.a. the two molecules in the lattice have their

dyad axis in the a direction and one is translatecl in the c (Erec­

tion with one third of the unit height (ten pairs of bi1ses). Irre­

gularities in the geometry, mainly in spaces between bases, intro­

duce defects in the calculated intensities. Although layer lines 0

and 10 do agree with experiment as the double helix model, layer

lines 1,2,6 and 8 presents wide maxima which could permit the exis­

tency of intensity spots (taking into account the lattice) which

are not indeed observed. Moreover calculated curves present meri­

dian values not equal to zero on layer lines 5,6,7,8 and 9 ; slleh

intensities are not observed with B-D.N.A. These last results agree

with conclusions presented recently (5) but the present completely

defined side-by-side model furnishes a good starting point for an

eventual refinement procedure. Atomic coordinates given [or the

proposed D.N.A. conformation allow precise calcula tians and shown

that the side-by-side model is a realistic one as concerns the

stereochemistry but the calculated intensity curves do not match

as well ta experimental data as for the double helix. Nevertheless,

improvement are possible mainly by increasing the regularity of the

present model ; one can already note that the Fourier curves of

high order layer lines are improved when bases are maintained per­

pendicular ta the axis of the system (Fig.l).
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D) CONFORMATION ET TRANSFORMEE DE FOURIER D'UN MODELE
MOLECULAIRE "SIDE BY SIDE" EXACT POUR L'ADN EN FORME B

(a) (b)

Figure N° 15 : Les deux régions de changement de sens de la
chaîne des nucléotides; la vue est prise le long de l'axe
dyade.
a) le premier coude entre les désoxyriboses 3 et 4,
b) le deuxième coude entre les désoxyriboses 8 et 9.
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Summary. An accurate side-by-side conformation with a good stereoche­
mistry is proposed for the B-DNA. The structure does not present any
super helical torsion and its right and left-handed sections, compo­
sed of three nucleotides per chain, are connected by two different
bends each comprising two nucleotides. Atomic coordinates and a ste­
reo view are given as weil as dihedral angles. Diffracted intensities
are calculated for this molecular conformation and compared to expe­
rimental values and to other DNA models.

Introduction. The DNA in its B-form is generally defined as a right­

handed double helix with bases paired according to the WATSON-CRICK

scheme. But many experimental facts question the unicity of this mo­

dei with regard to the conformation of the sugar-phosphate chain. For

example, right-handed helices close to the classical B-form have been

proposed as models in X-Ray studies on crystals of short sequences of

nucleotides (1). But the crystallization of sequences of alternating

purines and pyrimidines allowed the determination of a left-handed

double helix, the Z-DNA (2) (3), as a new model with a dinucleotide

as unit. A polymorphism is also considered for the DNA models used

for interpretations of X-Ray results on fibres (4) and left-handed

helices were proposed as models for polynucleotides of alternating

purines and pyrimidines (5) (6). Besides X-Ray studies, results ob­

tained from solutions are also explained by using the Z-form of DNA

(7) (8) or the simultaneous presence of right and left-handed helices

(9) (10). In this last case, variations of the physico-chemical con­

ditions inùuce transition between right and Ieft-handed forms (11)

(12) (13). Moreover, theoretical DNA models presenting succession of

right and left sections have been proposed (14) (15) as alternatives

to the right-handed double helix model of the B-DNA. These side-by­

side models are also interesting because they are composed of junc­

tions between helices of opposite screw sense, junctions which should

0006-291X/82/010022-08$Ol.OO/O
Copyright © 1982 by Academie Press, {ne.
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be of sorne importance for the interpretation of experiments on tran­

sitions between different DNA conformations. However, most side-by­

side conformations are defined with physical models and do not have a

good precision in atomic coordinates. Moreover, they generally pre­

sent a torsion giving to the model of the bicatenary DNA molecule a

super helical conformation (15) (16). It is from these imperfect or

distorted models that conclusions have been drawn on their relevance

for the interpretation of X-Ray measurements on B-DNA fibres (17).

In the present paper a precise side-by-side conformation of type II

(15) is proposed. It is an improvement of a previous model of the

B-DNA (18) which presents a better regularity in the spacing between

bases and no super helical torsion. Its stereochemistry is good even

for the nucleotides in the junctions between right and left-handed

sections. Dihedral angles as weIl as coordinates of atoms are given

and a comparison between calculated and experimental diffracted in­

tensities is presented.

Methods. a) Geometrical conditions. A certain number of constraints
are imposed for the realization of the side-by-side model in order
to take into account the information deduced from X-Ray measurements.
Therefore, the repeat ~nit must be of 34 Â length and one should have
distances near to 3.4 A between successive bases (ten nucleotide pairs
in one unit). The side-by-side model is perfect if there is exactly
360 0 rotation between the Ilth and the first nucleotide in the chain;
units are then exactly superposed along the main axis of the confor­
mation. In the present model, the unit of ten nucleotides is composed
of three nucleotides on a right-handed helix followed by two nucleo­
tides for the transition ta the left-handed section also constituded
of three nucleotides. Then two nucleotides realize the transition ta
an other right-handed section. The main axis of the conformation is
defined by the axis of the section in right-handed helix which is
given dihedral angles close to those proposed by Arnott for the
B-DNA (19). The model of the bicatenary DNA molecule is composed of
two complementary and antiparallel chains, the pairing of bases is
made as proposed by WATSON and CRICK. Consequently, the conformation
must present a dyadic symmetry and, for the side-by-side model, a dyad
axis must be present in each right or left-handed section, in the plan
of its central bases. AlI these axes should have the same direction
as no superhelical torsion is permitted. Sugar rings are Ci endo but
variations of their conformation are allowed (20) and do not exclude
the C' endo form especially for the nucleotides in bends. Right and
left ~ections present opposite orientations of the oxygen in the su­
gar rings ; up or down depending on the screw sense of the section in
which they are included. Bases are always in position anti. The first
condition a good conformation must satisfy is the stereochemistry and,
therefore, constraints have been imposed in order for contacts between
non-bonded atoms ta agree with van der Waals radii commonly used for
atoms (21) including hydrogen for the present calculations.
~) Model building and calculations. Model building and computation of
atomic coordinates are performed according to the procedures used pre­
viously (18) (22). Hence a conformation verifying the geometrical
constraints and presenting a good stereochemistry is obtained by wor­
king simultaneously on a kind of Kendrew molecular model and the com­
puter. From this calculated model, the Fourier transform is computed
using the cylindrical coordinates of atoms and values of the diffrac-

23
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ted intensities are then obtained with relations and pararneters pre­
viously used (22).

Results. For the best conformation presently obtained, the numbering

of nucleotides starts with nucleotides 0,1,2 which are on a right­

handed helix. The first bend is realized with nucleotides 3 and 4

then, 5, 6 and 7 are on a pseudo left-handed helix. The second bend

is formed with nucleotides 8 and 9. Finally, the 10th nucleotide is

in the conformation of the B-DNA right-handed helix. As for the pre­

ceding model (18) the sugar rings of nucleotides 3 and 8 are in C;

endo in order to change the direction of rotation of the chain. In

the left-handed section, the dihedral angles about c4-cS in sugars

are diminished of some hundred degrees compared to the right-handed

section e.a. a transition g-g to t-g. The dihedral angles of nucleo­

tides 5, 6, 7 are somewhat different ; these nucleotides are not

exactly on a left-handed helix. The side-by-side conformation pre­

sents dyad axes in the base plans of nucleotides l, 6 and Il ...

these axes are parallel and allow an easy calculation of the coor­

dinates of atoms on the antiparallel and complementary chain. Note

that for the determination of the conformation of the nucleotides 7,

8 and 9, one has taken into account the fact they must be paired

with nucleotides symmetrical (dyad axis) of ], 4 and 5. Irregulari­

ties in spacing between nucleotides 7, 8, 9 and 10 are mainly due ta

the constraints of getting the 10th nucleotide in, exactly, the
o

right-handed helix conformation and also of having only a 34 A trans-

lation between this nucleotide and the Oth (no rotation about the

main axis). Small tilts and twists have been introduced in view to

improve the stacking of the corresponding bases. Dihedral angles cor­

responding to the best conformation obtained are given in table l ;

progression along the chain is 5'-]' and values are expressed with

Arnott's conventions (23). Cylindrical coordinates of atoms in the

unit are listed in table II and a stereo view is given in figure 1.

Curves of the square of the Fourier transform corresponding to this

side-by-side DNA model are presented in figure II and compared to

experimental values and curves associated to the double helix model.

conformation proposed for the B-DNA is a pre­

each chain is constituted of right and

equal numbers of nucleotides. The length of

Discussion. The present

cise side-by-side model

left-handed sections with
o

the repeat unit is 33.7 A i~ accordance with experimental values and

successive units are just translated along the main axis e.a. the

structure is not a super double helix. One can see in table l that

changes in the direction of the sugar-phosphate chain is obtained

24
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Table 1. Chain dihedral angles for the nucleotides of the unit.

DIHEDRAL ANGLES (about atomic bond)
Nucleotide

number 8 (0) E, (0) 0(0) w (0) ,p (0) I~ (0) X (0)

(0,j-C S ) (CS -C,j) (C,j-C 3) (C:3 -Oi) (Oi -Pl (P-0,j ) Ci-N)

1 right-handed - 146.5 37.4 154 154.5 - 93 - 48 146
helix

2 - 146.5 37.4 154 153.5 - 90 - 6':> 146

3 - 146 34.4 83 - 150 11 - 172 125
1~t bend

4 - 171. 5 20 158 - 58 116 - 37 102

5 165 - 80 153 174 - 132 32 58

6
left-handed

162 - 60 149 - 168 - 131 33 53
segment

7 161 - 73 158 - 59 123 - 39 58

8 115 - 60.5 100 47 15 - 166 71.5
2 Œ9 bend

9 134 167 158 163 - 87 - 61 123

10 right-handed - 146.5 42 154 154.5 - 93 - 48 137
helix

Figure 1. Stereoscopie view of 11 pairs of nucleotides of the side­
by-side DNA model. (One can see there is no superhelical
torsion) .
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Table II. Cylindrical coordinates for nine nucleotides of an unit.
Cartesian coordinates x, y, z, with the x axis along the
dyadic direction can be calculated with x. = R. cos •.
y. = R. sin <1>. ; z. = Z .. (The coordinate~ of ~toms J;
of nucleotide J l cart be 6btained by removing 3.36 A from
Z. and 36 0 from <1>. of nucleotide 2).

J J

ATOM
NUCLEOTIDE 2 NUCLEOTIDE 3 NUCLEOTIDE 4
0 (0) 0 0 (0) 0 0 (0) 0

R
j

(A) <P j z j (l\) R
j

(l\) <P j z j (l\) R j (l\) <P j z j (l\)

0' 7.63 -55.00 -14.79 7.56 - 18.84 -11.44 R.39 - 13.81 -7.834

C' 7.61 -4'6.71 -15.72 7.72 - 9.41 -12.12 8.59 - 19.24 -6.675

C" 7.48 -36.69 -14.99 7.41 - 0.35 -11.25 7.90 - 28.56 -6.744

O· 6.12 -32.59 -14.84 6.07 4. 19 -11.45 6.69 - 28.97 -5.935

c' 8.08 -36.70 -13.59 7.58 - 2.00 - 9.75 7.52 - 32.27 -8.133

C' 6.88 -40.36 -12.77 6.80 7.61 - 9.21 6. 1 3 - 26.95 -8.272

C' 5.68 -34.20 -13.50 5.55 8.40 -10.20 5.55 - 29.08 -6.771

N 4.50 -44.41 -13.52 4.26 - 0.05 - 9.99 4.99 - 14 . 15 -6.58

O· 8.66 -28.17 -13.22 8.94 - 1. 30 - 9.35 7.69 - 42.92 -8.201

P 8.80 -25.76 -11.67 9.48 - 6.46 - 8.10 9.18 - 46.00 -7.84

O· 10.10 -21.65 -11.45 9.72 - 0.97 - 6.96 10.05 - 39.05 -7.572

O· 8.88 -33.81 -10.87 10.80 - 9.71 - 8.45 9.80 - 50.30 -8.983

NUCLEOTIDE 5 NUCLEOTIDE 6 NUCLEOTIDE 7

0' 9.00 -51.82 - 6.55 8.18 - 91 .91 - 3. 56 8.15 -128.83 0.23
4

C' 7.94 -49.96 - 5.61 7.50 - 87.48 - 2.44 7.15 -126.16 1 .215

C' 7.82 -58.60 - 4.69 7.44 - 94.99 - 1. 30 7. Il -134.78 2.274

0' 7.08 -55.79 - 3.49 6.72 - 90.15 - 0.19 6.30 -131.07 3.385

C' 7.38 -68.59 - 5.25 6.95 -106.33 - 1. 59 6.77 -146.58 1 .843

C' 5.80 -68.52 - 4.89 5.48 -106.50 - 1. 16 5.25 -147.88 2.002

c' 5.80 -61.19 - 3.53 5.43 - 95.68 - 0.09 5.08 -138.55 3.381

N 4.84 -48.90 - 3.44 4.49 - 82.25 - 0.16 3.99 -125.65 3.35

0' 8.07 -76.21 - 4.65 7.81 -112.89 - 0.83 7.54 -153.44 2.67
1

P 8.02 -87.32 - 5.01 8.13 -123.85 - 1. 20 9. Il -151.31 2.79

0' 9.21 -88.77 - 5.87 9.48 -123.60 - 1. 82 9.53 -144.05 2.002

O· 6.81 -90.85 - 5.73 7. 19 -128.57 - 2.16 9.92 -158.05 2.263

26
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Table II (cant'd.)

NUCLEOTIDE 8 NUCLEOTIDE 9 NUCLEOTIDE 10

0' 9.28 -150.05 4.36 7.76 -164.54 7.96 7.73 -129.29 12.654

C' 8.31 -144.96 5.09 8.23 -162.24 9.29 7.85 -121. 74 Il .655

c' 7.58 -151.34 6.07 8.06 -151. 92 9.62 7.59 -111.48 12.20
4

0' 6.62 -144.86 6.80 6.78 -147.44 9.26 6.20 -108.05 12.20
5

C' 6.98 -161. 33 5.46 8.29 -149.44 Il.08 8.09 -110.07 13.633

C' 5.75 -163.86 6.33 6.88 -150.87 11.63 6.84 -113.24 14.41
2

C' 5.29 -148.25 6.43 6.03 -144.85 10.43 5.68 -108.29 13.521

N 4.61 -132.83 6.37 4.74 -152.83 10.32 4.54 -119.08 13.52

0' 8.02 -168.69 5.57 8.89 -140.89 11.24 8.62 -101.16 13.871

p 8.79 -169.55 6.97 8.95 -136.43 12.68 8.70 - 97.46 15.37

A' 10. 10 -165.43 6.89 10.25 -132.33 12.80 10.02 - 93.51 15.562

0' 9.15 -178.52 7.27 8.94 -143.11 13.73 8.67 -104.93 16.323

with C] endo forms of the sugar rings which are C2 endo elsewhere.

Such a simultaneous presence of sugars in C2 and C] endo forms on

the same chain has already been proposed for an alternating B-DNA

structure in right-handed helix (24). Bases are almost perpendicu­

lar to the main axis of the conformation, well oriented and posi­

tionned for the WATSON-CRICK pairing of antiparallel and complemen­

tary chains. They are in position anti or high anti and the stacking

is as good in the left section as in the right one. One can note

that bases are at larger distances from the main axis in the left­

handed section and that the stacking is less good for the nucleotides
o

in the bends. The larger default in regularity is the 4 A distance

between bases in the second bend which realizes the transition from

the le ft to the right-handed section. It seems to be very difficult

to improve the conformation in this region unless sorne constraints

are withdrawn one could allow nucleotides of the right-handed sec­

tion to be on a pseudo helix like those in the le ft one or accept a

super helical torsion or even admit different numbers of nucleotides

for the right and the left-handed parts. Such realistic modifications

of the present model wou1d render its realization much easier ; the

present point was to demonstrate that the most constraint si.de-by­

side conformation is also possible. Junctions between right and 1eft··

handed parts present a good stereochemistry. There is no bad atomic

27
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Figure II. Curves of the square of Fourier transform associated
with the present model (--) ; curves for the B-DNA
double helix (---) ; observed intensities (e).

contact, even between hydrogens, in the nucleotides of the two bends

(contacts introduce in the first bend by the dihedral angle (O~ P)

close ta the eclipse conformation do increase the van der Waals ener­

gy by less than 0.8 KCal/mole). This is also the case for the rest of

the conformation and the total van der Waals energy (a 6-12 poten­

tial is used) of the present DNA model is as good as that associated

ta the refined right-handed double helix (19). Calculated diffrac­

ted intensities are in a much better agreement with cxperimental

results than values previously obtained with side-by-side models

(17) (18). The regular spacing of bases makes the meridian intensi-

28



Vol. 104, No. l, 1982

75

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ties to disappear except on layer lines 0 and 10. In figure Il,

one can see that the comparison with calculated intensities obtai­

ned with the double helix does not allow a choice between one or

the other model. Besides its importance as an eventual alternative

to the B-DNA double helix, the present side-by-side conformation i5

mainly interesting because of its junctions between right and left­

handed helices. These stereochemically acceptable parts of the con­

formation ma',' be relevant in many other conditions in which the DNA

appears to be composed of sections in different forms as it seems to

be the case in some experiments on solutions and fibers (25).
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E) UNE ANALYSE CRITIQUE D'UN MODELE EN DOUBLE HELICE
GAUCHE DE L'ADN EN FORME B

Photo N° 4 Forme B de l'ADN avec sel de lithium à 75 %
d'humidité relative.
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ABSTRACT
A search for a left-handed double helix model for B-DNA fibers

has been undertaken. The model has to present good stereochemis­
try and also to be in agreement with X-ray and infrared data. Di­
hedral angles as weIl as atomic coordinates and calculated inten­
sities curves are given for the best model obtained. Comparison
with experimental results shows that this model must be rejected
as a candidate for the representation of B-DNA fibers.

INTRODUCTION
It is a weIl known fact that X-rayon fibers of'DNA can not gi-

ve the handedness of DNA double helical conformations (1,2). The

only evidence used by Watson and Crick for the proposaI of a

right-handed double helix for the B-DNA was based on stereoche­

mistry (3). Indeed left-handed double helices were b~ilt but they

presented poor interatomic contacts and thus were rejected. The

same scheme of reasoning was used for the proposition of the A

form of DNA (4). Even if crystals of nucleotides and t-RNA do

present fragments of right-handed helices (5), it is not possible

to generalize on the rotational sense of helices of DNA and RNA

in fibers or in solutions. New proposed models for the B-DNA,

called "side-by-side models" (6,7,8) and constituted from alter­

nating right and left-handed sections of helices have restarted

the controversy on this subject (9). The discovery of the left­

handed helix (Z-DNA) (la) for crystals of short sequences of pu­

rine and pyrimidine nucleotides as weIl as that of a right-handed

double helix of dodecanucleotides (11) demonstrate the polymor­

phism of DNA molecules.

Besides these experimental studies, theoretical approaches al­

low one to propose models of left-handed helices having good

stereochemistry and parameters corresponding to DNA in its B-

© 1RL Press Limited, Oxford, England.
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form (12,13,14 ,1S) .and even in.its A and .C· forms (12). Moreover,

it has been shown that transitions between Z and B forms are pos­

sible in solution (16,17) and fibers (18). As a right-handed dou­

ble helix which agrees with infrared and X-ray measurements has

been proposed for the B-DNA (19), it is interesting to know if a

left-handed double helical model can also be accepted or rejecte~

In the present work, we have searched for conformations of the

DNA in left-handed double helices with a geometry in agreement

with the experimental data from infrared spectroscopy (20) as

weIl as from X-ray (2). Dihedral angles of a left-handed double

helix conformation are presented together with atornic coordinates

and curves of calculated intensities comparison with X-ray data

enables this kind of conformation as a model for the B-DNA to be

rejected.

METHOD

A first step in the determination of a left-handed double he­

lix is the building of a physical model which has the helical pa-
o

rameters of B-DNA, namely a pitch of 33.8 A and 36 0 of rotation

per base pair. One can also, on this model orientate the phospha­

te group in order to verify roughly the orientations given by in­

frared (20) : the direction of the oxygen atoms 0102 has to make

an angle of 56 0 with the helix axis and the bisector of 0lP02 an

angle of 70 0 with this axis. This model can hardly be a precise

one but it permits the determination of a set of dihedral angles

which allows one to compute a weIl defined conformation. The com­

putational method used to get atomic coordinates of a double he­

lix constrained to agree with geometrical parameters obtained

from X-ray and infrared has been previously presented (19) and

already used to obtain a right-handed double helical model for B­

DNA.

The cylindrical coordinates of the atoms of the helix which

give good geometrical parameters and also good stereochemistry

are used to calculate the Fourier transform and theoretical dif­

fracted intensities. The same procedure ( 21) as previously used

is followed but the order n of the Bessel functions are now defi­

ned by n = - 1 + 10 m for the layer line 1 (with m an integer) .
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RESULTS

-Table -1- gives values of-thedih-e-dral arrgléEf for-the oèstléft:­

handed double helical conformation now obtained (model I). The

geometrical parameters of this helix are also given in this ta­

ble ; the orientation of the base plane is given by the tilt and

twist and their position relative to the axis is defined by the

distance of the line D joining the atom C
6

(pyrimidine) to C
8

(purine) (22). In table II the directions of 0102 and the bisec­

tor of 0lP02 relative to the helix axis are presented. In table

III atomic coordinates of a nucleotide are given for this model

and figure I presents a schematic diagram showing a projection of

the left-handed double helix. On figure II curves of the calcula­

ted intensities are given and compared with experimental values.

Table I

Chain dihedral angles and parameters of the left-handed double
helices.

model l model l'

Cl
(0 )

(P - 05' ) 58.41 - 160.04

B
(0 )

(05 ' - CS') - 132.88 115.82

Y
(0 ) (CS' - C4 ' ) 159.93 24.48

8
(0 )

(C4 ' - C3') 138.29 135.88

E:
(0 )

(C3 ' - 03') - 71. 54 - 7.87

E;
(0 )

(03 ' - P) 179.27 169.66

X
(0 )

(Cl' - N) - 190 - 159

0

P (A) 33.8 34
e (0) - 36 - 36

0

P (A) 3.38 3.4

tilt(o) 18 - 10

twist(o) - 4 - 1
0

D(A) - 0.73 1. 95

P Cl 05' ~ CS' r C4' ~ C3' ~ 03' ~ P

X 01' - Cl - NI - C2 for (C,T)
- C4 for (G.A)
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Tabre-TI

Geometry of the phosphate group compared with infrared results.

Angle with the Infra Red Model l Model l'

helical axis Ref (20)

of (°1°2) 56° 55° 6 55°

of the bissector 70° 69°58 68° 5
of (01 P02)

DISCUSSION

Many different left-handed double helices have already been

proposed for B-DNA (12,13,14). Indeed it is not very difficult to

obtain such conformations with good stereochemistry and helical

parameters in agreement with X-ray data. But if one imposes cons­

traints on the geometry in order to agree also with I.R. data,

then almost all these conformations are eliminated. The model

Table III

Atamic cylindrical caardinates far ane nucleatide af madel I.

0 (a) ° t)
(a) 0

Atam R. (A) 4>. l. (A) Atam R
j

(A) cp. Z, (A)
J J J J J

Phasphate Guanine

03 1 7'.74 -122.88 2.62 N9 4.40 - 96.58 1. 44
p 9.2 -122.86 3.27 c8 4.72 - 80.30 1. 40

01 9.67 -114.64 3.65 N7 3.89 - 67.69 0.95

02 10.20 -125.81 2.29 c5 2.65 - 77.46 0.70

05' 9.04 -128.98 4.53 C4 3.12 -102.55 1. 00

Desaxyribase N3 3.03 -127.57 0.90

c5' 8.84 -102.01 0.93 C2 2.07 -145.68 0.45

C4' 7.85 -106.31 1.89 N2 2.80 -172.33 0.29

C3' 7.55 -116.99 1. 45 Nl 0.80 -129.45 0.13

C2' 6.14 -116.63 0.89 C6 1. 44 - 60.46 0.22

Cl' 5.51 -106.95 1. 88 06 1. 87 - 20.92 -0.10

al' 6.68 - 99.52 2.04
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Figure l

Schematic diagrarn showing the projection of the left-handed
double helix (model I).

proposed (model I) is the only one we obtained which fulfills all

the geometrical conditions. It presents very good stereochemis­

try ; the dihedral angles have values in domains cornrnonly allowed

for nucleotides (23). The sugar pucker is C2 endo, its plane is

almost perpendicular to the helix axis while it is parallel for

right-handed helices (2,19). This last feature induces an impor­

tant tilt of 18° on the base plane but the small twist of 4° has

no effect on their good pairing. The stacking of bases is good

(the distance D is small (22) and the phosphorous atom' is appro-
°ximately 9 A from the helix axis in agreement with X-ray data) .

The minor groove is narrower for this left-handed conformation

than for the right-handed ones (2). When calculated intensities

are compared with observed ones, many large disagreements can be

seen such that calculated intensities on the layer lines l, 3, 5,

7 and 10 are much too small when compared with experimental va­

lues. Layer lines 4 and 9 also present poor agreement with obser­

ved intensities as experimental values are small and the calcula-

4031
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~igu];"eII

Curves of the diffracted
intensities, calculated with
the model l (---) , with the
model Il (---), experimentally
observed intensities (x .).

0,20,1o

8I---------""~-'--t-'----=_=.;...~--t

'" .../ ,
" ...,,

7I----~j.=::::;;tt::::f~~... --1

L

ted ones very strong. It was not possible ta improve the calcula­

ted intensities because the bases cannat be put perpendicular ta

the axis while the rest of the conformation remains acceptable.

Nevertheless in arder ta verify that the large tilt of the ba­

ses is the main reason for the disagreement between calculated

4032



83
Nucleic Acids Research

and observed intensities, anoth~r model (l') was determined.

Th ~s__c9I1~_~rma. ti_ClTl _~()e_s _Er§ §e_n! __SIoQd__ll~_J.i_~a)-_Rél]:'éllll~t~r_s __Lta.l21e 1) _

and a good orientation of the phosphate group (table II), the su­

gar is C2 endo but the base plane present a tilt of 10° in the

opposite sense when compared with model land near to the

tilt found in right-handed helices (2,19,22). The stereochemistry

of this conformation is not good ; one can see in table l that

many dihedral angles have values far from their permitted regions

(23) and cannot be improved when geometrical constraints are

maintained. Nevertheless the calculated intensities (fig. II) are

better even if large disagreements remain on layer lines 7, 8 and

9.

Thus it seems that the large tilt of bases in the model l is

the main reason for the disagreement between the calculated and

observed intensities. This geometrical characteristic cannot be

modified when one tries to produce a left-handed double helical

model of B-DNA which must fit aIl the geometrical constraints re­

lated to X-ray and infrared and also present good stereochemis­

try. As such a good model has been established for a right-handed

double helix of DNA in the B form (19) it appears that a choice

can be proposed in favour of this last sense of rotation.
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P) DISCUSSION

Les travaux présentés dans ce chapitre font usage de trois

conformations très différentes pour interpréter les clichés RX

de la forme B de l'ADN à haute humidité relative.

Pour le modèle en double hélice droite classiquement

admis, on remarque que les intens i tés calculées ne sont pas

sensibles à la composition en bases de l'ADN. Par contre, sur

les clichés à 92 % d'humidité relative, on constate une

corrélation entre l'augmentation du pourcentage G-C et

l'augmentation de la distance entre axes des hélices (distance

dédui te du paramètre a du réseau hexagonal) Cet te dis tance

est plus grande pour les ADN en présence de lithium que pour

ceux associés au sodium.

C'est la variation du paramètre a du réseau qui entraîne

une variation des intensités mesurées puisque l'on

échantillonne les courbes continues de l'intensité en des

endroi ts différents. D'autre part, l'augmentation de la

distance entre les axes des hélices s'explique par une plus

grande quantité d'eau associée due à la présence d'une plus

grande quanti té de cations alcalins. En effet, dans ce cas,

les fibres d'ADN ont été préparées à partir de solutions dont

la concentration en sel n'a pas été contrôlée. Cependant, dans

des expériences ul tél' ieures où les concentrat ions en sel des

solutions sont fixées par dialyse, on ne constate plus de

variation de la distance entre molécules d'ADN lorsque le

pourcentage en G-C varie (57) à une humidité relative donnée.

L'étude des cristaux d' oligonucléotides a montré que les

séquences A-'1' possèdent une chaîne d'eau structurée dans le

petit sillon (58). Cela rigidifie la structure de la forme B
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_et empêche le passage vers. la forme A pouI'-les ADN--r iches en

séquence A-T. Néanmoins, cet e f f et dépend aus s i de la

concentration en sel alcalin.

Le modèle "side by side", montre que la diffraction RX de

fibre pl' ise comme seul critère n'es t pas capab le de

disqualifier un modèle conformationnel. En effet, le facteur

d'accord entre intensités calculées et expérimentales est

voisin du modèle en double hélice. Néanmoins, le seul fait de

pouvoir construire ce modèle avec une bonne stéréochimie

révèle une grande souplesse de la chaine sucre-phosphate.

Cette grande richesse de conformation est bien mise en

évidence par les structures d' oligonucléotides déjà établies

(47). Avec ceux-ci on n'a pas de régularité conformationnelle

d'un nucléotide à l'autre comme cela est logiquement proposé

pour la diffraction de fibre. Ainsi, la cristallographie des

oligonucléotides a récemment mis en évidence des jonctions

entre hélices droite et gauche qui se font sur trois paires de

bases (59). Dans le meilleur modèle "side by side" la jonction

se fait sur deux paires de bases et c'est pourquoi on obtient

un mauvais espacement entre paires de bases pour le passage de

la section gauche à la droite.

Enfin, il faut noter que le modèle "side by side" proposé

ne donne pas un bon accord comme celui obtenu avec le modèle

en double hélice droite, avec les expér iences de diffusion RX

isotrope par des solutions d'ADN de thymus de veau (60).

Pour construire et tester le troisième modèle envisagé,

les contraintes imposées par le dichroïsme linéaire infrarouge

ont été utilisées. Dans ce cas, on constate qu'aucun modèle en

double hélice gauche ne peut satisfaire à la fois à une bonne
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~téréoçhimie _et aux résultats expérimentaux d@s RX et de

l'infrarouge. Il faut remarquer qu'aucun cristal

d'oligonucléotide n'a

forme B. Par contre,

révélé cette double hélice gauche de

en so lut ion, des études de dichro ïsme

circulaire ont montré qu'un hexanucléotide self complémentaire

le d(CG-CG-CG} possédait une forme B gauche, mais dans ce cas,

le désoxyribose est gauche et non droit comme

habituellement trouvé dans les ADN naturels (61).

il est
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CHAPITRE III:MODELES CONFORMATIONNELS DE L'ADN EN ACCORD AVEC
_______________ L_ESDQNNEES __R_.X.,L.R._ETRMN_

A) INTRODUCTION

Après la mise en évidence d'une double hélice gauche,

appelée z par diffraction RX d'un cristal d'un

hexanucléotide (13), une grande effervescence s'est lIlanifestée

pour de nouve Iles interprétations des clichés de di f fract ion

de fibre des ADN et des polynucléotides. Les clichés de fibres

révèlent en effet un certain polymorphisme avec les formes A,

B, C et D dont les paramètres hélicoïdaux sont parfaitement

établis mais, jusque là, interprétés à l'aide de conformations

en hélices droites. Entre certaines de ces formes des

transitions conformationnelles peuvent être induites dans les

fibres par des changements d'humidité relative et de

concentration de sel.

Tous ces faits, révélant la grande flexibilité

conformationnelle de l'ADN, ont entraîné des propositions de

modèles aussi bien d'hélices droites que gauches pour les

f ormes A, B et D (LU. Les cr itères jus tif iant ces modè les

conformationnels étant alors limités à leur bonne

stéréochimie, à des énergies de conformation acceptables et à

un bon accord avec la diffraction RX.

Or, en complétant les critères précédents par la nécessité

de vérifier les résultats obtenus par une autre technique, le

dichroïsme linéaire infrarouge de films orientés, on a pu

établir que la forme B de l'ADN ne pouvait pas être une

conformation en double hélice gauche. En poursuivant cette

démarche, l'objectif des publications présentées dans ce

chapitre est de proposer des modèles conformationnels pour les
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formes A, 8, C, __ D _qui_rendent--compt@-des diverses données

expérimentales. Ces dernières étant obtenues de la diffraction

RX de fibre, le dichroïsme linéaire infrarouge, parfois la R:"IN

du p31
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B) CONFORMATIONS DE L'ADN A ET B EN ACCORD AVEC LES RX DE
FIBRES ET LE DICHROISME INFRAROUGE

Photo N° 5 Forme A de l'ADN avec sel de sodium à 75 %
d'humidité relative.
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ABSTRACT
Two right handed double helices are proposed as models for

DNA fibers in respectively the A and the B form. The present
conformations have geometrical parameters which agree very weIl
with fiber X-ray and the orientation of their phosphate groups
is in good accordance with infrared dichroïsm measurements.
Dihedral angles and complete sets of atomic coordinates are gi­
ven together with stereo-views and curves of the calculated
diffracted intensities. Results are compared with experimental
data and with preceding DNA models.

INTRODUCTION

X-ray diffraction on DNA fibers provides the helical parame­

ters i.e. the pitch and the number of nucleotides per turn of

the double hell_8s. The pattern of the intensity distribution is

also an experimental result of main importance as the informa­

tion it contains must be used as constraints when molecular con­

formations of DNA are proposed. This is the way A and B models

of DNA have been established (1,2) and refined (3,4). Actually,

ta improve the fit of the calculated diffraction pattern ta the

observed one, the molecular model has ta go through cycles of

adjustement. But the structural model sa obtained cannat be uni­

que because of the poor precision of the experimental data.

Indeed, in this process, even the hand of the double helix must

be arbitrarily defined. These limitations on models derived from

X-ray data led ta many different proposaI for the B form of DNA

Iike left handed helices (5) and "side by side" models (6,7,8)

and sorne also for the A form (9).

However, regarding

and mainly the hand of

ambigc~ty has been ri

the overall features of the A and B forms

the DNA double helices, it seems that the

J by the experimental results obtained

© 1RL Press Limited, Oxford, England. 1897
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from single crystal studies. Actually, the structures of self
-cornplementary--oTl-godeo~Ynu~i~;-t.i-ci~-;--h~~~--r-;~;;ti~--b~~~-d-et-e~mi-

ned to be right handed helices of the classical type for the A

(10) as weIl as for the B form (11). In these cases, one should

note that the determined structures present sequence dependent

local irregularities which may disappear in long stretched DNA

fibers or, at least, which cannot be defined with X-ray fiber

diffraction patterns.

Besides X-ray diffraction, sorne structural parameters of

DNA fibers have been determined by different spectroscopic mea­

surements. Infrared linear dichroîsm, for example, permitted

the determination of the orientation of the phosphate group in

different DNA conformations (12). However the interpretation of

these experimental values led to geometrical parameters which

are not in accordance with the models obtained from X-ray fiber

diffraction. This disagreement has been interpreted to be due

to an incorrect use of the infrared dichroism data (13). But it

could also come from structural details of the models presently

admitted as the conformations of the A and B forms of DNA. Such

a view may be supported by the fact that recent NMR measurements

(14) on the A form of poly nucleotides gave a geometry of the

phosphate group in good agreement with infrared data and also

with the A-DNA model proposed by Fuller et al.

The aim of the present work is to remove this discrepany ;

it proposes molecular models for the A and B forms of DNA which

agree as we Il wi th fi ber X-ray da ta as wi th infrared meaSULemen t s .

These two DNA conformations are right handed double helices with

antiparallel and complementary chains the bases of which are as­

sociated according to the Watson-Crick pairing. Dihedral angles

corresponding to these structures are presented together with

atomic coordinates and stereo-views. For these A and B forms of

DNA, the geometry of the phosphate groups and the curves of the

calculated diffracted intensities are compared with experimental

data.

METHOD

Geometrical constraints are imposed on the calculated molecu­

lar conformations in order to define precisely the DNA structures

1898
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in the A and B forms. Firstly, one takes into account the in­

LQxmation_deducedfromX=-ray-measurements-: ··the- repeatun-iC of
o 0

the A-DNA must be of Z8 A length and 34 A for the B-DNA, the

number of nucleotide pairs per turn is fixed to 11 in the A
o

form (Z.56 A between successive nucleotides) and 10 for the B-
o

DNA (3.4 A between successive bases).

The computation of the atomic coordinates of a nucleotide

sequence placed in a helical conformation is performed with the

procedure previously used (15). The geometry of the sugar phos­

phate backbone is completely defined by the set of values given

to the dihedral angles ; bond angles and bond lengths can also

be very slightly varied but they are maintained in intervals of

values determined by X-ray studies on single crystals (16). The

values presently used are near to those listed by Arnott (17).

The bicatenary DNA molecules are composed of two complemen­

tary and antiparallel chains, the pairing of bases being reali­

zed as proposed by Watson and Crick. Therefore, the DNA confor­

mation must present a dyadic symmetry with corresponding axis

perpendicular to the helical axis of the molecular system. Whena

chain is built in the proper helical form, the complementary and

antiparallel one is rotated around the helix axis and adjusted

to the position corresponding to the best hydrogen bonds between

associated bases. This process permits the determination of the

dyadic axis and, therefore, of the correct reference frame for

which each atom with the cylindrical coordinate (R,~, Z) has an

homologous at (R,-~,-Z).

The model building programme allows us to modify progressi­

vely the dihedral angles of the molecular chain starting from

values taken on physical models which verify roughly the geome­

trical constraints imposed on the double helices (pitch, number

of nucleotides per turn and orientation of the phosphate group).

An iterative procedure is used to optimize the orientations of

the 01 Oz direction and that of the bissector of 01 PO Z relative

to the helix axis. The fitting of these orientations to the expe­

rimental values (infrared dichroism) is realized maintaining the

constraints on the helical parameters of the conformation. At the

end of these improvement cycles a molecular model in conformity

with X-ray and infrared data is obtained. The stereochemistry

1899



Nucleic Acids Research
95

of the model is tested in order to eliminate, by very small

-V~cfi-a:rions--<YI -t h-e --di-he-dra-l-ang l-e s,--the -pos-s-ib-l-e-boo---S hoy-t -i-n~- -­

teratomic distances. If the helical or orientation parameters

are then too much modified, one cornes back to the iterative

procedure to refine the structure.

The average Fourier transform and the diffracted intensity

curves are computed using the cylindrical coordinates of atoms

of the best calculated conformations. Relations and parameters

necessary for these calculations are those given by Langridge

et al.(1) and used previously (15). The fit of the calculated

intensities to the observed values can be improve on the higher

làyer lines by small variations of the tilt and twist of the

base plans. But one also takes into account the fact that such

possible movements may have sorne effect on the position of the

dyadic axis and thus on the Fourier transform on aIl the layer

lines. Even if for DNA fibers in A or B forms, the helical para­

meters do not vary appreciably with the base composition as long

as it remains statistical (15) and not regular like in copoly­

mers (18), diffracted intensities are calculated with 58 % of

(A-T) base pairs. This percent age corresponds to that of the

calf thymus DNA and comparison with the experimental values gi­

ven by Langridge et al.(1) for the B-DNA and by Fuller et al.

(2) for the A form can thus be done.

RESULTS

In table lare listed the dihedral angles corresponding ta

the best A and B double helical conformations obtained. Charac­

teristic geometrical parameters are also given in this table.

The orientation of the base planes is indicated by the tilt and

their position relative ta the helical axis is given by the

distance D to this axis of the line joining the atoms C6 (oyri­

midine)and C8 (purine) (4).

The orientations of the directions of 0102 and of the bis­

sector of 01P02 relative to the helix axis are presented in

table II and compared with infrared dichroism measurements and

also with the values corresponding to the conformations nowadays

generally accepted as A and B models (3).

Bond angles and bond lengths used for the calculations of

1900
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Table 1

Chain_dihedY'a-l__ a_ng-l_e_s_a_nd__pal'ameteFs of-the -A and-B~DNAdouble
helical conformations.

DIHEDRAL ANGLES ( 0 ) A-DNA B-DNA

a (P - 05') - 59.63 - 30.93

B (05'-C5') 163.55 148.71

Y (C5'-C4') 51 .20 37.02

0 (C4'-C3') 81 .00 132.32

E: (C3'-03') -136.26 -156.80

~ (03' - P ) - 87. 11 -133.62

X (C 1 ' - N ) -165.00 -120.00

GEOMETRICAL PARAMETERS A-DNA B-DNA

0

Helix Pitch (A) 28. 16 33.90

Rotation/Residue (0) 32.73 36.00
0

Rise/Residue (A) 2.56 3.39

Base tilt ( 0 ) 20. -3.6

D Distance to axis of 4.5 -0.6
0

C6(Pyr) C8(Pur) (A)

P 0. 05' .ê.. C5' r C4' i C3' ~ 03' S- P-

X { 01 - Cl' - Nl - C2 for (C,T)

01 ' - Cl' - N9 - C4 for (G.A)

Table II

Geometry of the phosphate group of the A and B-DNA models.

Angle (0) relative i A-DNA B-DNA i

ta the helix axis
*

1

*1 Infrared Madel Infrared Madel
af 1: 1

--
0102 65 64.4 (79) 56 56.7(75)

the bissectar af

01P02 45 44.8 (15) 70 71.3 (54)

* ref. 12, 13 ( ) madels ref. 3, 13

1901
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Figure l

Bond angles and bond lenghts of the sugar-phosphate backbones
of the A and B-DNA. Lenghts in (A) and angles in (0).

atomic coordinates are presented in the fig. 1. The complete

set of cylindrical coordinates of atoms in the A-DNA model is

given in table III. The values of the B-DNA are listed in the

table IV. These tables contain the coordinates of the atoms of

the phosphate-sugar backbone and of the four different bases

p1aced at the same level. The helical and dyadic symmetries

1902
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Table III

Atomic cylirrdrical coordirrates of the A-'DNA double helix unit.

A - DNA

0 <Il Co) 0 0 <Il. (0) 0

ATOH RJCA) Z. CA) ATOH RJCA) Z. CA)
J J J

Phosphate 8ugar
1 03' 9.74 -35.63 5.06 C5' 9.96 -52.35 3.62

P 8.94 -34.10 6.43 C4' 9.86 -44.23 3.13

01 9.86 -35.86 7.56 C3' 9.05 -37.99 3.88

1

02 7.80 -40.49 6.51 C2' 9.17 -30.86 2.86

05' 8.71 -23.84 6.31 Cl' 8.70 -35.86 1. 63

01' 9.31 -44.03 1. 81
Guanine Adenine

N9 7.22 -36.34 1.45 N9 7.22 -36.35 1. 45

c8 6.52 -45.48 1. 73 C8 6.46 -45.74 1.73

1 N7 5.22 -44.38 1.45 N7 5.16 -45.26 1.46
i C5 5.17 -30.09 0.97 C5 5.14 -30.81 0.99

C4 6.51 -27.14 0.96 C4 6.47 -27.37 0.97

N3 7.22 -18.21 0.58 N3 7.14 -18.09 0.57

C2 6.62 - 9.10 0.16 C2 6.47 - 9.32 0.17

N2 7.48 - 1.46 - 0.27 NI 5.14 - 6. la 0.12

NI 5.29 - 6.35 0.12 C6 4.30 -18.12 0.53

C6 4.33 -17.35 0.51 N6 2.97 -16.98 0.49

06 3.12 -14.47 0.44

Cytosine Thymine

NI 7.22 -36.35 1.45 NI 7.22 -36.35 1. 45

C6 6.67 -46.23 1. 79 C6 6.63 -46.32 1. 78

C5 5.38 -49.82 1. 64 C5 5.36 -50.01 1. 65

C4 4.55 -37.66 1.13 CH3 5. Il -66.43 2.02

N4 3.23 -38.28 0.95 C4 4.49 -38. 17 1. 14

C3 5.32 -25.26 0.80 04 3.26 -38.32 0.96

C2 6.66 -26.93 0.96 N3 5.33 -25.88 0.83

L 7.52 -19.88 0.67 C2 6.70 -27.03 0.97

02 7.50 -19.97 0.67
1
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Table IV

A"torniG--cy-lindr ica-l. coo.rdina tesoftheK__ DNA double__heJix 11l'..it.

B-DNA

0
<p Co )

0

RJCÂ)
Co) 0 i

ATOM RJCA) Z. CA) ATOM <P. Z. CA) 1J J J J i

Phosphate Sugar

03' 8.42 -61.32 0.28 C5' 8.53 -80.00 -2.13

P 9.31 -59.99 1. 59 C4' 7.73 -72.21 -1.48

01 10.74 -59.47 1. 21 C3' 7.99 -70.60 0.01

02 9.22 -67.05 2.53 C2' 6.68 -73.70 0.69

05' CI'
1

8.82 -51. 08 2.18 5.64 -71.28 -0.41

al' 6.32 -74.33 -1.62

Guanine Adenine

N9 4.49 -81.65 -0.28 N9 4.49 -81.66 -0.29

C8 4.84 -97.48 -0.23 C8 4.83 -98.18 -0.23

N7 3.96 -110.55 -0.11 N7 4.01 -111.83 -0.11

C5 2.67 -102.18 -0.09 C5 2.72 -103.41 -0.09

C4 3.14 - 76.56 -0.19 C4 3.13 - 77.39 -0 .19

N3 2.97 - 51.41 -0.21 N3 2.90 - 51.88 -0.21

C2 1. 92 - 32.33 -o. Il c2 1.80 - 34.78 -0.10

N2 2.66 - 3.86 -0.11 NI 0.53 - 60.26 0.01

NI 0.64 - 55.09 0.0 C6 1. 52 -123.10 0.02

C6 1. 50 -122.07 0.02 N6 2. 17 -160.23 0.12

06 2.00 -158.55 0.12

Cytosine Thymine

NI 4.49 - 81.65 -0.28 NI 4.49 - 81.65 -0.28

C6 5.01 - 96.89 -0.25 C6 5.00 - 97.23 -0.24

CS 4.52 -112. a -0.13 C5 4.52 -112.31 -0.12

c4 3.14 -117.62 -0.05 CH3 5.71 -123.71 -0.08

N4 3.17 -141.88 0.07 C4 3.18 -119.01 -0.04

C3 2.31 - 95.53 -0.09 04 3.14 -141.55 0.07

C2 3.26 - 75.15 -0.21 N3 2.35 - 95.72 -0.09
i

02 3.40 - 53.84 -0.25 C2 3.25 - 74.12 -0.21 1

i
1

02 3.32 - 52.74 -0.24 1

1
1
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Figure II

Stereo-view of the A-DNA double helix.

" ..~

Figure III

Stereo-view of the B-DNA double helix.
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Figure IV
Curves of the diffracted intensities calculated with the A-DNA
and B-DNA models. ex, .) experimental values.

allow an easy calculation of the atomic coordinates of any

other nucleotide.

On fig.II one can see a stereo-view of the present A-DNA

conformation and on fig.III is given the stereo-view of the

proposed B-DNA structure. Curves of the calculated intensities
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for the two DNA models are presented on fig. IV. Experimental

data are a~ so deIJ} c ted onth.t s figure jJLord~T__tofélÇi Li tate
the comparison with the calculated values.

DISCUSSION

The present conformations are proposed for the interpreta­

tian of different experimental measurements made on long fibers

or films of DNA in the A or B form. In such fibers, nucleotides

do present a structural regularity (maybe an average) which

corresponds very weIl ta the two double helical models. But the

proposed molecular structures are not adapted ta the more pre­

cise and somewhat irregular conformations determined with X-ray

on crystals of short polynucleotide chains (10,11).

Constraints imposed on the geometry of the phosphate group

which must fit ta results from infrared measurements and those

related ta fiber X-ray data limit considerably the conforma­

tional possibilities of the A and B-DNA models and eliminate

many possible structures (19). The stereochemistry also must be

respected and it is the case for the two proposed helical struc­

tures as they do not present any bad atomic contact. Moreover

one can note that aIl the dihedral angles are given values si­

tuated in domains commonly allowed for nucleotides (16).

The two double helices are right handed with their bases

weIl oriented and positionned for the Watson-Crick pairing of

complementary chains. The helical parameters are in perfect

accordance with fiber X-ray data. In the present A-DNA confor­

mation, the sugar pucker is C3-endo and bases are tilted and

twisted like in the model proposed by Fuller et al.(2) and re­

fined by Arnott and Hukins (3). In the B-DNA structure which

is a very slightly modified and refined version of the pre­

viously proposed one (20), the sugar pucker is C1'-exo (it is

generally C2'-endo or even C3'-exo in the preceding B-DNA mo­

dels for fibers) ; this configuration has also been recently

found in single crystal X-ray studies (21). The tilt and twist

of bases are very small but not abscent ; their slight incline

increases the agreement between calculated and experimental

diffracted intensities as it does for the B-DNA model of

Langridge et al.(1) and for its revised version (4).
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Curves of the diffracted intensities calculated with the
- - - - -

two present DNA conformations do agree very weIl with experi-

mental data especially regarding the positions of the maxima

and minima of the diffracted intensities (R factors are of the

order of 0.3 and even less for the B-DNA). Therefore, the

accordance with fiber X-ray is, at least, as good for the pre­

sent DNA molecular conformations as it is for the structures

generally accepted as A and B models (3). Il~ the present case,

the agreement with infrared dichroism measurements is also

excellent but this advantage is not shared with the preceding

models of A and B-DNA fibers.
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C) CONFORMATION DE L'ADN EN FORME C EN ACCORD AVEC LES RX
DE FIBRES ET LE DICHROrSME INFRAROUGE

Photo N° 6 Forme C de l'ADN avec sel de lithium à 66 %
d'humidité relative.
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Abstract

Different Idt handed double helices are proposed as models for DNA fibers in the C fmm.
These conformations have geometrical parameters which agree weil with fibcr X-ray data
and the orientations of their phosphate groups arc in good agreement witb infrared dichroïsm
results. A complete set of atomic coordinates and dihcdral angles are given t(lgelher \Vith
curves of calculated diffractcd intensities. The present rcsulls are c()mpared with cxpcrimcn­
tal values and with the (ltbcr C-DNA modcls.

Introduction

The C fmm of DNA is induced in DNA fibers when holh hllmidity and salt il'vl'ls
are relatively low (1,2.J1. This conformation, which has been much less studied
than the A and B forms, seerns now to he of biological importance. The molecul<lr
model proposed by Marvin et al. (1) for the C-DNA has been estahlished on Ihe
basis of a great similarity between C and B forms, similarity simply dedllccd frolll
fiber X-ray patterns. But it is a fact that the precision of Illeasurelllenis obl<lÎned
from DNA fiber X-ray is low and l'ven not sufficient to give the handedncss of the
double helices. Thus ll1any different conformations l'an corrcspond, within lhe
range of precision, ta similar fiber X-ray patterns (41. Moreover, recently published
results show that the transition l'rom C to B and vice-versa is not very easy. II has
been suggested that the A form as interll1ediate, according to the schell1e: C=A=B
(5) and this proccss l'an be 1l10dified when fibers are ll1ainlained under tension (h).

It l'an be noted that experirnental data on C-DNA are rnuch less precise than those
obtained frorn A or B forrns. For example, the CD spectrum of C-DNA is not weil
defined (7,8) and the X-ray studies are only made on fi bers and lhcrcfore present a
pOOl' precision. Besides, the geomctrical pararneters ohtained l'rom infrared
dichroism (9) disagree considerahly with the X-ray 1l10lecular model (IOl. However,
concerning this last point. it has been shown (11) that it is possible lo eSlablish DNA
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molecular models which are in accordance with X-ray data as weil as with infrared
mcasurelllents. Such A and B-DNA models are more weil founded as they rder to
two very different experiments.

Methods

The calculation of the DNA structures arc performed taking into account the
geometrical constraints deduced l'rom X-ray measurements: for the C-DNA. the
repeat unit must be of .10.6 A and the rotation per nucleolide is fixed to .\?Uo :
there are thus 9.J nuc1eotide pairs per turn and J.OJ 1\ belween successive bases (Il.
The geometry of the sugar phosphate hackhone is defincd hy the set of values given
to the dihedral angles. Bond angles and bond lengths can also be slightly varied but
are maintained in domains of values determined by X-ray studies (12l. The proce­

dure followed to compute atomic coordinates of nuc1eotides rlaced in a helical
conformation is the one previous!y useJ (II, Dl. The model huilding programme
allows us to nlOdify the dihedral anglcs of the mokcul~lr modet starting l'rom given
rough values obtained form physicall11odels. An interative procedure optil11izcs the
orientation of the phosphate group in order to vcrify the experimental infrared
values. This fitting is realizcd maintaining the eonstraints on the helical parallletcrs
of the conformation. Moreover, the ONA molecules bcing composed of two
antiparallel and cOlllplementary chains with bases paired as proposed hy Watson
and Crick, the calculated conformations must present a dyadic symmetry and good
hydrogcn bonds between associateJ bases. The stereoehemistry of the molecular
models is also tested and possihle too short interatomie distances are elil11inaled hy
very small variations of the dihedral angles.

The diffracted intensity curves are computed following the procedure previously
described (14) and using the atol11ic cylindrical coordinales of the hest calculated
conformations. As the infrared measurements give different values for the orienta­
tion of the phosphate group depending on the DNA origin (91. the search for
conformations adapted to thesc differcnt values was realized. But no Il l'rio!'i sense
was defined for the helices: right as weil as Icft handed conformations were tested.

Results and Discussion

Three sets of dihedral angles are listed in Table 1: they eorresponJ respectively to
the three different orientations of the phosphate grour givcn by infrared Jichroisl11
and associated to ONA of different origins. For these ONA conformations, the
helical parameters are maintained at the values characteristic of thc C fortll. Orien­
tations of the base planes are also indicated oy the tilt and twist angle values. In this
same T<lole 1 are also indicated the dihedral angles of the right handcd CONA helix
presenting the best fit with the geometrical constraints.

The orientations of the dircctions of 0102 and of the bissector of 0lP02 relativc
to thc helix axis are prcsented in Table II and comparcd with values ohlained l'rom
infrareJ measurements. A complete set of a(omic cylindrical coordinales is listl'd in
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Tahle 1
Diheura! angles of the diflcrenl C-DNA douhle heliees and helieal par'Ullell'l's. MOlkls 1. II. III are Idl

handed heliees and Illo,kl VI is a righl handed helix

(/ tp-05') 55 ..' 1 5\.·1')

/3 (05'-0') -14J.()11 - 1·j.L26

y 10'-C4') 157 ..1H IW.45
r5 (C4'-('.1') 151.92 I."-'.J()
( ICI'-OJ') -(,7.56 -(,H.62

~ (OY-Pl -17H.7'! 179.5.1

. 01'_CI' ..... NI-C2IPyr) 175 IN 5
.\ ...... N9-C4IPuri

(Jo. Rotation/Residue -JH.7 -JH.69

Rise/Residue lA) J.2H J.2H
Base tilt 1°) H.11 7..1

twist (0) -0.7 -.1.9

D=distanee to axis
-1.4 -1..1

of C6(Pyrl CHIPur)(A)

-JH.7 .lX.7
.1.2<) .UO
H.! -lJ.S

--u 0

-O.H -1

Dihedral
Angles 1°) Cytophaga sI'.

Il
S,lilllon sI'.

III
Calf ÎÎ1VIlltlS

:;K.7X

-I.N.111

IW.'H
1·\(l.!)·1

--(,<).52

17().IX

177

IV
Cali ïÎ1IlllUS

2X.77

1·16.5.1

.15.1·1
1.1X')2

.- 1.,11.·111

-I.N'!J

-121..'

Tahle "
Geollletry of the rhosphate grour of Ihe different C-DNA models cOlllpared 10 eXl'erilllental values Il.H. J

DNA Origin Cylophaga sr. Salillon sr. Calf Thymtls
~~----_. --

Angie (0)

relative 10 the I.R. Mode! I.R. rvlodel I.R. i\lodel i\lodel i\lodel

helix axis of: 1 Il III IV Ird..l-IO)

0102 4H+.l 4H.1 ·IH +2 4HA 51+2 SO') 50'1 7.1

the hissector
(,2 LI (,2.0 117Jc2 116.H 11·1+2 11.1K 75.1 ~()

of () 11'02

Table Ill. The presented coordinates correspond to the Calf-thymus DNA which is
taken as an example; the thrce lcft handcd conformations are indeed very sil1lilar.
The different bases are placed at the same levcl and the dyadie and helieal
symmetries allow the ealculation of the coordinates.of any other nucleotide.

Figure 1 shows, as an exarnple, a representation of one of the proposed C-DNA
conformations. For this left handed hclix one l'an sec the perfel't pairing of the
bases in allti posilion and the good stereol'hemistry of the molecular mode!; figure 2
shows a stereo view of this mode!. ln figure J eurves of the ealculated diffral'ted
intensities for the right and a left handed C-DNA Illodels are presented together
with experimental data.

The orientation of the phosphate group illlposed by the infrared results assoeiatcd
to the helieal paramelers dedul'ed l'rom fiber X-ray studies eonstitute a sct of
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Table III
Cylindrical alomic coordinales of a unil of the Iefl handed C-DN A helix Illlo,IeI 1111

RIA) ,'1/°1 ZIAI RIAl ()(o) ZIAI
-------------~---------

Phosphate Desoxyribose

0.1' 7,<.2 -125 ..15 1.12 CS' ?{ ..'9 -I02.W) -OJ>2

l' 9,O! -126,04 1,70 C4' 7,7() -I07,?{2 0,-16

01 '!,(,() -IIR.04 2,11 CV 7,,11 '-IIR.,~') 0,0,1

02 '!.XO -129,2(, O,S6 C2' S,X7 -117,06 -0,40

05' R,R6 -1.12,4S 2.94 CI' 5.,\5 -IOX,lX) 0,77

01' 6,66 -101,06 O,XX

Guanine Adenine

N9 4,.14 - LJ6,46 O,bO N9 4..14 - %,47 0 ..<;9

CR 4,75 - XO,46 0,61 CR 4,7,\ - 79,7S O,W

N7 1,% - 6(,.S4 0,42 N7 4,01 - 6S ..1.\ 0,42

CS 2,(,1 - 72,97 O,2'! CS 2H) -- 71.X!, O,2'!

C4 2,97 -IO(),,14 0,40 C4 2,97 - ')'),46 0 ..19
N,Î 2,7.1 -127,07 O..\J N,\ 2,6!, -IH',,17 0,.12

C2 1,65 -147.07 0.14 C2 l,51 - 14·!.O2 0,1.1

N2 2..19 -179,29 0,05 NI 0 ..17 - 'JI ,4X O.lX)

NI 0,44 -104.1'.1 0,02 C6 l.hO - 4X.2R Il.OR

C6 I.SR - ,19.10 O,O'! NI, 2..19 -- 11>,79 0,04

06 2,22 - 17,')7 -0,0.1

Cytosine Thymine

NI 4,.14 - %,47 O,hO NI 4 ..14 - 96,46 O.!,O

C6 4.LJ2 - RI.IR 0,61 C6 4.91 - XO,XI 0.61
C) 4,51 - IlS.5'! O"IX CS ,1,<.2 - 1>,',27 O"IX
C4 .1,17 - 5x,50 0,21' Me 5,76 - 54,6X O,S2

N4 .\.12 - ,15,11' 0.1.1 C4 ,1,22 - 57,IX O,2X

NJ 2,25 7R,7LJ 0,26 04 .UO - ,\5,1·\ 0,1.\

C2 1,()l) -102,00 0,41 N.l 2,2X - 7XH) 0,26

02 1,1 l, - 124.X7 0,40 C2 .\,07 --10,1,01> 0,-12

02 ,1.07 -12S,% O,.1H

constraints to which we couldn't adapt any right handed C-DNA conformation.
The best right handed helix obtained presents very good helical parameters and a
good stcreochemistry. The corresponding calculated intcnsities are acceptable (fig.
Jb) but, the model is not totally consistent with the infrared data, Although the
angle of 0102 with the helix axis in the right-handed model is close 10 that obtained
from infrared studies, the orientation of the bisector 0lP02 is not in agreement
with the infrared data (Table II),

Conversely it was relatively easy to gel le ft handed helices satisfying perfectly ail
the geometrical constraints and presenting very gOlld stereochemistry. This was
possible. for the three values of the orientation of the phosphate group proposed by
the infrared data, by just varying progressively the dihedral angles. The perturba­
tions hence introduced can always take into account the necessary fitto the C-DNA
helical parameters and to a good pairing of complementary hases, One l'an add that
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Figure 1. Molecular nH1dcl of Id! handed C-DNi\ double helix Illwdel N° 1111.

611

Figure 2. Stereo view of Ihe l1lodel nO III.



612

110

Premilat & A/biser

ail the dihedral angles of these conformations are givcn values very weIl situated in
domains generally allowed for nuclcotides (l)) and sugar pucker is C2' endo. This
confirms the good stereochemistry of the present molecular l1lodels of Idt handed
C-DNA which are in the same family as already proposed Icft handed DNA confor­
mations (16.17).
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Concerning the diffracted inlcnsilies, Olle cln sec Ihal c,i1clIlaled clirves do ,Igrl'l'

very weil with cxperill1ents (fig . .Il. This agreemenl is al icasl as good as Iha(
obtained wilh the preceding CDNA Illodels (1 ..11. II i.s inlL'rl'Sling Il) 11<>ll' lh<ll Ihe
present right and Idl handed C-DNA ll10dels gi\'e indel'd vl'ry silllilar e,lil'lIlaled

intensilies (fig. Jah); this hehavior confirills a facl ,i1rl'<ldy rl'nl;lrked for fihr,' \'r<lV

sludics (41.

On lhe olhcr Iwnd lhe ;lgrl'Cllll'nl hel",ecn Ihe present Idl handl'll l11llil"'IILir
ll10dels and values dedllced fl'llm infrared dichroïsm is pnkel. AI l'I.sl. il l'<ln Ill'
noled thatlhe present C forms of DNA, heing Icfl handcd hclice.s \Vilh () =-.1K.Y'.

arc c10ser 10 thl' A form ((1 = .12.7°) Ihan III Ihl' B fOlïll (() = .1(,"'): Ihis filS \'l'r\' \\l'II
and l'ould explain lhe C--,A-->B lransilion.
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0) MODELES DE L'ADN POUR LES CONFORMATIONS A, B, C ET 0 EN
RELATION AVEC LES MESURES_RX DE_FIBRE, L'INfRAROUGE ET
LA RMN.

Photo N° 7 forme 0 du poly (dA-dT) .poly (dA-dT) avec sel de
sodium à 50 % d'humidité relative.
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DNA Models for A, B, C and D Conformations
Related to Fiber X-ray, Infrared and NMR Measurcments*
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Abstract

A conformational analysis of the A. B. C and DONA forms was made in order to establish
molecular models presenting a good agreement with experimental data obtained from fiber
X-ray. infrared linear dichroism and 11 p NMR. The proposed models have bcen rdined and
do present good stereochemistry and optimized H-bond distances bctween bases associated
with the Watson-Crick pairing. The DNA conformations proposed are a left handed double
helix for the C form and right handed helices for A. B ancl D. Relations to cnnfnrmational
transitions between these forms are discussed.

Introduction

The conforrnational variations of DNA indllccd hy modifications of humidity and
salt concentration are weIl established by X-ray diffraction studies on oriented
fibers. By using this technique the fundamental A. B. C and D forms of DNA or
polynucleotides were determined (1.2,3,4). The A form appears in the presence of
sodium salt when the relative humidity is lower than 7:'%. The B form exists for
high humidity when different S'lIts are present. The e-DNA fmm was sludied by
X-ray diffraction on fibers immersed in different solvents (51. A recent experi­
mental study (6) has shown in grcat detail how the C form of DNA l'an he obtaincd
when both water and salt contents arc low. Moreover the (>-->A~,B transitions \VeiT

shown to occur as a funl'tion of the increase of the amount of sodium salt and
relative humidity. The same kiml of study dcvoted to the poly(dA-dTl'poly(dA-dTl
established the transitions whil'h l'an be obscrved from or tu the 0 form (71.
Nevertheless. l'ven if X-ray is indeed a powerful tool which permits to differentiate
between DNA conformations wilhout any ambiguity the extremely poor resolution
of the diffraction measurements c10es not allow one to get a unique molecular
model from a fiber X-ray pattern. Therefore, it is important to Lake into accollnl
any information coming from other experimental melhods in order to estahlish
reljable DNA models.

'Paper presenleù al Ihe Fourth Conversation in Biolllolecular Slereodynalllics. SUNY at Alhany. Junl'
04-0R 191\:;.
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Among the diffcrent spectroscopic technics used, NMR gives vcry fine structural
details on the sugar and the bases (R,9) and recently"P NMR has heen shown to he
ahle to give geometrical parallleters on the phosphiltc group of DNA in the A and B
forms (10,11). Besides, in frared linear dichwism is used to deterlll ine the orien lat ion
of the phosphate group and experimental values are available for A, 11 and C forllls
(12,13,14). In recent publications (1:;,16) it was shown that one l'an establish A,I1.
and C-DNA molecular models which agree with X-ray and infrared Il1casurell1ents
and rnoreover, the A and B models pwrosed hy this method arc also in accordance
with .'Ip NMR data (II).

In the present work refined A, Band C conformations are presenled together with a
o conformation of ro1y(dA-dT)·ro!y(dA-dTl. roI' this last form one should note that
no infrared or NMR data is availahle and thercfore the rresent D ll10dcl was only
constrained to agree with its fiher X-ray pattern (4) and to remain in the vicinily of
the present right hancled B form. The variations of the dihedral angles introduced
on the carl icI' models (1:;,16) are indeed very smnll and imprnvements on the A, B
and C conformations are mninly ohtained on the distanccs of II-honds hctween p;lired
hases and on the inter chain stereochemistry. roI' ail these DNA conformatiol1s
dihedral angles, helical parameters, the base pairing arc given t()gether with views
of the different models. Comparison with infrared and'Ip NMR data arc indieated
and the consistency of the present DNA moclels is relatcd to the exrcrimenlal
observations made on transitions between these different DNA conformations.

Met/lOds

Helical parameters derived from fiber X-ray rattertls associaled with the kl10wn
geometry of the nucleotide units rermit to determine molceular models whieh l'an
he used to compute diffracted intensities and different structural featurcs. Owing 10
the clyad axis, only one of the two antiparal1c1 heliccs suffiees 10 ealculalc Ihe
diffracted intensities but it is neecssary to determine a model of the two e01l1­
plemenlary mo\ccular cllains in order 10 ddine the atol1lic coordinates in a corrcct
reference frame based on the helical and the dyadic axes.

Bond lengths and bond angles are taken from the lisling given by Artloll (17): they
l'an he very slightly Illodified but must he maintainecl in intervals of values delerl1lillcd
by X-ray studies on single crysta\s (IR,19,2ül. The geometry of Ihe sugar phosphate
chain is completely defined by its dihedral angles. The comrutation of the atomic
coordinates of a nuc1eotide sequence placed in a helical c(mformatioll is perforlllcd
with the same procedure as previously used (2\). The rrogram is based on a
method transposcd from (hat prorosed by Hermans and Ferro (22) for the rcp­
resentation of a protein molecule. This procedure allows one to modify very easily
the calculated structure and makes it simple to inlroduee the lill and twist of hases.
An Îterative rrocedure is used to optimizc the hclieal conformation and the orientation
of the phosphate group namcly the 0\02 direction and Ihat of the bisseclor of
0\ P02 relative to the helix axis (angles «II and «1) rcspectivclyl. The filling of thesc
orientations to the experimcntal values of infrarcd dichroism is rcalilcd maintaining



115

DNA Models for A, B, C and D Forms 1035

the helical parameters as constraints on the conformation. At the end of improvement
cycles, in good cases a molecular model in conformity with X-ray and infrared data
emerged. When a polynucleotide chain is built and placed in its proper helical
system (23), the antiparallel and complementary one is adjusted so that good hydrogen
bonds are realized between bases paired according to Watson and Crick. This last
building step permits a1so to determine the dyad axis. Cylindrical coordinates of
atoms are then calculated in the reference system defined by the helical and dyadic
axes. The average Fourier transform and the diffracted intensity curves are compllted
using the atomic cylindrical coordinates of the best calclliated conformations.
Relations and parameters necessary for these calculations are those given by Langridge
et al (2) and us~d previollsly (15,16). As one supposes a statistical repartition of the
different bases along the helix, except for the 0 form. the percentage of base pairs
is included in the computation procedure (21). The moleclilar model is modified or
rejected if it ches not give a good calculated X-ray pattern. The stereochemistry
(intra and inter chain atomic distances. H-bond geometry ... ) of satisfactory moleclilar
models can be improved by smail variations of the dihedral angles or of the geometry
(bond angles). If this leads to modifications of the helical parameters. the model
goes throllgh new improvement cycles or must sometimes be rejected.

Regarding the calculation on molecular models of the angles /3 and y deùlIced from
.11 P NMR measurements. one can show that they are relateù to V)I and V)2 (infraredl.
In fact let us consider in figure 1 the angles jJ and y given by Shindo et al (11) and
the orthogonal system (a,b,c) with the c axis along the helix axis (or fiber axis). The
orthogonal system (x,y,z) corresponds to the line 0102 (oxygens of the phosphate
group) for the z axis and to the bissector of 01 P02 for y. Angles '{II and '(), are
shown in figure l. The axis b is along the intersection of planes (a,b) and (x.yl.

One can introduce another orthogonal system (b,d,z) by using the axis d situated in
the plane (x,y) and perpendicular to b. One can see that (PI = 13 and introducing the

c
helixaxis

z

0102

a

(~ =~

y bis.
01P02

Figure 1. Orienlation angles.l and ;. rl'l;lIl'd 10 \'1' Ni\lH. \',
and v' rdatcd to infrarcd.
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angles O! = (x,cl. O2 = (y,c) and 0 1 = (z,c) (magnetic field along c: see ref. Il l, one
gets '{JI = fJ = 0 1, '{J2 = O2 and with scalar products expressed in (h,d,zl (lIle ohlains:

COS 0 1 = - sin fJ cOS)l: cos (J2 = sin;3 sin y.

Note also that 0 1 can be obtained from cos20! + COS202 + cos'O, = 1 and 0, = '()I:

O2 = YI,.

50 when fJ and y are known from NMR one can calculate '{JI and '(), (infrared).
Conversely fmm 'fil and 'fI2 one gets fJ = 'fil and

cos 0, cos 'fI2
t - --
g y - - cos 0

1
- - (1 - cos2 '()I - cos' 'fI2l'"

Finally, these angles are defined between Iines and their values are in the inlerval

(0, ~).

Remlts

The set of dihedral angles corresponding ta the different molecular models of ONA
presently studied are given in table I. In this same table ail the relevant conformational
parameters are also indicated. One should note that the ON A conformations are
ordered according to the increase of the rotation angle per residue. The sign of this
angle indicates the handedness of the double helix mode\. Thus for the presently
proposed conformations C is Ieft handed and A, Band 0 are right handed helices.
This handedness of A and B forms do agree with results obtained from X-ray
measurements on oligonucleotide crystals (24,251.

The A, B, and C-ONA molecular models are depicted in fi,llure 2 togethcr with
details on the gcometry of paired bases. The modifications made on these modcls
comrared to those already proposed (15,IÔ) have heen donc mainly to improve the
H-bond distances betwecn bases. 5uch variations did not affect the dihedral angles
but only the internai geometry of the A and B forms and just very slightly the angles
of the C-ONA ll1odels. Thc corresronding atomic coordinatcs and Fourier transforlll
diagrams remain very close to previously rublished values (15,lh) and therefore are
not prescnted. Finally, table II and figure J rresent rcspectively the atolllic coordinates
of thè 0 form of polyl dl A-T) 1 and a view of the model as weil as curves of calculated
diffracted intensities. For (his molecular model the dyad axis is located hetween
base planes and the unit is a (A-Tl nuclcotide pair on one chain. Thercfore the
douhle helix presents 4 units in one turn and the relation used for the calculation of
the Fourier transform is / = n + 4111. Anolher point concerning the D form is that
A and T hases are given slightly sifferent twist and tilt angles (sec table 1) in order to
improve I-I-bond distances: it also gives betler agreement \Vith diffraction curves.

In table [II are indicated the orientation angles of the phosphate group in the
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Table [
Chain dihcdral angles and geometrical paramelers of the C. A. B. D douhle heliealconformalions

DNA form C A B [)

DNA origin Calf Thymus Salmon sp. Calf Thymus Calf Thymus p"lyldAdTipolyldAdT 1

0(°) -.11'.70 -,II'UO .12.7.1 .1(,.00 4:".00
PIA) .10,60 .1O,(,() 2X.1 () .1.I.l)O 2-l.20
prA) .1,29 .1. 2') 2,:"(, .1..N .1,0,\

Il(o) 6O,7H ),1,:"0 -:'9,(,.1 -.10.lI.1 -.1,j,OO

fJ(o) -l.N,X9 -14.1,27 1('.1,:":" 141',71 1,14,(,()
)'(0) 1:":" ..11' 161.4:" :, UO .17,02 '\.1.46
15(°) 14(,,(,4 1:"2 ..1X X1.00 1.12,.12 1:'.1.77
((0) -(,9.72 -(,X.(,7 - !.16,2() -1:'6.1'0 -IS7,O,1
(,'(0) 176.06 179,SI -1'7,11 - 1.\,1,62 -1 S,UO
X(o) 177.00 177.IX) -16:',00 -IHOO - 10(,1 A)

-102('1'1

Till (0) 7,00 12.(,() 20,IX) -(,,00 -16 (AI; -1.\ ITI
Twislloi -l,IX) -0,:"0 \0.00 2..\0 -2,6 lAI; ,1,9 ITI

DIA) -1.10 -1.00 4.(,() -O,(,() -2,(,()

P ~ 0)' il 0' r C4' !!. CJ' !... 0.1' t P: { OI'-CI'-NI-C2forlC.TI
X 01' - CI' - N9 - CI for ((J,A)

different models. Experimental infrared values are available for A. Band C forms
and can be compared with angles calculated l'rom the models. Gnly A and B-DNA
conformations can he compared with 11 P NMR measurements. Nevertheless in
tahle III the calculated values are given for ail the present models. One should note
that ail these values for the angles can he more or less changed because the a 1 and
02 hond angles of the molecular models can he chosen in an interval (lf values
defined hy X-ray studies on nucleotide crystals (19.20). Examples of such variations
are indicated in tahle III for the D form.

Discussion

The conformations proposed here correspond to models in accordance with differenl
experimental measurements made on long fibers of DNA in A. B. C or D l'orin. In
these douhle helical models. nucleotidcs do present a structural regularity which is
not adapted ta the more precise and irregular conformations determined by X-ray
on crystals of short polynucleotide chains (24,25).

The geometry of the phosphate group which must fit to values derived l'rom infrared
measurements and to fiher X-ray data limits considerahly the conformational
possibilities and eliminates many good structures. For ail lhe models presenled. one
can note that the dihedral angles are in the domains commonly allowed for nucleotides
(18). Helical parameters are in perfect agreement with fiber X-ray data and hases
are in the anti conformation.
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B

Figure 2. 1'vloleeular mollels of A. B. C forms of DNA.

ln the A-DNA conformation, the sugar pucker is CJ'-endo and bases are tilted and
twisted like in the model prapased by Fuller et al (1), ln the refined B-DNA
structure, the sugar pucker is Cl '-exo and the slight incline of bases increases the
agreement between calculated and experimental diffracted intensities. These twa
conformations are indeed very near to those previous!y proposed ( (5) but they do
present better H-bond distances for the paired bases. The agreement with fiber
X-ray remains very good and the structures are in accord with infrared and \1 P NMR.

For the C-DNA, no right-handed helix (16. see also ref. 14) could be obtained which
agreed with the infrared angles for the phosphate group and the helical parameters
from the X-ray patterns. On the contrary, Icft handed helices satisfying perfectly aIl
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these constraints presenting a very good stereochemistry ean easily be obtained.
Here also ail dihedral angles have values weil situated in the domains allowed tn
nucleotides and the sugar pueker is C2'-endo for one model anJ C3'-exo for the
other. These faets guarantee the good sterenchemistry of these left handed ll1odel.~

for e-DNA. The present C-DNA left hanJeJ heliees which are very close to our
previous models (tô) are in very gnod agreement with fiber X-ray patterns and
infrared data. No comparison with .\lp NMR can be made as no precise ex peri­
mental values have been prnposed up to now.

The generally accepted similarity in the handedness of the Band C fonns of Df\'A
does not fit weil with the physiochemical conditions to which these forms relate.
Actually, C is a very low humidity and low salt form of DNA whilc B is adapted tn
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Figure 3, Mokcular Illodcl o[ l) [orlll, II·bond distances in 1\ and clirves o[ di[[r:lc!ed intl'tl.sities:

calculateù (-); experimental values ('1. rer. 4.

high humidity and higher amount of salt. The precise stucly of the transItions
bctween A, Band C forms (6) has shawn that X-ray patterns corrcsponding to
mixtures of A and C or A anù B are obscrved according to the C=A=B reversihle
transitions, The conformational proximity of Band Chas not bcen ùcmonstrated.
The helical parame ter values of the different DNA forms can he weil explaincd if
one supposes a Icft handed helical model for C-DNA. A and B being right handed.
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Table"
Atomie eylindrical coordinates of the D rorm unit

D form R(A) '/lio) ZIAI RIAl (,)1°1 l(,\)

Phosphate Adenine
0.1' 7.06 267.45 -2.97 N9 4..17 2.11.46 -2.72
P R.17 170.1'1(, -1.90 CR 5.17 219.11 -2.1'1.1
01 9.4R 271.52 -2.57 N7 5.0."\ 205.2."\ -2S'>
02 R..12 2(,.1 Xl -(Un C5 .1.70 202..\5 -2.2.1
05' 7.7.1 2RU4 -1 ..19 C4 .1.16 22.\.JJ -2..\.1

Deoxyrihose NJ 2.0(, 240.11'1 -2.09
CS' 726 24J.9R -5..14 C2 1.12 207.75 --I.7J
C4' 6.51 25."\.1(, -4.6.1 NI 2.02 170.06 -1.59
CJ' 7.09 256.17 -J.26 C6 J.25 IR 1.17 -Uq
C2' 6..1J 24R.OK -2..\2 N6 4.JJ 169.J2 -1.70
CI' 4.95 247.K5 - 2.%
01' 5.14 249.90 -4..15

Phosphate Thymine
OJ' 7.06 .112.44 0.06 NI 4..17 276.45 (1..11
P K.17 J15.K5 1.12 C6 5.J9 265,(,9 (U.1
01 9AR .116.51 0.46 CS 5.46 251.71 0.45
02 iU2 .10K.RJ 2.20 Mc ('.K.'> 24(,.47 O.J7
05' 7.7.1 J2(1.34 I.M C4 4.46 240.21 0.77

Deoxyrihose 04 4.95 22('.64 IJ,t)9

0' 7.26 2KR.97 -2.JI NJ J.15 24(,.72 O.KI
C4' 6.51 21.)K.15 -1.60 C2 J.07 272.00 0.61
Cl' 709 .101.16 -0.2J 02 DI 21.)2,(,7 0.69
C2' 6.JJ 29.1.07 0.71
CI' 4.1.)5 292.R4 0.07
01' 5.14 294.K!.J -UJ

hble III
(,eomelry of the phosphate group in the dirlcrenl DNA nwdcls rclaled 10 IR and"P NrvlR d,lIa

C
DNA rmm Calf Thymus /\ H
DN/\ ('rigin (Salmon sl'.I Cali Thymus ('air Thymus

Angle 1°) V, (Ill \'2 l' \',1;)) V)~ )' \1,1;) 1 ~ )] )'

51 ±2 (>4+2 (>5+2 ·j5d 5(>,,2 70,.1

I.R.* 14R±2) 167±2)
4H·50 (, J-(,·l 5')·(,·j ·t(>-50 )~-)) (>2-(>S

"f' Niv1R t 71 ±2 .17 5K±J )~±) 66.R JOliS

iVlodel 51.5 6.1.7 .\4.4 65.1 -I4.!.J 51 56.7 71 ..1 21.R
I-IR.R) ((,7.4) l.IO.RI

For D rorm poly(dA-dT)"polyflIA-dT); ivlodel: V, = 4.1.R: v! = 76.5: y = I!.J.K
Ir 01 and 02 hlllld angles values are in Ilmo·IWo) it comes:
40 < \), < 4K; 75 < Vi < R4; !.J < y < 21

trrom rel. 10.11. 'From rel. 12-14
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ln that case the A form is betwcen C and B and one has the order C,A.B with
increasing values of the angle of rotation per nucleotide. (This angle is ncgative for
C and positive for A and B).

The model presently proposed for O-ONA is right handed and has dihedral angle
values near to those of the B form (see table 1), the sugar pucker is C]'-exo. Note
that bases arc on the outside part of the conformation, far from the helix axis. This
situation corresponds to a better stereochemistry for it improves atomic contacts
betwecn bases on the antiparallcl and complementary chains. This conformation is
similar to models already proposcd (4.26,27). As far as we know. neither infrared
nor1lp NMR data are available for O-ONA and left handed as weil as right handcd
helices have becn proposee! as models for polyl d(A-T) 1 (28). However conformational
transitions recently observee! (7) in polyld(A-T)j fibers show that the transition
between Band 0 forms is indeed reversihle ancl the A to 0 is not. That can be
interpreted as being clue to the relative position of these conformations which
should be orclerecl A,B,O and thus 0 is placee! beyond B comparecl ta A. For a left
hane!ed 0 form the ore!er would be O,A,B or even O.C,A,B and could not fit to the
observed transitions.
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E) DISCUSSION
-

La méthode employée pour proposer des conforma tions des·

formes A et B de l'ADN en fibre s'est révélée efficace. Let:

contraintes imposées par l'or ienta t ion du groupe phospha te,

déduites des mesures de spectroscopie infrarouge, limitent les

conformations possibles de la chaine sucre-phosphate (62). Une

sélection est rapidement opérée quand on cherche le meillellr

accord entre ces modèles conformationnels et les c1011né0r;

expérimentales de RX. Pour les formes À et: n, ce sont c1ps

doubles hélices droites qui satisfont au mieux les données

expérimentales. Ces conformations ont des c<H'actérir;tiqlJ0.s

très vo is ines des premiers modè les proposés (:2 n, JO). Iles t

intéressant de remarquer que les valeurs des angles dièc1t-es

établls par cet te méthode on tété progres s i vemen t proposés pa 1-

Arnott à la suite de raffinements successifs des clichés RX de

fibre (Tableau nO IV)

Angles dièdres moyens (0) déterminés à partir de cristaux d'oligonucléotides
comparés à ceux déduits des fibres d'ADN.

60

65

x

58
61

65

57

A.D.N. FORME A -1 0. 1 B 1
y r-8----r--~E----r--~--r -_.

p-- 05 '-- c5 '-- CLI '-- CJ '---OJ '--!'

cl ( GGCCGGGC)· - 71 177 55 85 - 165 - 64 - 1

d (GGGTACCC) x - 69 172 64 79 - 151 - 77 - 1

d ( ACCGGCCGGT) 0 - 65 166 51 80 - 157 - 66 - 1
d(CCCCCGCGGGGG) * - 75 182 53 79(8) - \68 - 71 - l

Fibre~Prémilat,Albiser)
(16) (22) (14 ) (28) (20)

- 59 163 51 81 - 136 - 87 - 1

Fibre
++

(Arnott) - 52 175 42 79 - 148 - 75 - 1

• U. Heinemann & al., Nucl. Acid. Res . 19, 427 (1991 )

x Z. Shakked & al., Nucl. Acids Res. 18, 3185 (1990)

A. Rich & al., Eur. J. Biochem. 181 , 259 (1989)
TABLEAU N° 4

0

* J. Subirana & al., J .Mol. Biol. 221, 623 (1991)
+ S. Prêmilat & G. Albiser, Nucl.Acids Res. Il, 1897 (1983)
++ S. Arnott & al. , J.niomol.Str~ct.Dyn. 6, 1189 (1989)
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A.D.-N.-FORMÉ- -B - .
Ct S y <5 E J x

- -- - --- --- - -- - -- -_ .. _----- - - ---------- -- --- - - - - ---- -- - ... - - - ---- -- - - --- ·-1··

P -- 05'--c5'--c4'-- C3'--03'--P
• 63 171 54 122 -169 -108 117d(CGCGAATTCGCG) - -

d(CCAGGCCTGG)x - 61 165 42 131 -144 -130 - 98

d(CCAACGTTGG)6 - 64 166 49 128 -156 -121 - 103

Fibre\hémilat ,Alb iser) - 31 148 37 132 -156 -133 - 122

Fibre++ (Arnott) - 33 138 33 142 -1/11 -157 - 99

a R. Dickerson et al. Proc.Nat.Acad.Sci.USA 78, 2179 (1981)

x U. Heinemann & c. Alings, J .Mol. Biol. 2 la, 369 (1989)
TABLEAU N° 4

a R. Dickerson & al. J. Mol. Biol. 217, 177 (I 991)

+ S. Prémilat & G. Albiser, Nuc1.Acids. Res. 1l , 1897 (1983)

++ S. Arnott & al. Nuc1.Acids. Res. 1l, {1151 (1983)

D'autre part, la confrontation entre les valeurs des

angles dièdres trouvées par diffraction RX sur des fibres et

les valeurs moyennes de ces angles déduites de la

cristallographie d'oligonucléotides montre un bon accord (47).

Mais dans les cristaux d'oligonucléotides on remarque une

grande dispersion des valeurs de ces angles d'un nucléotide à

l'autre (perturbations dues aux effets d'extrémité).

L'étude de la forme C de l'ADN s'est révélée plus délicate

étant donné la faible définition des clichés de diffraction RX

due aux fibres semi cristallines. Il faut également remarquer

que les paramètres hélicoïdaux retenus,P = 30,6 A et p =3,30 À

pour définir cette forme correspondant en fait à un pas P,

dont les valeurs expérimentales sont comprises entre 31,2 A et

29,2 A (31).



126

Néanmoins, dans la publication consacrée à cette forme C,

plusieurs modèles sont proposés, qui, à nouveau, satisfont aux

données RX de fibre et au dichroïsme linéaire infrarouge. Mais

à la suite de travaux expérimentaux réalisés ultérieurement

sur les transi tions conformationnelles des ADN et des

polynucléotides, les conclusions pour le choix d'un modèle

conformationnel en double hélice gauche ne nous semblent pas

correctes. En effet, la transition B-C a lieu, avec des ADN en

présence de lithium ou avec un très faible pourcentage de

sodium, quand on abaisse progressivement l'humidité relative.

Or, durant cette trans i t ion, les clichés de di f fract ion RX

révèlent une modification très progressive des paramètres

hélicoïdaux et, en associant des mesures des dimensions de

fibre, le caractère non coopérat i f de cet te t l'ans i t ion a été

prouvé (Chap. V, B). Le carac tère non coopérat i f de cet te

transition a également été remarqué par spectroscopie

infrarouge sur les films d'ADN (63). La conformation de la

forme B étant une double hélice droite, celle de la forme C

reste donc dans cette famille d' hélices. Dans la publication

présentée, c'est le modèle IV qui doit être retenu bien qu'il

correspond à un mo ins bon accord avec les ré su 1ta ts

infrarouge. On remarque que les angles dièdres de ce modè le

sont très proches de ceux proposés pour la forme B (Tableau

N° IV) .

Il faut également préciser que les caractéristiques

attribuées classiquement aux clichés de la forme C (P = 31 A,

P = 3,3 A avec la présence d'une tache de Bragg à R = 0,1 A -1

sur la première strate) ne sont réunies que trans i to irement

lorsque l'humidité relative varie.
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Un argument qui également avait été décisif pour le choi.x.

- d'une -conformation-gauGhe pour-la-tol'meC--résida-it-dans

l'analyse de la transition C-A-B expérimentalement observée

sur des fibres d'ADN à faible concentration en sodium. En

effet l'angle de rotation entre nucléotides successifs est

voisin de 38,7° pour la forme C, pour la forme A, il est cle

32,7° et de 36° en forme B. Ce changement de sens de la

tors ion de l thé lice lorsque l' humidi té re la t ive cro î t semble

s'expliquer difficilement si l' hélice reste droi te. Or, après

de nombreux essais effectués pour reproduire ces transitions,

on s'est rendu compte que cela n'était réalisable que dans des

condi t ions part icul ières. En effet, une tens ion mécan ique

app l iquée à la fibre à haute humidi té empêche la trans i tian

vers A quand l'humidité est réduite, on a alors une

déformation de la forme Ben C. La tension étant supprimée,

une élévation très lente de l' humidi té fa i t dispara î tre la

forme C au profit de la forme A. On peut également retrouver

les trans i tions C-A- B avec des fibres ayant une concentration

assez faible en sel de sodium en opérant des variations

brutales d'humidité (de 92 % à 40 %) et en élevant à nouve<lU

progressivement l'humidité relative.

Un autre argument renforce également l'impossibilité de

passer d'une hélice gauche à une hélice droi te lors de la

transition C-A provient des études d'hydratation (Chap. V,C).

En effet on évalue en moyenne, à 4 ou 5 le nombre de molécules

d'eau associé à chaque nucléotide en formes C ou A. Cela

conduit à un assemblage compact des molécules et empêche tout

mouvement dans la fibre et donc tout changement de sens de la

double hélice.
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La dernière publication de ce chapitre présente également

une conformation en double hélice droite pour la forme 0

présentée par certains polynucléotides tel que le poly

(dA-dT)-poly (dA-dT). Dans ce cas les seules mesures sont

polynucléotide conduit à la

la forme D est une double

diffraction

hélicoïdal retenu.

ultérieurement avec

qui permet

L'analyse des

des

sens

même

hélice

le

réalisées

l'analyse

justifier

donc

transitions

de

c'estRX.

que

ce

forme

savoir

de

à

faites par

transitions

conclusion

droite.
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CONFORMATION DE L'ADN EN PRESENCE DE CATIONS
METALLIQUES ET EFFET DE LA TENSION MECANIQUE

-SUR-DEUX TYPES--DE- TRANSTTTONS-CONFORMATTONNELLES-

A) INTRODUCTION

Dans la première publication proposée, c'est l'étude d'un

cation métallique (Ag+) fixé sur l'ADN qui est abordée, le

cation compensateur étant touj our s le sodium. Les rés u It a t s

donnés par de nombreuses techniques physico-chimiques

permettent de classer (~n trois catégories les métaux qui se

fixent sur l'ADN. On distingue ceux qui se lient au phosphate,

entre bases et phosphate ou simplement sur les bases (Tableau

N° V) (64).

Ti\BLEAU N° V

Sites

Phosphate

Phosphate
et base

Base

Ions métalliques

Li + ,Na+ , K+ , Rb+ , Cs+ , Mg+ , Ca2 + ,81'2 + , Ba2 + , Fe 3 +

C02+ ,Ni2 + ,Mn2 + ,Zn2 + ,Cd2 + ,pb2+ ,Cu2 + ,Fe2 +

Ag+ , Hg2 +

Classification des ions métalliques en fonction de leur
site de liaison sur l'ADN.

certains de ces cations sont présents naturellement dans

les ADN et ARN extraits des cellules, ils participent

également dans des fonctions biologiques (effet mutagène) ou

encore, ils permettent des réactions enzymologiques (65). Il

est également connu que des cations peuvent bloquer certaines

conformations de l'ADN ou encore favoriser certaines

transitions entre doubles hélices droites (66), mais aussi
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--entl~e---doub-Les---héLices--droites--et-gauches - et ce-la,

certaines séquences de bases (67).

pour-

Le cation Ag+ fixé sur les bases G-C de l'ADN est

soupçonné de provoquer un changement de conformation. Ains i,

le spectre dichroïque de l'ADN en solution à haute teneur en

argent fait apparaitre une bande négative très intense vers

2 700 A qui n'est attribuée à aucune conformation connue (17).

La diffraction R.X. de fibre semble donc indiquée afin

d'analyser ce changement de conformation et, éventuellement,

sélectionner le site de chélation de l'argent sur les bases.

En effet, cette étude est semblable à la méthode de "l'atome

lourd" classiquement utilisée en cristallographie. Néanmoins,

la distribution non périodique du cation rend l'interprétation

des clichés R.X. de fibre plus délicate.

La deuxième publication présentée s'intéresse à un facteur

souvent occulté dans la diffraction R.X. de fibre, la tension

mécanique appliquée aux fibres. En effet, la méthode empirique

d'orientation des fibres d'ADN à partir de gel fai t appel à

l'action d'une tension mécanique. Le maintient de cette

l'évolution de la fibre lorsque, par exemple,

tension sur la fibre peut éventuellement contrarier

l'humidité

lorsque

il faut

biologique

type dece

part,

intérêt

subir

D'autre

n'est pas sans

l'ADN peut

modifiée.

les transitions A-B ou B-C

la tens ion

la cellule

remarquer que

puisque dans

relative environnante change. Pour déterminer l' inf luence de

ce facteur, une étude de diffraction R.X. a été entreprise sur

des fibres qui présentent

l'humidité relative est

contraintes mécaniques.
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B) RX DE FIBRE ET ETUDE CONFORMATIONNELLE DE L'ASSOCIATrON
D'IONS METALLIQUES A L'ADN

H

H

Figure N° 16 Les sites envisagés pour l'association de
Ag· sur l'ADN.
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Abstract

Results obtained from X-ray diffraction as weil as from conformational analysis of Ag-DNA
fibres are presented. For smail percentages of Ag" bound and high humidity, Ihe I3-DNA
form is maintained. As the perccntage of Ag+ is incrcased, Ihe helical paramelcrs of Ihe
B-DNA are modified. These modifications are dircclly relaled to Ihe percentage of G-C
bases. The pcriodicily of the DNA fibres are perturbed as Ag!- is mainly hound to (J-C
pairs and, thus, only Ihe equalorial diffracted intensities can he compared to values calcu­
laled from molecular models. II is shawn, by this way, that the first hinding sile is localed on
N7 of G. A second sile is situated between NJ and NI of Ihe G-C pair, al Ihe place of a
hydrogen bond. A molecular mouel of the Ag-DNA complex is proposed and shown to he in
agreement wilh experimental data. Resulls ohlained allow to gel some information on the
binding of olher ions sllch as Cu'!- and HgH which give very linle modificalion of Ihe fihre
X-ray patterns.

Introduction

Effects of metallic ions on the conformations and functions of nuckic acids are the
suhjects of man y experimental studies (l-5). They clearly show that the different
experimental technique used (such as spectrophotometry, potentiometry, etc.... 1
provide information on the hinding sites of ions. Nevertheless, in some cases,
different sites remain possihle and no molecular model has actually been presented
in order to take into account the modifications of the DNA structures induced hy
the ions. The present study is devoted to this last problem particularly in the case of
the binding of the monovalent cation Ag+ on DNA. As a matter of fact, with the
spectroscopie techniques, silver c10es not present any absorption in the scalc of the
investigated wavelengths and thus does not hicle the modifications of the spectrum
due to conformational changes (6-13). So, it has heen shown that the binding of the
cation Ag+ on the DNA in solution is realizecl in two successive steps corresponding
to the existence of two diffcrent binding sites (6,7,R,9). In a first step, for a ratio of

745
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cation Ag' per nucleotide below 0.2, the binding site could be located on N7 of the
guanine or between 06 and N7 of the guanine or also in chelate between two succes­
sive bases one of which, at least, is a guanine {71. Then, for a ratio of silver ahove
0.2, a second site appears in the middle of a pair of bases, at the place of a hydrogen
bound, between NI of a purinic base and NJ of a pyrimidinic one (6,71. Binding on
this se~ond site must lead ta a disruption of the macroll1olecular conformation.

Studies in solution can hardly give fundamental information un DNA conforma­
tions and the lack of crystallographic results on single crystals renders X-ray diffrac­
tion on oriented fibres an interesting approach (14). ln the present work, X-ray
diffraction by oriented fihres associated to silver ions is used as a me(fwd of
conformational analysis. Moreover, it appears that the hinding of Ag 1 on DNA
gives more pronounced and clear cffects of fibre X-ray patterns than (lther metal
ions (Cu n and Hgn for examplel. Hence, the hindltlg of Ag 1 l'an also he used as an
example permitting to get some information on these other ion-DNA systems which
are more important on a biological leve!.

Materials and Met"od~

Two different DNA molecules have been used in the present study: the calf thymus
DNA which con tains 42':;'> of guanine-cytosine bases and the micrococcus Iysodeik­
ticus DNA which has 72% of guanine-cytosine bases. These DNA were purchased
l'rom Miles Laboratories in lyophilised form. For the X-ray studies, the DNA must
be stretchcd in fibres and the different samples Me realized as follows: a DNA
solution in sodium acetate 10 tu 20 mM is realized al'ter dialysis and precipitation.
The pH of the solution is either 5.4, to get only one binding site \Vith a small value
of r (the average number of cations per nucleotide) or H ta bind simultaneously Ag'
on the two sites (6). Measurement of the optical density of the solution allows 10

detcrmine the DNA concentration. 1() a definite volume of this DNA solution, an
appropriate volume of silver nitrate solution is added so as to gct the dcfined r
value which varies, in the present work l'rom 0.05 to 0.5. Precipitation with a\cohol
and centrifugation gives a gel l'rom which fibres are streched (15,161. The process is
realized sheltcred l'rom light in order to avoid oxydo-reduction.

The procedure followed for the determination of the nwlecular models of the
different DNA double helices is the one used before (17). lt takes into accountthe
helical parameters, the Watson-Crick pairing of complementary bases associated to
antiparallel sugar-phosphate chains and the stereochemical constraints. [n the pres­
ent case, distances between silver and nitrogen or between silver and oxygen, have
been given values of respectively 2.1 Â and 2..1 Â and the distance between the
two nitrogens of a base pair, bound ta a silver ion, is .1.11 Â (IH).

The calculations of the theoretical diffracted inlensities From a DNA nlOlecular
model are performecl following the procedure previously described and uscd (191.
But this methocl is not presently totally valid because it has bcen established that
silver ions bind essentially to guanine (for small r) (20.21). Thus, the faet that the
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silver bound has an atornic scattering factor much higher than those of the DNA
atoms perturbs the periodicity of the molecular structure and rnakes the conccpt of
average nucieotide inapplicable (191. This loss of pcriodicity docs not allow any
more to caleulate correctly the diffracted intensity on the different layer lines.
However, the calculation remains possible for the equatorial line. As a mattcr of
fact, the rule of sclection, in this last case, gives essentially for n, the order of the
Bessel functions, the value O. This eliminates the phases in the structure factor and
the equatorial intensities are only dependent on the radial positions of the atoms of
the repetitive unit. In this case, the average nucleotide which is a function of the
percentages of G -C and A-T bases can still be used: one shall just add to the list of
atorns, the silver ion with its percentage. The structure factor F and the expressioll
of the calculated diffractcd intensity, for the equatoriallayer line, l'an be written as:

whcre:

~ = radial coordinate of a lanice point in reciprocal space,

Ri = radial coordinate of the Jlh atom in the repeating unit in l'cal space.

fi = scanering factor of the Jill atom.

Jo = Bessel function of first kintI of order zero.

Consequently, only the equatorial intensities are compared to the calculated oncs
and by this way, the radial positions of silver atoms in the DNA douhle hclical
conformation are determined.

Results

In order to make possible a comparison between the present rl'sults and those l'rom
studies on solutions, the DNA fibres have hel'n prepared with ratio l'of silver pel'
nucleotide varying l'rom 0.05 to more than 0.5. For ralio r up to 0.2 with the DNA
containing 72"/0 of G-C hases and less lhan 0.15 for the DNA with 42% of G -C at
high relative humidity, the B·form is obtaincd. The douhle hclical parametcrs are
not modified: the pitch is 34 Â, the rotation per nucleotide is near to 36° and the
rise per nucieotide is near to 3.4 Â. The crystal lattice is hexagonal or ortlwrlwm·
hic (Fig. I(A,B,D,E)). For some fibres prepared with a low concentration of sodium
salt, the lowering of the humidity allows to obtain the Aforlll. The patterns of the
equatorial intensity diffracted by the DNA in B·form associated to silver ions, show
the saille positions and relative amplitudes of the intensity maxima as those ob·
served c1assically for the B·DNA. Nevertheless some stretched fibres obtained frolll
solution at pH 8 with a ratio r higher than 0.1 do present the B·form but the
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A B c

D E F

\ 1 \\ 1r Il' 'llr \ l' '

1f ~ (; 1 111.j \ \ 1.\

J."igurl' 1. X-r;l! fil1rl' p;l[l",rll\ IlhLlilH..'d;1I li!"" I"CLtli\1..' h'lIl1idit~ !)N\ ri.)" (, (1

III r = II l, CI r ~ lll" DNi\ ,':2"" (; ,CI' 1)1 \\1111""1 ,\~', 1'1 r ~ 111 III

f'"lv dT "ill1<1111 I\~': <;'1 r - Il,I, 1111''''' .1(; 1",lv ,1(' \\1111'''11 '\~' 11'1 r - (l,

inlensity minlillum ne,lr c; (l,(l~ Ï\ l, (Ill Ille eqll,lI()I', Il,Is tli"1['!1l';II'l'tI ;lllll 111l'

relative Intcllsilies ,lI' the ma,\ima al (l,12 and (l,IX;\ 1 h,m: hl'l'Il ill\l'Ill'tI CIIIlI­

pared III Ihe 8-DNA,

Fl1r l' highcr lhall 0,1) ,111r1 IIp tll IJ.S (111e C;11l Il''ll', Illl lhl' rlilfr;ll'li,lIl p;i1II'rll\,

nwdificalillns nI' lhe helic;J1 r;lr,lfllelcrs "l'Ille UN/\ \\ilh ,12";, ,,1' C-(;: Ihl' Il1l'1idi,',

nal rcflcclioll is Illcated al ,'1,27 Ï\ ,\11\1 lhe layer-Ii Ile 'l';tcillt-: h;t,;1 \;tIIIC ,,1' ,'117 ,\
(Fig, \I('IJ. Thcre ;Ire 9,7 Illlclc'>lidl' r,lirs pel' lurïl ;llllllhc r,'I;lli"ll l'l'r IllICIr-"li(k
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is thus :17° With lhe DNA containing 72% uf (J-C hases the mudificalion of lhe
helical parallletcrs is even more pronoullced (Fig. I(F)): lhe pilch gels near tu
2R.R Â, the meridional rcfleelion is (hen al J.2 Â: lhal currespunds 10 an average
rotation pcr nueleolide of 40° (with lJ unils per lurn), On figure 2, one l'an sec the
represenlation uf the hehavior of these two DNA, with a ratio roI' silvcr hllllllli
higher than 0.2. The helieal parameters of lhesc IWO DNA keep these values when
the relative hUlllidity is l'ven much lower than lJ2%. Moreover, the diffraelilln
patlern does IW( change when the tension on the fihre is rellluvcd (unc end of the
fihre is l'l'ce).

( b)
• (Cl)

P(A) e
(a )

3A 39

+--
3.2 - -+- 37

~--

3. a 35
42 72-;oGC a

1
t

/

""/

Figure 2. [)~L\ ,aluralcd \\'ilh /\g f. F.xperilllL'nlal \';l1uL's in rUllcl;"n "r the 1(;--('1 pern'nla,:!'. ,,1: ;lllh,'

p",iti"n p "r IhL' nlL'ridi;ln 'p"l: hl the Illean r"lali"n Il l'cr nul'Ie"lidc.

The ml'asuremcnts of thc equatorial intensities for lhese two DNA \Vith l' = 0.2
(Fig. J) shuw an inercase of the diffraelcd inlensity at c:' = O.OR )\ l, a positillil
which correspunds lu a very pronuunced minimum for lhe B-DNA. The inere,lse uf
IhL' diffr,/L'ted intcllsily is alsu very impor(,lnt ,Il (hl' Il.sllal Ill;l\illlllill (lI' Il.12 "\ '.

Converse!y, the maximum al O.IR )\ 1 disappears t(llally. This 1,lsl l'act is IlHl rl'
pronounced whL'n 1Ill' perl'l'Il t age of (; -- (' hases is lower Ilïg . .\1> ,l·).

III order to delermille the limilillg hehavior Pl' DNA in B-fprm assllciatl'd to !\g'

caliolls, the hinding uf A(,' un poly dA-puly dT ,md poly d(j-ppl; de has [K'L'n
studied. Wilh thc poil' dA-poly dT nu nwdilïcatÎoll (lI' the diffractioll paltern is
uhscrved when r varies l'rom 0,1 to 0.:'- (relative hllmidity of 1)2":,1 1fig. 1 1(;'11I221.

Bul one l'an sel', l'vell with small value of r. diffractiull spots duc (0 the siher salt
which is IlOt included in the DNA structure.

For the poly dG -poly de al lJ2";, uf relative humidity. the presence of sil\'er ions
does not introduce any modification of lhe helical parametcrs 12.\\ except a sprcad­
ing of the spots due to a disorganization of the fihre is uhserved cvcn \Vith Il1\\
percent ages of silver (fig, 1(11')). For a r vaIlle Ilcar to (l.:'>. IhL' olliv rdlcctinn which
is ohservable is the meriodiollal nne.
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Figure 3. Experimental diffracted inlellsitics-· arhit rary scale - Ihe lall icc is hCX;If!ollal Il'aralllcler al.
al DNA (42":, C; -Clwilholll Ag " a = ,U A; hl DNA (-12";, (; -Clwilh Ag l ,r -- Il ..',;1 = ,11.\"; c'IIJN .. \
on, G-CJwith Ag c, r = OA. a = 44 A,

- Calculatecl intensities for r sm aller than 0.2

For the molecular model of B-DNA (17), the distance 10 the axis of a silver ion
bouncl to N7 of guanine is 5,2 Â. This distance hecomes .\.6 Â when the ion Ag 1 is
bouncl to 06 and N7 of the same guanine. For a Ag 1 ion situaled bclweell two
successives hases of olle chain. its distance lo the hclix axis is stilillear (0 :; A.
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With silver percentage in DNA solution corresponding to r smaller [han 0.2. the
stretched fibres do present the classical B-form at a high relative humidity. But if
one admits that the cation Ag" is essentially bound on the guanine. the saturation
of the first site corresponds to a maximum ratio of 0.2 for the DNA with 42";, of
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Figure 4. Equatorial illtcnsity c;dculalcd fWIll Ille Il-DNA. thc radial ppsitiPIl pf .-\g 1 is giYl'1l ",dm',
from 0 10 X Awilh .t2";, IG-Cl. r = 0,2·1 (-\ alld willl 72";, 1(, ~Cl. r = lUI, 1-------1.
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G -C and a maximum ratio of 0.36 for the DNA with 72':·;, of G -c. The figure (4)
presents calculated el]uatorial intensities for the B-form of DNA with radial posi­
tions of bound silver atoms varying l'rom 0 to ~ Aand that for the two DNA with the
first site saturated. These curves of calculated intensities show large modifications
of the positions and amplitudes of the maxima and minima whcn the distance to the
axis of the cation Ag J. varies l'rom 0 to 4 A. Conversely. above 4 Â the positions of
maxima and minima remain identical to those of the DNA without silver Ilhe
amplitudes are slightly reducccl)'

- Calculated intensities for r higher than 0.2

When the percentage of b()uncl silvcr is higher than 0.2. the DNA fibres give
diffraction patterns of helices with parameters different l'rom those (lI' (he B-DNA
and with el]uatorial intensities very much increased. It is thus necessary to deter­
mine a new malecular model which must agree with the new experimental parame­
ters of the double helix (fig. 2),

As poly dA -poly dT is not modified by Ag' and as the 72% c:; -C DNA is more
perturbed by Ag+ than the 42'X" one l'an suppose that the G-C bases are still
involved in the binding of the ion to the second site. Moreover, the behavior of the
poly dG-poly dC which presents. in solution. a binding ratio near to 0.2:'1 scems (0

confirm the hypothesis of the binding of silver between two successive guanines (lI'
the same chain (first site), Fibres of this polynuceotide. with a higher silver
percentage, do present mainly a desorganization of the conformation which l'an he
explained by the presence of a second binding site on the G -C base pairs. This
second binding site has already been proposed (6.7) and is situated between NJ of C
and NIaI' Gat the place of aH-bond (with the release of the proton), The rcsulting
3.8 Adistance between the 2 nitrogens {instead of 2.8 Al introduces a distorsion of
the G-C paired bases. Since one observes an increase of the average rotation pn
nucleotide together with a lowering of the piteh of the helix. one l'an suppose this
ta be due ta an increase of the dihedral angle ô of the sugars associated with the G
and C bases. These modifications cause the bases Gand C to be moved towards the
large groove.

Ta determine this new conformation. it is logical (0 (ake. as structural unit. a
dinucleotide constiluted by a nucleotide with modified dihedral angles (for b,lses (~

or Cl and a nucleotide near ta the B-form (bound (0 a base A or Tl. For the
determination of the antiparallel chain, one l'an define a dyad axis, either in the
G -C plane. or in the A -T one. The table (1) gives the diheùral angles of a double
helical structure verifying the geometrical conditions. Thesc angles allow (0 calcu­
late the atomic coordinates of a dinucleotide corresponding to a DNA having :;()'~;,

of G-C bases an average of ].25 A between successive bases and a mean rotation
of 37.8° (evaluated fromthe figure (2)1. Actually for (hl' dinucleotide. the risc along
the axis is ].39 A(for A or T) + ].19 A(for G or Cl and the rotation is .16° (for A
or T) + 39.6° (for G or C), This conformation corresponds to a Watson-Crick
pairing of the A -T bases. it verifies the geometrical constraints on the distances
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Table 1
Chain dihedral angles for the dinucleotide of the molecular model wilh Ag'

(X: 01' -C l' -N l-C2 for C or T; 01' -CI' -NlJC4 for Gor A.l

753

Dihedral
Angles (0)

Dinllcleolide
A or T Gor C

(1 (P-O~')

13 (0~'-C5'1

)' (C5'-C4')
,5IC4'-C.1'1
1 IC.3'-O.3' 1

" (m'-Pl
X ICI'-NJ; A,T
.\ ICI'-Nl; G,e

--'1.·\0
I~O.II

-'~ ..\4
1-'2 ..\'\

-157.41
-U6.01
-11~.60

--'I.X2
I~I.().\

-'5.56
(·1.1.117

-1~X.75

- 1.14.4X

Cb)

Figure 5. a) Moieclllar model of the rerlllrbed H·DNA with the Iwo hinding sites of Ag+ on a IG-Cl
pair hl a stereo view of lhis model.
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between Gand C and presents a very good stereochemistry. [n this DNA
conformation. the silver bound in the first site on N7 of the guanine is situated at a
distance of 5.8 A to the axis (for the B form it is 5.2 A) and the other binding
position between N7 and 06 becomes 4.7 A instead of .1.6 A. The distance (0 Ihe
axis is then 1.2 Afor the silver ion in the second site between the oases of a G-C
pair. The figure (5) shows a description of this DNA 1l10lecular model with Ihe (wo
oound silver ions.

[n the figure (ôa.o). Ihe equatorial inlcnsitics. calculated with the a(olllic coordi­
nates of this molecular structure are represented for different distances of the ion.
close to the helix axis. [n the figure (6a). the first binding site is situated on N7 of
guanine. The ratio ris 0.2 and 0..1 respectively for the DNA with 42'X, of G -C and
for the 72';'0 one. In this case. the second site between the Gand C bases is also

0 •
R(A) R{A)

~
( a )

t
( b)

"'" "'"\ A \

2.5 ;.: \ 2.5 ,
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\ ,
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Figure 6. Calculaled equalorial inlensily ohlained wilh lhe molecular model salured with Ag +. Values
of the radial distance R of Ag" in the second sile vary from n.::' 10 2.::' Â. DNA -t2";, IC -Ci (--1: DNA
72% IG-CI (-------) al Ag+ inlhe firsl site is fixed on N7 of G with R = :;.H AD. hl Ag+ in lhe firsl sile is
fixeJ belween 06 and N7 of G wilh R = -t.7 Â.
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occupied as there is saturation. On the figure (6bl the equatorial intensity is repre­
sented for the model with the same position of Ag' in the second sile, near to the
axis: the two sites are saturated for the two DNA. Rut in this last case, the first
binding site is located between N7 and 06 of the guanine. Thcse curves of the
diffracted intensity obviously show the absence of minimum for ~ = O.O~ Â . " an
incrcase of the intensity at 0.12 Â -1 and the absence of a maximum at O.IR Â 1

Discussion

The measurements of X-ray intensities diffracted hy DNA fihres with silver ions
associated to a molecular conformational analysis are complementary to lhe experi­
mental methods used for the study of DNA solutions. Although the hinding of
cations is not realized in a regular and periodic way. the modifications of the helical
parameters and the perturbations of the equatorial intensities are experimenlal
facts which allow to determine the radial distances of the cations in the DNA
conformations. The method presently used permits to dcfine the existence. on the
DNA. of two different binding sites for the cation Ag '. More precisely. a small
percentage of silver per nucleotide (r below 0.15 for the DNA with 42% of G-C
and 0.2 for the one with 72% of G-C) leaves the DNA in the B-form al high
humidity and. in sorne cases, the decrease of the relative humidity l'an induce the
A-form, This situation corresponds to the binding of Ag+ on a site which perturhs
just a little bit the conformation of the double helix. But note lhat for Ag 1 distances
to the axis smaller than 4 Â, the curves of the calculated intensity are very Illuch
different from the ohserved ones. Hence the comparison between the experirnental
equatorial intensities and the calculated ones. as a function of the distance of the
silver ion to the helix axis, allows to determine that the first binding site is localed at
a distance larger than 4 Â. 50. lhe binding site of Ag 1 on the N7 of the guanine,
located at a distance of 5.2 Â to the axis. seems to be very likely (24). Conversely,
the binding site between N7 and 06 of the guanine al a distance of J.6 Â 10 the
axis, which creates non linear connections between the three atoms, is Iess probable.
Another proposed site, which forms a complex with Iwo or four ligands between
successive bases from which at least one is a guanine (7), still gives, for silver ions.
distances to the axis of rcspectivcly J.6 Â and :'\.2 Â. The distancc of .l() J\ l'an
again be excluded but the position at :'\.2 Â remains possible. Moreover, lhe exis­
tence of this complex secms to be juslified by the bchavior of the poly dC;­
poly de which presents a percentage of hound silver (in solution) lill1itcd to 0.2:'\.

The increase of silver ions bound modifies the helical parnmeters and one l'an sec
on X-ray diffraction patterns a c1ear increase of the equatoria! intensities, These
experimental facts confirm the existence of a second binding site for the silver and

a modification of the DNA structure, The behaviors presented by the Iwo DNA
different in base composition, allow to suppose that again the G-C base pairs arc
perturbed by Ag + in the second site. The results obtained with the poly dA - poly dT
and the poly dG-po!y dC in presence of silver. confirm this hypothesis. The ion
site between the nitrogens of Gand C bases is weil determined by the present study
and the distance to the helix axis of this silver atom is near to 1.2 Â.
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Moreover, the proposed conformation of DNA with silver ions has a good
stereochemistry; il main tains the Watson-Crick pairing of the A -T bases with
nucleotides in a form very close to B. This conformation presenls pairs of G-C
bases "open" in the large groove allowing the access of the silver ion to the internaI
site. The curves of the equatorial inlensities calculated l'rom this model are in good
agreement with the experimental data.

It can he noled that the amount of silver bouml on the fibres is not very \\lell
defined and (hat the same preparation can give differenl helical paralllctcrs fllr
DNA samples. This fact is mainly due to a non homogenous fixation of the ions
along (he DNA fibres. Consequently a more precise estimation of the percentage of
the bound cations, by f1ame photometry for example as recently used for Li-DNA
(25), would not change significantly the present results.

The present method of conformational analysis based on fibre X-ray have also been
applied to other metal ion-DNA systems. The binding of Cu!' and Hg2' were
studied by this way and information in these cases are more relevant fur biological
studies. However these ions give modifications of the X-ray patterns which are
much less pronounced than with Ag+. Nevertheless results obtained fflllll the Ag'­
DNA system permit to arrive at some conclusions concerning the binding of these
cations. For example, Cu 21 bouml to DNA leads to almost no perturbation of the
diffracted intensities when ris small; the B form is maintained at high humidity and
no increase in the equatorial reflexions can be noted (14). One can conclude that.
in this case. the binding site is situated at a distance to the helix axis larger than
4 Â. When the value of r is larger, the X-ray pattern hecomes hardly analysable: the
DNA double helix is too much desorganized. One gets almosl the same kiml of
results with Hg2+, hence this cation is also fixed at a distance to the axis larger (han
4 Â and its binding site can be on N7 of purinic bases (4,20).
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C) INFLUENCE D'UNE TENSION MECANIQUE SUR LES 'rRANSITIONS
CONFORMATIONNELLES B-A ET B-C DES ADN EN FIBRES

Photo N° 8 Pour l'ADN à très faible concentration de sel de
sodium la tension mécanique appliquée à la fibre
permet l'obtention d'un cliché de la forme C à
o % d'humidité relative.
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Abstract

In the f,resent fibre X-ray study we attempt to quantify the effectofa mechanical tension on
the conformations, and transitions between the structural fonns ofDNA. A simple experimental
device has been realized in order to apply precise mechanical forces on DNA fibres during X­
ray exposure. It is shown that., as the applied tension is increased, the B-+A transition can be
prevented as weil as with a decrease of the sodium salt content. A kind of distorted B form is
then observed the helical parameters ofwhich change with the relative humidity, On the con­
trary, the mechanical tension does not prevent the B-+C transition; it only slows down the
forro change and improves the X-ray patterns up to a relative humidity of 0%,

Introduction

The structural polymorphism ofthe DNA macromolecule has been weil established by
X-ray fibre diffraction studies which have shown that the A Band C forms (1-5) can
be present in natural DNA while many other forms such as D, E, S (4) and P (6) are
possible for synthetic polynucleotides. It is weil known that the DNA polymorphism is
influenced by, at least, three different physico-chemical factors namely the base
sequence, the amount of salt in DNA preparations and the relative humidity of the
fibre, The primary structure or sequence of nllcleotides is an important characteristic
of natural DNA and it has been shown that transitions hetween difrcrent hclical
forms are dependent on base composition (7,8), The type and amollnt of alkaline
cation associated with the DNA may prevent the transitions ofa double helical con­
formation (9,10); hydration or the relative humidity of fibres is also a main parameter
which influences the transition between DNA conformations (2,11).

Although these different factors are generally weil taken into account in preparing
and studying X-ray fibre diffraction of DNA many authors have noted that fibres
obtained l'rom the same preparation do sometimes present, during conformational
transitions, very different behaviors which were hypothetically explained as due to
sorne hysteresis effect (3). Moreover, one shollid note that a mechanical tension may
be applied by the holder which maintains the sample extended dllring X-ray
exposure (2). ln order to avoid this effect, experimental studies have been made on

359
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fibres free of tension placed in capillary tubes (12.13). Conformational changes due
to stretching ofDNA fibres or applied tensions have been mentioned (14) and con­
firmed recently (15) but only in a qualitative way. The aim of the present work is to
get quantitative information on the effects of this supplementary parameter. The
present study is limited to natural calf thymus DNA which is composed ofalmost as
many A-Tbase pairs as C-G ones and also to onlyone alkalinecation. namely Na +.
used in low concentrations in order to observe the effect of the tension on the three
forms A Band C.

The behavior and form transitions ofDNA are presently observed and followed by
X-ray fibre diffraction. Samples are submitted to precise mechanical tensions
(weights) during X-rayexposure and the relative humidity in the camera is varied in
order to realize conformational transitions. Il is shown that, starting from the B
form at high relative humidity. the tension may forbid the transition to the A form
and more generally modify the conditions normally associated to transitions between
stable DNA forms.

Material and Methods

DNA samples were prepared from solutions oflow concentration in sodium salt of
calf-thymus DNA purchased from Pharmacia. The Iyophilized material is dis­
solved in distilled water; the concentration of DNA in solution is determined from
.optical density measurement. The NaCI concentration is fixed by dialysis and a gel
is obtained from centrifugation of the DNA solutions. In order to apply a precise
tension on the fibre, it is mounted between two glass rods. One glass rod is fixed to
the fibre holder and a thin thread is attached ta the other rod which can slide on the
holder so that tensions can be applied by hooking weights to the other thread
extremity. The X-ray camera has been adapted to the holder and its thread so that
one can change easily the weights without modifying the fibre position and orientation
relatively ta the collimator. Precise values of the relative humidity (r.h.) from 95% to
0%, are obtained by using different satured salt solutions (16). When the r.h. is
changed, one waits for at least 24 hours for the equilibrium ta be realized in the
fibre environment.

Results

AlI the X-ray diffraction photographs have been obtained from two series of DNA
fibres pulled from gel of calf thymus DNA. The two preparations differ in their
sodium salt content; we used two different NaCI concentrations. namely a low salt
concentration of 0.005 M and a very low salt concentration of 0.0005 M NaCi for
DNA concentrations of 3 mg/ml.

DNA Fibresl'Om 0.005 NaCI Solutions

The diameters of the different fibres used ta obtain X-ray patterns were of the arder
of0.1 mm and theirlengthsofa fewmm. Samples mounted without mechanical ten­
sion do present the classical B and A forms at the respective relative humidityof95%
and 75%. When the r.h. is lower than 92%, the X-ray pictures are mixtures of the A
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a b c

Plate 1: DNA fibre X-ray ratterns (fibres from 0.D05 M NaCI solutions)
a) relative humidity (r.h.) 75%. Tension of la g: mixture of A and B forms.
b) r.h. = 95%. Tension of la g: B form.
e) r.h. = 75%. Tension of 15 g: B* form.

and B patterns. The transition from B ta A is reversihle but we notcd that the change
from A ta B takes a much longertime than the B to A transition. \\'I(h thesesamples
we could not ohtain the C form even at very low r.h.

The mechanical tension is generally applied ta the fibre at high Lh. (95%) and only
then. one can lower the humidity. Fibres mounted with a tension of 5 g do not present
any modification in their behavior as compared ta the same samples mountcd l'ree
of tension. When the tension is 10 g. the B form (plate lb) is always ohserved at high
Lh. but we obtained X-ray patterns of mixtures of A and B fOrIns when the Lh. is
lowered (plate la). UnJer these conditions of tension. we could not obtain the ;\
form aione at any relative humidity.

Under a tension of 15 g. the classical B l'orm is observed at high relative humiditv
and one cannot get the A form or mixtures of A and B when the r.h. is reduced. For
Lh.lowerthan 92% the X-raypatterns(plate le) look like thoseofthe B forIll but \\ith
helical parameters ("fable I) varying depending on the Lh. The B form is thus pro­
gressively distorted and becomes a helical conformation we designate hy B*. When
the r.h. is lower than 63%. X-ray spots are not more discernible and it becomes
impossible to detcrmine helical parameters.

Tension being maintained on the fibre. the transition between Band B* is reversible
with a change of the relative humidity. On the contrary. when the tension is \\ithdrawn
from fibres in the B* fOrIn at 75% r.h .. the DNA remains under this l'orm while it
classically adopts the A fonn at this humidity. To get back the ordinary DNA
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Table 1
Helical parameters of DNA. Fibres from 0.005 M NaCl solutions. r.h. = relative humidity; P = Helix
Pitch; p = ri se per nucleotide pair; ~ number of base pairs per helix turn; ~ (j = rotation per nucleotide;
d", = position of the 1'" equatorial spot.

No tension applied Tension of 15 g

r.h.% 95 90 R6 75 95 75 6.1

2K4 2K06
p(A) .1.1.7 27.5 .1.1.5 .12 .\1

32.74

2.59 2.57
P(A) 337 2.54 335 3..13 .1..12

337 334

P
10.96 10.92

p- lO 10.R 10 9.0 9..1(,
9.7

.In 32.9
Mf' 36 333 36 .175 .IXA

37

deq(A) 22A 2065 IX.2 16.54

A A
DNA form B A B \3' B'

\3 B

behavior from B*, when tension is removed. the relative humidity must be put to
95% and the fihre maintained under these conditions (corresponding to the B fDrm)
for 24 hours hefore the humidity can he lowered in order to ohtain again Ihe A form
at 75% Lh.

DNA Fibres froll1 O.()()(}5 M NaCl SO/Iltions

The diameters of the fibres we studied were of the order of 0.1 mm as for the preceding
series. When samples are mounted without any additional tension. the B fonn is
observed at high r.h. (95%) and the C form appears at a Lh. of86% (plate 2a). It can be
noted that the X-ray pattern of the C form is different from the B* one even ifthese
two forms do present similar helical parameters. The main difference is in the presence
ofa diffraction spot at R = 0.1 A -1 in the C pattern. When the Lh. is lowered, the hclical
parameters of the C form present large variations (Table II) and for Lh.lower than
75% the X-ray pattern is so poor that the measurement of parameters becomes
impossihle. The B to C transition is reversible with an increase of the relative
humidity for fibres free of tension. But we never obtained the A form. nor did we
observe the C-A-B transitions (10) with these DNA fibres drawn from preparations
very low in salt content.
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a b c d

Plate 2: D1'<A lihre X-ra] patterns: (lihres l'rom n(X)o) M NaCI solutions)
,1) Lh = X(,"'o, No tension applicJ: C form,
h) rh, = 95°'0 TenSion of 5 g, B form
cl r,IL = ,~(i0~, Tcnsion of:' g: C form,
J) r,h, = n°'o, Tcnslon of 5 g: C form

Table II
f klical pararnelers of ON:\. fihres l'rom Oll005 M NaCI solulions, No tension ari'iled See Tahlé 1f'H the
defïnilions of raramelers, '

r.h.o'n 9" X7 X2 7CJ 7<;

PIA) 33,5 32 ,II 294 2X9

PlA) ,U5 3.U JJ~ .IJI .110

P
ln 9(i 9J ~.~ x.7P

tlO'" 36 37.5 3~6 4{) <; -lI 1

J,)A) 204 191 1~.7 1~ __I IH

DNA form B C C C C

When a 5 g tension is applicd on a sample placed in a high Lh. environment. the B
fonn is observed (plate 2b), By lowering the humidity. the C form appears and we got
very good X-ray pictures even up to 0% Lh, (plate 2d), Thus one can distinguish. for
Lh. in the range of86% ta 75%. that the higher layer lines orthe X-ray patterns correspond
to a multiplicity of 10 while the lower ones are associated to another multiplicity
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Table III
Helical parameters ofDNA Fibres from 0.0005 M NaCI solutions. Applied tension of 5g. See Table 1for
the delinitions of parameters.

r.h.% 95 87 85 75 66 53 43 36 22 0

P(A) 33.7 33 32.7 32 31 30.4 30 29.5 29.1 28.3

P(A) 3.37 3.36 3.36 3.35 3.34 3.33 3.32 3.32 3.31 3.29

P 10 9.82 9.73 9.55 9.28 9.13 9.03 9.88 8.79 8.60P

tJ.fj"l 36 36.6 37 37.7 38.8 39.4 39.8 40.5 40.9 41.8

deq(A) 20.4 18.7 18 17.6 17.2 16.7 16.3 16 15.9 15.8

DNAform B C C C C C C C C C

(plate 2e). This corresponds very weIl to non-integral values for the number ofbase
pairs per helical tum of the C helix (Table III). The reversibility of the B to C transition
for samples held with a tension of only 5 g is weIl observed when the relative
humidity is varied. One can see in Table II and III that the applied tension slows the
variation of the C helical parameters P (helix pitch) and p (rise per base pair) with
the lowering of the r.h. For instance, we got, with a tension applied on the liber, a
ratio*(number of nucleotide pairs per helix turn) equal to 8.8 at 22% r.h. although
this value is already obtained at 75% r.h. without tension. Moreover, we observed
that an extreme value of8.6can be obtained forthis ratioofthe C form atO% r.h. with
a tension of 5 g (Table III).

When tensions greater than 5 gare applied on libres at high humidity, the B form is
maintained and relatively good X-ray patterns are obtained. But when one lowers
the r.h., the X-ray patterns of the C form become very poor.

Discussion

The present experimental studygives quantitative insight on the effects ofa mechanical
tension on DNA conformations. This parameter seems to be as important as the
amount of salt or the relative humidity. We a1so noticed that time is an important
factor for the B to A transition; at high relative humidity and without any tension, a
libre initially in the A form, returns always to the B forro if one lets it enough time
depending on the fibre diameter(more than 24 hous in the present case); so one can
hardly suppose that the A form can exist, under ordinary conditions, in cells.

One should note that when the B form is observed, at high r.h., the tension has no
effect on the DNA helical parameters and fibres which are not weIl oriented without
tension do not improve when a tension is applied. But libres weil oriented without
an applied tension do give better X-ray pictures when submitted to a tension.

Comparison between experimental results obtained at a lixed relative humidity,
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75% for example, show that, without any applied tension, the A form is observed
with samples drawn from solutions 0.005 M NaCI (Table 1). When a tension of 15 g is
applied, the form B* is observed at the place of A which can no longer be obtained
(Table 1). The C form is obtained at 75% r.h. (Table II) with fibres prepared with a
lower salt concentration. In this case, an applied tension slows down the transition
from B to the C (Table III) as the numberofbase pairs per helix turn is 9.6 compared
to 8.8 when no tension is applied. Moreover one should note that this same value of
9.6 base pairs per turn (at 75% r.h.) is obtained with tensions three times higherwhen
the DNA fibres are drawn from preparations with a salt concentration ten times
higher (the fibres dimensions are very similar).

In Tables I, II and III, the position of the equatorial X-ray spot is given. It allows us to
determine the parameter of the hexagonallattice i.e., the distance between double
helices. One can see that the position of the equatorial spot depends on the value of
the relative humidity but it appears, by comparison between the data presented in
Tables II and III that the tension has no effect on the position of the equatorial spot
in the range of95% to 75% r.h.

When a mechanical tension is applied (at high r.h.) on DNA samples presenting
normally the B to A transition, the A form can no longer be obtained and one gets a
B* form when the r.h. is lowered. So the tension can clearly prevent the change of
DNA to the Aform (15). It is importantto remark that for fibres presenting the Band
A forms when free ofmechanical tension, the tension has an effect on the form tran­
sition only ifit is applied at high relative humidity. We could not for example realize
the transition from A to B* by applying a tension on a fibre already in the A
form.

We have also remarked that the transition from B to A can be opposed by decreasing
the amount ofNaCI salt in the DNA preparation. The r.h. being maintained constant,
this gives the same effect as the application of a mechanical tension on the fibre.
Therefore one should note that to put DNA samples under a mechanical tension or
to fix the two ends of stretched fibres may have the same effect. It is thus important,
for X-ray fibre studies of the B-A transition in DNA associated to different cations
or polypeptide chains, to let, at least, one end of the fibre free during X-ray exposures.

Fibres drawn from low NaCI concentration gels to present only the (B-C) transition.
Applying a tension in this case does not forbid this change ofDNA form; on the con­
trary a slight tension allows a very progressive evolution of the helical parameters
until 0% r.h. Nevertheless too high applied tensions disorganize the system and give
poor X-ray patterns. With samples from very low salt preparations, the A form is
never observed; the form change occur between Band C according to the r.h. But,
contrary to the preceding case, ifone applies a tension on a fibre in the C form at 86%
r.h. a change to the B form can be induced (the r.h. being maintained at 86%). So the
reversibility of the B to C transition can be obtained with a mechanical tension as
weil as with a variation of the relative humidity at least for relatively high humidities.
In this case, the effect of the tension on the DNA conformation is exactly opposed to
that of the relative humidity.
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DLDISCUSSTON

Les deux séries d'expériences réalisées par diffraction

R.X. de fibres démontrent l'intérêt de cette technique pour

suivre l'évolution de la conformation de l'ADN lorsque son

environnement es t modi f ié. En part icul ier, pour obtenir des

résultats qualitatifs, on peut, sur la même fibre, faire des

ajouts successifs de cation et, pour chaque concentration,

prendre des clichés R.X. en fonction de l'hygrométrie et de la

tension appliquée.

L'étude de la fixation de l'argent sur l'ADN est un modèle

type puisque l'analyse des clichés R.X. de fibre permet de

déterminer les sites de fixation de ce type "d'atome lourd"

malgré une distribution non périodique. En effet, pour la

strate équatoriale du cliché, la fonction de Bessel

contribuant essentiellement à cette strate est d'ordre zéro.

Cela entraine que l'intensité ne dépend que de la distribution

radiale des atomes de l'unité répétitive de la structure. Avec

l'AD N en pré sence d'a r g en t , l ' in t e n s i t é é qu a t 0 ria l e est

modifiée et le calcul de l'intensité théorique montre que cet

atome doit être au voisinage de l'axe de la double hélice. Le

site retenu se trouve dans ce cas entre les bases G et C

sur les bases G-C entraine uneappariées. La distorsion créée

modification des paramètres hélicoïdaux d'autant plus

prononcée que l'ADN est riche en ce type de bases. Le spectre

dichro ïque de l'ADN en so lut ion avec l'argent rend compte de

cette nouvelle conformation dont les paramètres hélicoïdaux

sont proches de ceux de la forme C droite mais ce spectre

dichroïque est différent de celui de la forme C et, en fait,

ce nouveau spectre a été interprété en termes de "tilt" et de
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basesdes

paramètres, entre la

proposée pour l'ADN

(68). 49 _ç~lnQaraison __de -c~s

(Chap.III,D) et la conformation

uneeffectivementmontre

C

l'argent,

forme

avec

tl..Jist""propeller

variation de "tilt" de - 9° à + 4° et de "propeller twist" de

o à-7°. A ces variations s'ajoute l'ouverture des bases vers

le grand sillon. Par contre, les angles dièdres de la chaîne

sucre-phosphate ont des valeurs très voisines dans les deux

conformations.

De l'étude expérimentale par diffraction R.X. de l'action

de la tension mécanique sur le comportement des fibres d'ADN,

on peut remarquer que ce paramètre est aussi important que la

proport ion de se l ou l' humidité re la t ive. A haute humidité

relative et quelle que soit la teneur en sel de la fibre, la

conf orma t ion de type B n'es t pas modi fiée par la tens ion. Par

contre, si l'humidité relative est abaissée, la tension peut

empêcher la transition B-A pour les fibres dont la teneur en

sel de sodium est au moins de 2 96 (mais alors les paramètres

d'hélice de la forme B sont modifiés).

Pour les fibres dont la teneur en sel est beaucoup plus

faible, la transition B-A n'a plus lieu mais on observe une

transition de type B-C. Dans ce cas, la tension sur la fibre

n'empêche pas cette trans i t ion ma is la rend très progres s ive

jusqu'à 0 % d'humidité relatives (Photo N°8). Ces quelques

résultats montrent que la tension mécanique est un facteur qui

permet à la molécule d'ADN, de séquence quelconque, de rester

dans une conformation de type B malgré les fluctuations de son

environnement (quantité d'eau, taux de sel ... ). Ce facteur

peut donc être important dans le processus d'association

protéine-acide nucléique. Les études structurales montrent en
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ef-f et,--- -que---les -princ-ipes --de --reG.'onnaissance -sont-- surtout

spécifiques de la séquence des bases avec l' 2\DN stabilisé en

forme B (69).



CHAPITRE V

157

ETUDES DES DIFFERENTES TRANSITIONS
-CONEORMA'I'IONNELLES-DE--L'ADNE'I' DES­
POLYNUCLEOTIDES EN FIBRE

A} INTRODUCTION

Le polymorphisme de l'ADN et des polynucléotides, dont

quelques conformations ont déjà été étudiées, est un fait

établi par de nombreuses techniques aussi bien pour des

solutions, des films ou fibres orientés et pour des cristaux

d'oligonucléotides. Ce polymorphisme dépend de nombreuses

causes taux et type de cation alcalin associé, pourcentage

en bases A-T, et séquence, tension mécanique appliquée,

torsion mais aussi du taux d'hydratation.

Les variations de ces paramètres peuvent donc induire des

changements de conformations. La diffraction RX de fibre est

une méthode de choix, comme cela a été présenté dans le

chapitre précédent, pour suivre ces changements de

conformation puisque les fibres peuvent être soumises à

différents facteurs variables. Néanmoins, dans le cas de

superpositions de formes sur un même cliché lors d'une

transition, il est impossible de quantifier le taux respectif

des formes en présence comme semble pouvoir le réaliser la

spectroscopie infrarouge (7ü,71)

De plus, afin d'étudier expérimentalement la cinétique des

transitions et l'évolution de la structure moléculaire de

l'ADN durant ces transitions, une technique simple et

complémentaire de la diffraction RX est nécessaire. La

technique utilisée consiste à mesurer

fibre avant chaque prise de cliché RX.

les dimens ions de la

La méthode qui permet de relier la longueur de la fibre au

paramètre cristallographique p est présentée dans la première
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Pllb1 icatiQI1 çte c~ çJ1a~iJ:LE?_. }\:i.J}ê-iL _la comparai s on entre

longueur de la fibre et paramètre moléculaire permet

d'établir, avec précision, des courbes expérimentales pour les

transitions. Les transitions A-B et B-C de l'ADN sont ainsi

analysées en fonction de l'humidité relative et des conditions

de sel alcalin précises.

Dans une deuxième publication, la méthode qui associe la

diffraction RX et l'observation des dimensions de la fibre est

à nouveau employée pour montrer que les variations de l'état

d'hydratation de la fibre peuvent être évaluées lors de chaque

transition. Avec les exemples des transitions .\-B et B-C de

l' _\DN, il est ainsi montré que le nombre minimum de molécules

d'eau nécessaire pour stabiliser chaque structure peut être

déduit des dimensions de la fibre et de l'analyse des clichés

RX.

deux dernièresEnfin,

analysent,

les

avec cette même

publications de

méthode, les

ce chapitre

transitions

particulières rencontrées avec les polynucléotides de

séquences alternées A-T et G-C. En effet, avec le po ly (dA­

dT). poly (dA-crl') on peut obtenir les conformations de types

A, B mais également D. Cette dernière conformation étant

encore une double hélice droite dont les angles dièdres de

l'uni té répét i tive ont été préc is és au chapitre (II1, D). Par

contre, avec le poly (de-dG). poly (dC-dG), on rencontre une

nouvelle conformation appelée S ou Z en double hélice gauche.

Ce polynucléotide peut présenter également des conformations

de types A et B, les transitions qui réalisent un changement

de sens de la double hélice sont donc particulièrement

intéressantes à étudier dans ce cas.
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B) UNE METHODE POUR L'ETUDE EXPERIMENTALE DES TRANSITIONS
CONFORMATIDNNELLE8DE L'ADNENXlI311E

Photo N° 9 Forme B' du poly dA-poly dT avec sel de
sodium à 85 % d'humidité relative
(Pas P = 32,6 A et p = 3,2 A)
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DNi\: Conf,'rmational transition: Fihcr dimcnsions: X-rav diffractilln

The method proposed for the study of DNi\ conformational transitions is hased on thc proportilln:J1ity. C\pcrimcllially llhscr\'l'd.

hetween the length of a DNi\ fiher and thc axial rise l'cr nucieotidc characteriling the moiecular heli", Precise cur\cs fllr the i\-IJ and

B-C transitions as a function of the relative humidity are ohtained hl' using X-ray fiher data and nleasurcments of fiher dimensillns,

[t is thus shown that the i\-B transition is a cooperativc process hèlween two different states. whereas the IJ-C Iransitilln CHI he

considered as a progressive change of conformation. The present method is applied on two natural DNi\s differing ill hase

eompositi<m so that the cifeet of the nucleotide content on the conformationa' changes l'an he estimated.

1. Introduction

Recent single-crystal analyses [1-4] of oligo­
nucleotides with well-defined nucleotide sequences

have confirmed, in a more detailed way, the regu­

Jar helical structures of DNA already estahlishee!
by X-ray fiher diffraction [5--R]. The local varia­
tions thus ohserved ln the conformation of
oligonucleotides depending on their precise hase
composition have given an accurate and pcrhaps
more functional view of the DNA molecules.

Moreover, single-crystal studies of oligonucleo­

tie!es allowed the determination of new conforma­

tions, the Z douhle left-handed helices which are

ohtained from poly(C-G)-poly(C-G) in very high

ionic content preparations [9,10]. We can add that

results e!educed from fiber or single-crystal studies

of polynucleotides are frequently completee! hy

Correspondenee address: S. l'remi1at. Lahoratoire de Bio­

physique Moléculaire, U.A. CNRS 494, Faculté des Sciences,

Université de Nancy l, BI' 239. 54506 Vandoeuvre les Nancy,

France.

the use of different spectroscopic techniques.
mainly NMR [11-151 and infrared [16 201, which

permit eonforrnational information to he ohtained

on these same molecules in film and also in solu­

tion.
Ilowever, the dynamical aspecls of the conf('r­

mational transitions of DN;\ l'an hardi\' he studicd

by lIsing single crvstals. Fihcrs or films of DN.J\
arc aClually Illore valll;\bk for sllch :Ippro;\chcs

hecallse they allow changcs of the molcclilar con·
formation when slIhjcl'l 10 c:\lcrtlal variable ;111(1

reversihle constraints. Altlwugh thev arc weil

known in their general fcatmes, the conforma­

tional transitions of DNA are far l'rom heing

well-determincd cxperimcn[ally [21 231 cven if the

main causes of these changes are firmlv estah­

Iished. So, among the factors inducing transilions

in DNA conformations, knowledge of the relative

humidity of the fiher surroundings is surel\' essen­
tial, al kast as conceflls the type and c(lnlent (lI'

salt associated to the DNA molecule [5,24271.
The nucleotide composition and more precisely its

OJOI-4622j90j$0J.50 ,') 1990 Elsevier Science l'uhlishers B.V. (Biomedical Di\'isi"n)
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sequence are also important for the dynarnics of
conformational transition [8.28.29J. We cou Id also
include mechanical forces which l'an modify or
even prevent conformational changes when ap­

plied to fi bers [30.31 J.
Nevertheless. information on molecular struc­

tures and conformational transitions of ONA can
also be obtained hy the simple and direct ohserva­
tian of the fi ber dimensions. Indeed. a parameter
which characterizes very weil the douhle helix
form of ONA is the axial rise per nucleotide (or
ri se per base-pair). p. It represents the increase in
length along the helix axis due to one pair of
nucleotides in the antiparallel and complementary
molecular chains. One should note that this rele­
vant parameter is directly related to the length of
ONA molecules. These long molecules l'an be weil
organized (hy stretching a gel) into fihers where
they are mainly lengthened and placed on end or
side-hy-side. The length of such a fiber should in
principle be direct!y related to that of the ONA
molecules it contains and hence to the type of
hclix they form. Moreover. changes of the molccu­
lar conformation. i.e .. of the helix form. induced.
for example, by variations of the relative humid­
ity, l'an be performed keeping the structure of the
fiber intact. Such changes modify the length of the
ONA molecules and thus that of the fiber. Note
that ONA helices could slide past one another
during form transitions and the fi ber length varia­
tions could therefore practically rl'sult l'rom these
rnovements. However, if such eventual molecular
sliding is very small it should be possible to esti­
mate changes of the molecular parameter p by
simple measurements of variations of the sample
length and to study, by this direct procedure,
conformational changes. In the present work, it is
shown that wc can actually establish such an
approach which allows us to propose accurate
experimental curves for the A-B and B-C transi­
tions in DNA.

2. Materials and methods

In order to gain information about the cffect of
base composition on the ON A con formational
transitions, two different natural ONAs were used.

Namely, ONA l'rom calf thymus conlaining 42%
of (J-C hases \Vas purchased l'rom Pharmacia and
Microeocclis {l'Sodeiklieus ONA which contains
72% of G-C, \Vas obtained l'rom Sigma. The 1'01­
lowing method \Vas used to realizc. in a reproe!uci­
hie way. weil orienled fi bers l'rom DNA gels: a
few milligrams of dry ONA is put in solution in
water at pH 7: its concentration is measurccl l'rom
the ahsorhance at 2600 Â ane! the NaCI content of
the solution is fixee! by dialvsis. Two clifferent
preparations \Vere made depending on the transi­
tion consideree!. For the A-13 transition, an NaCI
concentration of 0.005 M is achieved with ONA
solutions of 3 mg/ml. IIl1wever. to ohserve the
I3-C transi tion. a 10-fold lower N aCI concen tra­
tion is necessary. These solutions arc centrifuged
at 40000 rpm and \Vith the DNA gel thus oh­
tainee!. fihers are obtained hy stretching the gel
hetween two glass rods. X-ray fiber diffraction
patterns are ohtained following the now classical
method [5J. Oetails on the procee!ure wc use have
been given elsewhere [32J and. as hefore. a slight
flux of hydrogel1. passing through appropriate
saturated salt solutions. allows us to ohtain fixed
relative humidities [33J in the X-ray camera "here
the fiber is placee!.

The l1leasurement of the fiber length is made
using a hinocular microscope. The sample is placed
in a ccli through which a small flux of humidifiee!
air is passed. This set-up. deviscd in order to
rnaintain or l1lodify the relative humidity in the
fi ber environmen!, is fixed on the microscope
stage: it comprises two transparent h;lses through
which the dimensions of the fihcr l'an be meas­
ured. In the cell. the fihcr is placed under the
objective of the microscope with one end fixed to
the holder while the other one remains free or is
lllaintained by a very light tension (of the order of
1 g) whieh has no effect on the conforlllationa!
changes [31] but permits one t() avoie! small defor­
mations of the sample when it Icngthens. An
ocular l1licrometer is used for the deterlllination of

the fi ber dimensions. i.e .. its length (distance be­
tween two arhitrarily chosen points on the fi ber)
and diameter. It should be noted that for X-ray
fiher diffraction as weil as for measurements per­
formed with the microscope. enough time must be
allowed ta ensure attainlllent of equilibrium of the



162

~S:- l'remilafeful.j-DN-Ac()ll!omll/f /fIllalfra"';1ioll.< - -

system at a given relative hurnidity [341. This time
depends on the thickness of the sample and also
on the value of the fixed humidity. We noted that
it takes less time ta reach equilibrium when the
relative humidity is reduced rather tbnn when it is
increased.

3. Rcsults

3.1. The Il -B transition

J.l.l. X-ray fi 17er diffraction
Samples of the two different DNAs, prepared

from 0.005 M Nael solutions, were studied hy
X-ray diffraction. The X-ray patterns th us ob­
tained present the following features in comrnon:
the classical parameters of the Il douhle helix are
ohserved at a relative humidity (R.I!.) of 95% and
one obtains the A form at 66% R.H. (see tahles 1
and 2). Between these two values of the relative
hurnidity, a mixture of the two DNA conforma­
tions is ohserved on the X-ray patterns; this super­
position is very c1early visible at 90 and 86% R.H.
(an example of X-ray photographs is given in fig.
1). For lower values of the R.H. the more crystal­
line A form of DNA is preponderant on the X-ray

Tahle 1

patterns whereas the presence of the B fmm he­
cames gradually less ohservable. The A conforma­
tion disappears in turn at lU!. < 60%. It is
obviously difficull to ohtain from X-ray patterns
an estil1l;ltion of the exact proportion of A ;lnd B
forms in the mixture during the transiti()n hetween
the forms although their simultaneous presence is
certain.

3./. 2. Fille!' dillli'l/Sillns
Measuremenls of fiher dimensi()ns. perforl1led

at fixed values of the relative hllmiùity. with a
hinocular microscope. allowed us to draw the
curves shown in fig. 2. The,se l1leasurel1lents of the
length and diamcler of fihcrs were made on Ihe
samples previously studied hy X-ray diffraction
unùer the sa me conditions of n:!ative humidity.
We l'an c1early ascertain that the length of DNA
samples changes with the relative hlJ11lidity
according to sigmoidal l'urves, l'haractcristic of
cooperative effects, whereas the fiber diameter
undergoes a steep diminution when Ihe relative
humidity is at ahout 95%. Thereafter. il dccreases
very slightly with lowering of the relative hUlllid­
ity. It should he noted that the large variation in
fiber diameter appears bcfnre any change in ils
Icnglh cm he nhscrved. Mnrcover. a seril',~ of

A-fi transition: geornetrical paramclers of hclical conformalions; fihcr Icnglh (/.) and di'"11clcr ( 1) f"r cdf Ih\'nlll' DNA
--------"------

R.Il. (%)

95 92 90 X6 75 (,(,
----- ~--_._-------

Pilch l' (A)

B-form 33.7 33.6 no
A-form 2R4 2R.06 27.1' 27~4

f'(A)
fi-forrn 3.37 3.36 3J6 3.34
A-forrn 2.5R 2.57 2.56 2.55

l'If'
13-forrn 10.00 10.00 9.R2
A-forrn Il.00 10.92 10.1'6 10.74

L (mm) 3.775 3.700 3.425 3.175 2.975 2R75
D (mm) 0.375 0.317 0.307 0.293 0~2X 1 0.275
Llf' (x 10- 7

) 1.12 1.10 1.1(; 1 12
X(R-form) 1 0.92 0.61 0.33 0,11 0
nt (A) 3.37 3.30 305 2.1'2 2~M 2~55

Llm(xIO- 7
) 1.12 1.12 1.12 1.12 1.12 1.12

---------~ .-
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A-B transition: gcorTIctriçal r;"lfameters of hclieal cllllffHïllalinll.,\: filler Icnglh (/.) ;lnd dial1lcter (1)) ((If III iu Ol,." Pt.' l";1 1 1)/,,:/\
---._-_. -_.-._-- --- ---_...---

lUI. (1',)

95 92 90 X6 75 (d,

Pilch l' (A)

13·form 337

A-forrn 2XOX 27') 27.7 "27 .?

p(A)
13·form ~ ..17 .1 ..1 " .1 ..14

A·form 2.5R 257 2.5(, ~ ..c:, c:,

l'/p
13·forrn 10

A-form IOXX 10.,% 10.R2 10 7Il

L (rnm) .1.5.1 1 .120.1 .102R 2.')21 2.771 2J,Xt)

D (rnm) 0..157 0.299 O.2X9 0277 fi 2(,6 IU(,I)

L/p(xIO .. ') 105 !flX Ill"
X (B·form) 1 0.61 0.40 lUX n.lfI 0

'" (A) 3.37 3.05 2.RR 2.n 26.1 .' .."5
L/", (X 10-') 1.')5 1.05 1.05 lOS 105 Ill"

At 93% R.Il., L = 3.460 mm, f) = 0 ..109 mm.

dimension measurernents, pcrforl1led in the two
senses of variation of the relative hUl11idity. incli­
eates the perfeet reversihility of the transition. It is
important, however. to ohserve that we actually
ohtain the same fiher lenglh at a given relative
humidity irrespective of the sense of variation.
provided lh;!t enough time has hecn taken to

estahlish a good equilihrilll1l (stahillty or Ihe rlher
Icngth). We noted that slIl'h eqllilihrillill cOlllli·
tions take longer 10 rcach \\'hen Ihe Ir;Insilic111 g(lCS

frorn 1\ 10 D as cOlllpared ln Ihe rC\crsc dirCC'linll.
Fig :1 sho\\'s, as ;111 ("(nlllpie. ;1 DN/\ riher at \15
and 75% R.II. The \englh variatiol1 i, ohviolls as
weil as the lllodificlliol1 of thc salllple volume.

8 8+A A
Pig. 1. X-ray fiher paltcrns ohlaillcd at (B) 95'\', lUI. (B·fo,,"), (B/\) ')()'\' lUI. (lIli'I''',' "f /\ :I"d n[""",) :I[ltl (A) ]""f R Il

(A·f",,").



164

S'. j'l'el1l1{(/( cl (//./ f),VA c(lIl/~)rll/(/lioll(/llr(/IISII/(lI/S 41

fig. :1. Examrle nI'" DNA finer al 95'1' ru 1. (Ill "nd 75',! lU 1.
(A)

fig. 2. A-Il transition: UNA fine! dimensions as a functi"n

of Ihe rClali\'e humidit\'. I.englh ( 1 -----''---- 1 ) and diameler

( f· - - - - - - t ) f(lr clif Ihymus DNA: Iength ( ,,------, ,) "nd

Jiameter (0- - - - -.(,) for miuococcal DN i\.

3.2. Re/a/ioll he/lI'eell X-UI\' Il'.\'1d/\ ./I/(l(tll('I' dilllclI­

siolls

ln tahles 1 and 2. c\amples (lI' l'alucs of Ihc
Icngth 1. and diametcr of fihcrs nwdc fnlill thc
two dirrcrcnl DNAs arc listcd :IS a runction of tlic
rclatil'c hunmlity. In thcse t:lhles :\l'C :t!so indi­
cated valucs or thc paramctcr Il (:I\i:t! risc pl'!'
nucleotide) ohtaincd l'rom X-l'av dllï-r:ldilll] Ill' thc
saille samples undcr idcntical c()l1lliti()ns. \Vc l-:III
note that thc ratio 1./1' has thc s:lmc valuc at l)_~

and 66"; R_II. Iktwccn thcse rcl:\ti\'l' hUlllidit\
valucs, tliis r:\ti() callnot hc wcll ddillcd hccausl'
or the loI\' prccisil)1l of thc X-l'av lLlt;\ llhtaillcd
whcll cOllrormations A alld 13 coc\ist [Il DNA
fihers. Notc that the ratio 1.//1 leprcsclll.<., thc
cOllstant Ilumhcr (lI' hasc pairs I()l,:tlcd :t!llng the
rihcr axis. helweell the tllO poillts dlllSCIl rllr the
Iellgth rneasurelllenL Thercl'ore, IIC l'an estimate
the percentage of nuc!eotides rcspl'l'lil'l:lv ill the A
or B conformation hy simple measurcment of the
fiher length_ Indeed, with one among these fihers
taken as an example, Il'C ohlained X-ra)' patterns
of the 13 form al 95"Ç, R_II. and then determined a
value of 1'(13) ~ .1 ..17 ,f.. fllr the paramcter l'
whcreas at 66('; R.I L. liT fllund the corresponding
valuc for conforlllati(ln A III hc filA) = 2.55 A.
The values of the riher kllglh l'(lrrcsponding to
thesc two situations wcre rCSI1l'ctilclv 1.(13) = 3.775
mm and I.(A) = 2.'<:\75 mn1. Thcrd(\fc, we have
I.(B)/I.(A) = 1..11 ;lI1d 1'(I1)/I'(A)- 1.32: hence,
IVC l'an practically wrile 1.(13)/1.(1\) -~I'(B)/I'(A),

i.e., therc is a l'cry good propl1rtillll;liilY helween
the icngth (JI' thc fihcr and the helical p:namcter fi.

Nntc that such heha\'ior is :Il·tuallv gcneral and
pcrrcctlv rel'l'rsihie: it is oh.<.,crl·cd lIilh anv hOlllo-

" -
gcnCI\LIS and IIcll-llricntcd DN ..\ lïher (i.c .. giving
lhc A and B X-l'av pallcIïls according to the
rclatile humidit\'). Conscqucnlly, it appears that
thc fihcr kngth variatil'ns arc praclical1y only duc
10 changes nI' the DNi\ hclical form_ Molecular
sliding mal' exist in lhe fihcr hul h:l.\ Illl [)erl-cpti­
hie effcct and l'an thus he neglccted in the prcscnt
case. For inll'l'Illedialc 1:t!UCS of thc Il'!:\tiIC
humiditva Illixlure of A and B l'l'l'ms is prescnt in
the fihcr. Very rCl'l:nlly, it has hecn .\!lo\\n t!l:1t the'
A and B forms l'an :dsl' l:!ll'\ist in :1 \Ingk LT\st:t1
[.151. 1[o\\evcr, lhe valucs l!ll'n de'lClïllilll'd IllU\! hl:

-(-'.;

Drr,m t

1

- ..-

,-

For instance, we ohserved that the ratio hetween
the volumes of the fiher at 9S and (-,6n~ R.H.,
respective!)', is ahout 2.5 (values of kngth and
diameter listed in tahle 1).
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understood as heing averages which could rcsult
from a mixed population of molceulcs of caeh

form as weIl as from DNA molceulcs eontaining
fractions of the two forms. The distinction he­
tween these two possihilities is of little importance
and can scarcely be made experimentally. We.
therefore proceed in the following to deal with the
situation according to the second hypothesis which
is generally used in theoretical approachcs to the
problem of conformational transitions in poly­
peptides [36] and DNA [37]. Accordingly. the
length L. measured at any given value of the
relative humidity between 66 and 95%. l'an be
written as follows. L = X(I3) 1.(13) + XiA) !.(A),
where X(13) and XiA) denote the fractions of
nucleotides in conformation B and A, respectively.
So, with X(13) + X(A) = 1. we have X(3) =

(L - L(A»/( L(B) - L(A»). An example of X(I3)
values thus obtained with calf thymus DNA (42%
of G-C) is given in table 1 and corresponding

values for micrococcal DNA (72% of G-C) are
listed in table 2. ln these tahles, we l'an also see
that, when the mean parameter III = 3.37X(B) +
2.55X(A) is used in a complementary way. the

ratio L/m remains practically constant in the
relative humidity interval between 66 and 95%. [n
contrast, we ohserve in table 1. that at 92% R.H ..
the ratio L/p has a value of 1.10 instead of 1.12;

this means that a small fraction of nucleotides

already have adopted conformation A. In a sym­
rnetrical way. the excessively high value of 1.16
ohtained for L/p shows that sorne fraction of the
DNA is still in the 13 conformation at 75% R.H.

X(Bl

'\\
\\
~~

o'----:9~;5,..----;9~'0:- ------ÂO-"~-~~"
RH "10

fig. 4. A·1l tran~ilion: [ral'lion o[ 1\1Idcolidc~ il\ the Il [nrl11 as
a [unction of the relalive humidily. (X-- X) Cal[ IhYll1l1~

DNA (42% C·U): (0--0) microcnccal DNA (72'r- ('.(;).

The S<lll1e killli of hehavior is (lhserved with 5alll­
pies derived from the microeoccal DNA. 'Io\\'­
l'ver. we l'an sec. in ta hie 2. that such variations

appear at shiftcd values of the relative humidilv.
expressing the drccl or the hasl' C(lII1P(lsitioll Oll
the transition.

More preciscly. in fig. 4 arc shown. f(lr lhe two

DNA types presently sllldied. the clln'es of Ihe
fr<lction X(B) of nuc!colides in lhl' n-forlll vs.
relative hllmidily. We l'ail (lh~er\'e til:ll a higill'l
percentage of G-C facililates the transition 10 lile
A-form wh en the relative hlllllidilv dl'LTe;lses 12:-\1.
So <lt 90% R.II., the DNA containing 42'1'· of (;·C
is al 40% in the A conformation (Inid-point al X!)"!
R.H.) whereas, lInder these conditions. ()()"~ of the

DNA which l'ont<lins 72% of (J-C is alread'l in
that f()rm (mid-point at 92% R.II.),

We poinletÎ out ahove thal the r;llio (lf lhl'
volumes of the fiher in respcetivl'lv lhe B- and
A-forms l'an he deduceu direl'lly frolll Illl';ISlIrC­
men ts of di lllensiolls made wi th a III icroscope.
Ilowever. the ratio of the volumes aeluallv

ol'cupied hy Ihe DNA nl()lecule in thcse two con­
rormations l'an also he delermined from X-rav

data. Indeed, the equatorial spot permits one to
determine the average distance hetween hclices in
the latticc (22.3 A in the B-fOlm and 1R A in the

A-fonn) and lhus with vailles of l'( B) and II(A).

we l'an evaluate the order or magnitude (If the

volumes ocl'upied in the cryslal lattice by the

DNA and the watcr associated wilh the nHllecuLlr
conformations. The volumc ratio thus ohlained i,

ahout 2 as compared to 2.5 dl'termined hy lIsing.
fiher dimensions. The differencc is Illainly dlle to
the fact lhat lhe samplc is s\\'ollcn with \Valer ;11

high relative hllmidil'l; it lhen wnt;,ins highlv
hydratecl disorganiled parts [341 hl't"'l'cn crystal­
li7.ed regions where DNA molcculcs arc weil posi­

tioned.

3.3. n,e B -C tra/lsition

3.3.1. X-ra\' /iher di/frac/io/l
We continllcd as descrihed ahove hut samp!cs

were prepared from DNA sollitiolls ,'\";th a salt
content IO-fold lowcr (han in the prcceding C:lse.

ünly results ohtaincd with DNA frolll calI' IhYlllll.'
are presented. since. 1I11dn thl'sl' l'(lIHlili(lns. IHl
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Table 3

B-C transition: gco/llctrical parameters allll DNA fiber Icngth (/.) an<.l <.Iiameler (D)

lUI. (X)

95 <J2 87 82 7Y 75

Pitch
l' (A) 33.5 33.0 32.0 31.0 29.4 28.9

p (A) 3.35 334 3.33 3.32 3.31 3.30

1'/P 1000 9.90 9.60 9.33 H.88 8.75
1. (mm) 3.375 3.341 3.285 3228 .1.195 3.1 SU
f) (mm) 0.214 oln 0.160 0.152 0.14') 0143

1./p(xI0- 7
) 1.007 1.000 0.986 0.972 O.lJ65 0.955

DNA fmm fl fl C C C C

3.087
ll.142

43

3.4. Re/a/ioll belll'eell X-I'(I)' /'(.'.\'11/1.1' and fiher dill/en­
sions

The ratio of the sample length L divided by the
helical parameter p, determined at differcnt rela­
tive humidities (in the intcrval 75-95%), is listed
in table 3. This ratio which represents, us slilll:d

that up to 75% R.H., there is sufficient waler
around the DNA helices to facilitate changes being
induceJ in their conformation than at lower rela­
tive hUlllidity where almost ail excess water has
been rel11oved. A series of '!ength and diameter
l11eaSllrell1ents have shown the pcrfcct rcvcrsibility
of this progressive process of DNA conforma­
tional change which, now, does not show any
cooperative effeet.

_..l.--_~--l . __ '-- __ .. ~_-l__._ -1_..__

95 90 80 70
R fi ",

fig. 5. 13-(' trallsitiun: variatiulls uf the 1cllgth ( t -- t )

all<.l "iameler ( 1 - - - - - -·1 ) <IS a rllllctillll ur rl'l<ltivc hllmiditv.

difference in the bchavior of the two DNAs can
be clearly discerned. Fiber X-ray diffraction there­
fore gives patterns which, according to the relative
humidity, correspond to the (J-C transition of
DNA. The results thus obtained, with the relative
humidity fixed at values between 75 and 95%, are
presented in table 3. For R.H. < 75%, DNA fibers
are disorganized and X-ray patterns are so poor
that the determi nation of helical parameters
becomes practically impossible.

In the present case, variations in the helical
parameters of the DNA molecules do not have the
same features as thase of the A-13 transition; the
conformational change is now ralher progressive
and slow. Characteristic X-ray patterns of the
C-form, with a supplementary spot at 0.1 A-l on
the first layer linc, are obtained at R.II. ~ 87%.
Mareover, the crystal lattice remains hexagonal
and the helical parameter p (see table 3) decreases
linearly with the relative humidity.

J. J. 2. Fiher dimensiolls
Measurements of fiber dimensions, at different

fixed values of the relative humidity, made with
the binocular microscope, ul10wed us to draw the
experimental cllrves presented in fig. 5. We can
observe linear variations of the fiber length with a
change of slope at 75% R.H. (no X-ray pattern
can then he used). Moreover, it can he noted that
the fi ber diameter decreases very rapidly as far as
75% R.H., subsequently decreasing more slowly.
This latter faet can be used to expiai n, qualita­
tivdy at least, the change in slope of the plot for
length vs. relative humiJity. Indeed, it appears

34

32

30

l.mm

,,,,,,,
'r,

..

Omm

---~----+------------,~

018

014
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above, the constant numher of base-pairs along
the fiber axis, does not remain exactly constant; it

diminishes by a few percent when the rc!ative
humidity decreases.

Furthermore, we also observed that the ratio of
the fiber volume divided hy the mean volume

occupied by a DN A double helix in the crystal

lattice (X-ray data) becomes constant at R.H.
<:;; 82%. Therefore, in the present case, as in that of
the A-fi transition, the DNA fiher is swol1en at

high values of the relative humidity when in the il
form; it then includes disorganizecl and highly
hydrated parts. At the other limit of relative
hUl1lidity, the very Sll1al1 decrease in length wh en
R.H. < 75% (see table 3) corresponds to the dis­
organization of DNA helices as conc1udcd from
the very poor X-ray patterns we obtained under
these conditions.

4. Discussion

Fiber X-ray diffraction results compared to val­
ues obtained from measurements of dimensions

made on the same samples at the same relative
humidity altowed us to establish a simple and
precise methocl for the stucly of DNA conforma­

tional transitions. We observed experimental1y that

the main factor responsible for the fi ber length

variations is the change, with relative humidity, of
the DNA helical parameters. We therefore usecl

the proportionality actually existing hetween the
length of a DN;\ fiher and the helical parameter fi
(axial rise per base-pair) of the DNA rnolecular
conformation.

Consequently, a most significant variation in
the fiher length can easily he observed during the
perfectly reversible A- B transi tion. The presence

of cooperative effects in this conforrnational
change is well characterized by the sigll10idal fonn

of the transition curve of the length (or the frac­
tion of nuc1eotides in the il-form) vs. the relative

humidity. In contrast, the B-C transition shows
very progressive variations of the fiber length,

indicating a continuous deformation of the il con­

formation of DNA which takes the C-form when
the relative humidity is diminished. The latter

conformational transition is also perfectIy reversi-

hie. llowevcr, in this case. the proportionality
between the fiher length and the helical paral1leler
fi is somewhat perturhed hy c1isorganization of the
fi ber (X-ray patterns hecorne poor when the rela­
tive humidity is jowered). The excessively large
diminution in fiher length thereby observee! (tahle

3) may he due to slight sliding of DNA helices

past one another or to some undulatiolls of DNA

l1lolecules which are superill1posed on conforma­
t iona 1 changes as c1escri hed p re\'iou sly 1n
oligonucleotide single-crystal stue!ies [J8].

Moreover, it is interesting to note Ihat even
with samples made from very low salt concentra­
tion solutions, we \vere unahle to ohserve any
transitions of the type ('-A-B [251 which should he
characterized hy a significant decrease followed hy
an aimost equal increasc in fiber Icngth when the
relative hurnidity undergoes a steady decrease.

The determination of variations in lïber diame­
ter and hencc of the volumc also provides valuahle
information on the importance of water in the
process of DNA conformational changes. The par­
tieularly large decrease in fiher diallleter during

the il-A transition, a decrease which takes place
berore any variation of the fiher length occurs.

may he due to the loss of a significant amount of
water 10cateJ hetween the organized parts of the

fiher as weil as around the double helices. It is

only after this release of excess wa ter has been

aehieved that a e!ecrease in relative humidity in­
duces changes of the DNA conformation hv re­
moving water molecules from the inside of the
molecular structure. For the reverse A-B transi­
tion, we ohserved that, from an increase of the
relative hUll1idity, il firslly resulls in a change (lf
the DNA conformation due to the penetration of
water intn the lllolecu!ar structure. This is c!carly

associated with lengthening of the fiber. The swell­

ing of the lattice of helices and thus of the sample
is only observed after.

During the B-C transition, the fiber diameter
also c1iminishes very rapidIy with a decrease in the

relative hurnidity. In this case, however, the fiher

length decreases slightly ane! regularly at the very

heginning of the process. We can thus suppose
that the withclrawal of waler from the DNA en­

vironment induces cOllstraints on organized parts

of the fiher which modify the douhle helix confor-
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mation. The 10w NaCI content of the DNA pre­
parations does not allow, in this case, the transi­
tion to the A-form.

To conclude, let us add that we also hegan the
study of the B-Z transition, i.e., the change be­
tween a right-handed and a left-handed helix
[39,40]. Such a transition which is observed with
samples of poly(G-C)-poly(G-C) made from solu­
tions under unusual chemical conditions [9] may
also correspond to variations in the fi ber dimen­
sions. Observations with the microscope are, how­
ever, very difficult in this case because the confor­
mational change occurs at relative humidities be­
tween 100% (for B) and 95% (for Z). For such
values of the relative humidity, the fibers are
uns table and become distorted when the slightest
tension is applied. We are currently attempting to
modify these unfavorahle conditions in order to
be able to apply the present experimental method
to the study of this singular conformational transi­
tion.
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C) CHANGEMENT DE L'HYDRATATION DURAN1' LE:; TRANSITIONS
_CONEORMATIQN~~LLES DE L'ADN

a

b

Photo N° 10 DistrLbution du sodium détecté par
microsonde électronique dans la section
a) d'une fibre d'ADN (42 % G-C)
b) d'une fibre de poly (dC-dG) .poly (dC-dG)
présentant la transition Z-B, on remarque
l'accumulation de sodium en périph~ric.
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Abstract. Fiber X-l'al' diffraction ùnd l1leasurement of
fiber dimensions yields information about the hydration
ofDNA in fibers. The results obtained give us the fraction
ofnucleotides in the B forl11 for the A B transitiôn or the
rate of progression for the B C transition as funetions of
the number of water molecules pel' nucleotide. Tbe pres­
ent experimental results eonfirm the. importance of
eooperativity in the A B transition and the progressive
change of the DNA double helix eonfornlation during
the C- B transition. At least twenty additional water
moleeules pel' nucleotide are neccssary ta stabilize the B
form for DNA moleeules in fihers following the A to B
transition whereas on 11' ten are suflïcient when the B con­
formation is obtaincd starting From the C form,

Key words: DNA - Conformational transitions -- Hydr<l-
tion Fiber X-l'al'

1ntrodllction

It is weil known [hat water is of majOr importancc .for the
stabi!ization of seeondary and tertiary structures of bio­
logiea! macromolccules(Tanford 1968; Kuntzet al. 1974;
Eldelhoch and Osborne 1976). In the case of DNA, hydra­
tion of the molecules is an important factor (Drew ct al.
1981; Conner ct al. 1984: Lee et al. 1987) which deter­
mines the form of. the more or less stabIc double helix
conformations. For DNA in fibers, we obtain the B-form
at a high r.h. (relative humidity) (Langriclge ct al. 1960)
and when the r. h. is \owered, the A form (Fuller et al.
1965) or the C one (Marvin ct al. 1961) is obtained, cle­
pending on the type and content of salt. This is also the
way one can observe the D (Davies and Baldwin 1963) or
the Z form (Leslie ct al. 19RO), depending on the primary
structure of the polynucleotide chains.

Many different experimental methods such as equilib­
riurn sedimentation (Hearst and Vinograd 1961: Cohen

0fliJ/'ùlI rcql/l'Sls 10: S. l'rclllil;11

and Eiscnbcrg 196R; Tunis and Hearst 196R a, b: Wolf and
Hanlon 1975), gravimelry (palk et al. 1962), isnpiestic
I11CaSllrements (Hearst 1l.)(15), speetroscopy (Falk cl ~\1.

1963,1970: Hanlon etaI. 1975: Semenov etaI. 19XXj:
.X-raydiffraction (Saenger ct :t1. 19Ro: Westlwr 19R7) ha\c
clearly shown that DNA molcculcs arc generally highly
hydratcd. The average numbcr ofwater molecltles bound
to or in the near vieinity of nucleo~tides detcrmincs the
DNA hclical structure (Dahlborg ct al. 19S0: Lindsay
et al. 1988; Forsyth et al. 19R9: Tao ct al. 1989: G ril11m
and Ruppreeht 1989). These water l11o\ccules contribute
to the primary and secondary hydration shells.

In a previous study (Premilat cl al. 1990) it was sho\\n
how one can follow conrorlllationai transitions of DN,"
hl' coupling X-l'al' diffr:\ction \Vilh llleasu:ements of fiber
dimensions. Wc recently found in the literature that val'i­
ations of DNA fiher Icngth. ch:lraclClislic of forlll transi­
tions of DNA, can also be observcd in water-elhanolmix­
turcs (Rupprecht and Piskm 19R3). In the present :1J1­
proach, precise ·eva\uation uf Ihe \\a[er content ;lnd ils
variation with the r. h. dming conform:llional ch;ln!:!l's
assoeiated with the A Band B C transitions of natural
DNA arc presented. It is shmvn 1/1<11 Ihe minimum 11lIm­
ber of water molecuics ncccssary to stabili7.c diffcrent
DNA structures can be deuuccd fr(lm rncasurements ur
fiberdimensions and ana!ysis ofX··ray patterns. The pres­
ent approach shows lhat the H fmm can he realil.ed wilh
very different numbers of water molcculcs, depending on
the salt used for the preparation of DNA /ïbers.

Material and methods

In the present study, preparations uf calf thymus DNA.
purchascd from Pharlllaeia, \\ere uscd wil11l1ut fmther
purification. The lyophili7.ed DN/\ was dissol\cd in dis­
tilled water at pl-! 7 and the sail concentration W;IS de­
fined hl' dialysis. The DNA gel from \\hich lïhers \\'Cre
drawn was nbtained From centrifugation of Ihe solulinns
al 40000 l'pm. Two diffcrenl salt C<1ncelllr:llio!ls \l'Cie

>.',
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The number of moles of nucleotides in the riber is thus
given by 2 N . Il/.. V (. '" is Avogadro's number).

The number of water molccules associated with the
DNA in the fiber varies du ring conformational changes
and was determined from measurements of the variations
of the fiber vol ume following modifications of the rela ti ve
humidity. We assume that the volumes of DNA and water
can be sim ply added to obtain the total volume, VI' of the
fiber at a given r. h. So, VJ = v". + Va, where v", is the water
volume and Va the DNA volume at 0% r. h. The number
of w<tter moles in the fiber is then given by III . v,../M"..
with III the density and M", the molecular weight of water.
Hence, the number, G, ofwater molecules pel' molecu1e of
nucleotide in the fiber is:

G = (Ill' Vw/M".)/(lN . II/. n
= (m' vij2Mw ) (Vw/N '11) = K' V,../N '11

with v", given in mm). the constant K = 1.67.10 1
<)

mm - J). Note that water molecules bound to DNA at 0%
r.h. (Tao et al. 1989) are not included. '

used for NaCI solutions of DNA; one with O.OS Na + pel'
nucleotide and the other one with O.S Na + pel' nueleotide.
The same concentrations of salt were used for Li DNA
preparations.

The behaviour of the different DNA fibers submitted
to variations of the r. h. was analysed by X-ray diffraction
measurements and direct observation with an optical
microscope. Details concerning the experimental mcth­
ods used are given elsewhere (Premilat et al. 1990). One
should only note that a small tension was applied to the
fiber. This is because mcasurement of the fiber lcngth can
be complicatcd by slight f1uctuations of the fiber which
may appear when the r. h. is varied. As shown previously
(Albiser et al. 1988), such a tension has no cffect on the
conformational transition of the DNA.

[n order to determine the number ofwater niolecules
associated with a nuclcotide in a given DNA conforma­
tion, one has to know the total number of nucleotides in
the fiber. The number, N, of nucleotides situated alang
the fiber axis is given by the ratio of the fiber lcngth to the
rise pel' base pair in the DNA helix. This ratio remains
constant with changes of the r. h. (Premilat et al. 1990).
We also need to determine the number, Il, of nucleotide
pairs in a section of the DNA fiber. This number is equal
to the ratio of the section, S, of the fiber to the section, s,
of a DNA double helix. The fiber. section was obtained
from a direct measurement of its diameter and the section
of the DNA helix can be deduccd from the lattice parame­
ters determined from X-ray patterns obtained at very low
relative humidities. Hence, because in the hexagonal
lattice there are three DNA molecules in a unit ccII and
only two in the monoclinic lattice (Langridge et al. 1960;
Marvin et al. 1961; Fuller et al. 1965), we obtain, with the
unit cell parameters a and b in a plane perpendicular to
the helix axis:

s = (12 j3/6 (hexagonal)

and

S = (1 b/2 (monoclinic; 0:=)'=90"; fI=9T).

Table 1. A Il trailsilipil pf Na DNA. fihcr Icllgth (1). diamctcr(f))
alld geolllctricai paramcters of hclical cOl1formations. p (rise pel'
l1ucleotide). unit ccII cOllstants li. 1>

r. h. 1 (mm) Dlmm) p(A) li (A) 1> Ii\) Lattice DNA
(~.~) f"rlll

95 4.000 0.214 .1,.17 44.(, hcxag. R
92 .1.92n n.1 X2 J.16 41n hcxag. Il
90 ,.1.('2lJ 0.173 J.16 EX 41.3 IllPIlP. Il A

2.5X
86 .1..164 O.16X J.14 22.6 412 l1111IW. Il A

2.57
75 .1.152 0.15R 256 22.2 410 mOllo. A
66 .1.04(, 0.154 2.55 21X J'I.X llHl Il O. A
58 2.9RO O. t52 214 .19.2 mPIlP.
45 2.X64 0.151 21.'1 .1X.2 1110110.

0 2.54.1 0.14X

Estimated stalldard ucviatiolls:

1, D: .1. 10-.1 Illm: p: n,nI A: 1/.1>: n.1 A: r.h.: 1~~,

Results

1. The A - B transition

DNA fibers used for the study of the A B transition were
prepared from solutions with O.S Na 1 pel' nucleotide. The
cooperativity of the A - B transition inDNA is weil estab­
lished; it is therefore interesting to anaIY7.e, in this case,
the variations of the parameter G with the fraction X /1 of
nucleotides in the B fmm. We have shown (Premilal et al.
1990) that the variation of X /1 with the r. h. can be ueter­
mined by measurements of the fiber length anu we have:

X n = (1- f.1 )/(1n- ',j )
where 'II' l.t anu 1represent, respectively. the 1cngth of the
fiber in the conformations B, A and intermediate state~

appearing uuring the conformational change (mixtures of
A and B).

As ;ln examplc of experimenlal results. no[e that the
fiber unuer S(uuy adopts the B fOI"l11 at 9S'~,~, r. h. anu the
A form at 66% with the corresponding rises pel' nuclc­
otiue /111=3.37 A and /1,.( =2.55 A. For these weil defined
conformational states of the DNA, the fiber lengths
ln = 4.000 ml11 and II = 1046 mm were tl1eaSltreU (Tahle 1).
The number N of base pairs along the fiber axis is then
given by:

N = III/Pn = 'A/P.t = 1.19· \0 7

We noted that the ratio Sis of the fiber sectinn 10 the
section of a DNA double helix remains constant for r{h.
lower than 80% (Fig. 1). This constant value reprllsents
the average number, n, of pairs of nucleotides containeu
in a section of the fiber and is. for the present fiber. cqual
to 43· \0 8

. This set ofdata allows us to uetermine values
of G as a function of the relative humidity (Fig. 2). The
present results arc in accordance \Vith previous observa­
tions (Tao et al. 19R9). By using theset of values of X /1 as
a fUl1eti(ln of the r. h. (Prcmilat ct al. 1990) and the ua ta for
G as a runctio!l of r. h. (I:ig. 2) one can estahlish the curve
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of XII versus G given in Fig. 3 where lincar variations of
XIJ are observcd until G = 20. This last value is obtaincd
at 92°;() r. h. (Fig. 2) and corresponds to X Il = 0.92. When
G is largcr than 20, a saturation cffect appcars and X Il is
no longer proportional to G. Practical1y, the extrapola­
tion of the linear part of the curve Xn=/(G) lIntil its
interscction with the line XI/= 1 (Fig. 3) gives a nlll11ber
GI/=21 molecliles of water per molecule of nucleotide
necessary to get the DNA c,Qmpletely in itsB form. When
Gis larger than GI/' theDNA heliees remain in the R form
but the lattice dimensiàns are increased. Tn addition. the
linear part of the eurve XI/=.f'(G) intcrsects the line
XII=O at GA =4 (Fig. 3) and this value rcpresents the
number of water moleculcs per molecule of nucleotide in
the A form. Between these two extreme values of G, we
have the fraction X Il of nllcleotides in the B form and
(1 - XII) in A. The linear variation of G with X Il can there­
fore be expressed by:

G = XI/(GII-G .• )+G.t •

G

Fig. 3. A B transition: fraction Xn or nucleoticles in the R form
versus G
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Fig. 1. Ratio of the liber section, S. to a section, 5, of the DNA
double helix as a function of the relative humidity. A - B transition
with Na DNA ( • ); B C transition: Na DNA ( 0); Li DNA
(-+-)

R.H.%

Fig. 2. The number, G, of watcr mokculcs pcr nuclcotidc as a func­
tion of the r. h. for Na DNA: A.. B transition (-. -); R . C transition
( 0 ). Li DNA: B C transition ( + )

20

10

o
40 60 . 80 100

Il. The fi C 11'(/lIsiliOIl

The B..,.C transition of DNA was studied \Vith Na and
Li DNA libers. In order to get the il .C rather than
the A- B transition with Na DNA. one has ta use very
low salt concentrations. We preparee! solutions with
0.05 Na + per nucleotidc in the DNA solution. With LiCi
there is no such limitation as only the B-C transition is
observed with that salt.

{'
N(/DNAjïlwrs. X-ray fiber diffraction shows cbuJy the B
orC conformation adopted hy the DNA hclieesclcpend­
ing on the value of the relative humidity. We also notcd
that for r. h. lower than 75'1.•. DNA IIhers are largely
disorganized. The experimental curve corresponding ta
the il -C transition as a function of the r. h. is lincar and
shows a change of slope in thc vicinity of 75'~~, r. h.
(Premilat ct al. 1990). It corresponds to a progressive and
not a coopera ti vc change of conformation: we t il liS dcler-

l,';
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Table 2. B- C transition of Na DNA. Fibcr Icngth (l), diamcter (D)
and geometrical parameters of hclical conformations. p (risc pel'
nuclcotidc), hexagonal unit ccii a

Lh. 1(mm) D(mm} p (A) a (À) DNA
% form

95 3.375 0.214 3.35 40.8 B
92 3.341 0.178 3.34 39.8 B
87 3.285 0.160 3.33 38.2 C
82 3.228 0.152 3.32 :\7.4 C
79 3.195 0.149 3.31 36.1i C
75 3.150 0.143 3.30 35.2 C
64 3.087 0.141
58 3.062 0.139
45 3.017 0.137
0 2.870 0.135

Estimatcd standard dcviations:

l, D: 3· 10- J mm; p: 0.1 A; a: 0.1 A; Lh.: 1%
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Fig. 4. Progression rate R for the B C transition as a fllllCtioll of
thc nllmocr G of water moleclilcs l'cr nllcleotidc. Na DNA ( 0 ):

Li DNA ( + )

ing R as a function of G. We can see in Fig. 4, that the
relation betwcen these two qllantities corresponds to a
saturation effect as the function associaled with the curve
ean be written as:

with a positive constant 1/; C -> Cc when R -> 0 and C,
the number ofwater moleculcs per molecule of nuc!cot ide
neeessary to get the DNA eomplctely in the C conforma­
tion (at 75% L h.). The expcrimental eurve presentcd in
Fig. 4 corresponds ta 11 = 0.16 and C,. = 3.5.

Li DNAlihcrs. DNA fibers prepared from Li DNA solu­
tions give better defined X-ray patterns than those ob­
tained from NaDNA fihers. The fihers are homogeneolls
and very well organized. The crystal lattice remains hex­
agonal with praetieally the valuc of the a parameter ob­
tainee! with Na DNA at r. h. ]owcr than X()%. For higher
values of the r. h. the lattiee parameter a increases much
more with Li DNA fihers than with Na DNA (Tables 2, 3).

We also noted that the X-ray reOeclion on the first
layer line at 0.1 A ',which is characteristic for the C
conformation. disappears when the r. h. is in lhe range of
80 to 86%. It is important to observe that it takes l1l\leh
more time to stabilize a Li DNA fiher at a given r. h.. than
a Na DNA one; thc withdrawal of water is more difriclIlt
to achieve when the Li salt is present. Nevertheless the
same kind ofcurve of R versus C is ohtained (Fig. 4) with
u=0.14 and C,=4.0.

In Table 3 different fiber data are given to show their
variations during the BC transition of Li DNA. An
important differenee in the bchaviour of the Li D~A
eompared to the Na DNA is that the ratio S,.'s reJl1atllS
constant when the Lh. is varied (sce Fig. 1). This Illay he
related to a better organization of Li DNA molecules in
the fibers and also ta the higher conformalional stability
given to the DNA by the Li salt. This is the reason why
the B-C transition is the only possible one with the Li
salt; it aetllally represents a relatively slight change ()r
conformation cOl1lpared to the more suhstantia\ A Il
transition.

Table 3. B-C transition of Li DNA. Fibcr Icngth (Il. diamctcr (D)
and geometrical parameters of helical conformations, p (rise pel'
nuclcotide), hexagonal unit ccII a

r. h. 1(mm) D(mm} p (A) a(Â) DNA
% fOrln

95 1.160 0.186 3.37 49.0 B
90 1.125 0.161 3.36 41.9 B
84 1.085 0.143 3.35 35.8 B
77 1.050 0.136 3.33 35.1 C
57 1.005 0.128 3.31 33.2 C
45 0.990 0.126 3.30 32.5 C
34 0.980 0.125 3.28 32.0 C
0 0.950 0.121

Estimated standard deviations:

l, D: 3· 10-.1 mm; p: 0.1 Â; a: 0.1 Â; Lh.: 1%

mined a progression rate R for the transition from C to B
as a fllnction of the number of watcr molccules per nucle­
otide. Values of this factor R at different r. h. were ob­
tained from measurements of the fiber length 1. We actual­
Iy have:

R = (/-Ic)/(IB-Ie ) ,

where /B and le are the lengths of the fiber in the B (r. h.
higher than 95%) and the C (75% r. h.) forms. Different
parameters characterizing the DNA fiber during the con­
formational change are given in Table 2. We determined

PB = 3.35 A and Pc = 3.30 A

from X-ray patterns.
As for the A- B transition, the ratio Sis remains prac­

tically constarit during the transition as long as the Lh. is
lower than or equal to 80%. We ean see ir; Fig. 1 that the
variations of this ratio are very similar to those observed
for the A- B transition.

By using the values of 1 as a function of the r. h.
(Table 2) and combining them with the variations of C
with the r. h. (Fig. 2) one can establish a curve represent-

R= l-exp(-u(C-Cc )) or In(I-R)=-u(C-C,)

1

t
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Discussion

Measurements of DNA liber dimensions associated with
X-ray liber diffraction give precise information on the
polymorphism of the DNA and on the role of water dur­
ing conformational transitions (Premilat et al. 1990). The
determination of the liber volume and its variation with
r. h. also allows one to determine the evolution of the
number of water molecules associated with a nueleotide
during the A- Band B C transitions.

For the A- B transition of DNA, the resu\ts presently
obtained show that every nueleotide in the A form is
associated with an average of 4 water molecules (water
molecules still present at 0% r. h. are not ineluded) where­
as 20 are necessary to stabilize the B conformation
(Saenger et al. 1986; Tao et al. 1989). Mixtures of these
two stable forms correspond to intermediate states of the
DNA which can be delined by the fraction XIl of nuele­
otides in the B form. We observed that this fraction varics
linearly with the average number of watcr molecules per
nueleotide. This experimental fact conlirms that no other
conformation (different from A or B)appears during the
A- B transition. Moreover, wc can note that a nueleotidc
remains in the A form as long as the nllmher of water
molecules in its vicinity is lower than Gn = 20.

For the B-C transition, obtained with Li as weil as
with Na DNA, we observed exponential'variations of the
progression rate of the transition as a function of G. Such
an effect ofsaturation shows elearly the progressive defor­
mation of the DNA conformation which changes from
the C to the B form by addition of water molecules to the
double helices. When the average number of water
molecules per nueleotide is larger than 9, the B form is
stabilized. This happens for relative humidities equal to
or higher than 85%.

Moreover, we observed that only four water molec­
uics are associated with one nueleotide when the DNA is
in the C form at 75% r. h.; surprisingly, this is the same
amount as for the A form. However, as noted before,
whereas 20 water moiecules per nueleotide are necessary
in order to get ail the DNA in the B form dllring the A- B
transition,only 10 are sufficient to obtain it from the C B
transition (with Na or Li salt). These minimum amollnts
of water stabilizing the B form arc obtaincd at 92% r. h.
(A-B transition) and 86% r.h. (B--C transition).

The ratio of the fiber section to the section occupied
bya DNA double helix in the lattice is constant when the
r. h. is 10wer fhan 80%. At higher values of the r. h., this
ratio incrcases for Na DNA libers whereas it remains
constantduril1'g the B-C transition of Li DNA. Note that
similar results, showing differences in the behaviour of Na
and Li DNA, have recently been presented (Lindsay et al.
1988). The swelling of Na DNA fi bers thus observed indi­
cates the enlargement of highly hydrated and disorga­
nized parts of the fiber. As Li DNA fibers do not show
such behaviour, it seemsthat the presènce of Li salt in­
duces a good organization of the DNA in the liber (X-ray
patterns are better defined) and a\so a stabilization of the
B-form as only the small conformational changes neces­
sary for the B-C transition are then possible.

<JI
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D) TRANSITIONS CONFORMATIONNELLES ET HYDRATATION DU
POLY D(A-T). POLY D(A-T) EN FIBRE

Photo N° Il Mélange des formes B et D avec sel de sodiu~

du poly (dA-dT) .poly (dA-dT) à 64 %
d~humidité relative. (Le cliché a été obtenu
au cyclo synchrotron de LURE)



Eur Biophys J (1991) 20: 109- 114

177

European
Biophysics Journal
'\,'; Springer- Verlag !lJ91

Conformational transitions and hydration of poly d(A-T) . poly d(A-T)
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Abstract. Conformational transitIons of poly d(A-T) .
poly d(A-T) have been studied by fïber X-ray diffraction
and measurement of fïber dimensions. Results obtained
for the D-A-B and D-B transitions are presented and
analyzed. For ail these form transitions, cooperativity cf­
fects are observed for the variation of .the rise per nucle­
otide versus the relative humidity. Detailed information
about hydration of the polynucleotide during form tran­
sitions and the numbers ofwater molecules per nucleotide
necessary to stabilize the different hclical conformations
are presented.

Key words: poly d(A-T)' poly d(A-T) - D-A-B ai1d D-B
helical transitions - DNA hydration - X-ray fïber diffrac­
tion

Introduction

Polynucleotides do present. as revealed by X-ray diffrac­
tion (Leslie et al. 1980), a polymorphism equivalent ta
that of natural DNA. Recent studies on oligonucleotides
using differcnt approaches such as NM R (Patel et al.
1987) and 1. R. spectroscopy (Adam et al. 1986; Pilet et al.
1975) or crystallography (Ken nard and Hunter 1989)
have confïrmed this polymorphism, which is observable
for the family of right handed double helices (Wing et al.
1980) as weil as for the left handed Z form (Wang et al.
1979).

The polymorphism of DNA and polynucleotides is
associated with different conformational transitions which
can be revealcd by the study of weil organized fïbers
(Lindsay et al. 1988; Mahendrasingam et al. 1983; Premi­
lat et al. 1990). Actually, helical transitions depend on
many physico-chemical parameters such as the type and
concentration of salt, the relative humidity and also on
the tension applied on fïbers (Albiser et al. 1988). It should
be noted that DNA conformations and form transitions

(Ji/prinl rC't{uesls lu: S. Prcl11ilal

are also dependent on the base composition or, more
precisely. Otl the base sequence of polynucleotides (Arnott
et al. 1974; Arnott et al. 1980; Leslie et al. InO).

A recently proposed method for Ihe experimental
study of DNA conformatÎonal transitions in fibcrs al­
lowed.us to follow and analy7.e the A-B and B-C transi­
tions by using. in a complementary way, fïher X-ray dif­
fraction and ·Illeasurelllent of fiber dimensions (Prernilat
et al. 1990). Moreover. it has been shown(Harlllollchi
et al. 1990) that one can also deterrnine. by using results
obtained from this method. the variations of the number
of water mo!ccules associated with the DNA hase pairs
during the form transilions.

In the present study, we used this experimentalmethod
in order ta gain information on the conforlllational tran­
sitions in poly d(A-T)' poly d(A-T) which presents fiber
X-ray patterns of the A, B or 1) douole helical forms
according to Ihe sodium salt concentration and the rela­
tive humidity (Arnott et al. 1974; Ddvies et al. 1963;
Mahendrasingam ct al. 19X3 and 19XÔ; Leslie el al. IlJXO).
Results of a detai1cd stucly of Ihe 1)-B and 1)-A-B transi­
tions which cOllld have somc biological importance in
A+T rich sequences of DNA (Moreau ct al. 1982), are
presented.

Matcrial and methods

Lyophilizcd poly d(A-T)' poly d(A-T) associated with
sodium chloride was purchased from Pharmacia and
uscd without any further purifïcation. Fihers were ob­
tained from the stretching of a gel of polynuc1eotid~~hu­

midified with water at pl-! 7 following a methodjalready
described (Fuller et al. 1967).

As the type of the hclical transition observed depcnds
mainly on the salt concentration. an empirical procedure
was applied in order to get the appropriate al110unt of
NaCl in the fiber. We proceeded as follows: the fiber was
fïrstly tested by getting an X-ray pattern; the type of con­
formation and the degree of organi7.ation of the fiber was
therefore dctermined. Then we added successive srnall
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Tahle 1.' I)-/\-ll tr:lnsilioJl: gcolllclric:d r:lr:llllelcr ,,( hèlic;d con(Pr­
m:llions: f' (risc rcr nuclcptidel. f' Irilcil)

Latticc Il 1/\ ')
lyre'

1>1'\) c(/\)

1=/')
R.I L
(0.;))

(,X

74
]X

XR
90

DN"
(orm

D
D
[)

""
"
"n
[l

[l

T

T

T
~l

M

~l

\f
Il

H
Il

17.4

17.X

1R.I
21.4

21,R

ES

ni
~9.2

44.2

45.0

17.4

17.X

1X.I
4n.2
40.(,

41.0

41.9

242
24.9

25.1
27(,

2U
2X.1

2R.S
~2.4

)15

.1.\.6

l' (" )

.l,no

.1.02

.100

2.54

2.56

2.56
.1~2

.1.35

.Ur,

X.07

H.25

8.4n

10.%

10.9R

1105
9.76

10

ln

equal or surerlor 10 li' III Ill. One l'ail :liso. I\ilh(llit ;1111

()penlng the C;llllcra (the fixed qllle 01 Ihe l' h l' Il'''
pertllrhedl. Illodify the 1)11siliolll,f Ihc fihcr rl'I;llil l' l,' thl'
incident X-ra)' he'llll. The fihcr is 1ll;lilll;lilled lulil';i1 ;IIHI
the very slight tensinn ;lpplied hy the gl:lsS l'IHI fi\ed tll il'
extremily preventsu11llul:llillll'i Ilf the [ihn durill,l! f,1{ III
transitiolls. The r. h. III the fiher SUrl"l1IHlillI!S l'i ).!II l'II
rrecise l',lilles accordillg 10 the l11elhod ;llre;ldy dC'ilïlhcd
(Premilat ct al. 1(90).

The eV:llualion of Ihe fllllllher Ilf \I;lter 1l1l1leCllll's ;1'i~I1­

ciated with a nllcleotide:ls ll'ell ,l'i ils \;\ri;llil1ll dllllllg;1
conformationallransition is m;lde follo\\'ing the l11ellll l d
previously used for the stlldy (lf the ;\-13 alld B-C Ir;I/I,i­
tions (Il;lIïllouchi cl :J!. 1<J<)Oj.

a T: Tetragonal. M: MO\loclinic: Il: lIc.xagonal

,Imounts nf a solution 0.01 M NaCI on thc humidificd
fibcr thc extremities of which were lixed ta thc halder. It
is in this way that onc can ohscrvc thc D-B transition
whereas the D-A-B transitions arc ohtained from fihers at
lower sillt conccntrations. Conversely, fihers cOlllaining
an cxccss of salt, as rcvealed by characteristic srots of
NaCI rowder on X-ray rattems. Cln he slightly "washed"
hy taking off the salt on the fiher surface (at low r. h.) with
a few drors of wiltcr. Moreover il ean be notcd that a
hctter organi7.<Jtion of the fiber is ohtained arter it has
hecn submitted to variations of the relativc humidity
(r. h.) whiJc its extrernities are milintaincc! fixed ta thc
holder. Howcver, for the ilctual X-ray and dimension
measurements, one extremity of the fiber is freed from the
holdcr and this is donc when equilihrium [lt low r. h. is
reali7.cd (the diameter of the fiber then has its smallcst
value).

A sreeial X-ray eamcril was reali7.ecl in order to get the
same physiea-chcmical conditions when X-ray or lïbcr
dimcnsion mcasllrcmcnts :Ire rcrformcu. Thc camera side
facing the eallirnator is a transparent plastic sheet with a
weil on its ccntre ta stop the direct X-ray neam. It allows
liS 10 observe the DNA fibcr. with [l binoeular micro­
score, bcfore and after every X-ray exrosure. The photo­
grarhie rli1te can be rositioncd at distances from the fiher

Results

II. Tlie f)-,.t-fi l"'IISililJIIs

X-I'ill' /ihcr dillii/(/ioll 1\ t <Ill"" r. Il. 1he pl dy d 11\ ')
roly drA-Tl rreseilis the [) helil';i1 Cl1llrl1ll11:1111111 (Iï,lè 1;Il
\l'ilh rar:ll11eters givell ill Tlhle 1. The'ie npnillll'lll:i1
dat<1 show sonle v:lri:ltiollS 111' the ullil ccii Ililh iIlLÏe;lSill,lè
r. h. 'vVc Iwle Ihat the l/llil ccII [';II';lIl1elcrs ;It lo\\' l' h. dl1
1101 dilTer from V:llllC'i !liVCll ill l"l'l'l'Ilt '-1;11' diITI;ll'li"ll
sludies or Ihe D rorm (Mill;lne el;li ItlX4: l'Illy)th el;i1
II)X9). The A rnrm is ohserved ,Il ()X";, r. h. (Fig. le) ;llld
a mixture or D and A forms is ohtaillcd l'Ill' r. h I;J!UCS
betlVeen 40 and (,X";, (Fig. 1hl. Whell the Lh is illcre;l'l'd
rrOI11 (,X'~.~. a mixture 01' A and Il rllrmS is (lh'erlcd
(Fig. 1dl on X-r,IY l)atlClIlS (c<lsily (l1>'iel'I;lhle ;lt 7~""

r. hl. I\t R~% r. h. X-r,lY r"tterns nI' the !1-rl)lïll "llllll' "re
ohtaincd (Fig. 1l'). Gy decre<lsing lhe rh. rl'(lill XX";,. Ill'
could olliv nhservc the reversihle 8-1\ tr,lllsilioll: :,the
trallsitioll -rrPlll A to D eOlild not he l'cali/cd (M<lhelllfl<l-

"sillgal11 ct al. 191{.Î) II'hl'nlhc r. h. II'<lS JOII'cred inlhé r:lnl!e
orMi 10 4()";, ami the l'0or X-r;lY r:lllcrns Ihell oht<lllll'li
illdiclte Ihe disl1rg,llli7:1ti(111 111' Ihe 1\ 1''''111 ,,1' JIll' l',d\·
Illlcicotide ill the liher. 11(lI\Tlcr. ll;lllsitiolls rl'OI11 Ihl' 1)
(or F) 10 1\ a III1 lhell tl) Ihe n flllill Ill' I)oh d (..\-Tl
['nly d (A-Tl lITre ;i1re;llh Ohscr\l'd l'mm \-1;\\ dll'l'I;lc­
tioll sllldies (rliller cl al. Il)x4) <Ind :lclu;i1h. I1lle C;III gl'I
the D 1'01'111 ,lg;lill hy ;1 l'(lllll)kll' lellldl;ili,'1l ()l' Ihl' lihn
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l:'lble 2. D-B transition: gcometrie,i1 raramclcrs llr hclieal Cllnror·
mations: l' (risc pcr nllclcotidc). l' (piteh)

R.H. DNA Latlicc (I(A) h (A) (' (A) l'.fA) l' "/'
(o/" ) rorm lyrc ' (d')

40 D T 17..1 17..1 24.0 2.97 X.OX

48 D T 17.5 t 7.5 24,.1 2,97 X.18

56 D T 17.8 17.8 24.0 2.99 8.22

60 D T 18.2 1X,2 24,7 .'.00 8,2.1
(i4 D T 19.2 19.2 25..1 .1.00 X.4.1

il H .17.4 .1 1.(, .U.1 9.49

68 D T 20.2 20.2 ni
8 Il .17.7 .12..1 .1 ..n '1.70

7(, Il Il 40.2 .1JA .1 ..n IIUl.1

XO 8 Il 410 .1.1.4 .1..14 III

86 B H 4.1.0 .n5 .1..15 10

a T: TClragonal: Il: He-;;Igllllai

(we then have the B form) followed by a decrease of the
r. h. until 40%. However. it is necessary to keep the two
ends of the fiber fixed to the holder during this last
operation. Therefore the important effect of a tension
applied ta the fiber (Albiser ct al. 1988) must be taken
into account in order to realize reversible transitions. The
present result confirms. in a complementary way, those
given in a recent study (Loprete and Hartman 1990) of
non-oriented gels of polyd(A-T)' polyd(A-T) where
the D form could not he observed.

Fihel' dilllc/lsio/ls. Results of measurement of (he fiher
dimensions. made as explained above. are presented in
Fig. 2. We can thus sec that the vari,\tiùns of the fiber
length with the r. h. is characterized hl' éooperative cffects
for the D-A and A-B transitions. The D-A transition is
not reversible under the present conditions but the A-B
transition is perfectly reversible as noted before for natu­
raI DNA (Lindsay ct al. 1988; Premilat et al. 1990). The
part A-A* of the transition eurve (Fig. 2), correspollding
ta the non-cooperative disorganization of the A form. is
linear with the r. h. (values of the helical parameters can
then no longer be obtained l'rom X-l'al' patterns).

We noted that when the r. h. is increased starting l'rom
a low value (D form), the fiber diameter presents two
types of variations eorresponding respective!y ta the D-A
and A-B transitions (Fig. 2) with a marked point of in­
Ilexion between these two transitions.When the r. h. is
decreased l'rom the high value corresponding to the B
form. the route followed by the diameter value is not
reversible as for the liber length; the diameter decrease is
then uniform even in the A-A* portion of the eurve.

Fig. 2. D-A-8 transition: v<lriations orthc Icngth (
(- - -) as a rllllction or thc r. h.

-,',::-L__~ L
40 80 80

r.h.%

) and diamclcr

B. The f)-B lral/siliol/

We proeeeded as for the preceding sludy hut sail \Vas
added to the Ilher progressivel)' ulllillhe A l'mm could nn
longer be observed on X-ray palterm. The perreclly re­
versiblc B-D transition l'an thcn'be alwlysed l'rom X-ray
patterns. Note lhat it is not necessary in the prescnl case
ta maintain the liber Ilxed ta the holder in nrder ln gellhe
D fonn.

Results thus obtained arc given in Table 2. One can sec
that for r. h. lower than 60%. the D form is oblaincd
(Fig. Ja): ils helical paramelers vary very slightly \Vith
lhe relative humidity. As saon as the r. h. is 760,,;,. only the
B form appears on X-ray patterns (Table 2 and hg. Jc).

Between 60'~';' and 7()'ljo r. h. (i.e. the range or D-B
transition) no conlinuous variation of the parameter p
(rise pel' nucleol ide) is ohserved as \Vas the case for 1he
B-C transition (Premil,tt ct al. 1990). A mixture or [) and
B forms is rather c1early ohserved on lhe X-ray patterns
(Fig. 3 b). Me<lsurements or liher dimensions give values
presenled in Fig. 4. The liher length remains pr;lcticallv
constant l'or r. h. lower then CJ()';;, (D rorm) and a sleep
increase of lcngth is then observed unlil XO°,';, r. h. The
length variations with the r. h. arc perfectly reversible and
in complete agreemenl with observations made on X-ray
patterns. Aclually. we noted thal the ratio of the length
values al 80 and 56'1'0 r. h. is incleed equal ta the ratio of
the eorresponding values of the parameter J7 measured al
the same r. h.; this is in aceordancc with the direct rela­
tion existing bet\Veen the liber Icngth and the rise pel' b,lse
pair in the molecular double helix (Premilal ct al. 1l)l)O~·.

li;.,

C. !frdrolioll o/po/i' d( ;/-TJ '/}(I/r dl :I-T)

The imporlant l'Ole played hl' \Vater during rOlïl1 Ir;lIlsi­
tions of the poly d (A-T) . poil' d (A-T) l'an be weil apprc­
ciated in Figs. 2 and 4 where the variation of the liher
diameler is rcprcsented as a runction or the r. h.

The double helie<lI con 1'0 rlll a tions adopted by na 1ura 1
DNA as weil as by synlhclie polynucleotides arc directly
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,1Inclcr (.. -) as a runclion t)r thc r. h.
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rcl<lled ln Ihe deglTe nI" hydl':lllnll ni 1Ill' 1111 1kCliks 1"­
dr<ltiClIl CI Il he defïlled hy Ihe :t\'Cr:lged IlUlllhcr Id Il ;1iL'r
ll10keliles :lssl1cialcd \Vith ;1 IlUclel)!lde ,,1' the IlWkl'lI!,11
helix. This Il li III hCl'. r;. C<l1l he delelillilled hy Ihe 1",,1111\1,
ing e,rn:ssillii rreviollsly eSI:thlished (1 LllIl1"uch, l,t;iI
1tf(0):

Ci = ". ( '/ 1;, l.' N . 71

where ,./ is the vol lime of Ihe fiher :It :1 gilen r. h.. 1;, lh:,!
volume at 40% r. h.; N is the Ilumber of Iluclclltides silu­
ateu along the fiher axis, " is the 11UIllhcr pf Iluclclliide
rairs in a section of the fiher :\nd l\ is a cpnstant equ:lit,)
1.67.10,omm .1

/. 1(/ria/iolls o/Ci dwillg l!Ie /J'.I Irl/Ils/lloll. By usill!,! the
values of the fractioll X.\ nf 11uclcotides in Ihe ;\ f(HIll <lS
a function of the r. h. as weI! as the values of C; cl1rre·
srl1ndin/1 ln the [) tn 1\ Ir:lnsiti"ll. we esl:d.,li,hl·d llie
eurve of X\ versus G rresellted ill [·ïg . .'i. The lille<lr 1':11"1­
alioll of X.\ IInlil (, ='"' 5 (r. h. of (,Rn;,) cOrITSr(ll1<!s ,,, the
lransili(ln D·I\. Rcsuils lhus ohl:lillcd slw\\' th:llllllil tille
l'vatel' rn"leeule (ail :l\'er:lge) is ;lssoci:llL'd \\Itli :1 Iluck­
"tide ill the D rpr1l1 at 5()1I;, 1'.11. IIhile 5 ";lter 1l10icCliks
rer nucleotide sl:\hililC the 1\ fOrill.

Fig. 5. D·Â-Il Iransilit)n: (0) fraelilln Y.\ of nlleicnlides in Ihe Â
f"rm.1 ,.) fraclion X" ofnllclcolides in the Il form l'crSll' Ihe nlllllber
C; of lValcr moiccliles rel' nuc\cotide
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2. 1II/'ù/lill/lS ore; dl/ri/lg l!Je ,.(·[3/1'1I1/silioll. The 1',lrI:lti"1l
of the fraction X" of Ilucleolides ill the H form versus (; IS

givel1 il1 Fig. 5. lIere ;i1so, the v:lrinti(lll il' lillcnr Uillii
C = 1R (1'. h. (1f 88"';». This Insl value pf (; is Ihe :l\'Cr;lge
nUl11ber of water I11n1ccu1cs Ilecessary to ll'al1sf(l1'l11 :lIltl1l'
ro1y c1(A·Tl· ro1y drA-Tl in((i ils H fornl. F(lr Inlger
values of (,. lhere is a saluralipn which 111:111lly affects j)le
fiher c1iamclcr. ~.

",
3. lll/ï'(/liIlIlS IIr(, dl/rillg l!Ie n·R Irl/I/.lililll/ 111 Fig. (, (Ille
C:ln see tl1e varialion (lf.\'" aS:l fUllctiol1 of (;. The 1·:tri:l­
liol1 is line;lr until (, = 1:1. a value wrresplllhlill!! 10

X" = 1. This value of (; represel1ts the average I1U1l1hcr ,,1'
waler lllo1cculcs associnted with evcry l1ucicl1tide il1 the Il
form duril1g the [) ln n tr:lI1.silion. The rrcselil resulls
sliow th:tt thcre :Ire 11()\\ .\ lI':tler 1110 icc li les rer Ilucicptide
ill Ihe D fnr1l1 :11 wlI.;, r. h. (r"rsvlh ('1 ;i1. 19X'» This
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Discussion

ligure, much larger than that for the O-A transition, could
be a consequence of the larger amount of salt used, in the
present case, in order to avoid the A form.

10 20 30 G

Fig. 6. D-B transition: fraction Xn of nuclcotides in the 13 form
versus the number G of water molccules per nucleotide

'"1

representing the fraction X of nucleotides in a given hcli­
cal form as a function of the water content G (Figs. 5 and
6). Such behaviour is characteristic of transitions between
different forms of the double helices while a progressive
dcformation of one conformation would result in non-lin­
ear variations of X versus G (Harmouchi et al. 1990). This
linearity, clearly observed for the O-B as weil as for the
D-A-B transitions, is in accordance with the sigmoidal
variations of the liber length as a function of the r. h. (Figs.
2 and 4); this indeed characterizes cooperative conforma­
tional transitions between distinct helical forms of poly­
nucleotides or natural DNA (Premilat et al. 1990). More­
over, mixtures of X-ray patterns corresponding respec­
tively to A, Band D forms are actually observed when the
r. h. is givcn values located in the transition Întervals.
Il appears thercfore that the D form of poly d(A-T) .
poly d(A-T) is not an clement of the B family but rather
a stable distinct conformation of polynucleotides or
DNA.

Acl.:llo\\,/('t!g('I/1CII(S. We thank Drs. 1. Doucet and 1. P. Belll)it for
assistance in conducting expcrilllcnts with Synchrotron radiation at
L. U. R. E. (Orsay) where X-ray patlcl'lls of mixtures of D and 13 forms
were ohtained.
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The experimental methQd which assoeiates liber dimen­
sion measurements with X-ray diffraction, allows one
to gain information on the role played by water during
the different conformational transitions of poly d (A-T) .
poly d(A-T). Actually, the presentstudy gives the evolu­
tion of the average number of water molecules associated
with a nucleotide during the O-Â-B and O-B transitions.
Il is also shown that the A form is stabilized with an
average of 5 water molecules per nucleotide when the
D to A transition is performed in the poly d (A-T) .
poly d(A-T) (one should note that water present in the
liber at 40%.r. h. is not included in these estimations). For
the A-B transition, an average of 18 water molecules per
nucleotide is necessary to get the polynucleotide in the B
conformation. This ligure is indeed very near to the value
obtained for natural DNA (Saenger 1984; Brandes et al.
1989; Harmouchi et al. 1990). However, when the B form
is obtained from the O-B transition, an average of 13
water molecules per nucleotide are then sufficient to sta­
bilize the B form. This value is intermediate between that
obtained (G = 9) for the C-B transition in natural DNA
(Harmouchi et al. 1990) and the value of 18 presently
observed for the B form resulting from the A to B transi­
tion. One should note that these different numbers of
water moleculès necessary to stabilize the I3 form result
from the different salt concentrations used in order to
obtain specilic DNA transitions.

The present method of analysis does not allow one to
determine the precise position of water molecules in the
double helical structure as it is realized in single crystal
X-ray studies on oligonucleotides (Drew et al. 1981, Con­
ner et al. 1984). Neverthcless, our approach permits one
to diseriminate between helical ddormations and actual
transitions between distinct structural families of double
helices. For instance, one can draw important informa­
tion from the observation of the linearity of the curves
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E) LA TRANSITION CONFORMATIONNELLE R-Z ET HYDRATATION DU
POLY (DC DG). POLY (DC DG) EN FIBRE

Photo N° 12 Forme Z du poly (dC-dG) .poly (dC-dG) avec
sel de sodium à 77 % d'humidité relative.
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Abstract

Ille B-Z transition of poly (dC-dG) .poly (ele-dG) !Jas been

stucliecl by fiber X-ray diffraction and mesurernent of fibtôr

(lirnell::)ion~j. The polYlIlorphisrn of the Z forrn is "'1211 obSt'rVE"d as

a fUll C t i 0 Il 0 f var i a t ion s 0 f the r. 11. ( rel cl t ive hum i cl i t :y). T11 e

Z to B transition 1S obtained at very 11igh 1'.11. values Tlle

cooperative transition from B to Z is associated witll a

disorganization of the fiber. Details about the I!"{c!l'dtion of

the polynucleotide during conformational transitions are

presentecl and it 1s shawn t!Jat a nucleotide in Z forrn cal! be

associatec1 with up to 16 water rnolecules and to 22 \"Ihen in tlle

B form.

Keywords poly (dC-dG) .poly (dC-dG) B-Z helical

transitions

dimensions.

hydration X-ray diffraction fiber

Running headline B-Z conforrnational transitions
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Introduction

The left handed double helical conformation of

oligonucleotides composed of sequences of alternating cytosine

and guanine have been precisely determined by X-ray

crystallographyl. This Z form of polynucleotides has also been

observed in solutions 2 and in fibers by X-ray diffraction of

poly (dC-dG). poly (dC-dG) 3 -7. Note that in these last cases,

the left handed helical conformation is frequently named the S

form 8 •

Besides its interesting physico-chemical properties, the

biological importance of the Z conformation has been put into

ev idence by in vivo exper imen ts on di f ferent plasmids 9 The

left handed helical form of DNA intervenes in genetic

recombination10 and in the transcription process 11 • It has

also been shown that some proteins and ligands 12 can be more

tightly bound to polynucleotide sequences when they are in the

Z form rather than when in B conformation. Supercoiling,

generated by biological processes, is a factor \-lhich can also

stabilize stretches of Z-DNA in vivo as demonstrated in a

In arder to gain information about the effects of

variations of external parameters on the form transitions, the

study of poly (de-dG) poIl' (de-dG) molecules in fibers is

particularly interesting as it can adopt left handed as weIl

as right handed helical conformations depending on the

physico-chemical conditions 6 • Moreover, the transition between
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these two families of double helixes can be followed by fiber

X- ray di f fract ion as soc ia tecl wi th meas urements 0 f f iber

dimensions, accorcling to an experimental method previously

established14 and applied to the analysis of the hydration 1 ~

of DNA cluring conformational transitions. This method is usecl

in the present study and it allowed us to establish

experimental curves for the B-Z transitions of poly (dC-dG).

poly (dC-dG) and to determine the changes of hydration during

tlle conformational modifications of the polynucleotide.

Material and Methods

Lyophilized samples of poly (dC-dG). poly (dC-dG) ,

purchased from Pharmacia, were used without any further

purification to get, by addition of distiled water at pH 7, a

gel from which fibers were drawn. As the salt concentration is

of main importance for the type of helical conformation

adopted by the polynucleotide molecules, the following

empirical procedure was applied in order to get the

appropriate amount of NaCl in the fiber : X-ray patterns were

firstly obtained to test the fiber and, according to the type

of helix pattern observed, a small amount of a solution 0.01 M

NaCl was added to the fiber which was then tested again by

getting another X-ray pattern. This was made again until the

clesired helical conformation was obtained.

The organization of the fibers is improved when they are

submitted to cycles of variations of the r.h. relative

humidity) from very high values (95 %) to low ones. During

theses cycles, the fiber is maintained vertical wi th a light
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tension applied on its free extremity16 This tension is

withdrawn when actual measurements are performed. The side of

the X-ray camera facing the collimator has been made of a

transparent plastic sheet which allo\,;s us to measure, before

and aftet' ev"ery X-ray exposure, the fiber dimensions with a

binocular microscope. Fiber X-ray patterns associated to the

different fiber lengths are therefore obtained under the same

well controlled conditions of r.h. as for fiber dimension

measurements 14 .

The c1etermination of the number G of water molecules

located in the vicinity of every nucleotide as \.;e11 as its

variations during conformational transitions is made according

to the procedure described previouslyl ~. We therefore applied

the following relation :

V

G = K
Nn

with K = 1.67 1019 mm- J

and where V is the difference between the fiber volume

rneasurec1 at a given r.h. and at 0 % r.h.; N and n are the

numbers of nucleotides respectively 10catec1 along the fiber

axis (between two points chosen for the length measurement)

and in a section of the fiber. Values of N and n are obtained

from the determination of the crystallographic parameters

following the method already used13 •
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Results

X-ray diffraction

Fibers of poly (dC-dG). poly (dC-dG) used for the present

study are weIl organized and they do not present the A helical

form when at 75 % r.h. but rather the Z conformation.

In table lare given the different characteristic

parameters of the double helical conformations determined from

X-ray diffraction patterns obtained at different r.h .. One can

s ee tha t meas uremen t i s pos s ible even on patterns obta illed a t

very low r.h. values. Actually, the X-ray patterns do present

a good definition for r.h. between 35 and 85 % (Plate l a,b);

we then get the Z form of the polynucleotide. When the r.h.

is risen at values between 85 and 95 %, the diffraction spots

become more di f fus ed (P late le) and the pattern obtained a t

values of the r.h. higher than 95 % is characteristic of the B

33.8 A and

experimental

form Plate

p

l d) wi th the c lass ical helical parameters P =

= 3.39 A. One should note that the present

observa t ions are in agreement wi th resul t s

already obtained on fibers of poly (dC-dG). poly (dC-dG) with

synchrotron radiation7 •

of

We noted an evolution of the parameters P and p

the Z form presently observed, while the

(table 1)

r.h. was

increased. But the ratio P/p remained almost constant with a

value very near to 6. During these modifications of the Z

form, one gets the helical parameters corresponding to the two

forms defined as Z1 (or 81) and Z2 (or 82) 7.17. These

conformations observed at 40 % and 88 ''6 r.h. respectively,

correspond to P = 43 A and P = 45 A .
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Wh en the polynuc leot ide is in i ts Z form, the mer ididn

spots observed on X-ray pattern are characteristic of a

dinucleotide as the tepeating uni t. These spots are modi f ied

\.; i t h incre a singr. h . and fin a 11 y dis a p p e al' for l' . h . val u e s

higher than 95%. We then have a change of conformation the

meridian spot which corresponds to 7.5 A c1isappears and the

one associated to a distance of 6.4 A is observed on X-ray

patterns. When the B form is obtained at 97,5 % l' .h. , only one

meridian spot at 3.-:1: A is present the repeating uni t is

then one nucleotide in one helical conformation. The curve on

figure l represents the variations with the r.h. of the value

Pm of the me an axial projection of a nucleotide. We can see

that this parameter presents increas ing values when the r. h.

is risen from 0 to 95 % and i t decreases very steeply for

r.h. higher than this last value.

Moreover, \.;e can note that when the Z form is observed,

the parame ter a 0 f the hexagona l uni t cell var ies from 17 to

23.8 A. The unit cell comprises then only one double helix7

and the value of a represents therefore the distance bet\.;een

the axes of nearest neighbour helixes. When the transition

from Z to B appends, the distance between axes of helixes in

the fiber varies from 24 to 27 A and the cell, with a = 47 A,

contains then three double helixes.

To study the reverse transition from B to Z, the r.h. was

10\"ered very s 10\'; ly from the value of 97 ~h. When the r. h. i s

near to 90 % a mixture of Band Z forms is still observed on

X-ray patterns (Plate 2 a) Actually, one can see a meridian

spot at 3, 4 L~ (B form), a meridian at 6.46 A associated \üth

the altenlating sequence of dinucleotides and only one
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meridian spot at 3.74 A characterizing the Z form. At 88 %

l' . h. the mer idian spot a t 7.27 "\ (Z f oral) reappears on the

patterns (Plate 2 b) and at 80 % the Z form alone is observed

on X-ray photographs (Plate 2 c).

We noted that when the r.h. is lowered suddenly from 97.5%

(the po lynuc leot ide is then in the B form) to 30 'Oô, one then

obtains a pOOl' X-l'al' pattern with a meridian spot at 3.32 A

and an important second layer line which allows us to

determine a helical pitch of 30 A (see Plate 2 d). This

distorted B conformation (or C form) 1 4 which corresponds ta 9

nuc1t';otic!e pairs pel' helical turn, is modified \,.,hen the r.h.

is increased and one gets again the Z form at 80 % r.h. but

the fiber is then very much disorganized.

Fiber dimensions

Measurements of fiber dimensions during the Z to Band B

ta Z transitions have given values presented in figures land

2. These measurements are performed under the same conditions

of r.h. as those realized for X-ray diffraction. On figure l,

we can see how the fiber length increases until 95 % r.h. and

it then suddenly decreases when the r.h. is higher than 95 %.

slightly

At 97.5 <)ô r.h.

Conversell' the

the f iber length is even 10\-1er than

f iber diameter (f igure 2) increas es

at O ~.o.

until 80 % r.h. and steeply thereafter.

When the r. h. is decreased from 97.5 %,

remains almost constant (figure 1) until 88

the fiber length

% r.h. (note that

at such a value of r.h., X-ray patterns show mixtures of Band

Z fonns). For r. h. lower than 80 % the f iber length decreases
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but one do not obtain the length values

beginn ing 0 f the proces s (the f iber length

we had at the

is 596 smaller).

Nevertheless, the fiber diameter takes again its initial value

(as the c l'ys t a llograph ic ce Il parame ter ). An adcli t iona l eyc le

of r.h. variations gives the same effect and the fiber length

is 10\.Jerecl again when the r. h. is at 0 oô. Moreover 1 \.;hen the

r. h. is sucldenly decreasecl from 97.5 to 30 % such a loss of

the fiber length is even larger (near to 10 %).

Hydration of poly (dC-dG). poly (dC-dG)

Results obtained simultaneously from X ray diffraction and

meas urement s 0 f var ia t ions 0 f the f iber dimens ions wi th the

r.h., allowed us to follow the changes of the number of water

molecules associated with a nucleotide during the

eonformational transitions 15 . We therefore determined (Table

l ) t ha t the l' e are 2 \.J a ter m0 l ecu les p e r nu c le 0 t ide \v he n the

poly (dC-dG). poly (dC-dG) is in the Zl form. This number

increases regularly during the evolution from 21 to Z2 and

there are 16 water molecules pel' nucleotide in this last

conformation (just before the transition to the B form). Note

that these figures do not take into account water which

rernains in the fiber at 0 96 r.h. 18 . The complete transition

from Zz to B necessi tates the addi tion of 6 water molecules

pel' nucleotide which have then 22 h'ater lTlolecules in their

vieinity ; this last nurnber is even increased when the r.h. i5

agreement with data

poly (dC-dG) films

larger than 97.5 %. Result5 presently obtainecl are in

deduced from studies on poly (dC-dG).

by infrared spectroscopy19 and with
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Table 1. Z-B~Z transitions as functions of the relative
humidity. Crystallographic parameters : a=b parameter
oI-ffle-l"fé-x-agonalTE'n l -;---c=P-h-el-ix -····pitch-···; - -pCl.xia-l­
separa t ion a f the repea t ing uni t (dinuc leot ide) , Pm
axial separation of the repea ting uni t (one
nucleotide) u=P/p number of repeating units per
helical turn G number of water molecules per
nucleotide.

a = b (A) C = P (A)R.H.
%

6

25

47

75

85

90

95

97.5

90.5

88

65

18

Form

17.0

17.3

18.0

18.7

19.5

21.6

23.8

47.0

42.0

40.0

18.5

17.5

o

42.0

42.5

43.5

43.8

44.2

44.2

46.5

33.8

33.8

45.2

33.8

44.4

43.4

42.0

6 o
P (A)

6.85

6.92

7. 13

7.25

7.32

7.36

6.46

6.46

6.40

7.27

7.20

6.90

6

3.42

3.46

3.51

3.62

3.66

3.68

3.78

3.39

3.37

3.75

3.37

3.63

3.60

3.45

li

6.1

6.1

6.1

6.0

6.0

6.0

10.0

10.0

10.0

6.1

6.0

6.0

G

0.3

1.5

3.5

6.1

9.8

16.6

22.7

15.3

10.8

J.O

0.1
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studies on solutions bjl' diel~çtriç

relaxation 20. Noreover 1 the present obser\;ations concerning

the variations of the number of ~ater molecules during the B-Z

conformational transition are complementary to those obtained

from X- ray crys tallography ~.;here the pn-)c is e pos i t ion 0 f wa t el'

in the Z double helix can be estimated21 - 23

The comparison of results obtained from X-ray diffraction

~dth the rneasurement of vat'iations of the fiber dimensions

puts into evidence a proportionality between the inter helical

dis tance and the f iber diameter (s ee figure 2). This f ae t is

observed when poly (dC-dG). poly

well as \.;hen the transition to

(dC-dG) is in its Z

the B form occurs.

form as

We also

noted that the change of conformation from Z to B appears when

the distance bet\veen helix axes has a value of least 23.8 À

and that distance increases to 27 A for the B form. Besides 1

~,'e know 1 that the diameter of the double helixes of poly (dC­

dG). poly (dC-dG) in Z form is ne al' to 18 A and that it is 20

A in the B conforrnation24 • V-Je therefore see that relatively

large inter 11elical distances are neeessary in order to allow

the important molecular rnovernents inducillg the transition

bet\.jeen left and right handed helical conformations of poly

(dC-dG). poly (dC-dG) Sueh enlargement of the packing

distances of the double helixes is due to water molecules

and is obtained by rising the r.h. until values very near

to 100 %.
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Discussion

The present experimental results, obtained simultaneously

from X-ray diffraction and measurement of c1imensions of poly

(dC-c1G). poly(dC-dG) fibers, clearly show the reversibility of

the 8-Z transition. However, we noted that the form transition

i5 realized at very high and in a narrm.; interval of r.h.

values (mainly for the Z2 to 8 transition). At very 10\'; r.h.,

the polynucleotide is in the Z1 form and it progressively

evolves, as the l'.h. is risen, toward the Z2 forrn until it

changes steeply to the 8 form. The application of the present

experimental methoc114 allowed us to c1etermine that the Z form

of poly (dC-dG). poly (dC-dG) can be associated \.;ith ap to 16

\.;ater molecules pel' nucleotic1e and that 6 more are necessary

to achieve the Z to 8 transition.

An almost perfect proportionality between the fiber length

and the helicai parameter p (an average value for Z) is

observed (see figure 1) for the transitions Z1-22-8. This fact

clearly indicates the polymorphism of the Z form 2 :3 of poly

(c1C-c1G). poly (c1C-c1G). 8ut it should be noted that, even if p

var ies \.;i th the r. h., the number 0 f dinuc Ieot ides pel' he l ical

turn remains equal ta 6 . [>loreover , the 21 helical conformation

corresponds to very low r.h. \,;hile Z2 is obtained at very high

r.h., Just before the transition to the 8 form. We can ac1d

that the continuous 21 -Z2 change of form is perfectly

reversible.

Conversely, the reverse trans i t ion from B to Z, observecl

\-.'hen the r. h. is 10werec1, is much slower as already notec1 in

st udies on s 0 lut ions 2 6 or on f ibers 1 9. Moreover, under the
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present experimental conditions, this change of form is

obtained in a larger interval of r. h.. We firstly observed a

mixture of Band 22 forms Hhen the r.h. is decreased and

thereafter, a progressive change trom 22 to '7
L.d • The transition

from B to 2 i5 always associated to a disorganization of the

fiber and that f:ffect is more important when the r.h. is

sudclenly Im.Jered As Cl consequence, ~"e observed tha t, even

for very sloH variations of the r.h. , there is no

proportionality betHeen the fiher length and the helical

parameter p. Larger lengths of the fiber should correspond to

the t l'ans i t ion from B to 22, but the dis organiza t ion 0 f the

fiber is superposecl on that transition and any observation of

the fiber length variation becomes impossible Hhen the r.h.

is 10Hered from the value of 97 96 • Ive can add that a tens ion

applied on the fiber 16 improves the B-2 transition and

actually maintains the fiher organization. But it also

induces sliding of the polynucleotide helixes past one

another and that rnakes the fiber length rneasurernents

irrelevant.

Nevertheless, it appears that the change from B to Z

conformation rernains cooperative because no ,,'ell organized

forrn, different from B or Z, can actually be observed on X-ray

pa t terns dur ing the trans i tion. Tha t i s in agreement \.J i th

results ohtained from studies on solutions 2ï - 29 and also on

films 19 of poly (de-dG). poly (de-dG).
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FIGURE CAPTIONS

Figure 1. Variations of the
Z-B-Z transitions
pm (1--1) for the
relative humidity.

fiber length L (..-.) for the
and of the rise pel' nucleotic1e

Z-B transition oS flJnctions of tlle

Figure 2. Variations of the fiber diameter 0 ( e) and the
distance between helix axes d aa (1- li for the Z-f)
t l' ans i t ion a s [ Il net i 0 Il S 0 f l h e rel Cl t i. \' r' h 11111 i cl i L Y.

Plate 1. Z-B transition. X-ray patterns
1'.11.- Z1 form (b) 86 % r.h.
r.h. - limite of Z2 form ; (d)

obtailled at
- Z2 [orm

97,5 "6 r .11.

«1l :n rh
(c) 9 'i rI-,

- B [orm.

Plate 2. B-Z transition. X-ray patterns obtainec1 at (ct) 90 "r)
r . Il. - B- Z for ms; (b ) 8 5 % r. h. - Z2 fOI' m (c ) ·1 0 °6

1'.11.- Z1 form (d) result of a sudc1en clecrease of
r.h. from 97 % to 50 %.
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F) DISCUSSION

L 1 f~n;:;",:rnhJf,J eles résultats expérimentaux. reclleillis :3ur les

clLJCf~l'(:>llt.e;; t1.'dn::jitions de l'ADN, par la métllod(-~ qui as:,:;ocie

la diffractIon RX et l'observation directe de la fibre,

montrent L'intérêt de cette méthode. Les facteurs qui agissent

sur les transitions peuvent être mis en évidence ainsi que la

subtilité de leurs interactions. Les résultats obtenus sans

ambiguité par cette méthode peuvent être comparés à ceux

dédllits des autres tecllll iques . On remarque

proportionnalité entre la longueur de la fibre et le paramètre

p n'f:"st vérifié que dans la me~)ure où les trdLlsition::; sont

hontes et cldn~:; le domaine où il y a un ordre acceptabl,,: des

lilolécules cl',~D:-; ct l'intérieur de la fibre. On peut Lloter que

les fibres 1 surtout dans un en\Cironnernent à faible humicli té

relative (souvent en-cll~ssous de 50 Qfi) ne donnent CJénér'alem(~nt

plus c1 (c, ('1 ichés R.X. exploitables, étant donnée la

desol'Çfdnis:1t.ion dE'_'s molécules que Iton remarque (~Çfdlement paT

11 n e cl irn i Il U t ion cl e la Longue u r deI ct f i b r e . De rn ê rn e 1 une

d iminll t ion brutale et rapide, sur un grand intervalle

d'humidité relative, entraîne une plus grande diminution de la

IOllCjueur de la fibre qui masque souvent la transition attendue

et, de plus, crée un désordre irrévers ible dans la fibre. Ce

phénomène se rencontre particulièrement avec le poly (dC-dG).

poly (dC-dG) où une clililinution brutale de l' humidité relative

ch; 9 7 "0 (l '.~ [:J 0 l YIl Uclé 0 t i de est ,=; 11 for me B)j J 5 °6 C rée une

diminution relative de longueur de 10 alors que la

diminution de p n'est qllf~ de ') c
~,J Le cliché R. .\:. dénote

dlors une forme B déformée et pas la forme Z attE'~nclue.
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La proportionnalité entre longueur de la fibre et le

paramètre p n'est pas respectée dans un autre cas avec le poly

(dC-dG). poly (dC-dG) par diminution lente de l' humidité

relative de 97 % (forme B) à 88 %, la longueur de la fibre

reste constante alors qu'avec la coexistence des formes B et

Z, P augmente. Dans ce cas, on a encore perte de l'ordre

initial de la fibre, ce que révèlent du reste les clichés RX

de moins bonne qualité. Le retour de la fibre à basse humidité

f ai t appara î tre un dé f ic i t de longueur de 6 96 qui peut être

attribué au désordre résultant de la transition B-Z. En fait,

on constate que la longueur des fibres d'ADN ne peut que

décroître ou être à la limite stationnaire lorsque l'humidité

re la t ive diminue. Ce pl' inc ipe expl ique éga lemen t le caractère

irréversible des transitions D-A du poly (dA-dT). poly (dA-dT)

ou C - "\ de l'ADN. En effet, les transitions inverses exigent

une augmentation du paramètre p, donc de la longueur de la

fibre, lorsque l'humidité relative décroît à partir de 75 %.

Cela ne peut se réaliser à ces faibles humidités étant donné

les contraintes dues à l'imbrication des molécules. Il faut

également mentionner que c'est par l'application d'une tension

mécanique sur les fibres que les formes D et C sont obtenues

avant d'initier ces transitions irréversibles.

Des résultats obtenus, on déduit le caractère coopératif

des transitions A-B, D-B et Z-B. Pour ces transitions, on peut

souvent évaluer le pourcentage des formes en présence. Le

mélange des formes A et B a du reste été obtenu, non seulement

avec un duplex d' oligonucléotides en solution concentrée de

sel, mais aussi dans des cristaux d'oligonucléotides (72) et

le pourcentage des deux formes en présence a pu être évalué
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par spectroscopie infrarouge pour un tel type de cristal

(73,74) Le passage de la forme B à la forme C est, par

contre, très progressif. Il est dû à la déformation de la

forme B.

Un autre intérêt de la méthode utilisée vient de l é1

possibilité que l'on a de suivre les variations du nombre de

molécules d'eau associées à chaque nucléotide et d'évaluer le

nombre exact de ces molécules pour obtenir un changement de

conformation. Le tableau N° VI montre les résultats ainsi

obtenus. Il est bien entendu que le nombre de trois molécules

d'eau à l'état déshydraté de l'ADN (75) n'est pas pris en

compte puisqu'il ne peut pas être évalué par la présente

méthode.

Duplex [Poly (dC dG'i ADN 72 % CG ADN 42 % CG ADN 42 % CG (Poly (dAdT)~ (Polv (dA dT)2]

Na+j % 0,8 0,5 0,5 0,28 0,5 0.66
P

Transition

2
1
-2 2-B A-B A-B C-B IrA-B D-B

H.R,%

97,5 B(23)
1

95 Î'" 61

B(22)

92 B(20) B(20)

90 B(18)

96 ! 1
:

* 1
80 B C( 10) 1 B(13)

1

75 2
1
(3) C(4) i

70
1

A(5)

66 1 A(5) A(4) 1
1

1

1

i50 i 1

40 D( 1) D(1)

TABLEAU N' 6

Nombre de molécules d'eau associées à un nucléotide pour les différentes transitions
rencontrées avec les ADN et polynucléotides, Les transitions étant réalisées en
fonction de l'humidité relative entourant la fibre,
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Le nombre de cation Nat par nucléotide, donné dans ce

tableau, provient de l'analyse par microsonde électronique sur

de s sec t i ons de fibre s de s séchée s. Il représ ente le nombre de

sodium effectivement lié à la structure de la molécule d' c:'.,DN

mais non celui présent dans toute la fibre. Dans cette

analyse, avec les photos de répartition du sel, on constate

que pOLlr le poly (dC-dG). poly (dC-dG), une forte quantité de

sel est rejetée sur la surface de la fibre et élève donc la

teneur en sel de la fibre à haute humidité (Photo nOlO b).

Les résultats rassemblés dans le tableau N° VI permettent

de faire quelques constatations. La forme B est d'autant mieux

ma intenue lorsque l' humidi té re la t ive diminue, que l'ADN es t

riche en paires de bases A-T ou encore pour un ADN donné, que

la teneur en sel es t plus élevée. Inversement, la trans i t ion

c:'.,-B se fait à d'autant plus hautes humidités que le

pourcentage en bases G-C de l' }\'DN est élevé et que la teneur

en sel est basse.

On remarque également que l'augmentation de la teneur en

sel de sodium empêche la forme C mais par contre favorise

l'obtention de la forme Z du poly (dC-dG). poly (dC-dG).

Pour la forme Z on constate que les paramètres hélicoidaux

évoluent avec l'humidité relative et que la transition vers la

forme B ne peut se faire qu'à très haute hurnidi té car les

modifications de structure imposées par le changement de sens

de l'hélice deviennent alors possibles.
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CONCLUSION GENERALE
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L'analyse des clichés de diffraction RX obtenus i.lVOC d0S

fibres d'ADN permet d' évaluer, sans ambigl.lït~, les paramètl'Ps

moléculaires des doubles hélices et de constater le

polymorphisme de ces molécules. Pal~mi les [(\(:LP.lll·~;

conditionnant ce polymorphisme on

type de bases. la séquence, le

cation alcalin associé, le taux

relève le pourcentage en

type et le pOlln:E'nlélge dll

d'hydratation, la tension

mécanique et l'association avec d'autres li(ji.lnds.

Etant donnés la limite de résolution des clichés à 3 A et

le f aib le nombre de taches de di f fract ion, as soc ié sou ven l ci

une mauvaise cristallinité, il est difficile de proposer un

modèle conformationnel unique. Un exemple de cet état de fait

est donné avec le modèle conformationnel "side bl' sicle", fonné

de portions d'hélices droites et gauches et préspnl:ëlnt. l('~;

paramètres hélicoïdaux de la forme il de l'ADN. Ce moclé le

prés en te une bonne stéréochimie et un [ae te ur d' aeeo l'cl en t re

intensités expérimentales et théoriques proche du modèle en

double hélice droite.

Pour remédier à cette ind é termin a t ion , on a [a i t Cl P [J e l il Il X

résultats provenant d'autres techniques le cl i c h r 0 ï s mp

linéaire infrarouge et la RMN du P31. Le CT itère imposé pill'

l'orientation du groupe phosphate pour différentes [ormes de

l'ADN permet alors de sélectionner un modèle con forma t ionne l

en accord avec toutes les données expérimentales.

Ainsi, pour la forme B de l'ADN, il a pu être montré qll'ilii

modèle en double hélice gauche n'est pas correct. Lél mêmo

méthode a permis de proposer pour les formes A, il, C cie l'ADN
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et D du poly (dA-dT) . poly (dA-dT) , des modèles

doiventl'ADNdeCetB

conformationnels satisfaisants.

L'analyse des transitions réalisées entre ces différentes

formes permet de conclure que toutes ces conformations sont en

doubles hélices droites. Les valeurs des angles dièdres qui

définissent ces conformations sont proches, en généra l, des

angles dièdres moyens déduits de la cristallograpllie des

oligonucléotides. Bien sûr 1 la méthode utilisée ne permet pas

d'accéder à la disparité topologique dans l'empilement des

paires de bases 1 ce qui semble très important pour la

reconnaissance ADN-protéine

Les conformations A,

essentiellement leur existence aux conditions de

l'environnement, à savoir le type et le pourcentage du cation

alcalin présent ainsi que le taux d'hydratation. En effet,

dans le cas de l'ADN en forme B, le pourcentage en base A-T ou

G-C n'a aucune incidence sur les intensités calculées. Les

disparités d'intensité expérimentales entre fibres d'ADN étant

alors dues à des assemblages des molécules dans des réseaux

différents en fonction de l'environnement eau-sel.

La fixation d'un ligand supplémentaire à l'ADN, comme un

cation métallique (type argent) est un exemple intéressanL

pour déduire d'un cliché de diffraction RX perturbé les sites

de fixation du cation sur l'ADN. On remarque alors que malgré

une distribution non périodique du cation sur l'ADN il est

possible de situer les sites de fixation et cela d'autant plus

facilement que ceux-ci se trouvent proches de l'axe de la

doub le hé lice. Iles t alors pos s ib le de propOf> e l'une

conformation de l'ensemble ADN-cation. L'analyse de cette
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conformation permet éventuellement d'expliquer les anomalies

spectrales observées en solution. Il faut aussi remarquer que

ce genre d'étude peut être menée avec d'autres types de

ligands.

C'est par l'étude des transitions entre les formes A-B et

B-C de l'ADN que l'influence de la tension mécanique a été

prise en considération. L'importance de ce facteur, du reste

souvent mentionné dans les études de diffraction RX de fibre,

est mis en évidence par le fait qu'il peut empêchl"l' la

transition de la forme B vers la forme A. De plus il étale sur

un plus grand domaine la variation de l'humidité relative, le

passage de B vers C. Ce facteur a un effet comparable à celui

de l'augmentation de sel dans la fibre car il maintient la

forme B malgré une diminution de l'hydratation.

Pour analyser les transitions entre les différentes formes

des ADN et polynucléotides, une méthode originale est

proposée. Cette méthode associe étroitement la diffraction RX

de fibre et l'observation des dimensions de la fibre. Elle est

fondée sur des

moléculaires et

re la t ions de proport ionnal i té entre paramè tres

macroscopiques. Les différentes courbes de

transition établies, lorsque l'humidité relative varie,

permet ten t d' établ il' le caractère coopéra tif des trans i t ions

A-B, D-B et 2-B. Par contre la transition C-B est progressh-e

et dénote une déformation continue de la double hélice. Le~,

caractéristiques de la forme C ne sont atteintes qu'à basse

humidité.

On constate également un polymorphisme pour la forme Z car

cette forme existe sur un grand domaine de variation de

l'humidité relative. La présente méthode d'étude des
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transitions permet d'évaluer le nombre de molécules d'eau

assoc iées à chaque nue léot ide et de quan tif ier le nombre de

molécules d'eau nécessaire à chaque forme en fonction du taux

de cation alcalin présent mais aussi du pourcentage en bases

A-T ou G-C.

L'existence de transitions irréversibles des formes C vers

A ou de D vers A, à basse humidité, s'explique par le faible

apport d'eau nécessaire entre ces formes mais auss i par le

fait qu'un facteur comme la tension mécanique intervient pour

obtenir l'état initial C ou D.

La transition réversible Z-B qui entraine un changement de

sens de la double hélice, ne se fait qu'à haute humidité. En

effet, l'éloignement des molécules entre elles laisse alors la

place aux déformations nécessaires. On constate par contre que

le passage de la forme B à la forme Z est plus difficile et

qu' ils' accompagne d'une désor ien ta t ion de la fibre si aucune

tension n'est exercée.

Pour tout ADN, lors d'une transition, on remarque donc des

interactions subtiles entre l'eau, les cations alcalins et la

tension mécanique. Les fluctuations locales de l'environnement

peuvent donc en trainer des modi f ica t ions de con forma t ion de

l'ADN dans les nombreuses situations à l' inté rieur même de s

cellules vivantes.
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RESUME

L'ADN et les polynucléotides étirés en fibres orientées sont

étudiés par diffraction des rayons X en utilisant les possibilités de

modifier leur environnement, à savoir

- l'humidité relative,

- le pourcentage du cation alcalin associé,

- la fixation de cation métallique et la tension mécanique

~ . ap~liquée.

En utilisant les informations obtenues par diffraction R.X. et

des contraintes structurales provenant d'autres techniques, il est pro­

posé :

- une discrimination entre modèles conformationnels de la

forme B,

- des modèles conformationnels pour les formes A, B, C de

l'ADN et D du [poly (dA-dT)]2'

Une méthode originale permet d'analyser les transitions A-B

et B-C de l'ADN, D~A-B et D-B du [poly (dA-dT)]2 et Z-B du

[poly (dC-dG)]2'

Pour chaque transition, on mesure les variations du nombre de

molécules d'eau associé à chaque nucléotide.

r·1üTS {LES :

"
- ADN
- POLYNUCLÉOTIDES
- DIFFRACTION R,X,
- FIBRES
- CONFORMATION
- MODÉLI SAT l ON
- TRANSITION
- HYDRATATION
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