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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. WATSON, 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, a 1'origine de découvertes
capitales en biologie moléculaire. En effet, cette structure a
permis de comprendre comment 1'ADN stockait et transmettait
l'information génétique,et de découvrir les mécanismes de
duplication de 1'ADN, permettant a 1l'information génétique
d'étre recopiée et transmise au cours des générations
successives

Avec la découverte de 1l'universalité du code génétique, la
biologie moléculaire a pu décrire les mécanismes de
transcription de 1'ADN qui dirigent la synthése 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, synthése d'ADN
qui code une protéine donc synthése de protéine, insertion
d'une séquence dans un dgéne et ouverture d'un nouveau domaine
de recherche avec le génie génétique (2).

Les propriétés chimiques et physiques de toutes ces
macromolécules Dbiologiques sont étroitement liées a leur

structure tridimensionnelle. Des questions essentielles se



posent donc pour comprendre comment une structure comme celle
de 1'ADN conditionne sa fonction au niveau moléculaire . Ces
problémes sont ceux de la biophysique moléculaire qui dispose
de plusieurs types de méthodes pour les appréhender : méthodes
d'analyses physico-chimiques en solution (absorption U.V. et
infrarouge, dichroisme circulaire, RMN, diffusion R.X...), la
diffraction des rayons X, 1l'analyse conformationnelle et 1la
dynamigue moléculaire. (3,4) Parmi ces méthodes, la diffraction
des rayons X constitue wune méthode d'analyse structurale
incontestée mais elle présente aussi les inconvénients majeurs
liés 4 la nécessité d'obtenir des cristaux de bonne qualité et
d'étudier la matiére Dbiologique dans des conditions non
physiologiques. De plus, dans le cas de 1'ADN, 1l'obtention de
cristaux n'est possible que  pour des oligonucléotides.
Néanmoins, on peut approcher 1les conditions d'existence de
1'ADN en solution en utilisant 1les avantages que donne la
diffraction des ravons 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 1'ADN (5).
Cette structure de 1'ADN semble trés 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
méme, les récentes études d'association ADN-protéine révelent
une flexibilité de 1la 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



connu que la. structure de 1'ADN peut facilement &tre perturbée
par des insertions de colorant ou de drogues (9). Dans le cas
d'une séquence complémentaire sur un méme brin, la séparation
locale des deux chaines peut créer des conformations
cruciformes (10). Lors d'interaction de recombinaison on
obtient méme des échanges de brin entre deux molécules d'ADN
avec le type de jonction Holliday (11). Tous ces faits
dénotent donc une trés 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 a l'environnement(12).

Dans ce vaste champ de recherches, l'objectif du travail
présenté ici est restreint a 1'étude de la structure
secondaire de 1'ADN et de polynucléotides placés dans un
environnement trés. simple mais modifiable. Cette étude est
faite en wutilisant la diffraction des rayons X par 1'ADN
étirée en fibres orientées.

Les résultats obtenus, rassemblés dans des publications
s'inscrivent sur une certaine période, ce qui explique des
études répondant a un probléme treés précis comme, par exemple,
1'étude sur la validité d'un modele conformationnel de 1'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 modéles conformationnels de
1'ADN ou de polynucléotides résultant de 1'analyse par la

diffraction RX de fibres (14).



C'est ainsi que les premiers travaux présentésrportent sur
des modéles confbrmafionnels de la forme B de 1'ADN placé dans
un environnement de cation alcalin et d'hydratation trés
élevée.

Aprés 1'étude sur l1l'incidence de la composition en bases
de 1'ADN sur les résultats expérimentaux obtenus par la
diffraction des ravons X, il apparait, que pour opérer une
discrimination entre les modeéles, 1l est nécessaire d'utiliser
les résultats provenant de techniques complémentaires comme le
dichroisme 1linéaire infrarouge sur film ou 1la RMN (15,16).
Cette démarche s'étant révélée pertinente, elle a pu é&tre
poursuivie pour analyser les conformations de 1'ADN placé dans
d'autres conditions d'environnement. Ainsi, les conformations
appelées A et C ont pu é&tre Dprécisées. Ces formes
correspondent a un état d'hydratation moyen des fibres et dans
le cas de sel de sodium associé, a une tres faible
concentration pour la forme C. De la méme facgon, 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 envisageées

Disposant alors de modéles conformationnels de 1'ADN pour
un environnement proche des conditions physiologiques,
l'action d'autres types de cation métallique a été étudiée
expérimentalement afin d'en déduire 1l'incidence sur la
conformation. La motivation essentielle est d'expliquer
certains comportements de 1'ADN en solution comme dans le cas
de 1l'étude de la fixation d'argent (17). D'autre part,
l'intérét biologique n'est pas négligeable puisque 1la teneur

en métaux dans la cellule et celle de 1'ADN en particulier,



~varient considérablement pendant les phases  critiques de
1'embryogenése. De méme, il a été remarqué que les cellules
cancéreuses avaient beaucoup plus besoin de métaux pour
fonctionner ou se reproduire(l8). Nous avons poursuivi notre
travail de recherche en introduisant une contrainte nouvelle,
souvent implicitement appliquée aux fibres d'ADN, la tension
mécanique. Ce facteur peut intervenir du fait de 1la
structure tertiaire de la molécule d'ADN. L'influence de 1la
tension mécanique est analysée en particulier 1lors des
transitions conformationnelles pour des ADN naturels, les
passages de A a4 B et de B a C étant induits par des
changements d'hydratation des fibres.

Les derniers travaux expérimentaux présentés sont
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 1'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 a la diffraction RX de fibre
a été utilisée. Cette méthode fait appel & la mesure des
dimensions des fibres ; elle est fondée sur l'établissement de

rapports entre les paramétres géométriques des fibres et les

parameétres cristallographiques.






CHAPITRE I : METHODES THEORIQUES ET EXPERIMENTALES

A) INTRODUCTION

La diffraction des rayons X par un cristal parfaitement
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 1longues chaines
d'unités identiques, comme 1'ADN, qui ne permettent pas
l1'obtention de cristaux, est également possible si on associe
ces chaines en fibres orientées.

Une fibre peut étre considérée comme un groupement ordonné
de micro-cristallites résultant de l'assemblage ordonné de ces
chaines. Mais ces cristallites sont disposés de facon

aléatoire autour de 1la direction de 1l'axe la fibre (figure

ne°l).

Figure n°l
Section d'une fibre polycristalline.

Les petits cercles représentent les molécules

et les régions irréguliéres, les cristallites.

Dans le cas de 1'ADN, ces molécules en chaine ont souvent
la particularité de former des hélices. En fait des doubles
hélices de deux chaines antiparalléles, chaque chaine étant
constituée par la succession de nucléotides. Un nucléotide
comprend un enchainement phosphate-désoxyribose et sur le
désoxyribose se greffe une chaine latérale, la base, qui est
soit purique, soit pyrimidique. Les deux chaines sont liédes

par des liaisons hydrogéne entre bases complémentaires



(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 1la
direction de 1'axe de 1'hélice et par le paramétre p distance

entre les projections axiales de deux wunités consécutives

(figure n°2).

AT
Figure n°2
C < Hélice discontinue, de pas P
>_ T comportant 7 unités en 2 tours.
P

L

Ces paramétres d'hélice sont facilement déterminés a 1'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 modéle moléculaire et de
confronter les intensités théoriquement diffractées par celui-
ci aux intensités expérimentales. Un bon accord entre ces

grandeurs constitue un critére de validité du modeéle.



Dans ce chapitre, quelques résultats théoriques sur la
diffractioh par les structures en hélice sont rappelés.
L'exploitation pratique des c¢lichés de fibre de 1'ADN, 1la
construction de modéles 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 considére une hélice uniforme, d'épaisseur infiniment
petite, de longueur infinie, de rayon r et de pas P ; cette

hélice sera représentée (figure n©°3) dans 1'espace réel par

27 =z
X = r cos —
p
21z
Y = r sin
D
zZ =z

et dans l'espace réciproque par

Xx* = R cos VY
z* = R sin Y
zt =z

Hélice droite continue et sa représentation en coordonnées cylindriques.

I
! Z=2 . °
! Figure n 3
|
Y|

i
] R Ay.
|

¢ y »

x x*
y

a) espace réel b) espace réciproque.



Si la densité électronique le long de 1'hélice continue
est prise uniformément égale a 1'unité, le facteur de
structure, F(x*, vy*, 2*), est donné par la transformée de
Fourier de la fonction "forme" H(x, vy, 2).

4+ o

* * * * * *
F(x,y,2)=f H(x, y,2z) exp 2 mi(xx +yy +2z2z ) dv

- 0

A

La fonction H(x, v, z) étant égale a zéro partout sauf sur
1'hélice ou on suppose qu'elle a une valeur égale a 1'unité et
en remarquant que dv est proportionnel & dz , on peut écrire,

en fonction des coordonnées cyvlindriques :

* * * + . 2 *
F(x , y,2)=J exp2mi [rRcos ( gz-lP)+zZ]dZ

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 2*P = n, avec n
entier. Le diagramme de diffraction sera donc réduit a des
courbes d'intensité situées sur les strates d'ordre n, a
distances de 0, 1/P, 2/P de 1'équateur du cliché (figure N°4).

On a donc :

P
F(R, ¥, —%—)=f exp 2 mi[r R cos (zgz—w) +n?z] dz
0

En utilisant une relation relative aux fonctions de

Bessel, on obtient : (figure N°5)

F(R, §, 2)=J_ (2TrR) exp in (b +3)

Le calcul de F2 donne une gquantité proportionnelle a

l'intensité diffractée par cette hélice continue.



Figure n’5

Figure n®4

i Ordre des strates

- A
P Vs

5 — v

~1 -1
-1 fL—» o
-3 < \
-4 Y R

Rt \

\

._5-—-74 \\L
-k Disbrihution des fonctions

XA RN R de Bessel sur les strates

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 considére wune distribution de

points représentés par 1'intersection de 1'hélice continue de

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

distants de p entre eux (figure N°6)}.
ordre des strates

hélice 5,1 |
6 -———— R 5 ’
5 \ /m-}lj
—Q y

\ } / \
ﬁ‘_\#/ .::,/I,/P

I % gm=0
0_—/ \ ,I \\
/
..lP /‘-A ——\\——— 7 2y
o o \ /
N
-k A\
/ \ / \

~6 —1——————"» —\ \4

RO I RN I I R

Caractéristique du diagramme de diffraction

! i\
s Mo —
...5_4 ﬁ\ o

hélice discontinue formée par
1'intersection entre une hélice
continue et série de plans

paralléles. d'une structure en hélice discontinue.
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Connaissant la transformée de Fourier de 1'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
dquidistants de p donne une distribution de points alignés
distants de z* = m/p (m entier) sur une droite perpendiculaire
A ces plans, la transformée de Fourier de 1'hélice discontinue
est le produit de ces deux transformées. Ainsi, le facteur de
structure aura des valeurs finies seulement pour

z* = n/P +m/p

De plus, s'il y a t tours d'hélice pour 1la périodicité
cristallographique C avec un nombre u de points, on a : t P =
up = C. En considérant une strate 1 définie par

z* = 1/C, on obtient la régle de sélection qui fixe
l'ordre n des fonctions de Bessel sur cette strate avec m
entier

1 =nt +mu

Le facteur de structure pour la strate 1 s'écrit dans ces
conditions
2y 53 @urRexpin(p+
c o 2

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

F(R, ¢,
1
donnée par la figure n°7 :

IIX. Molécule en hélice

Une molécule en hélice est constituée d'un nombre j
d'atomes de différents types dans chaque motif élémentaire.
Chaque atome j de coordonnées (ry, @3, 23) est situé sur une

hélice. Chaque type d'atome a son facteur atomique fj. Pour



la strate 1, le facteur de structure d'une telle molécule est

alors donné par

ZHRZ.]
pe J

) +

ol 3

FfR, Y, =)= ﬁ )J: fj Jn(ZTrrJR) exp i [n (w—<1>j +

0l

avec la méme regle de sélection pour les
ordres n des fonctions de Bessel de chaque strate, a savoir
1 =n t + mu.
Dans le cas de 1'ADN, le nucléotide contient en moyenne 21
atomes en ne tenant pas compte des atomes d'hydrogéne qui

diffractent trés peu les rayons X.

IV. Intensités théoriques

Le fait qgqu'une fibre de double hélices d'ADN soit
constituée d’'un grand nombre de molécules paralléles
ordanisées dans des cristallites d'orientation quelconque
autour de la direction de l'axe de la fibre revient a dire que
chaque molécule individuelle est orientée au hasard autour de
cette direction. Par conséquent, 1'intensité diffractée par
ces molécules en fibre doit étre une valeur moyenne sur les
orientations, c'est-a-dire la moyenne pour toutes les valeurs
de ¥ , puisque ¥ est l'angle qui définit la position de 1la
molécule dans le réseau réciproque.

En écrivant le facteur de structure d'une molécule sous

une autre forme

in P

0l

FR, ¥, <) =X (A +iB)e

n
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avec

>
It

i 3
? fj Jn (21rrj R) cos [n(i - ¢j) + 21TE-zj]

o]
[

. L L
? fj Jn (Zﬂrj R) sin [n(i <I>J.) + 21TE- zj]

L'intensité I s'écrit alors

I = : - i(fn-m)y
i i [(An ALt B B) + i (A, B, = A Bm)] exp

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

2 L 2 2
I=F (R, D = (A]+3B)
n

n €tant les ordres des fonctions de Bessel de la strate 1.
Ajoutons que dans le cas de 1'ADN, du fait de la présence
de deux chalnes antiparalléles, il y a un axe de symétrie (axe
dvade) situé dans le plan des bases et perpendiculaire a 1'axe

de 1'hélice. Cette symétrie annule les termes Bn.

V. Réseau

Dans le cas ou 1l'on considére que les cristallites
constituant la fibre d'ADN sont parfaitement ordonnées, les
molécules en double hélice vont étre distribuées aux noeuds
d'un réseau cristallin. De cet ordre, dans 1l'agencement des
molécules, 1l va résulter, sur le cliché de ravyons X, des

taches de diffraction (ou taches de Bragg) correspondant aux



plans réflecteurs d'indices h, k, 1 propres a chaque type de
réseau cristallin. |

Le cliché de diffraction de la fibre résulte donc d'une
part de la diffraction de 1la molécule en double hélice et
d'autre part, de 1l'assemblage des molécules en réseau
cristallin. En fait, les taches de Bragg du cliché 1résultent
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.

——me ———T—
al b T c| :
I .
| — —— 4u.4LLL.J ) *ose ~\\\
2 — — R Rt ETIRNN
1 —— — ..1»»«»——1-#‘6:-:\ : 'O‘ i\",:"
ISR 0/ SO SRS R
- - e e g
— Hili] sae e
. plus :
Figure n°8 reseau facteur :
hexagonal de forme :

[
facteur de forme reflections diagramme
de 1'hélice possibles désorienté

observé

Cliché de diffraction di 3 1'assemblage en réseau de molécules en structure
hélicoidale.
L'analyse de 1la 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.



En pratique, les clichés de diffraction ne présentent
pas de taches ponctuelles de Bragg mais des arcs de la largeur
angulaire approximativement constante (figure N°8 c¢) . Cecl
est di & une distribution D (a) des axes des cristallites

autour de la direction de l'axe de la fibre (figure n°9).

— Figure n°9
Z Of\\
NS
& TR Y Yy .
D) \ La fonction D(a) et élargissement angulaire
0
E,' ): des reflexions sur le cliché RX.
R S e
_W_AL‘M~~

De plus, la régqularité 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'intensité sur les strates supérieures et a des
distances éloignées de 1'axe du réseau réciproque.

On remarque également que les fibres d'ADN qui sont
sensibles a 1l'humidité relative environnante ont des réseaux
cristallins dont les paramétres et quelques fois 1le type
varient en fonction de 1'humidité. Ces évolutions entrainent

souvent l'accroissement du désordre dans la fibre.
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C) EXPLOITATION DES CLICHES RX -(CAS DE LA CHAMBRE PLANE)
I. Tidche méridienne

La recherche de la premiére 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 1'espacement entre nucléotides successifs p projeté

sur l'axe de la fibre.

L'évaluation du nombre de nucléotides par tour résulte du
fait que seules les fonctions de Bessel d'ordre zéro ont des
valeurs différentes de zéro pour un argument nul et dans ce

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

1=0¢t +41 u, soit 1 = u.

L'ordre de la strate donne donc en principe le nombre de
nucléotides. Néanmoins, il faut remarquer que dans le cas ou.
les strates ne sont pas réguliérement espacées sur le cliché,
l'ordre de la strate est délicat a évaluer.

Pour obtenir la valeur de p, 1l est nécessaire d'obtenir
correctement cette tache méridienne. En effet, le noeud qui
correspond a cette tache est sur l'axe du réseau réciproque,
or, en principe, cet axXxe est perpendiculaire , comme la fibre,
au faisceau de ravons X, donc dans 1la zone aveugle de la
sphére de réflexion (sphére d'Ewald). Pour obtenir la tache
méridienne, il est donc nécessaire d'incliner la fibre d'un
angle a par rapport a4 la perpendiculaire au faisceau RX

(figure n®°l10).



Film

sphére de
réflexion

“Effet de 1'inclinaison de la fibre sur le diagramme de diffraction.

La loi de Bragg donne immédiatement pour p : p = A/Z.sina
avec A, longueur d'onde du rayonnement X utilisé. On évalue
l'angle @ en remarquant que tg a = dm/D, avec dm distance de
cette tache méridienne au centre du film et D distance film
fibre.

Cette tache méridienne peut apparaitre pour une fibre
faiblement inclinée du fait de la désorientation des

cristallites & 1l'intérieur de la fibre.

IT. Détermination du pas de 1l'hélice
Le pas de 1'hélice est évalué a partir de 1la distance
entre 1'équateur du cliché et la premiére strate, 1la fibre

étant perpendiculaire 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 paralléles a la strate équatoriale 1 = 0. En prenant,
sur le «cliché, la direction équatoriale et 1la direction
méridienne comme axes de coordonnées (x, 2z), chaque tache de
la strate aura une position bien définie. D étant la distance

de la fibre au film (figure n°ll),

sphére de
réflexion

_______________ Figure n°ll

BX,.

\

Coordonnées définissant la position d'une tache de diffraction sur le film-plan.
on définit le pas P pour la strate 1 par

P=7P; = A (D2 + x2 + 2z2)1/2/z avec Ala longueur d'onde
du faisceau RX. De plus, pour toute strate d'ordre 1, on a
également : P = 1 P1, ce qui définit parfaitement le pas de
1'hélice.

Dans le cas ou l'on constate une dissymétrie du cliché par
rapport a 1l'éguateur, cela est d00 & une inclinaison de la
fibre par rapport & la perpendiculaire au faisceau RX. Il est
alors possible d'obtenir le pas de 1l'hélice en tenant compte
de 1l'angle d'inclinaison ) (27). Cet angle est évalué .en
mesurant les pas Pri1 et P2z de part et d'autre de 1'équateur
pour une tache donnée de la strate d' ordre L. Pour une tache

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

tg) = dza’ 1/PL2 - l/PL1|
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et la correction sur le pas devient

Ppop
L, L
172
2 (77— )

III. Détermination du pas cristallographique

Le pas cristallographique ¢ est défini a partir de la
relation : t P = up = c

P le pas étanf déterminé ainsi que p et u, on peut
vérifier la cohérence de ces valeurs par le calcul de t. En
effet, 1la régle de sélection montre que 1 = t pour n = 1 et m
= 0. Or, n = 1 implique des réflexions trés intenses proches
du méridien . Le paramétre t est donc défini par 1l'ordre de la
strate comportant des réflexions intenses quasi méridiennes.

En pratique, on détermine les paramétres P et p, puis on
calcule le rapport P/p : s'il est entier t = 1 alors C = P.
Par contre, si P/p est non entier, il faut que le produit P/p
X t soit un entier avec t le plus petit nombre possible.

Pour 1'ADN en forme A, on eévalue ainsi P = 28,15 A,

p = 2.56 A, soit P/p = 11 = u/t. On trouve la strate de la

tache méridienne 4 l'ordre 11. Donc : u = 11 et t = 1 dans ce
cas. De plus ¢ = P et la régle de sélection s'écrit : 1 = n +
11 m.

Par contre pour 1'ADN de Lithium en forme C on remarque
des strates qui ne sont pas parfaitement équidistantes. Avec
la premiére strate, on obtient P = 30,8 A. La tache méridienne
donne p = 3.3 A, P/p = 9,33= u/t. u et t étant des entiers,

cela signifie que u = 28 et t = 3, alors C = 3 P = 92.4 A et
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la régle de sélection s'écrit : 1 = 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 a
1'évaluation de toutes les distances inter-réticulaires : dnxk:
(hkl étant les indices de Miller (24), avec 1 étant 1'ordre de
la strate). Ces distances sont évaluées pour chaque tache de

diffraction du cliché par la loi de Bragg
drak1 =4A/2. sinOnk1

Dans le cas du cliché plan, la valeur de l'angle Onkx1 de

chaque tache est obtenu par la relation

tg 2 Onk1 = Pyy1/2D

D étant la distance de la fibre au cliché et ®nx1 la
distance radiale entre deux taches hkl symétriques.

Pour les formes classiques A, B C de 1'ADN et D,Z des
polyvnucléotides les types et les paramétres de réseau ont été
bien établis aprés un processus de raffinement (28,29,30,31).
L'analyse de la distribution des taches de diffraction sur les
clichés a également conduit a préciser 1l'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 parameéetres qui peuvent étre

variables.
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V. Mesure des intensités expérimentales

Etant donné que 1l'on utilise les films photographiques
pour collecter les informations diffractées par les fibres, il
est nécessalre d'employer au moins trois films superposés pour
couvrir toute la gamme des intensités diffractées. Le
développement de ces films devant étre réalisé avec soin
(température de 20°C, bains neufs, agitation pour éviter les
inhomogénéités de développement).

Les 1intensités sont mesurées a l'aide d'un densitométre.
Pour chaque arc de diffraction on obtient une trace radiale.
L'estimation du fond «continu sous cette trace egt faite
empiriquement en mesurant 1l'intensité entre les strates
voisines de la tache puils on mesure au planimétre la surface
8§ comprise entre la trace du densitométre et l'estimation du
fond continu. Comme 1l y a quatre taches de diffraction par
c¢liché correspondant a la méme valeur théorique de 1'intensité
observée, cette derniere est en fait la moyenne des valeurs
trouvées pour les quatre taches. Pour utiliser ces valeurs, il
faut leur appliquer des facteurs correctifs dont le détail,
pour la diffraction de fibre, est donné par différents
auteurs: Franklin (27), Arnott (32), Fuller (33). Certains
facteurs correctifs sont négligés comme la polarisation (du
fait des angles de diffraction impliqués) mais également le
facteur d'absorption.

Par contre, l'utilisation de film plan implique
l'introduction d'une correction pour tenir compte de la
variation de 1la distance fibre-tache de diffraction et de
1'incidence oblique du faisceau sur le film. De méme, du fait

de la désorientation autour de l'axe de la fibre, l'intensité
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observée est proportionnelle & 1la longueur L de 1l'arc observé
(28).

Outre le facteur correctif dii & la multiplicité des noeuds
ne du réseau réciprogque contribuant a la méme tache, il faut
prendre en compte le facteur de Lorentz; étant donné les
faibles angles de diffraction rencontrés sur les c¢lichés de
fibre d'ADN ce facteur est proportionnel & R, distance de 1la

tache de diffraction a 1'axe du réseau réciproque (28).

. 2 2
Avec R = /(~————2 sin 8, L&y
C
A
& : angle de Bragg i 1 : ordre de la strate ;
C : pas cristallographique ; A : longueur d'onde
Apreés la correction de la distance, l'intensité

expérimentale désignée par F ob:2 s'écrira

SLR

2
IF(obs)| - ng

Les valeurs ainsi obtenues sont directement comparables a

celles résultant du calcul théorique.

D) MODELES CONFORMATIONNELS DES ADN

I. Méthode

Pour calculer 1les intensités théoriques diffractées par
1'ADN en fibre orientée, il est nécessaire de connaitre les
coordonnées de  tous les atomes constitutifs du motif

répétitif, a savoir, le . nucléotide. Pour <c¢e 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 1la méthode de
construction mise au point par J. Hermans et D. Ferro (35)
pour la construction de chaines protéiques.

Cette méthode de calcul utilise un modéle "d'arbre" qui
assimile une chaine de polyméres a un arbre (le squelette de
la chaine principale constituant le tronc et les chaines
latérales 1les branches). Par cette methode, on peut donc
construire une chalne macromoléculaire quelconque a partir des
données géométriques caractérisant les unités qui composent
cette chalne. Ces données géométriques sont les longueurs de
liaisons, les angles de valence et les angles diédres autour

des lialisons entre atomes.

II. Les nucléotides

Dans le cas de 1'ADN, 1'unité constitutive du "tronec", est
formée, dans le sens 5' 3', par trois carbones du désoxyribose
Ch'- C4'~- C3' suivis par 03'- P- 05' du groupe phosphate. Sur
Cl' se dgreffe également C2' et sur le phosphore les deux
oxygénes 01 et 02. La branche greffée sur C4' est constituée
de 04'Cl' suivi d'une base. Les quatre bases différentes
impliquent que 1l'con distingue quatre nucléotides différents.

Les longueurs des liailisons entre atomes de méme 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
a rester dans des intervalles de valeurs trouvées par des

études sur des cristaux de petites molécules.
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Pour le désoxyribose, ces grandeurs ont été plus
particuliérement fixées & partir des histogrammes publiés par
S. Arnott (40). De méme, la géométrie des quatre bases

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

(figure n®° 12)

Figure n°12

) 136 1050 089
|zr4(c\ !
)

1088

(10-85)

...2:70
(271) "~

1ose,

Longueurs de liaisons (A) et angles de torsion (°) dans 1'association Walson Crick
des bases.
a) Thymine avec Adénine ; b) Cytosine avec Guanine
Pour réaliser une conformation du nucléotide il reste en
fait & fixer les wvaleurs des six angles diédres de 1la chaine

principale ; ces angles sont donc des variables définies selon

la nomenclature :

o4 B 1Y '
-P~-0l - C5 - ¢C -3 - 03 =-P -
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o un septiéme angle diédre variable X permet de définir 1la
position du plan de la base par rapport au désoxyribose.

IIT. Les structures hélicoidales

La conformation hélicoidale est construite par la
succesgsion de nucléotides. Chaque forme particuliére d'hélice
dépend essentiellement du choix des six angles diédres qui
doivent étre les mémes pour tous les nucléotides.

Le programme de calcul donne les coordonnées cartésiennes
de chaque atome de 1'hélice dans un repére arbitraire et les
transforme en coordonnées cylindriques avec 1l'axe 2z selon
l'axe de 1'hélice et 1'axe radial qui passe par le premier
atome de la chaine.

De plus, en utilisant les relations de Sujeta et Mivazawa
(42) on peut eXxprimer, a partir des six angles diédres
variables, les paramétres d'hélice p etg du nucléotide (p
étant la projection axiale du déplacement entre atomes
homologues et 6 1l'angle de rotation entre ces atomes). Cet

angle s'évalue par le rapport

6°= 360° p/P ( P : pas de 1'hélice))

IV.Ajustement des paramétres d'hélice du modéle aux
données expérimentales.

Etant donné le nombre important de wvariables qui
définissent la conformation du nucléotide, 1l est nécessaire,
au départ du processus de modélisation, d'avoir un ordre de
grandeur pour celles-ci. Pour cela, on construit un modéle
physique de type Kendrew et on évalue les 6 angles diédres

qui imposent les paramétres d'hélice p etd# ainsi que le sens
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de rotation sur 1'hélice. En fait, on réduit a4 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 1l'angle correspondant. Un programme de calcul permet
de modifier progressivement les 5 angles variables afin
d'obtenir les paramétres d'hélice expérimentgux 0 et p. En

pratique, le fait d'ajouter d'autres contraintes (distance 3

1'axe du cl' pour permettre 1"appariement des bases
complémentaires, fixation de l'orientation du groupe
phosphate...) rend le processus asgsez long et nécessite méme

v

des modifications des angles de valence et des distances

inter-atomiques.

V. Appariement des bases des chaines antiparalléles :
axe - dyade

Le calcul des coordonnées cylindriques d'un nucléotide
permet de réaliser une projection du modéle sur un plan
perpendiculaire a 1'axe de 1'hélice afin de vérifier.
1'appariement des bases complémentaires. En effet, c'est
surtout la projection de la liaison C1l'N9 pour une purine (ou
C1'Nl pour une pyrimidine) gui conditionne la position de la
base. Un schéma de l'appariement correct des bases
complémentaires est alors positionné sur la 1liaison C1'N9
obtenue, On vérifie que la médiatrice de N9 N1 située dans le
plan des deux bases passe par la projection de 1'axe de
1'hélice. S8i ce n'est pas le cas, des ajustements sur les
angles diédres sont réalisés pour vérifier cette contrainte

tout en maintenant les valeurs de p et 0.
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Par cette méthode d'approximations progressives, les bases
sont correctement appariées avec des longueurs de liaisons
hydrogéne conformes a celles mesurées sur des oligonucléotides
{44). De plus, l'ajustement de 1l'angle diedre initialement
déterminé en imposant au plan des bases de rester au voisinage
de la perpendiculaire & 1l'axe de 1'hélice, permet d'établir le
"tilt" ou le "propeller twist" entre bases appariées (figure

n°l3 ).

Figure n°13

Tilp Propeller twist

i n Tosition of axis
Halix i 0 Blom
"

axls
~. /

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

Dans ces conditions, on remarque que, c'est en fait la
médiatrice de la droite passant par C6 (pyrimidine) et C5 - C8
(purine) et qui est perpendiculaire 4 l'axe de 1'hélice qui
devient axe de symétrie des deux chaines antiparalléles. Cet
axe appelé axe "dyade" va étre pris comme origine des angles

et des coOtes z des atomes des nucléotides. Ainsi, chaque atome
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de coordonnée (R , ® , z) dans une chaine aura son homologue de
coordonnées (R , ~-®, -~ z) sur la chaine complémentaire

antiparallele.

VI. Vrification de la stéréochimie du modéle moléculaire

La construction de plusieurs nucléotides avec des bases
différentes est nécessaire pour contrdler la stéréochimie du
modéle en double hélice. En effet, il faut vérifier que les
distances entre atomes a l'intérieur d'un nucléotide et entre
nucléotides, particuliérement au niveau de 1'empilement des
bases, sont acceptables. Une premiére approche est obtenue en
étudiant le modele de type Kendrew construit avec les angles
diédres résultant du calcul. Une autre méthode, plus sflire,
consiste & utiliser un programme de calcul de 1'énergie de van
der Waals pour la conformation envisagée avec une mise en
évidence des distances inter-atomigues défectueuses. Dans ce
cas, tous les atomes d'hydrogéne 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
entrainent des empéchements stérigques, un nouvel ajustement

des paramétres variables est entrepris.

E) INTENSITES DIFFRACTEES CALCULEES A PARTIR DU MODELE

I. Evaluation des facteurs atomiques

Le calcul du facteur de structure d'une molécule en hélice
nécessite de <connaltre les facteurs atomiques des atomes
présents dans la structure et au voisinage de cette dernieére.

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
a

forment pas une structure périodique et dont les coordonnées

cylindriques ne peuvent étre déterminées. Par conséquent,
l'effet dd a ce "solvant" (en fait eau et cation alcalin
présents) ne peut pas étre directement calculé,
L'approximation introduite (Wrinch 1950 (45)) consiste &

considérer le solvant comme un gaz électronique uniforme qui
remplit 1'espace entre 1les molécules d'ADN. Le facteur de
structure peut é&tre calculé en utilisant le principe de
Babinet's (Langridge et al, 1960) {28). Le facteur de
structure de 1'ADN immergé dans l'eau est égal au facteur de
structure de celui-ci diminué d'une grandeur caractéristique
de 1la densité électronique moyenne du solvant. Mails plus
simplement, le terme de correction peut étre incorporé au
facteur atomique £33 (R) de chaque atome (28). Finalement,
l'expression du facteur atomique corrigé f£f3 (R) utilisé dans
ce travail est celle proposée par Fraser 1978 (46) et qui
résulte d'une amélioration de l'expression donnée par Arnott

1973 (41)

2

exp (—Ter§ Rz)

1
fj(R) B fj(R) B Vj Psol

avec R coordonnée radiale dans 1l'espace réciproque, Vi volume
de déplacement de 1'atome (Langride) ; P so1 densité
électronicque de l'eau prise a 0,334 électron par AS.

Les facteurs atomiques des atomes de 1'ADN immergés dans

le solvant, multipliés par le facteur de température

exp( - B2%2_,R2/4)
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avec B étant égal a 4 A? (28) sont donnés dans le tableau I .
On remarque que l'on doit distinguer, pour les oxygénes,
les carbones et les azotes, différents facteurs atomiques qui

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

caractére plus ou moins hydrophobe des atomes.

RA—I 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 11.04 10.87 10.40
-0 - 4.95 5.01 5.20 5.36 5.73 5.94 6.18 6.30 6.29

0 - 6.33 6.33 6.34 6.35 6.36 6.35 6.34 6.32 6.25
- O: 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 43.64
CcC+ H 0 0.11 1.06 2.33 3.35 4.20 4.60 4.77 4.66
c +2H* 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 5.19 5.88
N 6.17 6.16 6.16 5.93 5.77 5.58 5.42 5.18 4.76
N+2H 4.83 4,91 5.21 5.56 5.95 6.22 6.38 6.42 5.25

H 0 0 0 0 0 0 0 0 0

* (désoxyribose)

Facteurs atomiques corrigés des diffdrents types d'atomes formant un nucléotide.

IT. Choix de 1'unité répétitive

Pour un ADN de séquence quelconque mais dont le
pourcentage en paires A-T (G-C) est connu, on peut calculer 1le
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 polynucléotides alternés, le facteur de structure est
calculé en prenant comme unité répétitive deux nucléotides qui
se suivent sur une méme chaine (chaque nucléotide étant
associé a une base différente). Dans ce cas, 1l'axe dyvade
donnant la position de la chalne antiparalléle doit é&tre placé

entre ces deux nucléotides. Un autre cas & envisager pour les
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polynucléotides est celui ou chaque chaine présente la
succession d'une méme base ; 11 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 1la succession de ces blocs
avec les paramétres 0 et p précédemment définis. Cette méthode
de choix de 1l'unité répétitive, constituée d'un ou de
plusieurs nucléotides, peut donc s'adapter a des structures
complexes du type "side by side" par exemple.
III. Intensité calculée

La relation donnant 1'intensité calculée sur une strate

pero ® %)-”i“‘i”’i)

fait donc appel aux coordonnées cylindriques de tous les
atomes de 1l'unité répétitive de la structure affectés d'un
facteur atomique modifié par 1l'effet du solvant. Suivant le
type d'unité répétitive choisi (nucléotide d'une seule chaine
ou bloc de deux nucléotides de bases appariés) on a un axe de
symétrie entre chaine ou non, ce qui dans le premier cas
simplifie le calcul de I car on peut alors annuler les Ba2.

De plus, étant donné la résolution des c¢lichés qui ne
dépassent pas 3 A, 1l est superflu de calculer les fonctions
de Bessel d'ordre supérieur a 15, c¢e qui limite souvent a 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 C),

ainsi avec 1'ADN en forme B, u = 10 et en forme A, u = 11.
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F) FACTEUR D'ACCORD

I. Définition

Le facteur d'accord permet d'évaluer la qualité de la
structure proposée. I1 dépend de la comparaison entre
intensités calculées (I) et observées (Iobvs). Ce facteur

s'exprimer par :

| VI - VI

obs
Ty

R =

Tobs

Pour les ADN en fibre, R varie entre 20 et 30 %, ce qui
n'est pas trés bon. Ces mauvais pourcentages sont dls a
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
1'imprécision des différentes mesures. En fait, la précision
des meilleures mesures ne dépasse pas 10 %. Une autre
difficulté provient de 1la nécessité de choisir un facteur
d'échelle pour comparer les intensités expérimentales aux
valeurs calculées.

Enfin, le calcul de 1'intensité théorique se fait a partir
de plusieurs approximations. La premiére vient du fait que
1'on prend les coordonnées atomiques identiques d'un motif
élémentaire a l'autre dans la construction de 1'hélice, or la
cristallographie de nombreux oligonucléotides révéle une
grande diversité de conformation entre motifs ¢élémentaires
successifs (47). Une deuxiéme 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 modéle
conformationnel envisagé est de comparer les courbes des
intensités calculées et expérimentales. Les intensités
calculées pour chaque strate I sont représentées par des
courbes continues en fonction de la distance R a 1l'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 twist" deg bases de la double hélice on change les
intensités calculées sur les strates supérieures. Un autre
moven de modifier la distribution des intensités calculées sur
toutes les strates est de déplacer l'axe dyvade . Il en résulte
une modification du "tilt" des bases mais 1la chaine 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'intensité calculées
permet également d'apprécier comment les intensités du cliché
peuvent &tre modifiées lorsque, pour un type de conformation,
les paramétres du réseau cristallin wvarient en raison des

changements de 1'humidité relative de la fibre.

G) PREPARATION DES FIBRES

I. Mise en solution de 1'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 1'ADN se fait dans l'eau distillée
déionisée & pH 7. Aprés au moins deux jours a 4°C, la densité
optique de la solution est mesurée au spectrophotométre a 260
nm. On en déduit la concentration en ADN et par le rapport des
absorptions a 290 nm et 260 nm, on contrble le bon appariement
des bases en doubles hélices. La connaissance de 1la
concentration permet de fixer la teneur en sel alcalin de la
derniére dialyse. C'est ¢€galement par dialyse que 1'on peut
remplacer le gel de sodium initialement présent par un autre
gsel tel le lithium. On obtient en mesurant la densité optique
a la fin de la dialyse la concentration exacte de la solution

en cation par nucléotide.

IT. Obtention du gel d'ADN

Pour passer de 1'ADN en solution a 1la fibre, il est
nécessaire de concentrer la solution sans détruire la
structure en double hélice et en évitant de couper les treés
longues chaines de nucléotides. Le moven le plus utilisé est
la centrifugation de la solution & 40 000 t/mn pendant
plusieurs heures. L'ADN est alors rassemblé dans le culot de
centrifugation. Séparé du surnageant, 11 forme un gel dont la
viscosité peut étre diminuée par 1'addition de quelques
gouttes d'eau distillée. Ce procédé permet de récupérer tout
1'ADN mis en solution méme avec de trés faibles concentrations

en cation alcalin.
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Le gel peut aussi étre obtenu par précipitation de 1'ADN
par l'alcool éthvlique. Dans ce cas, 1'ADN récupéré avec une
tige de verre doit subir des lavages successifs & l'acétone
avant d'étre séché puis ré-humidifié. Il est probable que dans
ce cas la teneur finale en sel n'est plus celle de 1'ADN
précipité. Néanmoins, c¢e procédé est utile pour 1les fortes
concentrations en sel.

Enfin, un dernier mode de préparation peut étre utilisé
dans la mesure ou la concentration en sel de sodium reste trés
élevée. I1 consiste a prendre une masse connue d'ADN
lyophilisé et a la dissoudre directement dans un petit volume

d'eau distillée.

ITI. Etirement et orientation des fibres

Pour obtenir des fibres orientéeg d'ADN, on opére par
étirement du gel tout en augmentant sa viscosité par
évaporation de l'eau. Pour ce faire, on dépose goutte a goutte
le gel entre deux fines baguettes de verre. Un porte
echantillon permet de maintenir fixe une des baguettes et de
laisser 1'autre mobile. L'ensemble est placé dans une cellule
permettant 1'observation du gel au microscope polarisant et le
maintient d'une humidité relative élevée autour de la fibre
ainsi que le déplacement, a l'aide d'une vis micrométrigque, de
la baguette de verre mobile (48). En placgant la cellule a 4°C,
1'évaporation de 1l'eau est trés lente ; cela permet de
procéder & plusieurs étirements successifs. L'étirement est
arrété quand la fibre a tendance a perdre son allure

cylindrique. La fibre est ensuite placée & 1'humidité
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relative ambiante en maintenant sa longueur maxXimum (on fixe
ses extrémités)..

Aprés un test aux rayons X, il est possible d'améliorer
l'orientation de 1la fibre en exercant une légére tension
mécanique a l'une de ses extrémités tout en augmentant
1'humidité relative environnante jusqu'a 93-94 % avant de
revenir & l'humidité ambiante .

IV. Contrb6le 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 a 1l'état de
fibre, un contrdle est nécessaire. Ce contrdle 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 & partir d'une solution a 0,05 NA* par phosphore
et la transition B-A pour des solutions contenant au moins 0,5
Na* par phosphore.

Premiére technique : la microanalyvse par spectre de flamme
a été utilisée pour trois types de fibre provenant de trois
solutions d'ADN a des concentrations différentes en sodium ;
les résultats sont rassemblés dans le tableau n°II.

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

VERNAISON)
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TABLEAU N° II

golution Nat /P Dosage fibre Nat*/p
0,05 0,62
1 1,04
5 1,45

Comparaison des teneurs en sodium par phosphore pour des
solutions d'ADN et pour les fibres préparées a partir de
ces solutions. (méthode par spectrophotométrie de flamme)

On remarque, avec la solution a trés faible taux de
sodium, un désaccord d'un ordre de grandeur de 10 avec le
dosage réalisé sur la fibre. L'ADN étant un polvélectrolyte on
constate bien qu'il y a un minimum de sodium comme cation
compensateur qui fait partie de la structure et qui ne peut
étre éliminé par dialyse. Inversement une grande concentration
de sodium en solution n'augmente pas le taux fixé une fois 1la
saturation atteinte. Dans cette approche, on obtient la
quantité totale de sodium présent dans la fibre mais pas sa
répartition. Pour tenter d'analyser cette répartition, une
deuxiéme technique a été utilisée, & 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 a l'axe-de la fibre. ‘

En sondant a différents endroits de ces lamelles, le
rapport entre sodium et phosphore peut étre déterminé. De
plus, cette technique permet de visualiser la section compleéte

de la fibre avec sa densité soit de phosphore, soit de Nat
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mals également de Cl-. Le tableau III donne les résultats

obtenus par microsonde électronique.

TABLEAU N° TIII

Solution Na* /P Microsonde fibre Nat*/p
0,05 0,27
0,5 0,47
1 0,86
5 0,7 - 0,9

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

A basses concentrations en sodium, on remarque encore a
1'intérieur de la fibre un rapport sodium phosphore compatible
avec la donnée en solution.

Pour 1les hautes concentrations de sodium, on constate
également une saturation a 0,9 Na* par phosphore dans 1la
fibre, ¢e qui est en accord avec les ¢études théoriques de
condensation desgs contre-ions sur les ADN de petite longueur
(49). De plus, pour la plus haute concentration de sodium,
1'image de la répartition du sodium dans la fibre montre
l'existence d'inclusions de forte densité et une élévation de
la densité en périphérie de la fibre. Ce fait explique les
dcarts d'évaluation avec la méthode de spectrométrie de flamme

qui, elle, donne un rapport moyen.

H) DISPOSITIF EXPERIMENTAL
I. Sources RX
Les fibres biologiques étant constituées en majeure partie

d'atomes qui diffractent peu les rayons X, la source de ce
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rayonnement doit étre de 1la plus grande brillance possible
pour éviter d'avoir des temps de pose trop longs.

L'utilisation 1la plus commode consiste & employer des
tubes scellés Philips & fover fin (0,5 X 8 mm?2) de grande
brillance. Le rayonnement du tube & anticathode de cuivre est
filtré afin d'cbtenir la longueur d'onde moyenne du K,=1,542 A
Exceptionnellement, avec des fibres trés bien orientées le
rayonnement K, du cuivre a été obtenu a partir d'un tube
ouvert a micro foyer (40, de diameétre) mals la brillance
relativement faible nécessite des temps de pose trés
importants. Enfin, pour certaines eXxpériences particuliéres,
l'acces au rayvonnement synchrotron de LURE a permis d'utiliser
une source monochromatique dont la grande brillance réduit les
temps de pose d'un ordre de dgrandeur de 10 par rapport aux
temps habituels. Ces derniéres expériences ont ainsi permis
de mettre en évidence certains artefacts dlis 4 un rayvonnement

qui n'est pas parfaitement monochromatiqgue

I1. Chambres RX planes

Les contraintes imposées par la diffraction des fibres
constituées de molécules a structure helicoidale rendent plus
commode l'utilisation de la chambre plane. En effet, la fibre
doit étre positionnée goit perpendiculairement au faisceau,
solt inclinée d'un angle connu. De plus, du fait des
modifications de 1'humidité relative entourant la fibre, cette
derniere se déforme et doit donc étre ramenée facilement dans
une position correcte dans le faisceau R.X..

Avec la chambre plane, la fibre est placée directement a

la sortie du collimateur gqui délimite un angle solide tres
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petit sous lequel on voit la source. Il est constitué
d'ouvertures circulaires de diamétre 0,1 a 0,2 mm, espacées de
2 a 8 «o¢m, Fratiquement, pour toutes les chamnbres planes
construites pour différents types d'expériences, un  axe,
commandé de l'extérieur de la chambre, permet, par des
rotations et translations, de positionner correctement la
fibre dans le faisceau RX. Le film plan placé
perpendiculairement au faisceau direct se trouve a une
distance qui peut étre fixée entre 15 mm a 70 mm selon le type
de la chambre. La distance précise fibre-film est déduite d'un
étalonnage réalisé en déposant sur la fibre une poudre de
quartz ou de calcite.

Une paroi plane transparente supportant le puits d'arvét
du faisceau direct ferme la chambre. Le film est appliqué
contre cette paroli mais a 1l'extériecur de la chambre. Cette
parol transparente permet d'iscler le volume intérieur de la
chambre RX, elle autorise aussi 1'observation de la fibre et
done la mesure de ses dimensions a l'aide d'un microscope
Ibinoculalire.

Toutes les chambres a RX sont placées sur un  banc
d'optigue dont les réglages permettent de positionner 1l'axe du
collimateur de la chambre dans le faisceau RX. Ce banc permet
également un déplacement commode du microscope binoculaire et
du porte film.

tn dispositif a été adapté a certaines chambres planes
pour permettre d'appliquer une tension mécanigue variable a la
fibre. Des poids, accessibles dans un "contaipner" extérieur
fixé & la chambre, exercent une tension a l'extrémité libre de

la fibre par 1l'intermédiaire d'un fil. Enfin, un dispositif,
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Photo n° | : Disposition des chambres planes devant la source RX

R -

==

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 1l'extérieur de la chambre, permet

d'orienter la fibre dans le faisceau RX.

ITI. Fixation et contrdle de 1'humidité relative

L'humidite relative entourant les fibres d'ADN est un
parametre important qui conditionne la conformation de ces
molécules. Pour réaliser 1'humidité relative désirée dans les
chambres RX, on fait c¢irculer un courant d'hydrogéne chargé
d'une vapeur saturante créée par des solutions salines (50).
Par ce moyen, des changements progressifs mais également
brutaux d'humidité relative, peuvent étre obtenus. La
stabilité d'une humidité donnée est assurde en ajustant avec
un débitmétre le flux d'hydrogene mais aussi en maintenant
1'ensemble du dispositif & température constante. La mesure de
1'humidité relative est obtenue en placant la sonde d'un

hygrométre a 1l'intérieur de la chambre RX.

IV. Mesures des dimensions des fibres

Legs fibres d'ADN étirées se présentent sous la forme de
cylindre de 0,1 & 0,2 mm de diamétre et de 1 & plusieurs
millimétres de longueur et ont, en fait, des dimensions qui
dépendent de 1'humidité environnante. Pour mesurer ces
dimensions, l'emploi d'un microscope binoculaire a zoonm
variable et possédant un micrométre oculaire s'est révélé le
plus commode. De plus, en choisissant un objectif qui donne
une distance d'approche supérieure a 30 mm, les mesures sont
réalisées sur la fibre a4 1l'intérieur de 1la chambre RX, sans

perturber 1l'humidité qui l'environne.
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CHAPITRE II : 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 présgsentent tous, & haute
humidité relative, une c¢onformation de type B (51). Par
contre, ces ADN, en présence d'une méme concentration en sel
de sodium ne présentent pas tous la transition B-A lorsque
1'humidité relative de la fibre est diminuée. Ce changement de
conformation est d'autant plus empéché que 1'ADN est riche en
paires de bases A-T (52).

Etant donné ce fait expérimental, il était intéressant de
contrbler si sur les clichés RX de fibre de ces ADN en forme B
(donc & haute humidité relative), le pourcentage en paires de
bases A-T ou G-C a un effet décelable comme cela a du reste
dté suggéré (53). Cependant les clichés de fibre de ces ADN en
forme B présentent peu de taches de diffraction bien définies.
Aussi, dans la premiére publication présentée, les intensités
ont été calculées a partir du meilleur modéle 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 1intensités expérimentales obtenues avec des fibres
d'ADN a taux de A-T tres différents ont pu alors étre
comparées aux intensités calculées pour ces mémes ADN.

Un autre probléme que posent les résultats de 1la
diffraction des fibres d'ADN provient du faible taux d'accord
généralement obtenu entre intensiteés expérimentales et
intensités calculées. De ce fait 11 peut résulter différentes
propositions de modéles moléculaires. Cela s'est effectivement

présenté pour 1'ADN en forme B avec 1la proposition d'une
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conformation dite "side by side" ou chaque chaine est formée
alternativement de portions d'hélice droite puils gauche (54).
Dans deux publications présentées dans c¢e chapitre, ce modéle
a été étudié. Son intérét réside surtout dans l'organisation
entre hélice droite et gauche avec la contrainte de régularité
dans 1'espacement des bases. En effet, a 1l'épogue ou ce
travail a été réalisé,la cristallographie des oligonucléotides
avait révélé 1l'existence d'hélices gauches d'ADN (13) et bien
sir d'hélices droitesgs (55). Les intensités théoriques des
modéles proposés ont pu étre calculées avec la méthode de
calcul de la diffraction par des hélices mais 1'unité
élémentaire répétitive est dans c¢e cas, formée d'un bloc de
plusieurs nucléotides.

Enfin, dans la derniére publication présentée, ce sont des
modéles en hélice gauche, toujours pour 1'ADN en forme B, dont
on compare les intensités calculées aux intensités
expérimentales. Mails pour restreindre le deomaine 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 dichroisme linéaire infrarouge appliqué & 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 1'ADN avec sel de sodium a
92 % d'humidité relative.
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X-ray Diffraction Study of Three DNA Fibres with
Different Base Compositions

S. PREMILAT AND G. ALBISER

Université de Nancy I
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Centre de Ier Cycle
Case Officielle 140
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( Received 26 May 1975)

An X-ray diffraction study on three DNAs with guanine 4 eytosine contents of
26%, 429, and 729, respectively has beon made in order to establish a possible
correlation between base composition and the conformations of double helices.

This work shows that the helical parameters in the 4 and B forms in the
presence of sodium and lithium saelts are independent of tho base composition.
The experimental intensities are compared to calculated values, taking into
account the variations of the parameter a in the hexagonal lattico of the I form.
Tho three DNAs show no noticeable difforence. Theorotical ealculations with a
ratio of (A - T)/(C + G) varying from 4 to 0-25 confirm that the base compuosition
has a negligiblo offect on the diffracted intensities, provided the helical para-
meters remain constant. A complementary calculation made with a tilt of tho
bases shows that only the intensities corresponding to the higher layers are
affected. One may conclude that the conformation of the sugar-phosphate chain
is not affected by the base composition, and that the proportion of (G 4 C) bases
cannot be detected by X-ray analysis.

1. Introduction

X-ray diffraction studies on oriented DNA fibres have shown the conformational
variations induced by modification of the external conditions (hwmidity, ionic
strength, different alkaline salts). These conditions induce the fundamental and well-
determined B and A forms of DNA double helices. The B form appears at high
humidity in the presence of different salts; the crystallinity of the fibres is hest with
lithium salts (Langridge et al., 1960). The A form (Fuller ef al., 1965) exists when the
relative humidity is lower than 75%, and a 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 4 form of DNA has not been obtained but
when the humidity is near 409, a €' form appears, and this has been described by
Marvin et al. (1961).

DNA in the C form has also been obtained in the presence of sodium salt (Azoulay
& Bram, 1973). The influence of humidity on the X-ray patterns has been studied by
Franklin & Gosling (1953) and the experimental conditions are known for the
B to A transition of DNA in the presence of sodium salt (Cooper & Hamilton,
1966). The similarity of the X.ray patterns corresponding to a large variety of DNA

27
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species (Hamilton ef al.. 1958) provided the idea that the DNA conformations do not
depend on the base composition. Nevertheless, many studies have heen undertaken
in order to determine the DNA structure as a function of base composition. For a
given sodium salt concentration, the B3 to A transition depends on the comparative
proportion of (A -|- T) to (G -- C) (Pilet & Brahms, 1972). .\ polymorphism of the
natural DNA hag heen noted (Bram & Tougard, 1972); more precisely a variation in
the X-ray pattern intensities for the B form has been correlated with the DNA hase
composition (Bram, 1973). In this paper we present a more quantitative approach
to the problem. The helical parameters of three DNAs very different in base com-
position are determined, and the experimental diffracted intensities are compared
to caleulated values using models that include a tilt of the bases and variation of
their relative proportions.

2. Materials and Methods

Tho threo DNA molecules studiod are: Spiroplasma citri DNA obtained from orango trees
with the disoase (Saglio et al., 1971); this molecule contains 269 (G - ¢¢). Call thymus
DNA is the second moleculo in our study; it contains 429%, G -C base-pairs. Tho last DNA,
extractod from Micrococcus tysodetkticus, contains 7294 (G -- C) and was prepared only
with sodium salt.

The orientod DNA fibres woro malo using tho mothod of Langridgo ef «l. (1960} or that
of Davies & Baldwin (1963), starting with a fow mg of dry DNA. The X-ray photographs
woro obtainod with a flat camera. The specimen-to-filin distanco was approx. 15 mm and
was determined procisoly for each fibre lightly dusted with ealcito or quartz powder. The
rolative humidity in the camera was kept constant by passing hydrogen through saturated
salt solutions. Tho photographs obtained from nickel-filtered Cula radiation (1-542 A) woro
enlargod on plastic paper for imeasuroment of the parameters. The values of the diffracted
intensitics wore obtained with a Zeiss mierodensitometer. We usod the multiplo film
techniquoe with monolayer filing; the ratio of the intensities of ono film to the following one
is of tho ordor of 1-5. The experimental valuo of the intensity corresponding to a spot in
the X.ray pattern defined by tho indices (h,k,0) was caleulated according to the following
oxprossion (Langridgo et al., 1960): T, (kA]) = A L[S, whero 4 is the area measured with
a planimotor under the trace densitometered radially across the spot (4,4,0). This value is
correctod, taking into account the distances between the diffracting volumo and the spots
on the flat film. I is the longth of tho spot-arc and ¢ the radial co-ordinate of the (h4,0)
point in reeiprocal space. S is the number of points from reciprocal spacoe contributing to
tho intonsity of tho spot. Tho intensities diffracted by a singlo double-helix in the lattice are
determinod from the oxporimontal intensities (Langridge ef al., 1960), and thoy are com-
pared with the calculated intensitios.

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

In order to calculate the Fourier transform of the DNA double-helix structure,
it is necessary to determine the cylindrical co-ordinates of the atoms of the molecule.
Although one of the two antiparallel helices suffices for caleulation of the intensities,
it is necessary to build a model of the two complementary helices in order to deter-
mine the atomic co-ordinates in a correct reference frame. In such a frame the dyadic
symmetry of the system is used so that the co-ordinates (¢,Z, ) of a given atom on
one helix correspond to the co-ordinates (—¢, — 7, R) for the homologous atom on
the other helix. This is achieved by building with a computer a moleeular model of
the double helix in onc of its precise forms. The geometry of the sugar-phosphate
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chain is completely defined by the seven dihedral angles given by Arnott & Hukins
(1972). The bond lengths and bond angles are taken from the listing given by Arnott
(1970). The calculations relevant to this paper are done on the B form, in which the
desoxyribose sugar is in the C, exo structure. The building programime is based on
Eyring’s matrices method (Eyring, 1932); it constructs progressively a chain corres-
ponding to a given sequence of bases. Thoe procedure is transposed from that pro-
posed by Hermans & Ferro (1971) for the representation of a protein molecule. The
method used allows the conformation to be modified simply and, for instance, makes
it eagy to introduce a tilt and twist of the bases. When a chain is built in the proper
helical form, the complementary, antiparallel one is adjusted to a position that
realises the best fit for hydrogen bonds between associated bases. The bases being put
at their right levels, the fitting is finished by the rotation of one helix around the
common helical axis. Then the cylindrical co-ordinates of the atoms are calculated
in a system that uses a dyad axis and the screw-axis; the atom co-ordinates ¢ and Z
are related to the dyad axis and the radius B is the distance from the atom to the
double-helix axis. Table 1 gives the atomic co-ordinates for the B form with no tilt
or twist on the bases.

TaBLE 1

Cylindrical co-ordinates of the five sets of atoms in B-DN A

Atom R, (A) P Zy (A Atom R é /

Adenine Cytosine
Nsy 459 — 7588 —0-08 Nay 459 —39-85 328
Ceay 4-85 —92-39 —015 Ceoy 5:04 — 5519 3-20
Neny 397 —106-47 —0-14 Ces 4-47 —70-03 319
Cesy 2-27 —9525 —0-04 Ng 2-95 —99-75 3-27
N 197 — 15461 —0-01 Cay 3-07 —74-32 3-27
Ceoy 1-44 —122-14 0-01 N 232 ~50-02 335
Ny 070 —42-93 0-10 O 356 —10-97 343
Cey 204 —29-33 013 Cey 340 674 0-27
N 311 —46:15 008
Cuay 3-25 —70-50 —0:01

Guanine Thymine
Nisy 4-59 —3-83 664 Ny, 459 32-19 9-99
Ceay 4-86 —19:65 6-65 Ceo 5-02 16:62 9-91
N7y 3-93 —32:09 669 Mo 561 —10-56 9-82
Ces» 2:68 —21-90 608 Cesy 447 1-69 9-91
O 1-76 —82:79 672 O 2:97 —27-34 9-99

) 1-37 —3876 674 Cy 309 —3-85 999

N, 0-84 33-74 6-82 N, 2:37 21-20 10-06
Ny 2-90 70-58 6-04 O 351 60-90 10-15
Cay 2-17 4472 6-85 Ceay 337 40-63 10-07
N 3-19 26-15 6-80
Cio 3-26 2:34 671

Phosphate Dooxyribose
P 891 — 5835 175 Cuy 5-81 —66-24 —0-08
Ouw 875 —60-55 0-19 Cezy 7-04 —72:56 0-69
O 10-24 — 5473 1-98 Can 820 —69-05 —0-19
Oy 8-92 — 6642 254 Cea) 7-58 —69-05 —1:58
O, 713 —51:08 2:00 Cs) 7-69 ~79-00 —2:30

O 6-23 —64-83 —1-42
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(b) Fourier transform of the double helizx

Owing to the dyad axis in the double helix, the Fourier transform calculation takes
a simplified form. One can give the well-known expression (Cochran et al., 1952) for

the structure factors:
Qmlz
Pyl = > Zf,Jn (27 R, {)exp i {n(n// — ¢, -Z> -+ ”c z,} )
nj

where ! is the layer line number; R,, ¢,, 2; the cylindrical co-ordinates of the jth
atom in the repeating unit and f, its scattering factor; ¢ is the length of the unit cell
along the helix axis; iy and { are, respectively, the angular and the radial co-ordinates
of a lattice point in reciprocal space. J, is the first-order Bessel function of », and n is
defined as the integral solution (positive or negative) of the expression n/P =
(fcy — (m/[p), where P ig the pitch of the helix, 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=344A ¢c=234 A andson = £ — 10 m. For the calculations we
made, the values of n were limited by |n| < 13.

The atomic scattering factors f; were taken from Langridge et al. (1960), which
takes into account the water in the structure and includes a tcmperature factor.
For practical reasons, the atoms of the helix arc arranged in five sets: in the first 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 g are numbered from n, to m,. As we suppose a statistical
repartition of the different base-pairs along the double helix, a coefficient P, is given
to each base group. These factors define the proportion of the base-pairs (guanine

4

and cytosine have the same P, value, as do adenine and thymine) and > P, = 1.
g=1

Of course the sugar-phosphate set has P, = 1. The co-ordinates in Table 1 corres-
pond to the atoms of the five groups. A

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 intensities vary when the
angle i increases from 0 to 18°. Practically, one calculates the diffracted intensities
averaged by the rotation ¢ ; this is well-justified on an experimental level. Therefore,
the structure factors can be written:

5 27wl
F(l,l,l/,(:)=§_:P > Zf, (27 R, )cos( - 4 nqu),

n j=ng

and the diffracted intensities are I (14,0) = F? (I:,).

4. Results
(a) Salt and humidity effects

With the three sodium salt DNAs, the B to A transition is obtained when the
relative humidity is lowered from 929 to 75%,. In the B form the lattice is hexagonal
and the parameter a is dependent on the humidity. But the main experimental fact
that can be drawn from the series of X-ray patterns obtained with a humidity of
929, is: the @ parameter is about 49 A for the 729, (G +4- C) DNA, it is 45 A for the
429, (G 4 C) DNA and 43 A for the 269, (G 4 C) DNA (Plate I(a), (b) and (d),
Table 2).
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For the three DN As studied in the B form, the meridional reflection is at 3-4 A and
the length of the unit cell along the ¢ axis is very close to 34 A (33-8 A). Consequently,
there are ten nucleotides in the pitch of the helix. The patterns corresponding to a
relative humidity of 759, present the A form with the three DNAs. The meridional
reflection is at 2:56 A, the lattice is triclinic (Fuller ef al., 1965) with the parameters
a=222A4,b=406 A, c = 2815 A, B = 97°, when the quantity of the sodium salt
is increased (more than 3-56%, w/w), the 26%, (G + C) DNA retains the B form for rela-
tive humidities from 439, to 929, (Albiser ef al., 1973). In this case the parameter o of
the hexagonal lattice varies from 37-6 A to 49-6 A.

For the three lithium salt DNAs we have the B form with a relative humidity of
929%,. The lattice is hexagonal, the paramecters ¢ and ¢ are very close to those for
sodium salt DNA (Table 2 and Plate I{c)). When the relative humidity is lowered to
about 759, the 3 form appears in the orthorhombie lattice (Langridge et al., 1960)
with @ == 31 A and b = 23 A. The pitch does not vary even when the humidity is
lowered to 40%. An increase of the lithium salt concentration for the 269, (G + C)
DNA stabilizes the B form in its hexagonal lattice against the effect of the humidity
diminution. The C form has been obtained only for the 429, and 729, (G 4 C) DNA.
In this case the lattice is hexagonal or orthorhombic and the pitch of the helix is
equal to 31-8 A.

(b) T'he diffracted intensities

The diffracted intensities have been measured on photographs obtained with DNA
fibres in high relative humidity. So the patterns correspond to the B form in the
hexagonal lattice for the sodium and lithium salt DNA. In Table 2 the intensities that
correspond to the strongest spots on the three first layer lines (i.e. (1,1,1), (2,0,2) and
(2,1,3)) in the patterns of the three DNAs are compared. The intensity of the spot
(2,0,2) is arbitrarily made equal to 100 in each case. The experimental intensities are
compared to the calculated values; for these last, the positions of the spots in reciprocal
space are taken into account.

The theoretical intensities were calculated for a constant pitch of the helix in the
B form (Arnott, 1970) but the relative proportion of the base-pairs was included in
the computation through the values given to the factors P,. We used a ratio of

TaBLE 2

Maximum relative intensities of the three B-DNA fibre paillerns

Relative 1st layer 3rd layer
(O/D(IZ‘:IiLC) (A+T) humidity Salt  a(A) c(d) lino lino
° (G+C) (%) Iexp Icsl [exp Ioal
Spiroplasma ciirs 2-8 92 Na 42-8 34 31 26 62 59
26 92 Li 435 34 33 30 72 67
Calf thymus 1-36 92 Na 445 34 32 30 696 63
42 92 Li 46 34 28 32 54 57
Micrococcus
lysodeikticus 0-39 92 Na 49 34 38 36 51 47
72

The intensity of the spot on the second layer line is arbitrarily made equal to 100.
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Layer line no.

Diffracted
intensity

¢ (A=Y
Fra. 1. Curves of the square of the Fourier transform for 3-1DNA with a ratio (A TG | ()

equal to 4 (continuous curve) and 0-25 (broken curve).
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bases (A+T/G + 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, corresponding to the two
extreme cases of the base ratio reveals a very light diminution of the intensities of the
second, eighth and ninth layer lines and a small increase in the intensity of the tenth
layer line (FFig. 1). These calculated effects are less than the experimental errors and
therefore cannot be detected on diffraction photographs. It is also a result that would
be expected due to the closcness 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 diffracted intensitics. For this purpose we vary the dihedral angle y
on the sugar-base bond (Fig. 2). The variations were 4-9° and —9° with respect to the

Fra. 2. The dihedral angle y around tho bond between the base and the sugar ring.

original B structure. These rotations have the same consequences as a simultaneous
tilt from --4° to —10° and a twist from —4-5° to -+11° in Arnott (1970) conventions.
Such rotations, for the extreme values, correspond to structures with very distorted
hydrogen bonds in the base-pairs. Nevertheless, one can only deteet an intensity
variation on the 8th layer line and very small ones on the 9th and 10th layer lines
(Fig. 3). These results are in accordance with a similar study made on the 4 form by
Fuller (1961). To be complete, we verified that variation of the base-pair ratio does
not modify the preceding results. Thus intensities of the higher layer lines are directly
related to the relative orientation of the bases. These data confirm those of Marvin
et al. (1961) when they examined the DNA C form.

5. Discussion

The three DNA helices studied, although they are very different in base composi-
tion, do present the same conformation under identical physical conditions (salt
concentration and relative humidity); the helical parameters in the 4, B and C
forms are identical for the three DNA fibres. This is not general behaviour; Bram &
Tougard (1972) 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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Layer line no.

Oiffracted
intensity

0 01 0-2 03
{ (A=Y
F1a. 3. Curves of the square of the Fourier transform for B-DNA. Continuous curve, & variation
of the dihedral angle 4y = —9°; broken curve, dy = +9°
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high humidity (B form in the hexagonal lattice). This effect of stabilization against
lowering of the relative humidity is more pronounced when the relative number of
(G-C) base-pairs in the DNA helix is lower. The experimental differences noted on the
diffracted intensities for the three DNAs are related to differences in the hexagonal
lattice parameters; if one takes into account the lattice parameter when the intens-
ities are calculated, the experimental values are in good agreement with the theoretical
values. Therzfore, the hexagonal lattice parameters arc different for the three DNA
fibres but the helices are the same or, at least, indistinguishable by X-ray diffraction.
Moreover, one should expect a correlation between the parameter @ of the hexagonal
lattice and the relative proportion of the base-pairs.

The caleulated intensity curves obtained with DNA in the B form arc very similar
to those given by Langridge et al. (1960). The small differences come from the fact
that we use the refined dihedral angles proposed by Arnott & Hukins (1972). The
intensities calculated with the models of DNA in the B form with very different
base-pair contents do not reveal any significant variation. The complementary
calculations, which introduce a modification in the base orientation added to the
variation of the base composition, show that the tilt and twist of the DNA bases
has an effect on the 8th layer line intensities. But no differences are noted on the
X-ray patterns of tho three DNAs; thus the orientation of the base-pairs cannot be
related to the base composition of the double helices. Trurther, one can say that the
base composition does not affect the sugar-phosphate chain or the base orientation.
Such a conclusion is not obvious; very different chain conformations correspond to
given helical parameters because of the number of modifiable dihedral angles in the
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 that the base composi-
tion may introduce perturbations in the main chain conformation if the base-pairs
are in precise sequences; this has not yet been demonstrated.

From the experimental results presented above, we can draw the conclusion that
DNA with a low (G 4 C) content is characterized by the absence of the € form in
lithium salt preparations and also of the 4 form when sodium salt is present in
concentrations greater than 3:5%, (w/w); this behaviour is to be related to the results
of Pilet & Brahms (1972). The absence of the transition from the B to C form for
DNA with a low (G + C) content underlines the difficulty of increasing the angle of
rotation for succeeding nucleotides. Zimmer & Luck (1974) noted this for long
homoligonucleotide sequences, particularly of (A-T) base-pairs.
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pP(3)

Projection de 1'unité de 10
nucléotides sur un plan
perpendiculaire a 1'axe de
la super hélice.

Figure N° 14
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Summary. A precise conformation of the side-by-side type is propo-
sed for the B-D.N.A. form. In this model the antivarallel chains
are related by a dyadic symmetry and binding between commlementarv
bases is realized using Watson-Crick pairing. The elementary unit,
comprising 10 nucleotides for one chain, is composed of one segment
in a right handed helix, a second segment rotated to the left and
two bends. Cylindrical atomic coordinates are given for atoms in the
elementary unit and the square of the Fourier transform is calcula-
ted for this conformation and compared to the well 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 (3) (4) the segments of right
and left handed helix are each composed by five base pairs which are
associated as in WatsonCrick model. What differentiates these two con-
formations is essentially that for type I, sugar rings are C(3) endo
for nucleotides in left handed helical segments andC{3) exo for ri-ht
handed ones, but they are always C(3)exo for the type Il. As a conse-
quence in the type I the oxygen atoms of the sugar rings have the
same orientation and in type II they are alternatively up and down.
Side-by-side models are proposed in very general forms ; noprecise
atomic coordinates are given and thus comparisons with experimental
data as well as with the double helix model can only treat overal
features. Moreover the two methods used (3) (5) for calculations of
diffracted intensities give results which do not agree. In the vre-
sent paper a completely defined side-by-side model for D.N.A. is

given which allows precise calculations of diffracted intensities.

0006-291X/80/151231-07$01.00/0
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As we encountered difficulty when trying to build the type I struc-
ture (essentially for nucleotides in helix rotating to the left) we
propose atomic coordinates for a D.N.A. conformation similar to the
type II. Cylindrical coordinates as well as Fourler transforms are

determined for a stereochemically possible conformation of thebi-

catenary molecule. Curves of the diffracted intensities are there-
fore calculated and compared to experimental data and to values as-

gsociated 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. Firstly,
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 great fle-
xibility (7) perturbations of their conformations are allowed during
the process of improvement of the chain conformation. The 3.4 dis-
tance along the axis is a characteristic parameter for the B-D.N.A.
pevealed by X-ray diffraction. In the proposed conformation the 3.4
A gdistance should be found essentially in the interval between suc-
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 intgrval between layer lines corresponding to
an axial distance of 34 A. In the double helix model this distance
corresponds to the height of 10 vairs of nucleotides. Therefore in
the new conformation, the repetitive unit will be constituted by 10
nucleotides per chain. Indeed this conformation will present alter-
nation of three nucleotides on a right handed helix and three nucle-
otides on a left handed one. These segments will be separatedby two
types of bends corresponding respectively to the right handed to left
handed helix transition and vice-versa. Each bend will be composed
of two nucleotides. 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 verpendicular to the
axis of the structure ; moreover, in order for obtaining units of
ten nucleotide pairs which exactling repeat through a translationof
34 A along the main axis, the dyad axis in the right and left 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) to 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 to 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-
ditions.

b) Model building. Computations of atomic coordinates are perfor-
med with a procedure previously used (8) ; bond lengths and valen-
ce angles used are those listed by Arnott (9). Dihedral angles cor-
responding to nucleotides in the left handed segments and in the
bends are to be determined but one should note that the number of

1232
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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 such a
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 model give
approximate 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 complementary bases is pos-
sible. In fact a conformation verifying the imposed constraints and
presenting an acceptable stereochemistry, 1s progressively obtained
by going back and forth between the model and the computer and vice-
versa.

¢) 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 (10) (8).Thus,
due to the dyadic symmetry between complementary chains, the follo-
wing simplified expression can be used for the structure factors on
the layer line ¢ (11

2T ¢ 2,

F(2,6) =T ¥ £, J (2TR.E) cos (————=L-nd®.) =71 A_(2,£)

n g j 'n 3 c j n 0
where £ is the' radial coordinate in reciprocal space and R.,®., z. the
cylindrical coordinates of the atoms in the ten nucleotides “unit .
Order n of Bessel functions J_ are defined according to the rule
g=nt+mu withm a positive,n negative or null integer. For the pre-
sent computations n is taken from-13 to+ 13 for allvalues of ¢ be-
cause here £ =n +m. Atomic scattering factors £, are those given by
Fraser (12). Thediffracted intensities averaged over the orientation

angle in reciprocal space is calculatedas (8) : I(¢,§)= £ An2 (2,8).
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 is
realized between the sugar rings of nucleotides 3 and 4. The nucleo-
tides 5, 6 and 7 are on a pseudo left handed helix. The second bend is
formed between the sugar rings of nucleotides 8 and 9. Finally the su-
gar ring of nucleotide 10 takes the conformation of the B-D.N.A. dou-
ble helix. It was necessary to modify the conformations of the sugars
in the bends in order to maintain the imposed geometry. flence, the
conformations of sugar rings of nucleotides 3 and 8 remain very near
to C(3) endo. They correspond respectively to base interval ofB.SSR
for the first bend and 3 ; for the second one ; this last valueis
due to 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). The chain of ten nucleotides constituting a
unit present a distance of 34.4 R glong the main axis. Successive

~units are obtained only by a 34.4 A translationalong this axis and
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Table I. Chain dihedral angles for the nucleotides of the unit.

DIHEDRAL ANGLES{about atomic bond)
Nucleotide
number Ob) éo) Jo) 1“0) &O) JO) ém
(0,-Cq) J(C='C) |ic, = €q) [(€3-0,) YO, -P) |(P-0,) [(C - N)
I right handed |~146.5 36.4 | 156.5 154.7 |-95.6 |-d6.1 150.5
helix
2 -146.5 36.4 | 156.5 155.7 |-93.6 [-70 | 150.5
TSt pora 143 334 53 T 15 [-168 | 174.6
4 -160 36.4 | 145 96  |-87 - 80 [ 112.6
5 136 a5 145 133 [-96 [~ 84.5 72.2
¢ Left handed 1 _,,, 33.4 | 154.5 140 |-100 |- 89 71.6
segment
7 -124 32 153.5 140 -1 5 75.5
§ ,nd oo 176 =346 ] 107 58.5 [F12 =175 16
9 -172 157.5 | 149.5 | 169 [-77.6 [- 67 [ 121
10 ight handed | ) ¢ o 37.4 | 156.5 | 154.7 |-95.6 |- 46.1| 138.9
helix

thus dyadic axis in right and left handed segments have the same
orientation. The complementary chain 1s easily obtained with a
Watson-Crick bases association. Pairs of bases are almost perpen-
dicular to the main axis. Dihedral angles along the sugar phos-
phate chain are given in table I. Progression is done in the 5-3
direction and values correspond to Arnott conventions (9). Cylin-
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
of 3.4 ; with limiting values of 3 X and 4.3 ;. In fig. 1 are 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 irreqularities, mainly in spaces between bases.
The total height of 34.4 g 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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removing 3.38

64

Cylindrical coordinates for nine nucleotides of an
(the coordinates of first nucleotide can be obtalned by

unit.

from zj and 36 R from oj of nucleotide 2).

NUCLEOTIDE 2 NUCI.EOTIDE 3 NUCLENTIDE 4
ATOM RJ.(I;) 0, zj(;\) RS (R) 8, zj(R) Ry 40 2
[ 7.72 -52.35 2.08 7.70 -17.36 5.48 .21 -10.60 9.70
Cq 7.68 -44.83 1.14 7.93 - 7.77  4.92 8.35 -16.15 10.89
Cy 7.57  -34.87 1.86 7.64 0.51 5.89 7.60 -25.57 10.82
0 6.22 -30.63 2.02 6.33 5.49  5.69 6.23 -24.72 11.28
C, 8.19 -34.88 3.26 7.75 - 2.11 7.37 7.58 -36.47  9.44
c, 7.02  -38.40 4.13 6.86 6.26 8.0l 6.15 =-28.16 8.97
<, 5.79 ~32.06 31.36 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
0, 8.74  -26.36 3.64 9.10 -~ 1.81 7.81 7.99 -40.49  9.5]1
P 8.92 -24.25 5.19 9.46 - 4.71  9.30 7.09 -50.55 9.52
0, 10.23  -20.35 5.40 9.74 2.33 10.15 8.02 -58.12 8.95
0y 9.0 -32.33 5.96 10.72 - 9.05 9.28 5.86 -49.41 8.70
NUCLEOTIDE 5 NUCLEOTIDE NUCLEOTIDE 7
04 6.80 -52.13 11.08 6.93 ~ 93.49 14.43 7.29 -131.44 1R.1
Cg 7.88  -55.52  11.93 7.96 - 94.04 15.44 8.23 -132.28 19.18
c, 7.56  -64.54 12.77 7.80 -102.71 16.35 8.01 -141.01 20.0?
Og 6.62 -61.90 13.83 6.86 -100.48 17.42 7.02 -139.28 21.04
Cyq 7.10 -74.40 12.03 7.47 -112.81 15.70 7.70 -150.48 19.27
c, 5.60 -75.42 12.25 5.96 -114.60 15.83 6.19 -152.13 19.34
<, 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 -134.3% 20.74
o, 7.89 -82.65 12.60 8.22 -120.01 16.40 8.43 -157.85 19.9]
p 7.34  -93.93 12.89 7.83 -131.02 16.59 8.03 -168.64 19.99
0, 8.57 -99.53 12.63 9.14 -135.53 1h.41 9.26 -17V.08 16,50
0y 6.25 -97.86 12.00 6.87 -135.01 15.59 6.88 -171.59 19.14
T NUCLEOTIDE 8 NUCLEOTIDE 9 NUCLEOTINE 10
_E;# 7.76 ~-170.15  21.55 7.44 -169.23 26.];4- T7.68 -128.95 10.24
Cq 7.75 -161.58 22,40 7.96 -165.04 27.36 7.78 -121.43  29.22
C, 7.21 -~164.21 23.77 7.74 -154.14 27.48 7.57 -111.06 29.7R
Og 6.57 -154.32  24.3 6.48 -150.09 26.97 6.21 -106.89 29.73
Cy 6.38 ~-175.05  23.83 7.89 -150.02 28.89 8.04 -109.87 131.23
c, S.14  ~171.45  24.64 6.45 -149.74 29.39 6.77 -112.60 12.01
C1 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 4.43 -116.53  30.99
o, 7.27 -182.97 24.41 8.67 -141.80 28.90 8.57 ~100.96 31.%0
P 7.79 -180.85  25.90 8.88 -136.30 30.24 8.61 - 97.38 33.01
0, 9.26 -181.68  25.94 10.20 -132.31 30.16 9,95 - 93.78 13.26
0, 7.25 -188.65  26.82 8.94 -142.25 31.40 8.49 -105.03 13.94
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0] -o—

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, O medium and «} weak (11).

been found experimentaly (13). Improvements of this conformation
could be obtained with refinement methods taking dihedral angles

as variables. In that way left 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 to the orthorhombic lattice in the space

group P2l 2. 2 e.a. the two molecules in the lattice have their

1 71
dyad axis in the a direction and one is translated in the ¢ direc-
tion with one third of the unit height (ten pairs of bases). Irre-

gularities in the geometry, mainly in spaces between bases, intro-
duce defects in the calculated intensities. Although layer lines O
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 ; such
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 for the
proposed D.N.A. conformation allow precise calculations 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 to 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 to the axis of the system (Fig.1l).
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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
chaine des nucléotides ; la vue est prise lelong de 1'axe
dyvade.

a) le premier coude entre les désoxyriboses 3 et 4,
b) le deuxiéme 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 well 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-
del 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 induce transition between right and left-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$01.00/0
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be of some 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 well 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 ynit must be of 34 A 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° rotation between the 11th 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 to the left-handed section also constituded
of three nucleotides. Then two nucleotides realize the transition to
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 dvad
axis must be present in each right or left-handed section, in the plan
of its central bases. All these axes should have the same direction

as no superhelical torsion is permitted. Sugar rings are C! endo but
variations of their conformation are allowed (20) and do nét exclude
the C! endo form especially for the nucleotides in bends. Right and
left gections 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 to agree with van der Waals radii commonly used for
atoms (21) including hydrogen for the present calculations.

b) 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



70

Vol. 104, No. 1, 1982

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ted intensities are then obtained with relations and parameters 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 Cé
endo in order to change the direction of rotation of the chain. In
the left-handed section, the dihedral angles about C&—Cé 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 1, 6 and 11... ;
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 3, 4 and 5. Irregulari-
ties in spacing between nucleotides 7, 8, 9 and 10 are mainly due to
the constraints of getting the 10th nucleotide in, exactly, the
right-handed helix conformation and also of having only a 34 g trans-
lation between this nucleotide and the 0Oth (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 I ;
progression along the chain is 5'-3' 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 I.
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.

Discussion. The present conformation proposed for the B-DNA is a pre-
cise side-by-side model ; each chain is constituted of right and
left-handed sections with equal numbers of nucleotides. The length of
the repeat unit is 33.7 g in 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 I that

changes in the direction of the sugar-phosphate chain is obtained
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Table I. Chain dihedral angles for the nucleotides of the unit.

DIHEDRAL ANGLES (about atomic bond)
Nucleotide
number g (©) g (0 g (o) W (o) (0 p O (@
t vt Vo [ e ' _ -0 [
(04-Cg) | (Ce-Cy) (Cy-C3) (C3=01) [ (01-P)| (P=0,) 1 C ~N)
1 right-handed | -~ 146.5 37.4 154 154.5{- 93 {- 48 146
helix
2 ~ 146.5 37.4 154 153.5{- 90 |- 65 146
3 N - 146 34.4 83 - 150 11 - 172 125
1= bend
4 - 171.5 20 158 - 58 116 |- 37 102
5 165 - 80 153 174 - 132 32 58
left-handed 162 |- 60 149 |- 168 |- 131 33 53
segment
7 161 - 73 158 - 59 123 - 39 58
8 4 115 - 60.5 100 47 15 |- 166 71.5
2% pend
9 134 167 158 163 - 87 |- 61 123
o right-handed | )¢ o 42 154 154.5]- 93 |- 48 | 137
helix

Figure I. Stereoscopic view of 11 pairs of nucleotides of the side-
by-side DNA model. (One can see there is no superhelical
torsion).

25




Vol.

104, No. 1,1982

72

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

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 ¢,

sin %, ; z. = Z.. {(The coordlnate; of dtoms J 7
02 nucieotidejl caﬂ be dbtained by removing 3.36 A from
Zj and 36° from ¢J of nucleotide 2).

ATOM NUCLEOTIDE 2 NUCLEOTIDE 3 . NUCLEOTIDE 4

R.m o 6.9 o (R 6 (R 6.9
J J ] 3 b) ] ] ] J

Oa 7.63 ~55.00 -14.79 7.56 -~ 18.84 -11.44 8.39 - 13.81 -7.83
Cé 7.61 -46.71 -15.72 7.72 - 9.41 -12.12 8.59 - 19.24 -6.67
C&' 7.48 —36.69' -14.99 7.41 - 0.35 -11.25 7.90 - 28.56 -6.74
Oé 6.12 -32.59 -14.84 6.07 4.19 -11.45 6.69 - 28.97 -5.93
Cé 8.08 -36.70 -13.59 7.58 - 2.00 - 9.75 7.52 - 32.27 -8.13
Cé 6.88 -40.36 -12.77 6.80 7.61 - 9.21 6.13 - 26.95 -8.27
Ci 5.68 ~34.20 -13.50 5.55 8.40 =-10.20 5.55 =~ 29.08 -6.77
N 4.50 -44.41 -13,52 4,26 - 0.05 - 9.99 4.99 - 14.15 -6.58
Oi 8.66 -28.17 -13.22 8.94 - 1.30 - 9.35 7.69 - 42.92 -8.20
P 8.80 -25.76 -11.67 9.48 - 6.46 - 8.10 9.18 - 46.00 -7.84
Oé 10.10 -21.65 -11.45 9.72 - 0.97 - 6.96} 10.05 - 39.05 -7.57
03 8.88 -33.81 -10.87 {10.80 =~ 9.71 =~ 8.45 9.80 - 50.30 -8.98

NUCLEOTIDE 5 NUCLEOTIDE 6 NUCLEOTIDE 7
Oa 9.00 -51.82 - 6.55 8.18 - 91.91 - 3.56 8.15 -128.83 0.23
Cé 7.94 -49,96 -~ 5.61 7.50 - 87.48 - 2.44 7.15 ~126.16 1.21
C4 7.82 -58.60 - 4.69 7.44 - 94.99 - 1.30 7.11 -134.78 2.27
Oé 7.08 -55.79 - 3.49 6.72 - 90.15 - 0.19 6.30 -131.07 3.38
Cé 7.38 -68.59 - 5.25 6.95 ~106.33 - 1.59 6.77 ~146.58 1.84
Cé 5.80 -68.52 - 4.89 5.48 -106.50 - 1.16 5.25 -147.88 2.00
o 5.80 -61.19 - 3.53 5.43 - 95.68 - 0.09 5.08 -138.55 3.38
N 4.84 -48.90 -~ 3.44 4.49 - 82.25 - 0.16 3.99 -125.65 3.35
Oi 8.07 -76.21 - 4.65 7.81 -112.89 - 0.83 7.54 -153.44 2.67
P 8.02 -87.32 - 5.01 8.13 -123.85 - 1.20 9.11 =151.31 2.79
Oé 9.21 ~-88.77 - 5.87 9.48 -123.60 - 1.82 9.53 -144.05 2.00
Oi 6.81 -90.85 - 5.73 7.19 -128.57 - 2.16 9.92 -158.05 2.26
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Table II (cont'd.)

NUCLEOTIDE 8 NUCLEOTIDE 9 NUCLEOTIDE 10
Oa 9.28 -150.05 4.36 7.76 -164.54 7.96 7.73 -129.29 12.65
Cé 8.31 -144.96 5.09 8.23 -162.24 9.29 7.85 =~121.74 11.65
C& 7.58 -151.34 6.07 8.06 -151.92 9.62 7.59 -~111.48 12.20
Oé 6.62 -144.86 6.80 6.78 -147.44 9.26 6.20 -108.05 12.20
Cé 6.98 -161.33 5.46 8.29 -149.44 11.08 8.09 -110.07 13.63
Cé 5.75 -163.86 6.33 6.88 -150.87 11.63 6.84 -113.24 14.41
Ci 5.29 -148.25 6.43 6.03 -144.85 10.43 5.68 -108.29 13.52
N 4.61 -132.83 6.37 4.74 -152.83 10.32 4.54 -119.08 13.52
Oi 8.02 -168.69 5.57 8.89 -140.89 11.24 8.62 -~101.16 13.87
P 8.79 =-169.55 6.97 8.95 -136.43 12.68 8.70 - 97.46 15.37
Oé 10.10 -165.43 6.89 10.25 ~-132.33 12.80 10.02 - 93.51 15.56
Oi 9.15 -178.52 7.27 8.94 -143.11 13.73 8.67 -104.93 16.32
]
with C) endo forms of the sugar rings which are Cé endo elsewhere.

3
Such a simultaneous presence of sugars in Cé and Cé 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
in the bends. The larger default in regularity is the 4 R distance
between bases in the second bend which realizes the transition from
the left to the right-handed section. It seems to be very difficult
to improve the conformation in this region unless some constraints
are withdrawn ; one could allow nucleotides of the right-handed sec-
tion to be on a pseudo helix like those in the left 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 would render its realization much easier ; the
present point was to demonstrate that the most constraint side-by-
side conformation is also possible. Junctions between right and left-

handed parts present a good stereochemistry. There is no bad atomic
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0

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 (0! P)

close to the eclipse conformation do increase the van der Waal; 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
to the refined right-handed double helix (19). Calculated diffrac-
ted intensities are in a much better agreement with experimental
results than values previously obtained with side-by-side models

(17) (18). The regular spacing of bases makes the meridian intensi-

28
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ties to disappear except on layer lines 0 and 10. In fiqure 11,

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 is
mainly interesting because of its junctions between right and left-
handed helices. These stereochemically acceptable parts of the con-
formation mav 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 1'ADN avec sel de lithium a 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 well 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 well known fact that X-ray on 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 proposal of a
right-handed double helix for the B-DNA was based on stereoche-
mistry (3). Indeed left-handed double helices were built 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) (10) for crystals of short sequences of pu-
rine and pyrimidine nucleotides as well 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-

© |IRL Press Limited, Oxford, England. : 4027
0305-1048/82/1013-4027% 2.00/0
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form (12,13,14,15) _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 rejected.
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
well as from X-ray (2). Dihedral angles of a left-handed double
helix conformation are presented together with atomic 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 1s the building of a physical model which has the helical pa-
rameters of B-DNA, namely a pitch of 33.8 2 and 36° 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 oxygenatomsolo2 has to make
an angle of 56° with the helix axis and the bisector of OlPO2 an
angle of 70° 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 well 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+10m for the layer line 1 (with m an integer).

4028
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RESULTS
- -Table-I-gives values of the dihedral angles for the beést left-~
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 C6 (pyrimidine) to o
(purine) (22). In table II the directions of Olo2 and the bisec-
tor of OlPO2 relative to the helix axis are presented. In table
IIT 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 I model I'
o O (p - 057 58.41 - 160.04
g (©) (05" - c57) - 132.88 115.82
v ©) (st - cary 159.93 24.48
s ©) (car - c3v) 138.29 135.88
e ©) (¢c3' - 03 - 71.54 - 7.87
©©) (03" - p) 179.27 169.66
v ) (c1r - N - 190 - 159
o
P (A) 33.8 34
p (©) - 36 - 36
b (R) 3.38 3.4
£i1¢ (©) 18 - 10
twist(o) - 4 - 1
D (3) - 0.73 1.95
p % o5t B st YLcar S 3 Eo3r B
X Q0l1' - Cl1 - N1 - C2 for (C,T)

- C4 for (G.A)
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==~ -~ Table II- -

Geometry of the phosphate group compared with infrared results.

Angle with the Infra Red Model I Model TI'
helical axis Ref (20)
of (0,0,) 56° 55° 6 55°
172
of the bissector 70° 69°58 68° 5
of (OlPOZ)
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

Atomic cylindrical coordinates for one nucleotide of model I.

Atom R.(2) | ¢, z.(g) atom | R, (&) | ¢.(© 7. (A)
J J ] J ] ]
Phosphate Guanine
03" 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
o1 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
Desoxyribose N3 3.03 -127.57 0.90
o 8.84 | -102.01 0.93 c2 2.07 ~145.68 0.45
o' 7.85 [ -106.31 1.89 N2 2.80 ~172.33 0.29
c3! 7.55 {-116.99 1.45 N1 0.80 -129.45 0.13
c2! 6.14 {-116.63 0.89 o 1.44 - 60.46 0.22
cL' 5.51 {-106.95 1.88 06 1.87 - 20.92| =-0.10
o1’ 6.68 |- 99.52 2.04
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Figure I

Schematic diagram 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 commonly allowed
for nucleotides (23). The sugar pucker is Cé 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 g 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 1, 3, 5,
7 and 10 are much too small when compared with exﬁerimental va-
lues. Layer lines 4 and 9 also present poor agreement with obser-

ved intensities as experimental values are small and the calcula-
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ted ones very strong. It was not possible to improve the calcula-

ted intensities because the bases cannot be put perpendicular to

the axis while the rest of the conformation remains acceptable.

Nevertheless in order to verify that the large tilt of the ba-

ses is the main reason for the disagreement between calculated
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and observed intensities, another model (I') was determined.

 This conformation does present good helical parameters (table I)

and a good orientation of the phosphate group (table II), the su-

gar is C, endo but the base plane present a tilt of 10° in the
opposite sense when compared with model I and 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 I 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 I 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 f£fit all 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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_F) DISCUSSION

Les travaux présentés dans ce chapitre font usage de trois
conformations treés différentes pour interpréter les clichés RX
de la forme B de 1'ADN a haute humidité relative.

Pour 1le modele en double hélice droite classiquement
admisgs, on remarque dque les intensités calculées ne sont pas
sensibles a la composgsition en bases de 1'ADN. Par contre, sur
les c¢lichés a 92 % d'humidité relative, on constate une
corrélation entre l'augmentation du pourcentage G-C et
1'augmentation de la distance entre axes des hélices (distance
déduite du paramétre a du réseau hexagonal). Cette distance
est plus grande pour les ADN en présence de lithium gque pour
ceux associés au sodium.

C'est la variation du paramétre a du réseau qui entraine
une variation des intensités mesureées puisque 1'on
échantillonne 1les courbes continues de 1'intensité en des
endroits différents. D'autre part, 1'augmentation de la
distance entre les axes des hélices s'explique par une plus
grande quantité d'eau associée due a la présence d'une plus
grande quantité de cations alcalins. En effet, dans ce cas,
les fibres d'ADN ont été préparées a partir de solutions dont
la concentration en sel n'a pas été contrdlée. Cependant, dans
des expériences ultérieures ou les concentrations 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) & une humidité relative donnée.

L'étude des cristaux d'oligonucléotides a montré gque les
séquences A-T possédent une chaline d'eau structurée dans le

petit sillon (58). Cela rigidifie la structure de la forme B
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et empéche..le passage..vers..la. forme. A pour.-.les ADN -riches en- -

séquence A-T. Néanmoins, cet effet dépend aussi de la
concentration en sel alcalin.

Le modéle "side by side", montre que la diffraction RX de
fibre 9prise comme seul critére n'‘est pas capable de
disqualifier un modéle conformationnel. En effet, le facteur
d'accord entre intensités calculées et expérimentales est
voisin du modéle en double hélice. Néanmoins, le seul fait de
pouvoir construire c¢e modéle avec une bonne stéréochimie
révéle une grande souplesse de 1la chaine sucre-phosphate.
Cette grande richesse de conformation est bien mise en
évidence par les structures d'oligonucléotides déja établies
(47). Avec ceux-c¢l on n'a pas de régularité conformationnelle
d'un nucléotide a 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 modéle "gide by side" la jonction
ge fait sur deux paires de bases et c¢'est pourquoi on obtient
un mauvais espacement entre paires de bases pour le passadge de
la section gauche a la droite.

Enfin, 1l faut noter que le modéle "side by side" proposé
ne donne pas un bon accord comme celui obtenu avec le modele
en double hélice droite, avec les expériences de diffusion RX
isotrope par des solutions d'ADN de thymus de veau (60).

Pour construire et tester le troisiéme modéle envisage,
les contraintes imposées par le dichrolisme linéaire infrarouge
ont été utilisées. Dans ce cas, on constate qu'aucun modéle en

double hélice gauche ne peut satisfaire & la fois & une bonne
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stéréochimie. et aux résultats. _expérimentaux -des RX et  de
l'infrarouge. Il faut remarquer qu'aucun ¢ristal
d'oligonucléotide n'a révélé cette double hélice gauche de
forme B. Par contre, en solution, des études de dichroisgme
circulaire ont montré qgu'un hexanucléotide self complémentaire
le d{(CG-CG-CG) possédait une forme B gauche, mailis dans ce cas,
le désoxyribose est gauche et non droit comme il est

habituellement trouvé dans les ADN naturels (61).
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CHAPITRE IIT:MODELES CONFORMATIONNELS DE L'ADN EN ACCORD AVEC
_..LES DONNEES R.X.,I.R. ET RMN . .__ _ ... .

A) INTRODUCTION

Aprés 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 manifestée
pour de nouvelles interprétations des c¢lichés de diffraction
de fibre des ADN et des polynucléotides. Les clicheés de fibres
révélent en effet un certain polymorphisme avec les formes A,
B, C et D dont leg paramétres hélicoidaux sont parfaitement
établis mais, jusque la, interprétés a 1l'aide de conformations
en hélices droites. Entre certaines de <ces formes des
transitions conformationnelles peuvent étre induites dans les
fibres par des changements d'humidité relative et de
concentration de sel.

Tous ces faits, révélant la grande flexibilité
conformationnelle de 1'ADN, ont entrainé des propositions de
modéles aussi bien d'hélices droites que gauches pour les
formes A, B et D (1l4). Les critéres justifiant ces modéles
conformationnels étant alors limités a leur bonne
stéréochimie, a des énergies de conformation acceptables et a
un bon accord avec la diffraction RX.

Or, en complétant les critéres précédents par la nécessité
de vérifier les résultats obtenus par une autre technique, le
dichroisme linéaire infrarouge de films orientés, on a pu
établir que la forme B de 1'ADN ne pouvalt pas étre une
conformation en double hélice gauche. En poursuivant cette
démarche, 1l'objectif des publications présentées dans ce

chapitre est de proposer des modéles conformationnels pour les
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formes A, B, C, D qui rendent _compte .-des diverses- donnéesg -
expérimentales. Ces dernieres étant obtenues de la diffraction

RX de fibre, le dichroisme linéaire infrarouge, parfois la RMN

du P31,
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FIBRES ET LE DICHROISME INFRAROUGE

Photo N° 5 : Forme A de 1'ADN avec sel de sodium a 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 well
with fiber X-ray and the orientation of their phosphate groups
is in good accordance with infrared dichroism 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 heli.es. The pattern of the intensity distributionis
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,
to improve the fit of the calculated diffraction pattern to the
observed one, the molecular model has to go through cycles of
adjustement. But the structural model so obtained cannot 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 to many different proposal for the B form of DNA
like left handed helices (5) and "side by side' models (6,7,8)
and some also for the A form (9).

However, regarding the overall features of the A and B forms
and mainly the hand of the DNA double helices, it seems that the

ambigu®ty has been ri.. 4 by the experimental results obtained

© IRL Press Limited, Oxford, England. 1897
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ned to be right handed helices of the classical type for the A
(10) as well 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, some structural parameters of
DNA fibers have been determined by different spectroscopic mea-
surements. Infrared linear dichroism, 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 well with fiber X-ray data as with infrared measurements.
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
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in the A and B forms. Firstly, one takes into account the in-

formation,deduced,fromﬂXiray~measurementsW1”the"repeat”unit’éf” o
o

the A-DNA must be of 28 A length and 34 A for the B-DNA, the
number of nucleotide pairs per turn is fixed to 11 in the A
form (2.59 X between successive nucleotides) and 10 for the B-
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,-9¢,-2).

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 0102-direction and that of the bissector of O1PO2 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
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of the model is tested in order to eliminate, by very small
“variations of the dihedral-angles;—the possible too-short-in-_ .
teratomic distances. If the helical or orientation parameters
are then too much modified, one comes 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
layer 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 some effect on the position of the
dyadic axis and thus on the Fourier transform on all 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 percentage 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 I are listed the dihedral angles corresponding to
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 to the helical axis is given by the
distance D to this axis of the line joining the atoms C6 (pyri-
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



96

Nucleic Acids Research

P
X

*

Chain _dihedral angles-and-parameters-of-the-A

helical conformations.

Table I

-and -B=DNA -dcuble

C6 (Pyr) C8(Pur) (;]

DIHEDRAL ANGLES (°) 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
§ (C4'-C3") 81.00 132.32
e (C3'-03") -136.26 -156.80
& (03'- P ) - 87.11 -133.62
x (C1'- N ) ~165.00 -120.00

GEOMETRICAL PARAMETERS A-DNA B-DNA

Helix Pitch (Z) 28.16 33.90

Rotation/Residue (°) 32.73 36.00

Rise/Residue (;) 2.56 3.39

Base tilt (°) 20. -3.6

D : Distance to axis of 4.5

& o5t B g5 X ey
{ 01 - C1' - N1
01'- C1°

g

c3' Eo03' & p

- C2 for (C,T)

- N9 - C4 for (G.A)

Table I1

Geometry of the phosphate group of the A and B-DNA models.

—

Angle (°) relative A-DNA B-DNA
to the helix axis * ¥
of :  Infrared Model Infrared Model
. I
0102 65 64.4 (79) 56 56.7 (75)
the bissector of
01pP02 45 44,8 (15) 70 71.3 (54)
: ref. 12, 13 3 () models ref. 3, 13
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Figure I

Bond angles and bond lenghts of the sugar-phosphate backbones
of the A and B-DNA. Lenghts in (A) and angles in (°).

atomic coordinates are presented in the fig. I. 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
placed at the same level. The helical and dyadic symmetries
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Table III
Atomic cylindrical coordinates of the A-DNA double helix unit.
|
A - DNA
atoM R (A) 9 z, (&) ATOM R, (A) J (o) z, (A)
Phosphate Sugar
03" 9.74 -35.63 5.06 cs! 9.96 -52.35 3.62
P 8.94 -34.10 6.43 c4' 9.86 -44,23 3.13
0! 9.86 -35.86 7.56 c3! 9.05 -37.99 3.88
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
o' 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
N7 5.22 -44.,38 1.45 N7 5.16 -45.26 1.46
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 N1 5.14 - 6.10 0.12
N1 5.29 - 6.35 0.12 Cé 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
N1 7.22 -36.35 1.45 N1 7.22 -36.35 1.45
cé 6.67 -46.23 1.79 Cé 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 CH, 5.11 -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
02 7.52 -19.88 0.67 c2 6.70 -27.03 0.97
02 7.50 -19,97 0.67
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--Atomic cylindrical .coordinates. of the B-DNA double helix urit,

Table

IV

B-DNA
ATOM R (A) 30 7. (&) ATOM R_ () 5.9 7.}
J J ] J ]
Phosphate Sugar
03" 8. 42 ~61.32 0.28 cs' 8.53 -80.00  -2.13 |
p 9.31 -59.99 1.59 c4! 7.73 72.21  -1.48 |
ol 10.74 ~59.47 1.21 c3' 7.99 ~70.60 0.0l |
02 9.22 ~67.05 2.53 c2! 6.68 ~73.70 0.69 |
05" 8.82  -51.08  2.18 c' 5.64  -71.28  -0.41 |
01" 6.32 -74.33  -1.62 i
Guanine Adenine }
N9 4.49 ~81.65  -0.28 N9 4,49 -81.66  -0.29 |
cs 4.84 -97.48  -0.23 c8 4.83 98.18  -0.23 |
N7 3.96  -110.55  -0.11 N7 401  -111.83  -0.11 |
cs 2.67  -102.18  ~-0.09 c5 2.72  -103.41  -0.09 |
c4 3.14 - 76.56  =0.19 ch 3.13 - 77.39  -0.19 E
N3 2.97 - 51.41  -0.21 N3 2.90 -51.88  -0.21 |
c2 1.92 - 32.33  -0.1l c2 1.80 - 34.78  -0.10 |
N2 2.66 - 3.86  -0.l1 N1 0.53 - 60.26 ol |
N1 0.64 - 55,09 0.0 Cé 1.52  -123.10 02
cé 1.50  =122.07 0.02 N6 2,17 -160.23 12 E
06 2.00  -158.55 0.12
Cytosine Thymine
N1 4.49 - 81.65  -0.28 N1 4.49 - 81.65  -0.28
cé 5.01 - 96.89  -0.25 c6 5.00 - 97.23  -0.24
cs 4,52 -112.0 -0.13 cs 4.52  -112.31  -0.12
c4 3.14  -117.62  -0.05 CHyq 5.71  -123.71  -0.08
NG 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
02 3.40 - 53.84  -0.25 c2 3.25 = 74.12  -0.21
02 3,32 - 52.74  -0.24
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Figure II
Stereo-view of the A-DNA double helix.

Figure IIT
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. (x, o) 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 also depicted on this figure in order to facilitate
the comparison with the calculated values.

DISCUSSION

The present conformations are proposed for the interpreta-
tion 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 well to the two double helical models. But the
proposed molecular structures are not adapted to 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 to results from infrared measurements and those
related to 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 all 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
well 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 1nten51t1es calculated with the

two present DNA conformations do agree very well 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 1s, 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). I the present case,
the agreement with infrared dichroism measurements is also
excellent but this advantage 1s not shared with the preceding
models of A and B-DNA fibers.
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Abstract

Different left handed double helices are proposed as models for DNA [ibers in the C form.
These conformations have geometrical parameters which agree well with fiber X-ray data
and the orientations of their phosphate groups are in good agreement with infrared dichroism
results. A complete set of atomic coordinates and dihedral angles are given together with
curves of calculated diffracted intensities. The present results are compared with experimen-
tal values and with the other C-DNA models.

Introduction

The C form of DNA is induced in DNA fibers when both humidity and salt levels
are relatively low (1,2,3). This conformation, which has been much less studied
than the A and B forms, seems now to be of biological importance. The molecular
model proposed by Marvin et al. (1) for the C-DNA has been established on the
basis of a great similarity between C and B {orms, similarity simply deduced from
fiber X-ray patterns. But it is a fact that the precision of mcasurements obtained
from DNA fiber X-ray is low and even not sufficient to give the handedness of the
double helices. Thus many different conformations can correspond, within the
range of precision, to similar fiber X-ray patterns (4). Moreover, recently published
results show that the transition from C to B and vice-versa is not very easy. It has
been suggested that the A form as intermediate, according to the scheme: C=A=B
{5) and this process can be modified when fibers are maintained under tension (0).

[t can be noted that experimental data on C-DNA are much less precise than those
obtained from A or B forms. For example, the CD spectrum of C-DNA is not well
defined (7,8) and the X-ray studies are only made on fibers and therefore present a
poor precision. Besides, the geometrical parameters obtained from infrared
dichroism (9) disagree considerably with the X-ray molecular model (10}, However,
concerning this last point. it has been shown (11) that it is possible to establish DNA
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molecular models which are in accordance with X-ray data as well as with infrared
measurements. Such A and B-DNA models are more well founded as they refer 1o
two very different experiments.

Methods

The calculation of the DNA structures are performed taking into account the
geometrical constraints deduced from X-ray measurements: [or the C-DNA. the
repeat unit must be of 30.6 A and the rotation per nucleotide is fixed to 38.7° ;
there are thus 9.3 nucleotide pairs per turn and 3.03 A between successive bases (1),
The geometry of the sugar phosphate backbone is defined by 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 (12). The proce-
dure followed to compute atomic coordinates of nucleotides placed in a helical
conformation is the one previously used (11,13). The model building programme
allows us to modify the dihedral angles of the molecular model starting from given
rough values obtained form physical models. An interative procedure optimizes the
orientation of the phosphate group in order to verify the experimental infrared
values. This fitting is realized maintaining the constraints on the helical parameters
of the conformation. Moreover, the DNA molecules being composed of two
antiparallel and complementary chains with bases paired as proposed by Watson
and Crick, the calculated conformations must present a dyadic symmetry and good
hydrogen bonds between associated bases. The stereochemistry of the molecular
models is also tested and possible too short interatomic distances are eliminated by
very small variations of the dihedral angles.

The diffracted intensity curves are computed following the procedure previously
described ([4) and using the atomic cylindrical coordinates of the bhest calculated
conformations. As the infrared measurements give different values for the orienta-
tion of the phosphate group depending on the DNA origin (9), the scarch for
conformations adapted to these different values was realized. But no « priori sense
was defined for the helices: right as well as left handed conformations were tested.

Results and Discussion

Three sets of dihedral angles are listed in Table I: they correspond respectively (o
the three different orientations of the phosphate group given by infrared dichroism
and associated to DNA of different origins. For these DNA conformations, the
helical parameters are maintained at the values characteristic of the C form. Orien-
tations of the base planes are also indicated by the tilt and twist angle values. In this
same Table I are also indicated the dihedral angles of the right handed C-DNA helix
presenting the best {it with the geometrical constraints.

The orientations of the directions of 0102 and of the bissector of O1PO2 relative
to the helix axis are presented in Table 1 and compared with values obtained from
infrared measurements. A complete set of atomic cylindrical coordinates is listed in
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Table 1
Dihedral angles of the different C-DNA double helices and helical parameters. Models £ LT are teft
handed helices and model V1 is a right handed helix

Model N©

Dihedral [ I 1 v
Angles () Cytophaga sp. Satmon sp. Call Thymus Call Thymus
a (P—08") 55.51 S440 SK.78 -28.77
A0S =Cs" —143.006 = 14426 —139.61 146,33

y (CS'—C4N {57.38 160.45 157.38 3514

6 (C4'—CY") 1S1.92 15336 140.0:4 13892

¢ (CY—=03" —(7.56 —0(8.62 -(9,52 = 5646
£{0¥—P) —178.79 [79.53 17618 — 13993

~N1-C2(Pyr}

o1 =Clt’ 75 79.5 77 —121.5
XOP=CIS N9—carpun ! ! : hah.s
0°. Rotation/Residue —38.7 —38.09 —18.7 38.7

Rise/Residue (A) A28 A28 29 2.0
Base tilt (°) 8.0 7.3 81 —9.5
twist () -0.7 -39 ~1.3 0
D=distance to axis - 13 —08 —

of C6(Pyr) C8(Pur)(A}

Table 1
Geometry ol the phospbate group of the different C-DNA models compared to experimental values (1.R )

DNA Origin Cytophaga sp. Salmon sp. Calf Thymus

Angle (©)
refative to the [.R. Model I.R. Model I.R. Model Model Moaodet
helix axis of: [ 11 HI v tref. 3-10

0102 4843 48.1 482 48.4 ST 2 50.9 S0.0 73

the bissector

S OIPO2 623 62.0 67 .£2 66.8 6442 638 754 36
€ Z

Table 111. The presented coordinates correspond to the Calf-thymus DNA which is
taken as an example; the three left handed conformations are indeed very similar.
The different bases are placed at the same level and the dyadic and helical
symmetries allow the calculation of the coordinates of any other nucleotide.

Figure | shows, as an example, a representation of one of the proposed C-DNA
conformations. For this left handed helix one can sce the perfect pairing of the
bases in anti position and the good stereochemistry of the molecular model; figure 2
shows a stereo view of this model. In figure 3 curves of the calculated diffracted
intensities for the right and a left handed C-DNA models are presented together
with experimental data.

The orientation of the phosphate group imposed by the infrared results associated
to the helical parameters deduced from fiber X-ray studies constitute a set of
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Table 11
Cylindrical atomic coordinates of a unit of the left handed C-DNA helix tmodel 11D

R(A) H(°) Z(A) RiA) @) Z(A)
Phosphate Desoxyribose
(OX} 7.52 —125.35 112 cs 859 102,89 —0.62
P 9,01 —126,04 1,70 Ccy 7.70 —107.82 046
Ot 9.60 —1I&04 2,11 cy 7.33 = [1849 0.03
02 980 —129.206 0.56 c? .87 = 117,06 =040
05’ 8.86 — 132,45 2.94 cl' 5045 = 108,00 0,77
ot (.66 —=101.06 (.85
Guanine Adenine
NG 4.34 — 9646 0,60 N9 434 — 96 47 0.59
C8 475 — 8046 0.61 C8 4,74 — 79,75 0.60
N7 396 - 66,54 0,42 N7 401 — 6533 042
C5 2.63 — 7297 0.29 CS 269 — 7186 0.29
C4 297 —100.34 0.40 C4 297 — Y946 0.39
N3 PR —=127.07 0,33 N3 2.66 == 126,47 032
C2 1.65 —147.07 0,14 C2 1.53 — 14402 013
N2 2,39 —179.29 0,08 Nt 0.37 — 9148 0.00
N1 044 —104.83 0.02 C6 1.60 — 4828 008
C6 1.58 - 19,10 0,09 N6 PRV = 16,79 0.04
06 222 - 1797 ~0.03
Cytosine Thymine
NI 4.34 — 96,47 0.60 N1 4.34 = 9646 0.60
Co 492 — 81,18 0,63 C6 491 - R0.K1 © 0.6}
CSs 4.51 — 6559 0,48 [ 4,52 - 06327 048
C4 317 — 5850 0,28 Me 3,76 — 3.68 0.52
N4 332 — 3518 0.13 Cd 122 - 5718 0,28
N3 2,25 — 7879 0.26 Od 330 - 5.4 0.3
C2 3,09 —102.00 0.4 N3 28 — TRMY 0.26
02 316 — 12487 040 2 307 - 103,06 0,42
02 307 — 12596 0.38

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 stereochemistry. The corresponding calculated intensities are acceptable (fig.
3b) but, the model is not totally consistent with the infrared data. Although the
angle of O102 with the helix axis in the right-handed model is close to that obtained
from infrared studies, the orientation of the bisector OIPO2 is not in agreement
with the infrared data (Table I1).

Conversely it was relatively easy to get left handed helices satis{ying perfectly all
~ the geometrical constraints and presenting very good stercochemistry. 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 fit to the C-DNA
helical parameters and to a good pairing of complementary bases. One can add that
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all the dihedral angles of these conformations are given values very well situated in
domains generally allowed for nucleotides {15) and sugar pucker is C2' endo. This
confirms the good stereochemistry of the present molecular models of left handed
C-DNA which are in the same [amily as already proposed lelt handed DNA confor-
mations (16,17).

(a) (b)
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Figure 3. Curves of the diffracted intensities calculated (- Y with the left handed model TH tarand the

right handed model IV (b} compared to experiments (——).
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Concerning the diffracted intensilics, one can sce that calculated curves do agree
very well with experiments (lig. 3). This agreement is at feast as good as that
obtained with the preceding C-DNA models (1,20 Teis interesting to note that the
present right and lelt handed C-DNA models give indecd very similar calealated
intensities (fig. Jab): this behavior confirms a fact already remarked for fibre Xeray

studies (4).

On the other hand the agreement between the present leflt handed molecular
models and values deduced from infrared dichroism is perfect. A last, it can be
noted that the present C forms of DNA | being {eft handed helices with 0 = = 3877,
are closer to the A form (7 = 32.7°) than to the B form (0 = 367 this fits very well
and could explain the C->A—B (ransition.
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D) MODELES DE L'ADN POUR LES CONFORMATIONS A, B, C ET D EN

-RELATION. AVEC .LES MESURES RX DE FIBRE, L'INFRARQUGE ET

LA RMN.

Photo N° 7 : Forme D du poly (dA-dT).poly (dA-dT) avec sel de
sodium a 50 % d'humidité relative.
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Abstract

A conformational analysis of the A, B, C and D DNA 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 *'"P NMR. The proposed models have been reflined and
do present good stereochemistry and optimized H-bond distances between 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 and D. Relations to conformational
transitions between these forms are discussed.

Introduction

The conformational variations of DNA induced by modifications of humidity and
salt concentration are well established by X-ray diffraction studics 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 75%. The B form exists for
high humidity when different salts are present. The C-DNA form was studied by
X-ray diffraction on fibers immersed in different solvents (5). A recent experi-
mental study (6) has shown in great detail how the C form of DNA can be obtained
when both water and salt contents are low. Morcover the C=»A=»B transitions were
shown to occur as a function of the increase of the amount of sodium saft and
relative humidity. The same kind of study devoted to the poly(dA-dT)-poly(dA-dT)
established the transitions which can be observed from or to the D form (7).
Nevertheless, even if X-ray is indeed a powerful tool which permits to differentiate
between DNA conformations without any ambiguity the extremely poor resolution
of the diffraction measurements does not allow one to get a unique molecular
model from a fiber X-ray pattern. Therefore, it is important to take into account
any information coming from other experimental methods in order to establish
reliable DNA models.

*Paper presented at the Fourth Conversation in Biomolecular Stereodynamics, SUNY at Afbany, June
04-08 1985,
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Among the different spectroscopic technics used, NMR gives very line structural
details on the sugar and the bases (8.9) and recently P NMR has been shown to be
able to give gcometrical parameters on the phosphate group of DNA in the A and B
forms (10,11). Besides, infrarcd linear dichroism is used to determine the orientation
of the phosphate group and experimental values are available for A, B and C forms
(12,13,14). In recent publications (15,16) it was shown that one can establish A, B,
and C-DNA molecular models which agree with X-ray and infrared measurements
and morcover, the A and B models proposed by this method arc also in accordance
with Y'P NMR data (11).

In the present work refined A, B and C conformations are presented together with a
D conformation of poly(dA-dTY-poly(dA-dT). For this last form one should note that
no infrarcd or NMR data is available and therefore the present D model was only
constrained to agree with its fiber X-ray pattern (4) and to remain in the vicinity of
the present right handed B form. The variations of the dihedral angles introduced
on the earlier models (15,10) are indeed very small and improvements on the A, B
and C conformations are mainly obtained on the distances of H-honds between paired
bases and on the inter chain stercochemistry. For all these DNA conformations
dihedral angles, helical parameters, the base pairing arc given together with vicws
of the different models. Comparison with infrared and *'P NMR data are indicated
and the consistency of the present DNA models is related to the experimental
observations made on transitions between these different DNA conformations.

Methods

Helical parameters derived from fiber X-ray patterns associated with the known
geometry of the nucleotide units permil to determine molecular models which can
be used to compute diffracted intensities and different structural features. Owing to
the dyad axis, only one of the two antiparallel helices suffices to calculate the
diffracted intensities but it is nccessary to determine a model of the (wo com-
plementary molecular chains in order to defline the atomic coordinates in a correct
reference frame based on the helical and the dyadic axes.

Bond lengths and bond angles are taken from the listing given by Arnott (17); they
can be very slightly modified but must be maintained in intervals of values determined
by X-ray studies on single crystals (18,19,20). The gcometry of the sugar phosphate
chain is completely defined by its dihedral angles. The computation of the atomic
coordinates of a nucleotide sequence placed in a helical conformation is performed
with the same procedure as previously used (21). The program is bascd on a
method transposced from that proposed by Hermans and Ferro (22) for the rep-
resentation of a protein molecule. This procedure allows onc to modily very easily
the caleulated structure and makes it simple to introduce the tilt and twist of bases.
An iterative procedure is used to optimize the helical conformation and the orientation
of the phosphate group namely the O102 direction and that of the bissector of
O1PO2 relative to the helix axis (angles v, and g, respectively). The fitting of these
orientations to the experimental values of infrared dichroism is realized maintaining

~ Premilat & Albiser
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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 also 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 computed
using the atomic cylindrical coordinates of the best calculated conformations.
Relations and parameters necessary for these calculations are those given by Langridge
et al (2) and used previously (15,16). As one supposes a statistical repartition of the
different bases along the helix, except for the D form, the percentage of base pairs
is included in the computation procedure (21). The molecular model is modified or
rejected if it does not give a good calculated X-ray pattern. The stereochemistry
(intra and inter chain atomic distances, H-bond geometry . . .} of satisflactory molecular
models can be improved by small variations of the dihedral angles or of the geometry
(bond angles). If this leads to modifications of the helical parameters, the model
goes through new improvement cycles or must sometimes be rejected.

Regarding the calculation on molecular models of the angles § and y deduced from
YP NMR measurements, one can show that they are related to v, and ¢, (infrared).
In fact let us consider in figure 1 the angles g and y given by Shindo et al (11) and
the orthogonal system (a,b,¢) with the c axis along the helix axis (or fiber axis). The
orthogonal system (x,y,z} corresponds to the line O102 (oxygens of the phosphate
group) for the z axis and to the bissector of O1PO2 for y. Angles ¢, and ¢, are
shown in figure 1. The axis b is along the intersection of planes (a,b) and (x.y).

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 ¢, =  and introducing the

c
helix axis

Figure 1. Orientation angles ;3 and 37 related to P NMR. o,

and 2, related o infrared.
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angles 0, = (x.c), 0, = {y.c) and 0, = (z,c) {magnetic field along c; see ref. 1), one
gets ¢, = = 0y, v, = 0, and with scalar products expressed in (b.d,7) one oblains:

cos 0 = — sin [} cos y: cos ), = sin /3 sin y.

Note also that 0, can be obtained from cos’@, + cos’0, + cos??; = 1 and 0, = ¢;
0, = v,.

So when g and y are known from NMR one can calculate ¢, and ¢, (infrared).
Conversely from ¢, and g, one gets § = ¢, and

cos 0, COS )y

t = — = — %
&Y cos 0, (1 — cos? g, — cos? v,

Finally, these angles are defined between lines and their values are in the interval
s
(0.5).

Results

The set of dihedral angles corresponding to the different molecular models of DNA
presently studied are given in table I. In this same table all the relevant conformational
parameters are also indicated. One should note that the DNA 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 model. Thus for the presently
proposed conformations C is left handed and A, B and D are right handed helices.
This handedness of A and B forms do agree with results obtained from X-ray
measurements on oligonucleotide crystals (24,25).

The A, B, and C-DNA molecular models are depicted in figure 2 together with
details on the geometry of paired bases. The modifications made on these models
compared to those already proposed (15.16) have been done mainly to improve the
H-bond distances between bases. Such variations did not affect the dihedral angles
but only the internal geometry of the A and B forms and just very slightly the angles
of the C-DNA models. The corresponding atomic coordinates and Fourier transform
diagrams remain very close to previously published values (15,16) and therefore are
not presented. Finally, table 1T and figure 3 present respectively the atomic coordinates
of the D form of poly|d(A-T)| and a view of the model as well as curves ol calculated
diffracted intensities. For this molecular model the dyad axis is located between
base planes and the unit is a (A-T) nucleotide pair on one chain. Thercfore the
double helix presents 4 units in one turn and the relation used for the calculation of
the Fourier transform is / = n + 4 m. Another point concerning the D form is that
A and T bases are given slightly sifferent twist and tilt angles (see table D in order to
improve H-bond distances: it also gives betler agreement with diffraction curves.

In table Il arc indicated the orientation angles of the phosphate group in the
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Table 1
Chain dihedral angles and geometrical parameters of the C. A, B, D double helical conformations

DNA form C A B D
DNA origin  Calf Thymus  Salmon sp.  Calf Thymus  Calf Thymus  polytd AdTipolvid AdT)
%) —J3R.70 —238.70 32,73 36.00 45.00
P(A) 30.60 J0.60 2816 2390 24.20
p(A) 3.29 3.29 2.56 RRD 03
al®) 60.78 S350 —59.63 —30.93 —34L00
A% —139.89 —143.27 163.58 148.71 {4460
() 155.38 161.45 51.20 37.02 43.46
(%) 146.04 152,38 81.00 132.32 153.77
c(® —09.72 —068.67 - 136.20 —156.80 —157.04
¢(°) 176.06 179.51 —87.11 —133.62 — 15470
N 177.00 177.00 —165.00 = 123.00 = 106(A)
=102
Tilt (%) 7.00 12.60 20.00 =0.00 =16 (A — 13T
Twist (°) —1.00 —0.50 10.00) 2.0 —2.6(A) 390
D (A) =110 —1.00 4.60 —0.60 —2.00
Pg()S’QCS'XCJ’QCJ’L()J’QP: L O1'=Cl"—= Nt = C2for (C.T)
A { O1" = Cl"= N9 = Cdfor (G.A)

different models. Experimental infrared values are available for A. B and C forms
and can be compared with angles calculated from the models. Only A and B-DNA
conformations can be compared with *'P NMR measurements. Nevertheless in
table 111 the calculated values are given for all the present models. One should note
that all these values for the angles can be more or less changed because the O1 and
02 bond angles of the molecular models can be chosen in an interval of values
defined by X-ray studies on nucleotide crystals (19,20). Examples of such variations
are indicated in table 111 for the D form.

Discussion

The conformations proposed here correspond to models in accordance with different
experimental measurements made on long fibers of DNA in A, B. C or D form. In
these double helical models, nucleotides do present a structural regularity which is
not adapted to 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 from infrared
measurements and to fiber X-ray data limits considerably the conformational
possibilities and eliminates many good structures. For all the models presented. one
can note that the dihedral angles are in the domains commonly allowed for nucleotides
(18). Helical parameters are in perfect agreecment with fiber X-ray data and bases
are in the anti conformation.
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Figure 2. Molccular models of A, B, C forms of DNA.

In the A-DNA conformation, the sugar pucker is C3-endo and bases are tilted and
twisted like in the model proposed by Fuller et al (1). In the refined B-DNA
structure, the sugar pucker is Ct"exo and the slight incline of bases increases the
agreement between calculated and experimental diffracted intensities. These two
conformations are indeed very near to those previously proposed (15) 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 "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, left handed helices satisfying perfectly all
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Figure 2 continued

these constraints presenting a very good stereochemistry can easily be obtained.
Here also all dihedral angles have values well situated in the domains allowed to
nucleotides and the sugar pucker is C2"-endo for one model and C3"exo for the
other. These facts guarantee the good stereochemistry of these left handed models
for C-DNA. The present C-DNA left handed helices which are very close to our
previous models (16) are in very good agreement with fiber X-ray patterns and
infrared data. No comparison with *'P NMR can be made as no precise experi-
mental values have been proposed up to now.

The generally accepted similarity in the handedness of the B and C forms of DNA
does not fit well with the physiochemical conditions to which these forms relate.
Actually, C is a very low humidity and low salt form of DNA while B is adapted to
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Figure 3. Molecular model of D form, i-bond distances in A and curves of diffracted intensities:
); experimental values (+), ref. 4.

calculated {

high humidity and higher amount of salt. The precise study of the transitions
between A, B and C forms (6) has shown that X-ray patterns corresponding to
mixtures of A and C or A and B are observed according to the C=A==B reversible
transitions. The conformational proximity of B and C has not been demonstrated.
The helical parameter values of the different DNA forms can be well explained if
one supposes a left handed helical model for C-DNA, A and B being right handed.
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Table 11
Atomic cylindrical coordinates of the D form unit
D form R(A) #1°) Z(A) R(AY 0% ZIAY
Phosphate Adenine
oy’ 7.06 267.45 —2.97 N9 4.37 23146 -2.72
p 817 270.86 —1.90 C8 .27 219.14 —2.83
01 9.48 271.52 —2.57 N7 5.03 205,23 —2.55
02 8.32 203.84 —0.83 Cs 370 202.35 —2.23
os’ 173 281,04 —1.39 Cd 16 22333 —2.33
Deoxyribose N3 2.06 240018 —-2.09
cs' 726 24398 —5.34 C2 .12 207.75 -1.73
c4' 6.51 253.16 —4.63 NI 2.02 170.06 —1.59
cy 7.09 256.17 —3.26 Co 3.28 181.17 —1.&4
c2' 6.33 248.08 —2.32 N6 4.33 169.32 —1.70
cl’ 4.95 247.85 —2.96
ot 514 249.90 —4.35
Phosphate Thymine
[OR} 7.06 32,44 0.06 Nt 4.37 276.45 0.31
p 8.17 315.85 1.12 Co 5.39 265.09 0.23
01 9.48 316.51 0.46 [ON] 5.46 251.71 0.45
02 8.32 J08.83 2.20 Me (.85 246.47 0.37
o5’ 7.73 326.34 .64 C4 4.46 240.21 0.77
Deoxyribose 04 4.95 226.64 0.99
Cy' 7.26 288.97 —2.31 N3 REN 246.72 0.83
c4' 0.51 298.15 = 1.60 2 307 272.00 0.61
cy 7.09 30116 —0.23 02 2.31 292.67 0.69
c2' 6.33 293.07 0.71
cr 4.95 292.84 0.07
ot 5.4 294.89 -1
Table HI

Geometry of the phosphate group in the different DNA models related to IR and Y'P NMR data

C

DNA form Call Thymus A B
DNA origin (Salmon sp.) Call Thymus Calf Thymus
Angle (°) o, () ¥, ¥ W3 ¥, y SNeL IR y

Sta2 042 6542 453 5612 70D
LR.* (4842)  (67+2)

48-50 O1-0:4 59-64 46-50 52-55 62-63
1P NMRY THe?2 37 S8+3 0 5515 668 0 e!S
Model SLS 637 4.4 65.1 449 NI 56.7 713 21.8

148.8) (67.4) (30.8)

For D form poly(dA-dT)-poly(dA-dT); Model: , = 43.8; ¢, = 76.5:y = 9.8
If O1 and 02 bend angles valucs are in (103°-110°) it comes:
40 < <4870 <, < 819 <y < 21

tFrom ref. 10.11. “From ref. 12-14
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In that case the A form is between C and B and one has the order C.AB with
increasing values of the angle of rotation per nucleotide. (This angle is negative for
C and positive for A and B).

The model presently proposed for D-DNA is right handed and has dihedral angle
values near to those of the B form (see table 1), the sugar pucker is C3"-exo. Note
that bases are on the outside part of the conformation, far from the helix axis. This
situation corresponds to a better stereochemistry for it improves atomic contacts
between bases on the antiparallel and complementary chains. This conformation is
similar to models already proposed (4,26,27). As far as we know, neither infrared
nor P NMR data are available for D-DNA and left handed as well as right handed
helices have been proposed as models for poly|d(A-T)| (28). However conformational
transitions recently observed (7) in poly|d(A-T)] fibers show that the transition
between B and D forms is indeed reversible and the A to D is not. That can be
interpreted as being due to the relative position of these conformations which
should be ordered A.B.D and thus D is placed beyond B compared to A. For a left
handed D form the order would be D,A.B or even D,C,A B and could not [it to the

observed transitions.
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E) DISCUSSION

formes A et B de 1'ADN en fibre s'est révélée efficace. lLes
contraintes imposées par 1l'orientation du groupe phosphate,
les

déduites des mesures de spectroscopie infrarouge, limitent

conformations possibles de la chaine sucre-phosphate (62). Une

sélection est rapidement opérée quand on cherche le meilleur

accord entre ces modéles conformationnels et les données
expérimentales de RX. Pour les formes A et B, ce sont des
doubles hélices droites qui satisfont au mieux les données
expérimentales. Ces conformations ont des catractéristiques
trés voisines des premiers modéles proposés (28,30). Il est
intéressant de remarquer que les valeufs des angles diédres
édtablis par cette méthode ont été progressivement proposés par

Arnott 34 la suite de raffinements successifs des clichés RX de

fibre (Tableau n®° 1IV)

Angles diédres moyens (©) déterminés a4 partir de cristaux d'oligonucléotides
comparés & ceux déduits des fibres d'ADN.

A.D.N. TFORME A a B Y § £ ] 5 X
P 05" cs! c4' c3' 03’ P
d( GCCCGEGL)*® - 71 177 55 85 - 165 |- 64 - 160
d (ceeTACCC)™® - 69 172 64 79 |- 151 |- 77 - 165
.
:((CACCCCCGCGGCCGGGT) i - 65 166 51 80 |- 157 |- 66 | - 158
CGGGGG - 75 182 53 79 |- 1 - -
. ~ : , (16) (22) (14) (8) 638) 71<zo> 163
Fibre (Prémilat,Albiser)| — 59 163 51 81 |- 136 |- 87 - 165
Fibre & (Arnott) - 52 175 42 79 |- 148 (- 75 | - 157

Heinemann & al.,Nucl. Acid. Res. 19, 427 (1991)
Shakked & al., Nucl. Acids Res. 18, 3185 (1990)

Rich & al., Eur. J. Biochem. 181, 259 (1989)

Subirana & al., J.Mol.Biol. 221, 623 (1991)

Prémilat & G. Albiser, Nucl.Acids Res. 11, 1897 (1983)

TABLEAU N° 4

v v 4 o> N O

Arnott & al., J.Biomol.Struct.Dyn. 6, 1189 (1989)
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AN FoRESR o %L B Ly L8 e i X 1o x
P 05" ch' c4' c3' 03" p

d (CGCGAATTCGCG) ™ 63 | 171 54 122 | -169 | -108 |~ 117

4 (CCAGGCCTGG) ™ - 61 165 42 131 | -144 | -130 |- 98

d(CCAACGTTGG)é ' - 64 | 166 49 128 | -156 |-121 |- 103

Fibre (Prémilat,Albiser)| = 31 148 37 132 | -156 | -133 |- 122

Fibre'® (Arnott) - 33 | 138 33 142 | -141 | -~157 |- 99

R. Dickerson et al. Proc.Nat.Acad.Scl1.USA 78, 2179 (1981)

U. Heinemann & C. Alings, J.Mol. Biol. 210, 369 (1989)

TABLEAU N° 4

R. Dickerson & al. J.Mol.Biol. 217, 177 (1991)
S. Prémilat & G. Albiser, Nucl.Acids. Res. 11, 1897 (1983)

S. Arnott & al. Nucl.Acids. Res. 11, 4151 (1983)

D'autre part, la confrontation entre les valeurs des
angles dieédres 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 «c¢ristaux d'oligonucléotides on remarque une
grande dispersion des valeurs de ces angles d'un nucléotide a
1'autre (perturbations dues aux effets d'extrémiteé).

L'étude de la forme C de 1'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 paramétres hélicoidaux retenus,P = 30,6 A et p =3,30 A
pour définir cette forme correspondant en fait & un pas P,
dont les valeurs expérimentales sont comprises entre 31,2 A et

29,2 A (31).
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Néanmoins, dans la publication consacrée & cette forme C,

plusieurs modeéles soﬁt”pfoﬁéégé,wéﬁi,ié"ﬁOQQééd: satisfont aux
données RX de fibre et au dichroisme linéaire infrarouge. Mais
a la suite de travaux expérimentaux réalisés ultérieurement
sur les transitions conformationnelles des ADN et des
polynucléotides, les conclusions pour le choix d'un modéle
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 trés faible pourcentage de
sodium, quand on abaisse progressivement 1'humidité relative.
Or, durant cette transition, 1les clichés de diffraction RX
révélent une modification trés progressive des paramétres
hélicoidaux et, en associant des mesures des dimensions de
fibre, le caractére non coopératif de cette transition a été
prouvé (Chap. V, B). Le caractére non coopératif de cette
transition a également été remarqué par spectroscopie
infrarouge sur les films d'ADN (63). La conformation de 1la

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 modéle IV qui doit é&tre retenu bien qu'il

correspond A un  moins bon accord avec les résultats

infrarouge. On remarque dque les angles diédres de ce modéle

sont trés proches de ceux proposés pour la forme B (Tableau
NeIv).

I1 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 a R = 0,1 A -!

sur la premiére strate) ne sont réunies que transitoirement

lorsque 1'humidité relative varie.
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Un argument gqui également avait été décisif pour le choix

-d'une -conformation--gauche- -pour --la - forme - C- . résidait - dans -

l'analyse de 1la transition C-A-B expérimentalement observée
sur des fibres d'ADN & faible concentration en sodium. En
effet 1l'angle de rotation entre nucléotides successifs est
voisin de 38,7° pour la forme C, pour la forme A, il est de
32,7° et de 36° en forme B. Ce changement de sens de 1la
torsion de 1'hélice lorsque 1'humidité relative croit semble
s'expliquer difficilement si 1'hélice reste droite. Or, aprés
de nombreux essais effectués pour reproduire ces transitions,
on s'est rendu compte que cela n'était réalisable que dans des
conditions particuliéres.En effet, une tension mécanique
appliquée & la fibre & haute humidité empéche la transition
vers A quand 1'humidité est réduite, on a alors une
déformation de la forme B en C. La tension étant supprimée,
une élévation trés lente de 1'humidité fait disparaitre 1la
forme C au profit de la forme A. On peut également retrouver
les transitions C-A-B avec des fibres ayant une concentration
assez faible en sel de sodium en opérant des variations
brutales d'humidité (de 92 % a 40 %) et en élevant A nouveau
progressivement 1'humidité relative.

Un autre argument renforce également 1'impossibilité de
passer d'une hélice gauche & une hélice droite lors de 1la
transition C~-A provient des études d'hydratation (Chap. V,C).
En effet on évalue en moyenne, a 4 ou 5 le nombre de molécules
d'eau associé & chaque nucléotide en formes C ou A. Cela
conduit & un assemblage compact des molécules et empéche tout

mouvement dans la fibre et donc tout changement de sens de 1la

double hélice.
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une conformation en double hélice drroite pdur lawrfic:rrr\rrewlr)
présentée par certains polynucléotides tel que le poly
(dA-dT) ~poly (dA-dT). Dans <ce cas les seules mesures sont
faites par diffraction RX. C'est donc 1'analyse des
transitions de forme qui permet de justifier le sens
hélicoidal retenu. L'analyse des transitions réalisées
ultérieurement avec <ce polynucléotide conduit & la méme

conclusion a4 savoir que la forme D est une double hélice

droite.

Laﬁxrﬁderniére publication de ce chapitre présente également
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CHAPITRE IV : CONFORMATION DE L'ADN EN PRESENCE DE CATIONS
METALLIQUES ET EFFET DE LA TENSION MECANIQUE
T T T "SUR DEUX TYPES DE™ TRANSTITIONS CONFORMATTONNELLES™

A} INTRODUCTION

Dans la premiére publication proposée, c¢'est 1'étude d'un
cation métallique (Ag+*) fixé sur 1'ADN qui est abordée, le
cation compensateur étant toujours le sodium. Les résultats
donnés par de nombreuses techniques physico-chimiques
permettent de classer en trois catégories les métaux qui se
fixent sur 1'ADN. On distingue ceux qui se lient au phosphate,
entre bases et phosphate ou simplement sur les bases (Tableau

N° V) (64).

TABLEAU N° V

Sites Ions métalliques
Phosphate Lit Na*, K',Rb',Cs* Mgt ,Cal® §rit Bai+ Fedt
Phosphate COP* Ni?* Mn?+, zn?' CQ2+,pbit,Cutt Feit
et base
Base Agt HGET

(lassification des ions métalliques en fonction de leur
site de liaison sur 1'ADN.

Certains de ces cations sont présents naturellement dans
les ADN et ARN extraits des cellules, ils participent
également dans des fonctions biologiques (effet mutagéne) ou
encore, 1ils permettent des réactions enzymologicues (65). Il
est également connu que des cations peuvent bloquer certaines
conformations de 1"ADN ou encore favoriser certaines

transitions entre doubles hélices droites (66), mails aussi
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. _entre _doubles hélices droites . .et gauches et cela, pour

certaines sécquences de basesg (67).

Le cation Ag* fixé sur les bases G-C de 1'ADN est
soupc¢onné de provoquer un changement de conformation. Ainsi,
le spectre dichroique de 1'ADN en solution a4 haute teneur en
argent fait apparaitre une bande négative trés intense vers
2 700 A qul n'est attribuée a aucune conformation connue (17).
La diffraction R.X. de fibre semble donc indiquée afin
d'analyser ce changement de conformation et, éventuellement,
gselectionner le site de chélation de l'argent sur les bases.
En effet, cette étude est semblable a la méthode de "1'atome
lourd" c¢lassiquement utilisée en cristallographie. Néanmoins,
la distribution non périodique du cation rend 1l'interprétation
des c¢lichés R.X. de fibre plus délicate.

La deuxiéme publication présentée s'intéresse a un facteur
souvent occulté dans la diffraction R.X. de fibre, 1la tension
mécanique appliquée aux fibres. En effet, la méthode empirique

d'orientation des fibres d'ADN & partir de gel fait appel a

l'action d'une tension wmécanique. Le maintient de cette
tension sur la fibre peut éventuellement contrarier
1'évolution de la fibre lorsque, par exemple, 1'humidité

relative environnante change. Pour déterminer 1'influence de
ce facteur, une étude de diffraction R.X. a été entreprise sur
des fibres gui présentent les transitions A-B ou B-C lorsque
1'humidité relative est modifiée. D'autre part, il faut
remarguer que la tension n'est pas sans intérét biologique
puisque dans la cellule 1'ADN peut subir c¢ce type de

contraintes mécaniques.
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B) RX DE FIBRE ET ETUDE CONFORMATIONNELLE DE L'ASSOCIATION
D'IONS METALLIQUES A L'ADN

Figure N° 16 : Les sites envisagés pour l'association de
Ag* sur 1'ADN.
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Abstract

Results obtained from X-ray diffraction as well as from conformational analysis of Ag-DNA
fibres are presented. For small percentages of Ag' bound and high humidity, the B-DNA
form is maintained. As the percentage of Ag* is increased, the helical parameters of the
B-DNA are modified. These modifications are directly related to the percentage of G—C
bases. The periodicity of the DNA fibres are perturbed as Ag* is mainly bound to G—C
pairs and, thus, only the equatorial dilfracted intensities can be compared to values calcu-
lated from molecular models. It is shown, by this way, that the {irst binding site is located on
N7 of G. A second site is situated between N3 and NI of the G—C pair, at the place of a
hydrogen bond. A molecular model of the Ag-DNA complex is proposed and shown to be in
agreement with experimental data. Results obtained allow to get some information on the
binding of other ions such as Cu?* and Hg?* which give very little modification of the fibre
X-ray patterns.

Introduction

Effects of metallic ions on the conformations and functions of nucleic acids are the
subjects of many experimental studies (1-S). They clearly show that the different
experimental technique used (such as spectrophotometry, potentiometry, etc. .. )
provide information on the binding sites of ions. Nevertheless, in some cases,
different sites remain possible and no molecular model has actually been presented
in order to take into account the modifications of the DNA structures induced by
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
spectroscopic techniques, silver does not present any absorption in the scale of the
investigated wavelengths and thus does not hide the modifications of the spectrum
due to conformational changes (6-13). So. it has been shown that the binding of the
cation Ag* on the DNA in solution is realized in two successive steps corresponding
to the existence of two different binding sites (6,7.8.9). 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 O6 and N7 of the guanine or also in chelate between two succes-
sive bases one of which, at least, is a guanine (7). Then, for a ratio of silver above
0.2, a second site appears in the middle of a pair of bases, at the place of a hydrogen
bound, between N1 of a purinic base and N3 of a pyrimidinic one (6.7). Binding on
this second site must lead to a disruption of the macromolecular conformation.

Studies in solution can hardly give fundamental information on DNA conforma-
tions and the lack of crystallographic results on single crystals renders Xeray diffrac-
tion on oriented fibres an interesting approach (I4). In the present work, Xeray
diffraction by oriented fibres associated to silver ions is used as a method of
conformational analysis. Moreover, it appears that the binding of Ag' on DNA
gives more pronounced and clear cffects of fibre X-ray patterns than other metal
ions (Cu?* and Hg?* for example). Hence, the bindmg of Agt can also be used as an
example permitting to get some information on these other ion-DNA systems which
are more important on a biological level.

Materials and Methods

Two different DNA molecules have been used in the present study: the calfl thymus
DNA which contains 42% of guanine-cytosine bases and the micrococcus lysodeik-
ticus DNA which has 72% of guanine-cytosine bases. These DNA were purchased
from Miles Laboratories in lyophilised form. For the X-ray studies, the DNA must
be stretched in fibres and the different samples are realized as [ollows: a DNA
solution in sodium acetate Q) to 20 mM is realized alter dialysis and precipitation.
The pH of the solution is either 5.4, to get only one binding site with a small value
of r {the average number of cations per nucleotide) or 8 to bind simultancously Ag'
on the two sites (6). Measurement of the optical density of the solution allows to
determine the DNA concentration. To a definite volume of this DNA solution, an
appropriate volume of silver nitrate solution is added so as to get the defined r
value which varies, in the present work from 0.05 to 0.5. Precipitation with alcohol
and centrifugation gives a gel from which fibres are streched (15.16). The process is
realized sheltered from light in order to avoid oxydo-reduction.

The procedure followed for the determination of the molecular models of the
different DNA double helices is the one used before (17). It takes into account the
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 A and 2.3 A and the distance between the
two nitrogens of a base pair, bound (o a silver ion. is 3.8 A (18).

The calculations of the theoretical diffracted intensitics from a DNA molecular
model are performed following the procedure previously described and used (19).
But this method is not presently totally valid because it has been established that
silver ions bind essentially to guanine (for small r) (20.21). Thus, the fact that the
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silver bound has an atomic scattering factor much higher than those of the DNA
atoms perturbs the periodicity of the molecular structure and makes the concept of
average nucleotide inapplicable (19). This loss of periodicity does not allow any
more to calculate correctly the diffracted intensity on the different layer lines.
However, the calculation remains possible for the equatorial line. As a matter of
fact, the rule of selection, in this last case, gives essentially for n, the order of the
Bessel functions, the value 0. 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
atoms, the silver ion with its percentage. The structure lactor F and the expression
of the calculated diffracted intensity, for the equatorial layer line, can be written as:

FO,&) = zj‘?fi J,2TR&);
[(0.£) = F{H0.8&)
where:
& = radial coordinate of a lattice point in reciprocal space,

R; = radial coordinate of the J'" atom in the repeating unit in real space.

_.,
|

= scattering factor of the J'*" atom.

= Bessel function of first kind of order zero.

[
{

Consequently, only the equatorial intensities are compared to the calculated ones
and by this way, the radial positions of silver atoms in the DNA double helical
conformation are determined.

Results

In order to make possible a comparison between the present results and those from
studies on solutions, the DNA fibres have been prepared with ratio r of silver per
nucleotide varying from 0.05 to more than 0.5. For ratio r up to (1.2 with the DNA
containing 72% of G—C bases and less than (.15 for the DNA with 42% of G—C. at
high relative humidity. the B-form is obtained. The double helical parameters are
not modified: the pitch is 34 A, the rotation per nucleotide is near to 36° and the
rise per nucleotide is near to 3.4 A. The crystal lattice is hexagonal or orthorhom-
bic (Fig. [{A,B.D.E)). For some fibres prepared with a low concentration of sodium
salt, the lowering of the humidity allows o obtain the A-form. The patterns of the
equatorial intensity diffracted by the DNA in B-form associated to silver ions, show
the same positions and relative amplitudes of the intensity maxima as those ob-
served classically for the B-DNA. Nevertheless some stretched fibres obtained from
solution at pH 8 with a ratio r higher than 0.1 do present the B-form but the
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Figure 1. Xeray fibree patterns obtained a 02 refitive Tomiding DNA GRG0 G N warhonr A
Brr =00 Crr o~ 0105 DNA T2 G-Cr Dywithont Ag' b =000 brr - 0020 Go PelvdA
poly dT without Ag o G ~ 008 Hi poly dGo- paly dC wathout Apt e~ 05

intensity minimum near & = .08 A ' on the equator, has disappeared and the
relative intensities of the maxima at 0.12 and 0,18 A " have heen inverted com-
pared to the B-DNA.

For ¢ higher than 0.15 and up to 0.5 one can note, on the dithraction patterns,
modifications of the helical parameters of the DNA with 42" of C— G the meridio-
nal reflection is located at 3.27 A and the layer-line spacing has avalue of 317 A
(Fig. HC). There are 9.7 nucleotide pairs per turn and the rotation per nucteotide
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is thus 37°. With the DNA containing 72% of G —C bases the modification of the
helical parameters is even more pronounced (Fig. [(F): the pitch gets near to
28.8 A, the meridional reflection is then at 3.2 A: that corresponds to an average
rotation per nucleotide of 40° (with 9 units per turn). On figure 2. one can sce the
representation of the behavior of these two DNA, with a ratio r of silver bound
higher than 0.2. The helical parameters of these two DNA keep these values when
the relative humidity is even much lower than 92%. Morcover, the diffraction
pattern does not change when the tension on the fibre is removed (one end of the
fibre is free).

. ()]
S}
PA) (a) (b)
34 . 39 //
T~ /
~~a L ) -
3.2r I S 37t ’/*’
3. ! — 35 — :
0 42 YGC O 42 727.GC

Figure 2. DNA saturated with Ag 't Experimental values in function of the (GO pereentage. ol ar the
position pof the meridian spot: by the mean rotation 7 per nucleotide.

The measurements of the equatorial intensities Tor these two DNA with v = 0.2
(Fig. 3) show an increase of the diffracted intensity at & = 0.08 A ', a position
which corresponds to a very pronounced minimum for the B-DNA. The increase of
the diffracted intensity is also very important at the usual maximum of 0,12 A
Conversely, the maximum at 0.18 A ' disappears totally. This last fact is more
pronounced when the pereentage of G-—C bases is fower (fig. 3hoob.

In order to determine the limiting behavior of DNA in B-Torm associated (o Ag!
cations, the binding of AG' on poly dA —poly dT and poly dG —poly dC has been
studied. With the poly dA—poly dT no modification of the diffraction pattern is
observed when r varies from 0.1 to 0.5 (refative humidity of 9240 (fig. 1 (G 022y
But one can see, even with small value of r. diffraction spots due to the silver salt
which is not included in the DNA structure.

For the poly dG —poly dC. at 92% of relative humidity. the presence of silver jons
does notintroduce any modification of the helical parameters (23 except a spread-
ing of the spots due to a disorganization of the fibre is observed even with low
percentages of silver (fig. [{H'). For a r value near to 0.5, the only rellection which
is observable is the meriodional one.
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Figure 3. Experimental diffracted intensities—arbitrary scale — the lattice is hexagonal (parameter ab,
&) DNA (427 G~ Oy without Ag ' La = 43 A BIDNA 112% G —C) with A e T 020 T AT O DNA
(72% G=Crwith Agr.r =04, a = 44 A

— Calculated intensities for r smaller than (.2

For the molecular model of B-DNA (17), the distance to the axis of a silver jon
bound to N7 of guanine is 5.2 A. This distance becomes 3.6 A when the ion Ag' is
bound to O6 and N7 of the same guanine. For a Ag* ion situated between two
successives bases of one chain. its distance to the helix axis is still near to S A.
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With silver percentage in DNA solution corresponding to r smaller than 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 intensity calculated from the B-DNA, the radial position of Ag! is given values
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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 equatorial intensities for the B-form of DNA with radial posi-
tions of bound silver atoms varying from ) to 8 A and 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 when the distance to the
axis of the cation Ag* varies from 0 to 4 A. Conversely, above 4 A the positions of
maxima and minima remain identical to those of the DNA without sitver (the
amplitudes are slightly reduced).

— Calculated intensities for r higher than (.2

When the percentage of bound silver is higher than 0.2, the DNA [ibres give
diffraction patterns of helices with parameters different from those of the B-DNA
and with equatorial intensities very much increased. It is thus necessary to deter-
mine a new molecular 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% G—C DNA is more
perturbed by Ag* than the 42%, one can 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 (.25 scems to
confirm the hypothesis of the binding of silver between two successive guanines of
the same chain (first site). Fibres of this polynuceotide, with a higher silver
percentage, do present mainly a desorganization of the conformation which can be
explained by the presence of a second binding site on the G—C hase pairs. This
second binding site has already been proposed (6.7) and is situated between N3 of C
and N1 of G at the place of a H-bond (with the release of the proton). The resulting
3.8 A distance between the 2 nitrogens (instead of 2.8 A) introduces a distorsion of
the G—C paired bases. Since one observes an increase of the average rotation per
nucleotide together with a lowering of the pitch of the helix. one can suppose this
to be due to an increase of the dihedral angle § of the sugars associated with the G
and C bases. These modifications cause the bases G and C to be moved towards the
large groove.

To determine this new conformation, it is logical to take. as structural unit, a
dinucleotide constituted by a nucleotide with modified dihedral angles (for bases G
or C) and a nucleotide near to the B-form (bound to a base A or T). For the
determination of the antiparallel chain, one can define a dyad axis, either in the
G—C plane, orin the A—=T one. The table ([} gives the dihedral angles of a double
helical structure verifying the geometrical conditions. These angles allow to calcu-
late the atomic coordinates of a dinucleotide corresponding to a DNA having 50%
of G—C bases an average of 3.25 A between successive bases and a mean rotation
of 37.8° tevaluated from the figure (2)). Actually for the dinucleotide. the rise along
the axis is 3.39 A (for A or T) + 3.19 A (for G or C) and the rotation is 36° (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 with Ag*
(x: Ot'=Cl'=NI-C2for Cor T: O1'=C{"=NYC4 for G or A}

Dihedral Dinucleotide

Angles (°) AorT GorC
a (P—05") =31.40 —31.82
5 (05" =C5" 150.11 151.03
y (C3'—=C4") 354 35.56
S (Cd'—C3") 13234 [13.67
€ (CY—03) — 15741 —15K.75
£(03' —P) —1.36.01 — 13448
VICI'=Ni AT —115.60
NICH=NEG.C —105.60

Figure 5. a) Molecular model of the perturbed B-DNA with the two binding sites of Ag* on a (G—C)
pair b) a stereo view of this madel.
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between G and C and presents a very good stereochemistry. In 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 Q6 becomes 4.7 A instead of 3.6 A. The distance to the
axis is then 1.2 A for the silver ion in the second site between the bases of a G—C
pair. The figure (5) shows a description of this DNA molecular model with the two
bound silver ions.

In the figure (6a.b), the equatorial intensities, calculated with the atomic coordi-
nates of this molecular structure are represented for different distances of the ion,
close to the helix axis. In the [ligure (6a), the first binding site is situated on N7 of
guanine. The ratio ris 0.2 and 0.3 respectively for the DNA with 42% of G—C and
for the 72% one. In this case, the second site between the G and C bases is also
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Figure 6. Calculated equatorial intensity obtained with the molecular model satured with Ag*. Values
of the radial distance R of Ag* in the second site vary from 0.5 to 2.5 AL DNA 421G —C) (——1: DNA
T2% (G —=C) (= ) a) Ag™t in the firstsite is fixed on N7 of G with R = 5.8 A, by Ag* in the firstsite is
fixed between O6 and N7 of G with R = 4.7 A.



142

Binding of Metal lons on DNA 755

occupied as there is saturation. On the figure (6b) the equatorial intensity is repre-
sented for the model with the same position of Ag* in the second site, near to the
axis: the two sites are saturated for the two DNA. But in this last case, the first
binding site is located between N7 and O6 of the guanine. These curves of the
diffracted intensity obviously show the absence of minimum for € = 0.08 A an
increase of the intensity at 0.12 A-" and t