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Résumé

La famille RecQ des ADN hélicases est impliquée dans la maintenance de la
stabilit¢ génomique. Chez 1’homme, I’altération de ['une des trois hélicases
homologues RecQ meéne respectivement au syndrome de Bloom, de Werner et de
Rothmund-Thomson, qui sont associés a une prédisposition au cancer et/ou au
vieillissement prématuré. En général, les membres de la famille RecQ contiennent les
domaines hélicase, RecQ C-terminal (RecQ-Ct) et Hélicase ARNase D C-terminal
(HRDC). Nous nous sommes intéressés, au cours de ce travail, au role du doigt de
zinc du domaine RecQ-Ct de ces hélicases.

Dans un premier temps, nous avons ¢étudié la fonction du doigt de zinc de I’hélicase
RecQ d’E. coli en introduisant des mutations ponctuelles par mutagenése dirigée et en
caractérisant la protéine mutante par diverses techniques biochimiques et
biophysiques. Les résultats indiquent que le motif a doigt de zinc est impliqué dans la
fixation a I’ADN et le repliement correct de la protéine RecQ. Ces données contribuent
a expliquer la perte de la fonction hélicase et la perte de I’activité ATPase, car il n’y a
plus de fixation a ’ADN

Ensuite, trois isoformes d’hélicase RECQ5 humaine ont été utilisées comme
modele pour caractériser la modulation fonctionnelle du domaine hélicase par le motif
a doigt de zinc. Nous avons montré pour la premiére fois que le domaine hélicase de
RECQS5 posséde une activité intrinséque ¢élevée qui favorise 1’hybridation de I’ADN
et que RECQS5B possede deux motifs séparés impliqués dans le mécanisme
d’hybridation de I’ADN. Bas¢ sur la caractérisation quantitative des multiples
activités enzymatiques des protéines RECQS5, nous avons conclut que le motif a doigt
de zinc de RECQ5P régule la fixation a I'ADN, I’activité ATPase, le déroulement de
I’ADN, I’hybridation de I’ADN et I’échange des brins d’ADN.

Enfin, nous avons exprimé, purifi¢ et analysé¢ les homologues SubL et SubS de
I’hélicase RecQ chez Bacillus subtilis qui contiennent les domaines hélicase et
RecQ-Ct. Nos données démontrent que ces deux protéines possedent des activités

ATPase ADN dépendante et hélicase de polarité 3°-5’. Leur spécificité de substrat



d’ADN est différente. Nous avons montré que SubL est capable de favoriser
I’hybridation de I’ADN, a D’inverse de SubS. Ces résultats sont utiles pour

comprendre les roles des hélicases SubL et SubS dans le métabolisme de I’ADN.

Mots-clés : Hélicase, ATPase, Doigt de zinc, RecQ, RECQS5, SubL, SubS, humain,
Escherichia coli, Bacillus subtilis, Hybridation d'ADN, Echange des brins d’ADN



Summary

The RecQ family of the DNA helicases is involved in the maintenance of genomic
stability. The alteration of one of the three human RecQ homologue helicases leads to
the Bloom’s syndrome, the Werner’s syndrome and the Rothmund-Thomson’s
syndrome, respectively, which are associated with the predisposition to cancer and/or
premature ageing. In general, the members of the RecQ family contain three domains:
helicase, RecQ C-terminal (RecQ-Ct) and Helicase RNaseD C-terminal (HRDC).
During this work, we analyzed the function of the zinc finger of the RecQ-Ct domain
of the RecQ family helicases.

In a first part, the function of the zinc finger of the RecQ helicase of E. coli has
been investigated by using site-directed mutagenesis and various biochemical and
biophysical techniques. We showed that the zinc finger is involved in DNA binding
and in the correct folding of the RecQ protein. These findings explain the loss of the
hélicase activity and we also observed the loss of ATPase activity.

Subsequently, three isoforms of human RECQS5 have been used as a model system
to characterize the functional modulation of a RecQ helicase core by a zinc finger
motif. It has been shown for the first time that the RECQS5 helicase core has an
intrinsically high ssDNA annealing activity, and RECQ5p has two separate motifs that
mediate ssDNA annealing. Based upon quantitative characterization of the multiple
enzymatic activities of the RECQS5 proteins, we conclude that the zinc finger motif of
RECQS5 regulates the DNA binding, ATPase, unwinding, strand-annealing and
strand-exchange activities of the RECQS5 helicase core.

Finally, the SubL and SubS homologues of the RecQ helicase in Bacillus subtilis
which contain the hélicase and RecQ-Ct domain have been expressed, purified and
analyzed by using biochemical approaches. The two proteins have been shown to be a
DNA dependent ATPase and a DNA helicase of the 3'-5' polarity. They possess the
specificity of the DNA substrate and SubL is able to promote DNA annealing, but not
SubS. These results could be useful to comprehend the roles of the two helicases in

DNA metabolism.



Keywords: Helicase, ATPase, Zinc finger, RecQ, RECQ5, SubL, SubS, human,

Escherichia coli, Bacillus subtilis, DNA annealing, DNA exchange
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De nombreux mécanismes impliqués dans le métabolisme de I’ADN nécessitent
I’ouverture de la double hélice de I’ADN. Ces réactions, qui nécessitent la rupture des
liaisons hydrogénes formées entre les bases complémentaires de I’ADN (Watson et al.,
1953), sont réalisées par une vaste famille d’enzymes : les hélicases. Cette activité
d’ouverture de I’ADN nécessite I’hydrolyse de I’ATP. La classification des
différentes familles d’hélicases est essentiellement basée sur la structure primaire de
leurs domaines hélicases et la caractérisation de différents motifs spécifiques
(Soultanas et Wigley, 2001).

La découverte de la premiére hélicase remonte a 1976 (Abdel-Monem et al., 1976).
Depuis, de nombreuses hélicases ont été isolées a partir de procaryotes, eucaryotes,
bactériophages et virus (Tuteja et Tuteja, 2004). Toutes les hélicases connues
catalysent le déroulement de I’ADN. Ces enzymes partagent toutes les mémes
propriétés biochimiques a savoir la fixation de ’ADN et I’hydrolyse de nucléoside
triphosphate (NTP) stimulée par la fixation des acides nucléiques. D’autres
caractéristiques définissent les hélicases telles que, la polarité de leur activité du
déroulement ATP dépendante ou encore leur structure quaternaire (Tuteja et Tuteja,
2004). Les hélicases se fixent sur I’ADN simple brin et se déplacent de facon
unidirectionnelle. En général, I’affinité des hélicases pour I’ADN simple brin, est bien
plus élevée que pour I’ADN double brin. Par ailleurs, centaines hélicases nécessitent
une structure de type « fourche de réplication » pour un meilleur déroulement
(Bachrati et Hickson, 2003).

Un groupe particulier de ces hélicases, la famille RecQ, est fortement conservé de
la bactérie a I’homme. La famille RecQ des hélicases a ét¢ nommée par référence a
I’hélicase RecQ d’E. coli (Opresko et al., 2004). L’intérét de 1’étude de cette famille a
notamment été influencé par la découverte des maladies génétiques humaines liées a
I’altération de trois des membres de cette famille. La déficience de ces enzymes
(BLM, WRN, RecQ4) chez ’homme est associée a une prédisposition au cancer et/ou
a un vieillissement prématuré qui sont caractéristiques des syndromes de Bloom, de
Werner et de Rothmund-Thomson. Les hélicases de la famille RecQ participent a de
nombreux processus associés au maintien de 1’intégrité du génome et 1’altération des
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hélicases BLM, WRN et RecQ4, est associée a une grande instabilité du génome, et a
des dysfonctionnements durant les différentes étapes du métabolisme de I’ADN.

Les hélicases de la famille RecQ telles que RecQ, BLM et WRN possédent une
fonction particuliére qui consiste en la reconnaissance et la migration des jonctions de
Holliday (intermédiaire des phases de recombinaison)(Mohaghegh et al., 2001b).
Elles sont également impliquées dans la résolution de structures particuliéres, telles
que les D-loop(van Brabant et al., 2000), ou les G-quadruplexes (Mohaghegh et al.,
2001b ; Sun et al., 1998 ;1999 ; Fry et Loeb, 1999; Wu et Maizels, 2001; Han et
Hurley, 2000), formées respectivement durant la recombinaison et au niveau des
télomeres.

Toutes les hélicases RecQ possedent une activit¢ ATPase qui est nécessaire au
déroulement de la double hélice. En général, cette activité est stimulée par la présence
de I’ADN simple brin (Bennett et al., 1998).

Les hélicases possedent une polarité spécifique qui est définie par la direction de
leur progression le long de I’ADN simple brin. La polarit¢ de ’activité¢ hélicase
s’explique par son chargement au niveau de I’ADN. Lorsqu’elle se fixe au niveau de
I’extrémité 3’ sortante de I’ADN sa polarité est de type 3’ - 5. A I’inverse sa polarité
est de type 5° - 3’ lorsqu’elle est liée a I’extrémité 5° sortante de I’ADN. Des études
ont mis en évidence que la plupart des hélicases RecQ possédaient une polarité de
type 3’ - 5° (Nakayama, 2002).

Les hélicases RecQ existent sous formes monomériques ou oligomériques
(Opresko et al., 2004). La propriété particuliere des hélicases oligomériques est
qu’elles possedent des sites multiples de fixation a I’ADN aussi bien sur le simple
brin que sur le double brin.

Les hélicases de la famille RecQ sont hautement conservées des procaryotes aux
eucaryotes et posseédent un certain nombre de domaines (Fig. 1) bien définis du point

de vue biochimique et structurale.



Domaine hélicase RecQ-Ct HRDC

Motif 0 IIa II III VI V VI

CaxCouxC

Motif du doigt de zinc

Fig. 1 Structure de I’hélicase RecQ d’E. coli

Diagramme schématique de 1’hélicase RecQ d’E. coli. Les trois domaines

conservés, hélicase, RecQ C-terminal conservé (RecQ-Ct), et Hélicase et Rnase D

C-terminal (HRDC) , sont représentés en différents couleurs. La structure du motif a

doigt de zinc dans le domaine RecQ-Ct de I’hélicase RecQ d’E. coli est représentée en

jaune. Les chaines latérales des cystéines sont définies, et représentées en vert. L’ion

Zn*" est représenté par une sphére rose (modifié d’aprés Bernstein et al., 2003).
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Le domaine le plus conservé est le domaine hélicase. Ce domaine catalyse le
déroulement de ’ADN double brin. Pour la plupart des hélicases RecQ, le domaine
hélicase est suivi par le domaine RecQ C-terminal conservé (RecQ-Ct domain),
lui-méme suivi par le domaine ““H¢licase et RNase D C-terminal” (HRDC domain).
Ces deux derniers domaines sont impliqués dans les interactions ADN-protéines et
protéines-protéines. Des études récentes, ont permis de définir les frontieres de ces
différents domaines et de révéler leur structure par cristallographie aux rayons X
(Bernstein et al., 2003).

L’activit¢ ATPase, et la conversion de I1’énergie résultante permettant le
déroulement de I’ADN, sont coordonnées par le domaine hélicase composé¢ d’une
série de 8 motifs (motifs 0, I, Ia, II, III, IV, V et VI). (Fig. 1)

La suppression partielle du motif 0 conduit a une importante réduction de ’activité
ATPase. La séquence LxxxFGxxxFRxxQ de ce motif est particulierement conservée
de la bactérie jusqu’a ’homme. La perte d’activité ATPase aprés délétion du motif 0
et la présence conservée de résidus aromatiques et glutamiques au niveau de cette
séquence, suggerent que ce motif joue un réle majeur dans la fixation de ’ATP, role
qui est par ailleurs commun a toutes les hélicases RecQ (Bernstein et Keck., 2003). La
mutation d’un résidu GLU en ARG au niveau de ce motif est suffisante pour causer le
syndrome de Bloom chez I’homme (Ellis et al., 1995,1996).

Le motif I contient une sérine (ou une thréonine), qui participe a la fixation de
I’ion Mg indispensable & I’hydrolyse de I’ATP (Bernstein et al., 2003). Le motif II
est une séquence acide, de type ASP-GLU-X-X ou le glutamate joue le role de base
catalytique (Gorbalenya et al.,1993). Les analyses sur des mutants ont révélé que le
motif [ est nécessaire a I’activité des hélicases RecQ. Une mutation dans ce motif
conduit au syndrome de Werner (Gray et al. 1997) et induit une perte des activités
ATPase et hélicase.

D’autres motifs du domaine hélicase semblent posséder un role important pour le
déroulement de ’ADN. Il est probable que ces motifs participent a la fixation de
I’ADN. Les motifs Ia, III et V contiennent des résidus qui €tablissent le contact direct
avec I’ADN simple brin (Rong et al., 2000).
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La plupart des membres de la famille RecQ posséde un second domaine trés
conserveé, située a l’extrémité C-terminale de leur domaine hélicase : le domaine
RecQ C-terminal conservé (RecQ-Ct). Ce domaine RecQ-Ct contient une région
particulierement conservée. Cette région est formée de 4 hélices a qui permettent la
formation d’une structure en doigt de zinc et la fixation d’ion Zn*" par I’intermédiaire
de 4 Cystéines. Deux de ces résidus cystéine sont situés au niveau des extrémités
N-terminales des hélice o (Fig. 1) (Bernstein et al., 2003).

Le doigt de zinc possede de nombreuses fonctions essentielles a 1’hélicase. Des
¢tudes sur des mutants ont révélé qu’une modification au niveau du site de fixation de
I’ion Zn*" induit une perte de solubilité de 1’enzyme et une dégradation plus rapide
par les protéases (Janscak et al., 2003).

Dans cette thése, nous avons tout d’abord étudié 1I’importance du doigt de zinc de
I’hélicase RecQ d’E. coli. Cette structure semble jouer a la fois un role de médiateur
au niveau de la fixation a ’ADN mais aussi un role important dans le repliement de la
protéine. Ensuite nous avons réalis¢ [’¢tude de la régulation des activités
enzymatiques des hélicases RECQS5 humaines par son doigt de zinc. Nous avons aussi
¢tudié la fonction biochimique et la spécificité de substrat de 1’hélicase homologue
RecQ de Bacillus subtilis. Ce travail a été conduit au Laboratoire de Biotechnologie et
Pharmacologie Génétique Appliquée, UMR 8113 CNRS, Ecole Normale Supérieure
de Cachan, en collaboration avec le laboratoire de Physique de Matiere Mollette,

Institut de Physique, Académie chinoise des Sciences.
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1. L’ADN et les ADN hélicases

1.1. L’ADN

L'ADN, sigle d’acide désoxyribonucléique, est une longue molécule que l'on
retrouve dans tous les organismes. L'information génétique est stockée dans les deux
brins de I’ADN. Les régles de Watson et Crick montrent que les deux brins d’ADN
sont complémentaires : les paires de bases Adénine et Thymine ainsi que Guanine et
Cytosine s’apparient par des liaisons hydrogénes (Watson et Crick, 1953). Les
expériences de Meselson et Stahl démontrent que la réplication de I'ADN est
semi-conservative : chaque brin d’ADN sert de matrice pour la formation d’un
nouveau brin complémentaire. La réplication de ’ADN commence en une seule
origine chez les procaryotes, mais en des sites multiples, situés a I’intérieur de la
molécule. Dés le démarrage du processus de synthése, I’ADN évolue dans les deux
directions, 3’ et 5°, chaque brin antiparalléle servant de matrice. Cette croissance est
assurée par des ADN polymérases responsables de la synthése de I’ADN. La synthese
ne peut procéder que dans la direction 5°- 3°, en prenant le brin parental 3’- 5° comme
modele. (Hennen, 2001)

Chacune des deux molécules d'ADN fille hérite d'un brin de 'ADN parental tandis
que l'autre est synthétisé a partir de nucléotides libres. Cette réplication de I’ADN de
type semi-conservatif et assure la transmission de I’information génétique.

L’ADN est le support de I'hérédité et est transmis aux descendants lors des
processus de reproduction des organismes vivants. Il est a la base des processus
biologiques aboutissant a la synthése des protéines. Ainsi la connaissance de la
structure de I’ADN et de son métabolisme est essentielle a la compréhension de la
génétique en général et plus particulierement des maladies génétiques ( Murray et al.,

2000).
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1.2. Contexte d’étude des ADN hélicases

L’ADN double brin renferme 1’information génétique. Pour y accéder, lors de
nombreux processus biologiques importants, les duplexes d’ADN doivent étre
transitoirement déroulés. Pour ce faire, il existe une classe d’enzymes connues sous le
nom d'hélicase. Elles catalysent le déroulement de I’ADN double brin et jouent ainsi
un role essentiel dans de nombreux processus cellulaires, tels que la réplication, la
réparation, la recombinaison et la transcription de I’ADN (Matson, 1991 ; Lohman,
1992 ; Tuteja, 2003). La majorité¢ des hélicases déroulent des duplexes d'ADN ou des
duplexes d'ARN ; certaines peuvent dérouler I’ADN double brin aussi bien que
I’ARN double brin et les hybrides ADN/ARN. Le nombre d’hélicases au sein des
organismes supérieurs est remarquablement élevé ; approximativement 1% a 2% des
geénes du génome eucaryote codent pour des ARN hélicases ou ADN hélicases. De
multiples ADN hélicases ont déja été isolées de divers organismes (Matson, 1991 ;
Lohman, 1992 ; Tuteja, 2003 ; Tuteja et Tuteja, 1996). Ces protéines fonctionnent
comme des moteurs moléculaires se déplagant le long de I'ADN en utilisant 1’énergie
libérée par I'hydrolyse de nucléosides triphosphates (NTP) (West, 1996). La plupart
des ADN hélicases contiennent de courtes séquences conservées d'acides aminés,
définissant des motifs sur leur domaine hélicase.

Les ADN hélicases sont classées de deux maniéres. Une premiére classification se
fait principalement suivant leur mode d'action. La plupart des hélicases progressent le
long de 'ADN avec une polarit¢ définie, qui est 3'-5 'ou 5'-3'. Cependant, cette
classification n’est vraiment applicable qu’aux hélicases qui se fixent une extrémité
de I’ADN simple brin et progressent le long de cette ADN simple brin avant d’initier
le déroulement du duplexe au niveau de la jonction ADN simple brin /ADN double
brin. Il est beaucoup plus difficile de classer sur cette base, les hélicases qui peuvent
dérouler les bouts francs de I'ADN. La deuxiéme méthode de classification, fondée
sur la conservation de séquences, indique que les hélicases comportent cing
superfamilles. Les superfamilles 1 et 2 (SF1 et SF2) contiennent la plupart des

membres (Gorbalenya et Koonin, 1993)(Fig. 2). Ces derniers contiennent sept motifs,
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a savoir, I, Ia, II, III, IV, V et VI. Les hélicases contenant I’ensemble de ces sept
motifs s'appellent également les hélicases DEAD/H (Gorbalenya et al., 1988 ; Linder
etal., 1989 ; Tanner et al. , 2003).

Superfamille Famille

[ r Held,Tral, PcrA, UvrD, Dda,Pif,
Superfamille 1 <
~ ULS, Senl, Rep, (+)RNA hélicase virales

( RecQ, CI, UvrB, PriA, ULY, 18R, Ercc3,SNF2,

Superfamille 2 <

~ Rad3, elF-4A famille DEAD, PRP famille DEAH

Hélicases Rep, 2C, Al 1

Superfamille 3
T ant., Olpr

Superfamille 4 DnaB

\ Superfamille 5 Rho

Fig. 2. Les superfamilles des hélicases (modifi¢ d’aprés Gorbalenya et Koonin,

1993).

Etant donnée la nécessité¢ de la séparation des brins de 'ADN pour effectuer les
principales étapes de sa réplication ou de sa réparation, il n'est pas étonnant que des
mutations dans les geénes codant des hélicases conduisent souvent a de graves
conséquences. En effet, de nombreux génes d’hélicases sont essentiels pour la survie
des cellules, bien que ce ne soit pas une caractéristique universelle. Il est possible que
la redondance existe dans quelques familles d’hélicase (comme dans la famille RecQ),

ce qui limite la sévérité du phénotype dans le cas de la perte fonctionnelle de 1’un des
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membres de la famille (Bachrati et Hickson, 2003). Ces mutations sont d’un grand
intérét pour I’étude des hélicases humaines qui provoquent des désordres héréditaires
identifiés.

L'é¢tude des ADN hélicases a débuté il y a plusieurs décennies. Voici un rappel de

I'historique de la recherche sur les ADN hélicases.

1.2.1. Les étapes de la découverte des ADN hélicases

La premiére ADN hélicase a été découverte chez E. coli en 1976 et a été classifiée
comme enzyme capable de dérouler 'ADN (Abdel-Monem et al. , 1976). Depuis, de
nombreuses ADN hélicases ont été isolées a partir d’organismes procaryotes et
eucaryotes. En ce qui concerne les hélicases de la famille RecQ, les deux derniéres
découvertes sont :

1). La découverte d’un nouveau motif hélicase, appelé « le motif 0 », identifié
dans I’hélicase RecQ d’E. coli (Bernstein et Keck, 2003).
2). La caractérisation d’une cinquieme hélicase de type RecQ chez 1’homme,
RecQ5pB qui posseéde en plus de son activité hélicase une activité permettant
I’hybridation de I’ADN (Garcia et al., 2004).

Les étapes importantes de la découverte des ADN hélicases sont récapitulées dans le

tableau 1.
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Tableau 1. Historique des ADN hélicases. (modifi¢ d’aprés Tuteja et al., 2004)

Année.

Découverte.

1953-76:
1953 :
1967 :

1976 :

1978 :

1979 :

1982 :

1982-83 :

1985 :

1986 :

1988 :

1989 :

1990 :

1992 :

1996 :

1997 :

Années précédant la découverte des hélicases
La structure duplex de 'ADN est résolue (Watson et Crick, 1953).
La protéine Rep est la premiére hélicase identifiée chez E. coli
par des critéres génétiques (Denhardt et al., 1967).
Hoffman-Berling isole la premi¢re ADN hélicase (hélicase I
produit de géne de tral) d’E. coli (Abdel-Monem et al., 1976).
L'existence de la premicre ADN hélicase eucaryote est démontrée
chez le lis (Hotta et Stern, 1978).
La protéine Rep d’E. coli contient une activité d'ADN hélicase
(Yarranton et Gefter 1979).
La premiere protéine de bactériophage caractérisée comme ADN
hélicase est la protéine du géne 41 du bactériophage T4 (Venkatesan
etal., 1982).
Une analyse biochimique directe est mise au point pour mesurer
l'activité d’hélicase (analyse de déplacement de brin) - (Venkatesan
etal., 1982 ; Matson et al., 1983).
La premic¢re ADN hélicase de mammifére est identifiée dans le
thymus de veau (Hubscher et Stalder, 1985).
La premiere ADN hélicase virale identifiée est I’antigéne T de SV40
(Stahl et al., 1986).
La premic¢re ADN hélicase de levure est I'ATPase III (Sugino et al.,
1986).
Hodgeman et Gorbalenya découvrent les motifs hélicase des
superfamilles I et IT (Sept motifs d’acide aminé conservés)
(Hodgeman, 1988).
Deux superfamilles d’hélicase (SF1 et SF2) sont identifiées
(Gorbalenya et al., 1989) dont la famille DEAD-box (Linder et al.,
1989).
La premiére ADN hélicase humaine (HDH) est purifiée
(Tuteja et al., 1990).
La protéine RecQ d’E. coli est une ADN hélicase (Umezu et al.,
1990).
La premiere ADN hélicase mitochondriale est isolée dans le
cerveau bovin (Hehman et Hauswirth, 1992).
La premiére ADN hélicase de chloroplaste est purifiée
a partir du pois (Tuteja et al., 1996).
Cristallisation de la premiere ADN hélicase (PcrA de bactérie
thermophile) (Subramanya et al., 1996).
Le complexe Mcm4/6/7 des cellules HeLa est une ADN hélicase
(Ishimi, 1997).
La protéine du syndrome de Werner (WRN) est une ADN hélicase
(Gray et al., 1997).
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1998 :

2000 :

2002 :

2003 :

2004

Le produit de géne du syndrome de Bloom(BLM) est une ADN
hélicase (Karow et al., 1997).
Sgs1 (slow growth suppressor -inhibiteur de croissance lent),
hélicase RecQ de levure, est une ADN hélicase
(Bennett et al., 1998).
Le premier géne d’ADN hélicase de plante (PDH45) codant
l'enzyme biochimiquement active est cloné (Pham et al., 2000).
Le premier elF-4A (du pois) est une ADN hélicase
(Pham et al., 2000).
La premiére ADN hélicase biochimiquement active chez un parasite
de la Malaria est mise en évidence (Tuteja et al., 2002).
Un nouveau motif hélicase (motif Q) est identifi¢ dans des
hélicases DEAD-box (Tanner et al., 2003).
L’importance d’'une ADN hélicase dans I’insertion d'élément
transposable est démontré dans le génome de mais (Lal et al.,2003).
Un nouveau motif d’hélicase, appelé « le motif 0 », est identifi¢ dans
I’hélicase RecQ d’E. coli (Bernstein et Keck, 2003).
La protéine RecQ5p chez ’homme contient une activité du
déroulement et de ’hybridation de I’ADN (Garcia et al., 2004)
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1.2.2. Analyse de I'activité ADN hélicase

Afin d'identifier et d’¢tudier la fonction enzymatique des ADN hélicases, des
analyses biochimiques ont été¢ établies. L’hélicase déroule le substrat de I'ADN
partiellement duplex (oligonucléotide avec une extrémité marquée au **P complexé a
une plus longue molécule d’ADN simple brin) libérant les deux brins de ’ADN
(Venkatesan et al. , 1982; Matson et al. , 1983). Le simple brin radiomarqué et le
substrat sont identifiés par électrophorése suivie d’une autoradiographie (Fig. 3).
L'étiquette radioactive dans I'ADN permet la visualisation directe (Fig. 3b) et la
quantification rapide des résultats. En outre, les chercheurs ont développé plusieurs
autres analyses : par exemple, la méthode rapide dite « quench-flow » (Amaratunga et
Lohman, 1993), les analyses fondées sur 1’utilisation de la fluorescence (Raney et al. ,
1994), I’analyse par filtration (Sivaraja et al. , 1998), 1’analyse par scintillation de
proximité(Kyono et al. , 1998), I’analyse par FRET (transfert d'énergie de résonance
de fluorescence résolue en temps) (Earnshaw et al. , 1999), I’analyse basée sur la
technologie de « flash plate »(Hicham Alaoui-Ismaili et al., 2000), enfin I’analyse
d’extinction de fluorescence résolue en temps et l'analyse basée sur
I’électrochimioluminescence (Zhang et al. , 2001). Les analyses ci-dessus ont été peu
utilisées. Xu et al. (2003b) ont récemment mis au point une nouvelle méthode pour la
détection simultanée de la fixation a I'ADN et du déroulement de I'ADN catalysé par

I’hélicase, par polarisation de fluorescence.
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Fig. 3. Schéma de l'analyse biochimique pour mesurer I'activité de déroulement
de ’ADN associée aux ADN hélicase (a) et I'autoradiographie du gel (b).
(a) Les astérisques indiquent l'extrémité marquée au *°P de I'ADN. Le substrat
d'ADN duplex a été préparé en hybridant 1'oligonucléotide radioactif a un ADN
simple brin M13 (circulaire) comme décrit précédemment (Tuteja et al., 1996). (b)
Voie 1, réaction sans enzyme ; Voie 2, substrat dénaturé par la chaleur ; Voie 3,

réaction en présence d'ADN hélicase. S, Substrat; AD, oligonucléotide radiomarqué.
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1.2.3.Caractéristiques enzymatiques des ADN hélicases.

L’activité du déroulement des acides nucléiques est commune a toutes les ADN
hélicases. Elles partagent toutes les méme propriétés biochimiques a savoir :
— la fixation de nucléosides triphosphates (NTP)
— une hydrolyse de NTP stimulée par les acides nucléiques
— la fixation aux acides nucléiques
— un déroulement des acides nucléiques duplexes NTP-dépendant avec une polarité

spécifique.

1.2.3.1. Fixation du NTP et son hydrolyse

Toutes les ADN hélicases fixent le NTP et possedent une activit¢ NTPase
dépendante stimulée par la présence d’acides nucléiques. Cette activité est nécessaire
pour le déroulement des duplexes d’ADN. L’hélicase RecQ monomérique d’E. coli ne
peut pas hydrolyser I’ATP en absence d’ADN. En général, les hélicases hexameriques
impliquées dans la réplication, fixent fortement I’ADN simple brin en présence de
NTP. A P’inverse, elles le fixent faiblement en présence de NDP. Cette fixation a pour
conséquence de changer la conformation des hélicases homo-oligomériques. Elle peut
aussi affecter I’assemblage des sous-unités de la protéine. Le NTP ne se fixe pas avec
une méme affinité sur tous les sites de fixation des hélicases hexameriques. Cela
dépend des hélicases. En général, les ADN hélicases possédent une trés faible activité
NTPase en I’absence d’ADN simple brin. Leur activit¢ NTPase est stimulée par la

présence d’ADN simple brin (Bennett et al., 1998).
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1.2.3.2. Les ADN hélicases fixent ’ADN.

Des ADN hélicases ont besoin d’ADN simple brin comme zone de fixation. Elles
se fixent indépendamment de la nature de la séquence de I’ADN et elles progressent
de fagon unidirectionnelle. Ces enzymes fixent I’ADN simple brin avec une affinité
plus ¢élevée que ’ADN double brin. D’autres hélicases telles que RecBCD, ’antigéne
T du virus SV40, et RuvB se fixent de préférence a ’ADN double brin. De
nombreuses hélicases ont besoin d’une structure type « fourche de réplication » pour
un déroulement optimal. Certaines ADN hélicases telles que RecBCD, UvrD, Rep et
RecQ d’E. coli et I’antigéne T de SV40 peuvent également initier le déroulement aux
niveau des extrémités franches de I’ADN double brin (Lohman, 1992). Les hélicases
RecG, RuvA et RuvB d’E. coli se fixent spécifiquement aux jonctions de Holliday
(Tsaneva et al., 1993 ; Whitby et al., 1994).

Suivant leur structure quaternaire, les ADN hélicases peuvent étre regroupées en
hélicases monomériques ou multimériques.

Les hélicases monomériques peuvent contenir deux domaines différents, un pour
I’ADN simple brin et I’autre pour la fixation de I’ADN double brin. Les hélicases II,
IV, UvrD et PriA bactériennes (Matson, 1991 ; Mechanic et al., 1999), I’hélicase Dda
du bactériophage T4 (Morris et al., 2001), les hélicases IV, V et VI humaines (Tuteja
et Tuteja, 1996), I’hélicase 45 (PDH45) de pois et PDH65 (Pham et al., 2000 ; Tuteja
et al., 2001) sont les quelques exemples des formes monomériques.

Certaines hélicases fonctionnent sous forme dimérique. L’hélicase GP41 du
bactériophage T4 (Delagoutte et von Hippel, 2005), I’hélicase du virus hépatite C
(Khu et al., 2001) et I’hélicase RecQ1 humaine (Cui et al., 2004) sont les enzymes
actives a I’état de dimere.

L'oligomérisation de nombreuses ADN hélicases peut étre modulée par les
interactions avec d'autres ligands (ATP, ADN). Par exemple, I’hélicase Rep d’E. coli
est un monomere jusqu'aux concentrations de 12 mM en l'absence de I'ADN mais
forme un dimere en fixant a ’ADN (Matson, 1991). L’hélicase UvrD peut aussi

former une complexe protéine-ADN dimérique active (Maluf et al., 2003).
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Les formes actives de nombreux ADN hélicases sont oligomériques: DnaB,
RuvB, MCM et Rho d’E. coli. De méme, le géne 4 du bactériophage T7 code pour
une hélicase/primase oligomérique tout comme le geéne 41 du bactériophage T4
(Singleton et al., 2000). Enfin, I’exemple de I’antigéne T de SV40, confirme
I’existence d’hélicase oligomérique chez les virus. Toutes ces enzymes se replient et
s’associent pour former une structure quaternaire en forme d’anneau hexameérique
(Matson, 1991 ; Lohman, 1992 ; Whitby et al., 1994 ; Bujalowski et Jezewska, 1995 ;
Dillingham et al., 2003 ; Delagoutte et von Hippel, 2002) (Fig. 4D). Une hélicase
oligomérique possede de multiples sites fixant I’ADN, qui lui permettent de fixer a la
fois I’ADN simple brin et I’ADN duplexe. La figure 4 montre les différentes formes
d’interaction entre les ADN hélicases et une fourche de réplication. Dans tous ces
modeles, au moins une sous-unité fixe ’ADN simple brin le long duquel elle se
déplace (Delagoutte et von Hippel, 2002).

Les études de microscopie électronique ont confirmé que I’ADN simple brin
traverse le centre de l'anneau formé par les hélicases hexameriques. Ces résultats
prouvent que 'ADN hélicase hexamérique de G40P encercle le brin 5', interagit avec
I'ADN duplexe a la jonction de I’ADN simple brin/ I’ADN double brins, et exclut le
brin 3' (Fig. 4D) (Ayora et al. , 2002).
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Fig. 4. Interaction d'ADN hélicases monomériques ou oligomériques avec I' ADN
au niveau d’un ADN de type fourche. (a) L’hélicase monomérique fixe a ’ADN
simple brin et & I’ADN double brins. (b) Dans des hélicases homodimériques, une
sous-unité fixe toujours I’ADN simple brin le long de laquelle elle se déplace. (c)
L’hélicase hétérodimérique contient deux domaines séparés : une sous-unité fixe et
interagit avec I’ADN double brin et ancre 1’hélicase au niveau de la jonction ADN
simple brin/ADN double brin et l'autre sous-unité interagit avec I’ADN simple brin et
transloque le long de ce brin.(d) Les hélicases hexameériques présentent une structure
en forme d’anneau qui permet aux protéines d'encercler 'ADN simple brin et
d'exclure I’autre brin. Dans ce cas, 1’hélicase se fixe a la jonction de ’ADN simple

brin/double brin. (d’aprés Tuteja et al., 2004)
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1.2.3.3. Polarité des ADN hélicases.

La plupart des ADN hélicases possédent une polarité spécifique, qui se définit
suivant la direction du mouvement de I’hélicase le long de I’ADN simple brin sur
lequel elles se sont fixées ( 3’- 5” ou 5°- 3”). La polarité du déroulement des hélicases
se détermine habituellement en utilisant un substrat d’ADN se composant d’un ADN
simple brin partiellement duplexé sur I’extrémité 5’ ou 3°. La structure du substrat
employ¢ pour I’étude de la polarité in vitro est illustrée dans la figure 5. Lorsque 1’on
parvient a déterminer la polarité des hélicases impliquées dans la réplication d’ADN,
cela permet d’estimer la position relative de I’enzyme sur les brins de téte « leading
strand » (polarité 3’ - 5°) ou de queue « lagging strand » (polarité 5’ - 3”). Dillingham
et al. (2003) ont montré par le passé que RecBCD posséde deux hélicases RecB et
RecD qui déroulent I’ADN respectivement dans les directions 3* - 5 et 5° - 3°. 1l
existe également des hélicases « bipolaire ». Les études sur I’hélicase PcrA de
Bacillus anthracis ont montré que cette derniére possede a la fois les activités
hélicases 3’ - 5* et 5° - 3°. Ces études ont été réalisé a partir de substrats simple brin
de poly(dT) contenant une région duplex en 3’ ou en 5’ (Naqvi et al., 2003).
Récemment, Constantinesco et al. (2004) ont montré que ’ADN hélicase HerA des
archaea hyperthermophiles peut se fixer sur les extrémités 3’ ou 5° d’un ADN et

dérouler I’ADN duplex dans les deux polarités.
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3°-5’ Hélicase 5°-3° Hélicase

— —
3 5 3 5
5 3
. :
— —
3 5
5 P

5 3

Fig. 5. Structure du substrat généralement utilisé pour déterminer la polarité
des hélicases. L’ hélicases 3' - 5' est a gauche et I’hélicase 5' - 3' est a droite. Les
astérisques indiquent l'extrémité marquée au >’P. (modifi¢ d’aprés Soultanas et

Wigley, 2001)

1.2.4. Mécanismes d’action des ADN hélicases

L’activité de déroulement de I’ADN effectué par les hélicases a été classé en deux
mécanismes « actif ou passif » (Figure 6). Dans le mécanisme passif, 1’hélicase ne
participe pas directement a la déstabilisation de ’ADN double brin. Elle exclue
I’ADN simple brin par sa translocation sur 1’autre brin. Une implication importante du
mécanisme passif I’enzyme n’est pas capable de dérouler le duplex d’ADN a un taux
plus ¢élevé que celui des fluctuations thermiques. En revanche, le mécanisme actif
exige que I’hélicase déstabilise activement le duplex d’ADN. Dans ce cas, le taux de
déroulement de I’ADN catalys¢ par I’enzyme est plus rapide que celui des

fluctuations thermiques (Lohman et Bjornoson, 1996 ; Soultanas et Wigley, 2000).
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Les mécanismes actifs exigent aussi que I’hélicase soit capable de fixer I’ADN
double brin et ’ADN simple brin et tous les deux simultanément durant 1’étape
intermédiaire. Les premiers types de mécanisme actif sont le modele dit « inchworm
model » (Yarranton et Gefter, 1979 ; Hill et Tsuchiya, 1981) et le mod¢le dit « rolling
model » (Wang et Lohman, 1992 ; Lohman, 1992). Ces deux mode¢les de mécanisme
de déroulement de ’ADN ont été proposés pour les hélicases Rep/PcrA. Un autre
modele de mécanisme actif est un modele de torsion dans lequel I’hélicase n’interagit
pas directement avec le duplex d’ADN mais se fixe simultanément aux deux
simple-brins au niveau de la jonction d’ADN simple brin/ADN double brin et déroule

le duplex d’ADN par un mécanisme de détorsion.

A —

Gy

Hélicase

—

gy

Hélicase

Fig. 6 Mécanismes passif et actif d’action d’hélicase

A. Dans le mécanisme passif, I’hélicase ne contacte pas le duplex d’ADN. Elle exclue
I’ADN simple brin par sa translocation sur I’autre brin. B. Dans le mécanisme actif,
I’hélicase interagit directement avec I’ADN double brin et déstabilise le duplex,

déroulant donc activement les brins (d’apres Soultanas et Wigley, 2001).
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2. Famille RecQ des ADN hélicases.

La famille RecQ est nommeée par référence au nom du géne recQ d'Escherichia coli,
geéne qui a été identifié il y a plus de 30 ans lors d’un criblage pour des mutations
conférant une résistance a la privation en thymine (Nakayama et al., 1984,1985). Ce
gene a ¢été nommé RecQ par H. Nakayama de 1'université de Kyushu, Japon (le « Q »
provient de Kyushu) (Nakayama et al., 1984,1985). Plus récemment, d’autres
membres de la famille ont été identifiés chez les eucaryotes inférieurs et supérieurs
par diverses approches génétiques et biochimiques (Chakraverty et Hickson, 1999;
Karow et al., 2000; van Brabant et al., 2000; Mohaghegh et Hickson, 2001a). En
général, les organismes unicellulaires possédent une seule enzyme RecQ, tandis que
les organismes plus complexes en possedent deux ou plus. Chez Escherichia coli
le seul membre de la famille est I’hélicase RecQ, tout comme Sgsl chez la levure
bourgeonnante, Saccharomyces cerevisiae, et Rghl chez la levure fissipare,
Schizosaccharomyces pombe. Chez I’homme on trouve 5 membres de la famille RecQ.
L’altération de I’'une de trois de ces hélicases RecQ humaines provoquent des
désordres cliniques définis associés a la prédisposition au cancer et au vieillissement
prématuré : Les hélicases WRN, BLM, et RECQ4 responsables respectivement du
syndrome de Werner (WS), de Bloom(BS), et de Rothmund-Thomson (RTS) (Ellis et
al.,, 1995,1996; Yu et al., 1996; Kitao et al., 1999), et dont les caractéristiques
cliniques sont résumées dans le tableau 2 (Hickson, 2003). Les patients atteints du
syndrome de Bloom (BS) sont prédisposés a de nombreux types de cancer a partir
d'un 4ge moyen de 24 ans. Les patients atteints du syndrome de Werner (WS) sont
particulicrement prédisposés aux sarcomes, au vieillissement prématuré et aux
maladies associées au vieillissement. Les patients atteints du syndrome de
Rothmund-Thomson (RTS) ont une poikilodermie caractéristique et sont prédisposés
aux ostéosarcomes et au vieillissement prématuré. Une quatriéme maladie, le
syndrome de RAPADILINO, qui partage certaines caractéristiques cliniques avec le
RTS, a également été récemment liée a des mutations de RECQ4 (Siitonen et al.,

2003). Ainsi, les activités des protéines RecQ chez I’homme peuvent avoir un effet
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important sur la santé. Les bases moléculaires de l'instabilit¢ génomique et du

vieillissement prématuré ne sont pas bien connues. Au niveau cellulaire, tous les

mutants déficients en hélicase RecQ montrent une instabilité génomique, bien que les

caractéristiques détaillées de cette instabilité puissent différer chez différents mutants

et/ou especes.

Tableau 2. Caractéristiques cliniques du syndrome de Bloom, du syndrome de Werner et du syndrome de

Rothmund-Thomson. (d’aprés Hickson, 1.D. 2003)

Syndrome

Caractéristiques cliniques principales

Prédisposition au Cancer

Le Syndrome de Bloom :

Nanisme  proportionnel;  induction

d’érythéme (en particulier sur le
visage) lors d’exposition au soleil,
diabéte de type II, visage étroit et
oreilles  proéminentes; infertilité
masculine et sous fertilit¢ féminine;

infections fréquentes.

La plupart des types ; en particulier
le lymphome de non-Hodgkin,
leucémies et carcinomes du sein, de

l'intestin et de la peau

Le syndrome de Werner :

1. Caractéristiques du vieillissement
physiologique, vieillissement

prématuré, cheveux gris et
amincissement des cheveux, perte
de graisse sous-cutanée ; rides de
la peau ; cataractes, ostéoporose;
diabéte de type II, atrophie des
membres. athéroscléroses

caractéristiques

2. quelques non

spécifiques du  vieillissement

physiologique, stature petite,
ulcéres des membres inférieurs,

calcification des tissus mous

Tumeurs d’origine mésenchymateuse;

sarcomes des tissus mous et

ostéosarcomes, quelques mélanomes

et cancers de la thyroide

Le Syndrome

Rothmund-Thomson :

de

Stature petite, anomalies du squelette
(pas toujours), alopécie (scalp/sourcil,
etc.), anomalies de pigmentation de la

peau, atrophie de la peau.

Divers; principalement ostéosarcomes
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2.1. Structure des hélicases RecQ.

La famille RecQ est définie par un domaine hélicase fortement conservé qui
comporte environ 400 acides aminés et inclut sept motifs (I, Ia, II, IIL, IV, V, VI) qui
sont caractéristiques d'une grande variété d'ADN hélicases et d'ARN hélicases de la
superfamille II (SFII). Un huitiéme motif (motif 0) situé en position N- terminale du
motif 1 est également conservé parmi certains des membres de la famille RecQ
(Bernstein et Keck, 2003).

La structure tridimensionnelle du domaine hélicase de la protéine BLM a été
modélisée a partir de la structure cristalline du domaine hélicase de I’hélicase PcrA
(Rong et al., 2000). A partir de ce modéle structural, Rong et al. (2000) ont suggéré
que les motifs Ia, III et V contiennent des résidus qui établissent le contact direct avec
I’ADN simple brin, les motifs I, II-IV et VI formant une poche pour fixer I'ATP (Fig.
7). Plusieurs mutations ponctuelles décrites chez des patients atteints du syndrome de
Bloom sont situées dans ces motifs hélicases conservés, et ces mutations conduisent a
la perte des activités ATPase et hélicase de I'enzyme. Les hélicases RecQ caractérisées
chez les procaryotes et les eucaryotes (Fig. 8) peuvent étre distinguées d'autres
hélicases par les séquences particuliéres qui flanquent le domaine hélicase (Fig. 8).

Les hélicases RecQ peuvent étre divisées en deux groupes : des formes courtes
qui ne comportent que le domaine hélicase conservé, le domaine RecQ C-terminal
(RecQ-Ct) et le domaine Hélicase et Rnase D C-terminal (HRDC) et des formes
longues qui contiennent des domaines N et C — terminaux flanquant ces domaines
centraux (Fig. 8). Exceptés certains motifs de séquence, ces domaines additionnels
sont faiblement conservés. Dans les organismes qui expriment plusieurs enzymes
RecQ, comme chez 1'homme, il semble que ces domaines additionnels soient
importants pour la différenciation fonctionnelle de ces ‘isoformes’ d’hélicase. Deux
domaines - le domaine RecQ C-terminal (RecQ-Ct) et le domaine Hélicase et Rnase
D C-terminal (HRDC) (Fig. 8), sont situés en C- terminal du domaine hélicase. Le
domaine RecQ-Ct est unique aux hélicases de la famille RecQ, et a probablement un

role dans les interactions avec d'autres protéines. Une publication récente de la
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structure cristalline aux rayons X du noyau catalytique de I’hélicase RecQ d’E. coli
indique que le domaine RecQ-Ct contient des motifs de fixation a ’ADN et aux
protéines (Bernstein et al., 2003). Le domaine RecQ-Ct de I’hélicase WRN humane
permet également la fixation a I'ADN et a des protéines impliquées dans le
métabolisme de I'ADN (von Kobbe et al., 2003). Le domaine HRDC est trouvé dans
certaines nucléases qui digerent 'ARN, et pourrait étre impliqué dans la fixation a
I’ADN (Morozov et al., 1997; Liu et al., 1999). Les domaines HRDC de 1’hélicase
RecQ d’E. coli et de I’hélicase WRN humaine sont nécessaires pour la fixation stable
a I'ADN mais pas pour l'activité hélicase (Bernstein et Keck, 2003 ; von Kobbe et al.,
2003). La structure tridimensionnelle du domaine HRDC de I’hélicase Sgsl de
Sacchanomyces cerevisiae a été déterminée(Morozov et al., 1997; Liu et al., 1999), et
a été¢ employée comme base pour établir un modéle structural général du domaine
HRDC (Fig. 9). Le domaine HRDC montre une similitude structurale avec certains
domaines d'autres hélicases, de recombinases et de polymérases, dans lesquels il
permet un contact additionnel au substrat d'ADN, mais n’est pas impliqué dans
’activité enzymatique. Le domaine HRDC de I’hélicase Sgsl se fixe a I’ADN simple
brin in vitro, bien qu'avec une affinité faible, ce qui suggeére une fonction auxiliaire
dans l'identification de substrat.

Chez certaines hélicases RecQ, on trouve une séquence de signal de localisation
nucléaire prés de ’extrémité C- terminale (Kaneko et al., 1997; Matsumoto et al.,
1997). Le domaine N- terminal des hélicases RecQ de forme longue ne contient pas
de motifs fonctionnels évidents. Une exception a cette régle générale est la protéine
WRN humaine et ses homologues, tels que le FFA-1 de Xenopus laevis, dans lesquels
le domaine N- terminal contient un motif retrouvé dans certaines exonucléases. Ce
domaine peut fonctionner indépendamment comme une 3'-5' exonucléase quand il est
exprimé comme un fragment de protéine recombinante (Huang et al., 1998 ;
Kamath-Loeb et al., 1998; Shen et al., 1998a). Il a également été mis en évidence que,
dans la protéine WRN intacte, les fonctions hélicase et exonucléase seraient
coordonnées (Opresko et al., 2001). Quelques membres de la famille RecQ — en
particulier RECQ5 humain et ses homologues - existent sous 2 formes différentes,
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courte et longue, qui sont produites par €pissage alternatif de I’ARN messager
(Sekelsky et al., 1999 ; Shimamoto et al., 2000).

Différentes conformations ont été observées pour les hélicases de la famille RecQ.
L’hélicase RecQ d’E. coli forme des monoméres en solution et déroule 'ADN et
hydrolyse I’ATP en tant que monomére (Xu et al., 2003a). Par contre, par
chromatographie d’exclusion et/ou microscopie électronique, il a été montré que
I’hélicase BLM forme des hexameéres et I’hélicase WRN des triméres. Janscak et al.
(2003) ont récemment étudi¢ une forme tronquée en C terminal de I’hélicase BLM
contenu des domaines RecQ-Ct et HRDC. Ce fragment forme des monomeres en
solution capables de fixer et dérouler ' ADN avec la méme spécificité de substrat. Ces
résultats indiquent que les domaines RecQ-Ct et HRDC sont indispensables a
I’activité et la spécificité de cette hélicase mais qu’ils ne sont pas certainement
impliqués dans 1’oligomérisation. De plus, la configuration en hexameére n’ont pas
indispensable pour 1’activité.

Pour définir mieux les réles précis des hélicases RecQ in vivo, un effort de
recherche significatif a été fait pour caractériser les propriétés biochimiques des
hélicases RecQ et identifier les interactions importantes entre les hélicases RecQ et

d'autres protéines.
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Site de fixation a ’ATP

Site potentiel de fixation a ’ADN simple brin

Fig. 7. Structure du domaine hélicase de I’hélicase RecQ chez E. coli

Vue dans la cavité formée par les deux sous-domaines hélicase. Les motifs hélicase
sont colorés en gris. Les sites ou on a observé la fixation du nucléotide et de I’ADN
simple brin dans d’autres structures hélicase sont indiqués par des fleches (d’apres

Bernstein et al., 2003).
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H.sapiens, RecQ5cx [ D | 410aa
RecQL CC N ™ T | 4922
RecQ5[3 — | 991aa
BLM [ | [T 1 1417aa
WRN [ T [ [T 1143222
RecQ4 [ TN | 1208aa
DmBLM [ I | 148722
X.laevis, FFA-1 (- . I | 1436aa
xBLM [ I | 1367aa
S.cer.,Sgsl | I | | 1447aa
S.pombe,Rghl | I I | 1328207

BN Domaine hélicase
BN Domaine RecQ-Ct I Domaine exonucléase

I pomaine HRDC [ 1 Signal de localisation nucléaire

Fig. 8. Représentation schématique de certains membres de la famille RecQ.

RecQ-Ct, le domaine RecQ conservé C-terminal ; HRDC, le domaine Hélicase et

Rnase D C-terminal ; NLS, signal de localisation nucléaire. aa, acides aminés.

(modifié d’aprés Bjergbacek et al., 2002)

N C

Fig. 9 Structure du domaine HRDC de I’hélicase Sgs1 chez S. Cerevisiae

(d’apres Liu et al., 1999)
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2.2. Caractéristiques biochimiques des RecQ hélicases.

Tous les membres de la famille des hélicases RecQ ont une activité ATPase Mg

et ADN dépendante. L’ADN simple brin active plus l'activit¢ ATPase que I’ADN
double brin sauf dans le cas de I’hélicase Sgs1 (Bennett et al., 1998). Des molécules
plus longues d’ADN simple brin sont des stimulateurs significativement meilleurs de
l'activité ATPase que des molécules courtes, ce qui suggere que les hélicases RecQ se
déplacent le long de ’ADN simple brin (Brosh et al., 2000a; Karow et al., 1997;
Brosh et al., 2000b). L’activité hélicase dépend de la présence de cations divalents
(2-5 mM). Le cofacteur Mg”" peut étre remplacé par le Ca** ou le Mn®", alors que les
ions Zn®" sont inhibiteurs. L'activit¢ ATPase des hélicases RecQ n'est pas
particulierement sélective. Tous les membres de la famille RecQ étudiés jusqu'ici
acceptent et hydrolysent I’ATP et le désoxyadénosine 5’-triphosphate (dATP). Les
enzymes dmRecQ5a de Drosophila melanogaster (Ozsoy et al., 2001) et BLM
humain (Brosh et al., 2001b), sont moins sélectifs puisque le GTP et le
désoxyguanosine 5’-triphosphate (dGTP) peut étre utilisé.

Les ADN hélicases de la famille RecQ déroulent I'ADN avec la polarité 3'-5' . Bien
que cette polarit¢ de la réaction ait été jusqu'ici démontrée seulement pour les
hélicases RecQ d’E coli (Umezu et al., 1990), Sgslp (Lu et al., 1996 ; Bennett et al.,
1998), hRecQ1/L (Seki et al., 1994a-b), BLM (Karow et al., 1997) et WRN (Shen et
al., 1998b), elle est probablement représentative de toute la famille.

Les activités catalytiques des hélicases de la famille RecQ présentent certaines
caractéristiques, qui devraient refléter leurs fonctions in vivo. Tout d'abord, leurs
activités de déroulement sont nettement stimulées par les protéines qui stabilisent
I’ADN simple brin (SSB) comme c’est le cas pour d’autres hélicases. Ainsi, en
présence de la protéine SSB d’E coli, I’hélicase RecQ d’E coli est non seulement
capable de dérouler des duplexes partiels d’ADN avec une efficacité ¢levée mais aussi
de dérouler des duplexes d’ADN a bouts francs (Fig. 10), qui sont des substrats peu
efficaces en I’absence de SSB (Umezu et Nakayama, 1993). L'interprétation de la

stimulation de I’activité hélicase par des protéines SSB est que la fixation de celles-ci
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a I'ADN simple brin déroulé stabiliserait I’ADN, empéchant ainsi un cycle entre le
déroulement et le rembobinage (Umezu et Nakayama, 1993; Harmon et
Kowalczykowski, 2001) et la fixation inutile de 1'hélicase a cet ADN (Harmon et
Kowalczykowski, 2001). Bien qu'il ait été mis en évidence qu’ E coli SSB stimulait le
déroulement d’un duplexe d’ADN par Sgslp (Bennett et al., 1998) et WRN (Gray et
al., 1997; Shen et al., 1998b; Brosh et al., 1999), l'effet semble étre limité a des
substrats plus courts (< 100 bp). A I'inverse, la protéine A de réplication (RPA), la
protéine SSB humaine, est une meilleure stimulatrice pour les activités de
déroulement de WRN et BLM. Leurs activités sur un ADN duplexe plus long (>200
bp) sont nettement augmentées par RPA (Shen et al., 1998b; Brosh et al., 1999,
2000a). De plus, des interactions physiques directes entre RPA et ces hélicases
humains ont été démontrées (Brosh et al., 1999, 2000a).

Il y a des différences dans la spécificité de substrat parmi les ADN hélicases de
la famille RecQ. Les préférences de substrat sont déterminées en comparant la
quantité¢ de produit, la cinétique de réaction, et/ou 1’affinit¢ de I’hélicase pour ces
substrats.

Outre les ADN partiellement duplexes et les duplexes d’ADN a bouts francs déja
mentionnés, 1’hélicase RecQ d’E coli est également capable de dérouler une variété
¢tonnamment grande de substrats d'ADN avec des efficacités comparables en
présence de SSB (Harmon et Kowalczykowski, 1998, 2001; Harmon et al., 1999).
L’hélicase RecQ d’E coli peut agir sur des structures d’ADN en D-loop, et des
structures a 3 ou 4-extrémités de type jonction de Holliday (Figure 10).

En absence de protéines SSB, les longs duplexes d’ADN semblent étre de
médiocres substrats pour les homologues eucaryotes de RecQ. Les hélicases Sgslp,
BLM et WRN ne déroulent pas les duplexes d’ADN a bouts francs (Bennett et al.,
1999; Mohaghegh et al., 2001b). En revanche, ils sont tout a fait efficaces dans le
déroulement de structures de type jonctions de Holliday (Karow et al., 2000;
Constantinou et al., 2000; Mohaghegh et al., 2001b). C’est une caractéristique qui
peut étre associée a leur role hyper recombinogeéne observée dans les cellules des
patients atteints du syndrome de Bloom ou de Werner. Les hélicases WRN et BLM se
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fixent spécifiquement aux sites de jonction et ont une aftinité relative plus élevée pour
les substrats présentant des jonctions (Shen et al., 2000; Orren et al., 2002; van
Brabant et al., 2000b; Brosh et al., 2002). La capacité de dérouler des intermédiaires
de recombinaison formés pendant la réplication semble étre une fonction principale
des hélicases RecQ.

Les hélicases WRN et BLM sont capables de dérouler un duplexe d’ADN a
extrémités franches interrompu par une bulle interne (due a un mésappariement par
exemple) (Figure 10B), mais les bulles inférieures a 4 nucléotides ne sont pas
déroulées (Mohaghegh et al., 2001b). L’hélicase WRN fixe préférenticllement les
structures d’ADN présentant une D-loop (Figure 10C), comparé a un duplexe d’ADN
présentant une simple bulle, et libére le brin entrant de ’ADN de la D-loop, qu’il
s’agisse d’une queue simple brin 3'- ou 5' sortante ou qu’il n’y ait pas de queue du
tout (Orren et al., 2002). L’hélicase BLM est plus efficace sur les structures D-loop a
queue simple brin 3’ sortante, mais toutes les formes de D-loop étudiées sont
déroulées plus efficacement que les duplexes d’ADN a bulle interne simple (van
Brabant et al., 2000b). Par conséquent, les hélicases RecQ semblent préférer les
substrats qui imitent les intermédiaires de recombinaison et de réplication.

Pour déterminer si toutes les hélicases RecQ eucaryotes partagent des spécificités
de substrat, la caractérisation des autres membres de la famille RecQ est nécessaire.
Tout comme les hélicases WRN, BLM et Sgsl, la petite isoforme de 1’hélicase
DmRecQ5 de Drosophile melanogaster (Ozsoy et al., 2003) et I’hélicase RecQl
humaine (RecQL) (Cui et al., 2003) sont inactives sur les duplexes d’ADN a queue 5’
sortante ou a bouts francs (Figure 10A) mais sont actives sur les substrats contenant
des jonctions. En revanche, I’hélicase DmRecQ5 déroule préférentiellement les
duplexes ADN présentant une fourche et est moins active sur les substrats type
jonction de Holliday et bulle simple (Ozsoy et al., 2003). Par conséquent, les
hélicases RecQ ont probablement certains roles complémentaires et/ou distincts in
Vivo.

Les hétéroduplexes ADN-ARN peuvent aussi étre déroulés au moins par les
hélicases WRN (Suzuki et al., 1997) et Sgslp (Bennett et al., 1998, 1999). Ceci peut

48



concerner le traitement des fragments d'Okazaki par I’hélicase RecQ au niveau des
fourches de réplication arrétées observé chez E. coli, (Courcelle et Hanawalt, 1999).

Il y a certaines différences dans la spécificité de substrat entre les enzymes RecQ
humaines, eucaryotes inférieurs et bactériens. Une propriété commune est leur
capacité de dérouler des structures d'ADN autres que le duplexe standard d'ADN de
forme B (Figure 10D). En particulier, un substrat préféré par les hélicases RecQ est
I’ADN G-quadruplexe (Mohaghegh et al., 2001b ; Sun et al., 1998.1999 ; Fry et Loeb,
1999; Wu et Maizels, 2001; Han et Hurley, 2000). Les hélicases BLM, WRN et
Sgs1 déroulent les structures G-quadruplexes avec un ADN simple brin a queue 3’
sortante (Sun et al., 1998; Fry et Loeb, 1999). Huber et al. (2002) ont constaté que les
hélicases BLM et Sgs1 fixaient et déroulaient plus efficacement des G-quadruplexes
que des jonctions de Holliday construites avec des oligonucléotides. De méme, les
hélicases BLM et WRN déroulent des triplexes d’ADN avec une queue d’ADN
simple brin 3’ sortante plus efficacement qu’un duplexe d’ADN avec une extrémité
d’ADN simple brin 3’ sortante (Brosh et al., 2001b). Des structures intermédiaires
d’ADN G-quadruplexe et triplexe ont été impliquées durant les réarrangements de
I'ADN (délétions, échange de chromatide soeur, recombinaison homologue et non

homologue) (Brosh et al. , 2001b). En fait, I’hélicase WRN, tout comme 1’hélicase
RecQ d’E coli, peut diminuer la pause de I’ADN polymérase © induite par un ADN

G-quadruplexe in vitro (Kamath-Loeb et al., 2000, 2001). Ceci peut expliquer, au
moins en partie, des défauts observés dans la synthése d'ADN dans les cellules RecQ

déficientes chez la levure et ’homme.
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Fig. 10. Spécificité de substrat des hélicases RecQ. A, Substrats de 1’hélicase RecQ
d’E. coli en présence de SSB mais pas des hélicases RecQ eucaryotes. B, Duplexes
d’ADN intermédiaires de forme B dans la réplication et la réparation. Ces substrats
sont plus spécifiques des hélicases WRN, BLM et Sgsl. C, Intermédiaires d'ADN
observés dans la recombinaison. Les hélicases WRN et BLM interagissent
préférentiellement avec ces substrats relativement a ceux présentés en B. D, Structures
alternatives d'ADN en forme de triple hélice ou de G-quadruplex (ADN télomérique).
L'ADN G-quadruplexe est un substrat préférentiel pour WRN, BLM, et Sgs1 (d’apres
Opresko et al, 2004).

2.3. Fonctions des hélicases Rec(QQ dans le métabolisme de I'ADN.

Les hélicases de la famille RecQ agissent préférenticllement in vitro sur des
substrats correspondant a des intermédiaires de réplication et de recombinaison et

interagissent avec des protéines impliquées dans ces processus. Ces résultats
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indiquent que ces hélicases sont impliquées in vivo dans les mécanismes de
réparation—recombinaison de I’ADN. Les fonctions de ces hélicases in vivo sont
complexes et multiples. La connaissance de ces fonctions est essentielle pour
comprendre la prédisposition au cancer et le vieillissement prématuré observés chez

les patients déficients pour ces hélicases.

2.3.1 Roles dans la réplication de I'ADN.

Il a été proposé que les hélicases RecQ interviennent lors de la réplication de
I'ADN lorsque la fourche de réplication est cassée ou bloquée a 1’encontre de lésions
sur I’ADN. Chez E. coli, les hélicases RecQ et RecJ dénaturent le brin naissant aux
fourches de réplication bloquées par des 1ésions induites par les UV (Courcelle et al.,
2003). Chez la levure, I’hélicase Sgs1 est nécessaire pour la stabilisation des fourches
de réplication bloquées par des 1ésions induites par I’hydroxyurée (Cobb et al., 2003).
Effectivement, les cellules de patients atteints du syndrome de Bloom (BS) ou du
syndrome de Werner (WS) sont caractérisées par des défauts dans la réplication de
I'"ADN (Hickson, 2003).

Un role possible des hélicases RecQ serait donc de déplacer les blacages de
fourches durant la réplication de I’ADN. Les blocages potentiels qui bloquent la
fourche de réplication peuvent étre des structures secondaires de I’ADN telles que les

« épingles a chevaux » et les G-quadruplex (Fig. 11a). L’hélicase WRN agit sur ces
structures et permet a la polymérase ®de poursuivre la réplication de 1’ADN

(Kamath-Loeb et al., 2001).

La réplication de I'ADN bloquée sur le brin de téte « leading strand » peut mener a
la régression de la fourche et a la formation d’une « structure a 4 voies » de type
jonction de Holliday ou d’une structure « pied de poulet » « chicken foot » (Fig. 11b).
Dans ce dernier cas, la synthése du brin de téte s’effectue en prenant pour matrice le
brin de queue « lagging strand ». Le déroulement de la structure a 4-voies de type
jonction de Holliday par I’hélicase RecQ permet a la polymérase de traverser la 1ésion

et permet d’aboutir a une synthése d'ADN normale.
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Fig. 11. Roles potentiels des hélicases RecQ dans la maintenance de 1'intégrité
de génome durant la réplication de ' ADN.

a. La progression d'une fourche de réplication peut étre bloquée par les structures
secondaires dans I'ADN, telles que des épingles a cheveux ou des G-quadruplexe. Les
hélicases RecQ peuvent résoudre ces structures et ainsi permettre la progression de la
fourche de réplication.

b. Si une fourche rencontre une Iésion (cercle orange) sur la matrice du brin de téte,
la fourche peut régresser et les brins naissants d'ADN (vert) peuvent s hybrider pour
former une jonction a 4 branches. Le brin de téte est alors synthétisé en utilisant le
brin de queue comme matrice. Une hélicase RecQ peut résoudre la jonction a 4
branches et permettre un « by pass » de la Iésion. (modifi¢ d’aprés Hickson, 1.D.

2003)



2.3.2. Roles dans la recombinaison et la réparation.

Une caractéristique des cellules eucaryotes déficientes en protéine RecQ est
I’augmentation de la recombinaison, correspondant a un phénotype d’hyper
recombinaison (Salk et al., 1981; Groden et German, 1992 ;Watt et al., 1996; Stewart
et al.,1997 ; Lindor et al., 2000 ; Onoda et al., 2000, 2001 ; Myung et al., 2001). Cela
montre un role dans la régulation négative de la recombinaison par les hélicases de la
famille RecQ. En outre, il y a plusieurs preuves pour suggérer la participation des
hélicases de la famille RecQ dans la réparation des cassures double-brin (CDB) de
I’ADN. La réparation des CDBs est effectuée principalement par recombinaison
homologue (RH) chez la bactérie et la levure. Dans les cellules de mammiferes, les
cassures double-brin de 'ADN (CDB) sont réparées par deux mécanismes principaux :
la jonction précise ou imprécise des extrémités (NHEJ: Non Homologous End
Joining) et la recombinaison homologue (RH) (Thompson et Schild, 1999 ; Friedberg
etal., 1995).

Les hélicases BLM et WRN, comme 1’hélicase RecQ chez E. coli, sont actives in
vitro sur les structures d'ADN associées aux intermédiaires de recombinaison (Karow
et al. , 2000; Constantinou et al. , 2000; Mohaghegh et al. , 2001a). In vivo, la
déficience en hélicase BLM chez le poulet aboutit a une augmentation des échanges
entre chromatides soeurs par recombinaison homologue (Wang et al., 2000a). Puisque
des ¢échanges entre chromatides soeurs sont modifiées par recombinaison homologue
(Sonoda et al., 1999 ; Wang et al., 2000a), BLM peut réguler au moins la
recombinaison homologue. En revanche, les hélicases WRN et RTS régulent

principalement la recombinaison illégitime (Prince et al. , 2001 ; Oshima et al., 2002).

2.3.3. Roles dans la maintenance des télomeéres.

Le vieillissement prématuré est une des manifestations cliniques principales du
syndrome de Werner (Goto, 2000) et les cellules déficientes en protéine WRN
montrent une augmentation de sénescence (Faragher et al., 1993). La relation entre
le vieillissement et les télomeres est importante. En outre, des téloméres altérés

conduisent a une instabilit¢ génomique et prédisposent a la transformation maligne
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des cellules (Kim et al., 2002). Des études récentes suggérent que les hélicases de la
famille RecQ incluant WRN sont impliquées dans la maintenance des télomeres. Les
cellules déficientes en protéine WRN ou Sgsl montrent un défaut dans un
mécanisme de prolongement alternatif du télomere qui fonctionne en 1'absence d'une
télomérase. L’hélicase Sgsl ou WRN chez la souris est capable de supprimer la
sénescence accélérée et la diminution de la taille des télomeres dans des cellules de
levure déficientes en Sgsl et télomérase (Cohen et Sinclair, 2001; Huang et al.,
2001 ; Johnson et al., 2001).

Les hélicases WRN, BLM et Sgsl peuvent permettre le prolongement des
séquences télomériques en dissociant les G-quadruplexes qui se forment au niveau
de ces séquences. Elles peuvent avoir un effet catalytique direct dans le

prolongement des télomeres par recombinaison.

2.3.4. Roles dans d'autres voies de réparation de I'ADN.
Le role des hélicases RecQ ne se limite pas a la réplication de ’ADN et a la
recombinaison. Un rdle dans la réparation des cassures simple-brin de I’ADN (CSB) a

¢galement ¢té proposé. Plusieurs enzymes qui interagissent avec I’hélicase WRN, y
compris RPA, FEN1 et I’ADN polymérase O, fonctionnent dans la réparation base

par excision (BER). Ce processus est important pour la réparation des bases modifi¢es
et des CSBs. L’hélicase WRN se fixe a ’ADN polymérase B impliquée dans le BER,
et stimule la synthése de I'ADN (Harrigan et al., 2003). Une autre enzyme importante
impliquée dans le BER, PARP-1 (« Poly(ADP-ribose) polymerase-1»), se fixe
fortement au domaine RecQ-Ct de WRN (von Kobbe et al., 2003). Ces résultats
suggerent que 1’hélicase WRN de la famille RecQ interviendrait dans la réparation des

CSB:s.

2.3.5. Roles dans la réponse cellulaire aux dommages de I'ADN.

L'hélicase Sgsl chez la levure est impliquée dans les processus de signalisation

cellulaire de la présence de dommages de I'ADN en phase S (Khakhar et al., 2003).
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L’hélicase BLM fait partie du complexe BASC (complexe de surveillance du génome
associ¢ a BRCAL1), qui inclut les kinases ATM et ATR et la protéine Nbs1 (Wang et al.,
2000). Les hélicases BLM et WRN co-localisent avec p53, une protéine impliquée
dans la reconnaissance de toute une série d’états cellulaires, de carences (nutriments),
de stress (aprés traitement génotoxique) et méme probablement certains défauts de
développement (Brosh et al., 2001; Sengupta et al., 2003). Elles sont phosphorylées
de maniere ATM et ATR dépendante en réponse au blocage de la fourche de
réplication (Hickson, 2003 ; Franchitto et Pichierri, 2002). En outre, les complexes
comprenant pS3-BLM ou p53-WRN inhibent la résolution des substrats de type
Jonction de Holliday et l'activité exonucléase de WRN (Bachrati et Hickson, 2003).
Ainsi, les hélicases RecQ jouent probablement un role important dans la réponse

cellulaire aux dommages de 'ADN, en phase S.

2.4. Roles des hélicases RecQ dans le point de controle et dans

I'apoptose.

De nombreuses données ont montré que les hélicases RecQ participent a deux

processus qui sont associés a la prédisposition au cancer :
(1) le point de contrdle de cycle cellulaire qui surveille I’intégrité de I'ADN,
(2)  l’apoptose qui permet d'éliminer des cellules irréversiblement endommagées.

L’hélicase Sgsl de levure bourgeonnante co-localise avec la protéine kinase
Rad53p aux « foci » nucléaires spécifiques durant la phase S et fonctionne dans la
transmission de signal menant au point de controle (Frei et Gasser, 2000a ; Frei et
Gasser, 2000b ; Oakley et Hickson, 2002). L’hélicase Rgh1l (homologue de RecQ de
levure fissipare) a été¢ également impliquée dans le point de contrdle de la phase S
(Murray et al., 1997 ; Davey et al., 1998).

Des chercheurs ont étudié la relation entre les hélicases RecQ et le suppresseur de
tumeur p53, dans son role apoptotique (Levine, 1997 ; Hakem et Mak, 2001). Les
interactions entre p53 et les hélicases BLM et WRN sont ici aussi probablement
impliqués. Une déficience en BLM ou WRN aboutit & une atténuation des processus

d'apoptose régulés par p53 (Spillare et al., 1999 ; Wang et al., 2001). Cette atténuation
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contribuerait ainsi a la prédisposition au cancer dans les patients atteints du syndrome
de Bloom et du syndrome de Werner et probablement de ceux du syndrome de

Rothmund-Thomson.

3. Le motif a doigt de zinc et sa fonction.

Le premier motif a doigt de zinc a été identifi¢ il y a 15 ans comme le motif
répétitif fixant I’ion Zn>*, par I’intermédiaire de cystéine et d'histidine conservées,
dans le facteur de transcription TFIITIA chez Xenopus (Millers et al., 1985). Depuis, de
nombreux autres motifs fixant I’ion Zn”*" ont été identifiés comme doigts de zinc. Un
doigt de zinc est défini comme un petit domaine fonctionnel indépendamment replié,

qui exige la coordination d'un ou plusieurs ions Zn>" pour stabiliser sa structure.

3.1. Role du doigt de zinc dans les protéines en général.

Les protéines contenant un doigt de zinc font partie des protéines les plus
abondantes des eucaryotes. Ils sont fortement impliqués dans mécanismes de
reconnaissance de ’ADN et de I’ARN et dans les interactions protéines-protéines.

Les structures des doigts de zinc sont trés diverses. Selon le nombre et le type
d'acides aminés impliqués dans la coordination de 1’ion Zn*", les doigts de zinc ont été
divisés en plusieurs classes : Cys2His2, Cys2HisCys, Cys4-ribbon, Cys4 GATA, Cys6
et Cys8 ( Leon et Roth, 2000).

Des doigts de zinc de type Cys2His2 sont trouvés dans 2% des geénes humains et
sont des domaines fixant ’ADN dans de nombreux facteurs de la transcription
humain ou de réparation (Tupler et al., 2001). Ils contribuent a I’identification des
séquences spécifiques de I'ADN.

Les interactions ARN-protéine sont essentielles dans de nombreux processus
cellulaires, tels que la syntheése de 'ARN, 1’épissage et la traduction. Des domaines a
doigts de zinc sont connus pour interagir avec 'ARN, tel que la protéine Ncp7 du
rétrovirus VIH. Les détails de 1'identification de nombreux motifs a doigt de zinc dans
d’autres protéines restent a étudier (Joho et al., 1990; Theunissen et al., 1992;

Clemens et al., 1993; Friesen et Darby 1997, 1998).
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Les doigts de zinc sont aussi impliqués dans les interactions protéine-protéine
(Crossley et al., 1995; Merika et Orkin, 1995; Tsang et al., 1998; Feng et al., 1998;
Sun et al., 1996; Borden, 2000). Ces interactions protéine-protéine peuvent étre
homo-typiques, comme dans la multimérisation de protéine, ou hétéro-typique,
impliquant I'interaction coopérative avec une grande variété de facteurs protéiques au
sein de complexes dont ceux impliqués dans le métabolisme de 1’ADN (transcription,

réplication, recombinaison ou réparation).

3.2. Role du doigt de zinc dans I’hélicase.

Des hélicases contenant le doigt de zinc de type Cys4 sont trouvées parmi les
enzymes impliquées dans la réplication et la transcription de 'ADN. En outre, les
analyses de ces motifs mutés dans plusieurs hélicases virales ont montré que ces
motifs sont importants pour l'activité hélicase (van Dinten et al., 2000 ; Biswas et
Weller, 1999). Le motif a doigt de zinc est impliqué dans la réplication et la
transcription des «nidovirus » par la régulation des activités enzymatiques de
I’ ATPase/hélicase nspl10 (Seybert et al., 2005). La mutation dans le motif doigt de
zinc de la protéine homologue de MCM d’archaebactéric Methanobacterium
thermoautotrophicum aboutit a une perte des activités ATPase, hélicase et de fixation
a I’ ADN simple brin (Poplawski et al., 2001). En plus de ceux-la, la protéine Mer3 de
Saccharomyces cerevisiae posséde le domaine hélicase et le domaine a doigt de zinc
putatif qui sont importants pour la transition de CDBs (cassure de double brin)
(Nakagawa et Ogawa, 1999). Récemment, la structure tridimensionnelle de 1’hélicase
RecQ tronquée a I’extrémité C-terminale a montré que l'enzyme se replie en quatre
sous-domaines, dont deux se combinent pour former le domaine hélicase, tandis que
les autres forment les motifs de fixation du zinc (Fig. 11) et I’hélice de type WH
(Bernstein et al., 2003a). La séquence du motif fixant le zinc dans la protéine RecQ
bactérienne est C++x13-17 CxxCxxC, ou les résidus"+" sont fréquemment
¢lectropositifs. Dans la protéine RecQ d’E coli, 1'atome de zinc est fixé par quatre
cystéines conservées situées au niveau d’une plateforme formée par les a-hélices 17 et

18. Le résidu Cys™™ (indiquée Cl) est situé au début de 1’a-hélice 17. Cys*®
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(indiquée C3) et Cys*”

(indiquée C4) se trouvent respectivement au début et au
milieu de la a-hélice 18, tandis que Cys””’ (indiquée C2) est situé dans la boucle liant
les deux hélices (Fig. 11). En outre, le motif doigt de zinc est stabilisé¢ par trois
liaisons hydrogéne entre les résidus conservés phénylalanine (Phe’’*), arginine (Arg™™")
et asparagine (Asp™") (Fig. 11).

Plusieurs études de mutants de I’hélicase RecQ dans lesquels les résidus de cystéine
conservés ont ¢ét¢ modifiés indiquent I'importance de doigt de zinc sur ’activité
enzymatique. Deux des mutations cliniques connues du gene codant I’hélicase BLM
qui meénent au syndrome de Bloom, portent une modification dans les codons des
cystéines du domaine RecQ-Ct (Ellis et al., 1995,1996 ; Foucault et al., 1997). Le
mutant C1055S de la protéine BLM humaine code pour une protéine inactive in vitro
(activités ATPase et hélicase inactives) et ce mutant ne peut pas réduire le phénotype
d’hyper recombinaison des cellules déficientes en protéine BLM dans des expériences
de transfection (Neff et al., 1999), indiquant un défaut grave de la fonction de la
protéine. Des mutations ponctuelles analogues de I’hélicase BLM chez la souris
aboutissent également a la perte des activités ATPase et hélicase in vitro (Bahr et al.,
1998). Ces observations suggérent que le motif fixant I’ion Zn*" du domaine RecQ

C-terminal (RecQ-Ct) joue un rdéle important dans les réactions catalysées par les

hélicases de la famille RecQ.
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Fig. 12 Structure et Résidus conservés dans le motif a doigt de zinc de
I’hélicase RecQ d’E. coli

Les quatre résidus conservés de cystéine, Cys™° (indiquée C1), Cys™’

(indiquée
C2), Cys* (indiquée C3) et Cys*® (indiquée C4), sont colorés en gris. L'atome de
zinc est coloré en gris foncé. Des labels des structures secondaires sont également
indiqués. La conformation du motif doigt de zinc est stabilisée par trois liaisons
d'hydrogéne entre NH2 Arg®®! et OD2 Asp™”’, entre NE Arg®®' et OD1 Asp*”' et entre
NHI1 Arg381 et l'atome O de la chaine principale de Phe®™ (NH2, OD2, ODI1, NE, et
NHI représentent les positions des atomes dans la molécule ; NH, heta de N ; OD,
delta de O ; NE, Epsilon de N). Ces trois résidus colorés en gris clair contribuent au

positionnement relatif des hélices 16, 17 et 18. (modifi¢ d’aprés Bernstein et al.,

2003a)

4. Présentation du travail

Comme nous l’avons vu précédemment, la famille des hélicases RecQ est
impliquée dans le maintien de la stabilit¢ génomique chez les procaryotes et les
cucaryotes (Chakraverty et al., 1999). Des mutations des génes correspondants
peuvent mener a l'instabilité génomique et a plusieurs maladies humaines comprenant
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les syndromes de Bloom et de Werner (Furuichi, Y. 2001). Généralement, les
hélicases de la famille RecQ contiennent les domaines hélicase, HRDC et RecQ C-
terminal (RecQ-Ct), ce dernier incluant le motif a doigt de zinc. La fonction du
domaine hélicase a ¢été caractérisée, mais celle du domaine RecQ-Ct reste a
déterminer. Des études ont établi que les motifs a doigt de zinc sont impliqués dans
des fonctions diverses comprenant les interactions protéine-ADN, le repliement de la
protéine et les interactions protéine-protéine (Berg et Shi, 1996).

Donc, dans un premier temps, nous avons étudi€ la structure primaire et la fonction
du motif a doigt de zinc dans RecQ-Ct. Plusieurs hélicases de la famille RecQ
contiennent un motif doigt de zinc putatif du type C4 a I’extrémité C-terminale qui a
été identifié dans la structure cristalline de 1’hélicase RecQ d'Escherichia coli. Pour
mieux comprendre le réle de ce motif dans 1’hélicase RecQ d’E. coli, nous avons
construit une série de mutations ponctuelles changeant les cystéines (Cys) conservées
aussi bien que d'autres résidus fortement conservés. Toutes les protéines mutantes,
exprimées chez E. coli , ont montré un niveau élevé de susceptibilité a la protéolyse,

rendant impossible 1'analyse fonctionnelle. Par contre, une protéine double mutante a

397 400

pu étre purifiée. Dans ce mutant, les résidus Cys™ " et Cys™ du motif a doigt de zinc
ont été remplacés par des résidus asparagine (Asn). De 1égers changements locaux de
conformation ont été¢ détectés par dichroisme circulaire, mais le reste de la protéine
mutante présente une structure tertiaire correcte. En outre, l'enzyme mutante a une
affinité pour I'ATP similaire a celle de I’enzyme sauvage mais est séveérement altérée
dans sa fonction de fixation a 'ADN, et ses activités ATPase et hélicase. Ces résultats
indiquent que le motif a doigt de zinc est impliqué dans la fixation de I'ADN et
peut-étre dans le maintien de ’intégrité de la protéine enti¢re. Nous avons également
prouvé qu’apres la formation du motif a doigt de zinc, I'atome de zinc n'est pas
essentiel a l'activité enzymatique.

Ensuite, nous avons utilisé les trois isoformes RECQ5a, RECQ5B et RECQ5y de
I’hélicase RECQS5 humaine pour étudier le role du doigt de zinc dans la régulation des
activités enzymatiques. Ces isoformes résultent de I'épissage alternatif au niveau de la

transcription de géne RECQS. Les trois protéines sont identiques dans les régions
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N-terminales avec 410 résidus et toutes contiennent les sept motifs conservés du
domaine hélicase. En plus du domaine hélicase, RECQS5P contient un domaine
RecQ-Ct (RQC) putatif, tandis que RECQ5y a une extension C-terminale qui n'est pas
présente dans RECQS5p. Les trois protéines fixent I'adénosine triphosphate (ATP) avec
une affinité semblable, mais I'ADN avec des affinités sensiblement différentes.
RECQ5a et RECQ5y sont déficient ou faible au niveau des activités ATPase et
hélicase, tandis que RECQ5p est une ATPase et hélicase active. Remarquablement,
RECQ5a possede une forte activité a favoriser 1’hybridation de ’ADN, et c'est la
premicre démonstration que le domaine hélicase de RecQ favorise 1’hybridation de
I’ADN. Notre étude montre que RECQS5P posséde un doigt de zinc qui régule les
activités enzymatiques multiples du domaine hélicase.

En fin, nous avons étudié les caractéristiques biochimiques des protéines SubL et
SubS de la famille RecQ chez Bacillus subtilis. La protéine SubL contient un domaine
hélicase, un motif fixant I’ion zinc et un domaine HRDC, mais la protéine SubS ne
possede que un domaine hélicase et un motif fixant I’ion zinc. Les protéines SubL et
SubS montrent I’activité ATPase en présence d'’ADN. D'ailleurs, ils possédent une
activité hélicase de polarité 3'-5'. Les efficacités du déroulement et de l'activité
ATPase de SubS sont environ 15 fois plus faibles que celles de SubL. Nous avons
¢galement montré que SubL posséde une activité intrinséque a favoriser 1’hybridation
de I'ADN et déroule deux intermédiaires importantes de la réplication et de la
réparation de ’ADN, un ADN duplex avec un flap 5' et une structure de type fourche
de réplication, a I’inverse SubS. Ces résultats indiquent que les hélicases SubL et

SubS présentent des caractéristiques différentes dans leur mode d’action sur I’ADN.
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Chapitre 2 : Résultats
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1. Le motif a doigt de zinc de I’hélicase
RecQ d'Escherichia coli est impliqué dans
la fixation d'ADN et le repliement de la

protéine
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1.1. Présentation

Les hélicases de la famille RecQ sont nécessaires pour le maintien de I’intégrité
de génome (Chakraverty et Hickson, 1999; Karow et al., 2000b; van Brabant et al.,
2000a; Mohaghegh et Hickson, 2001a). L’hélicase RecQ d'Escherichia coli est le
prototype de cette famille (Umezu et al., 1990) et a été caractérisée a la fois comme
initiateur de la recombinaison homologue et comme suppresseur de la recombinaison
illégitime (Hanada et al., 2000, Harmon et al., 1998).

La structure cristalline aux rayons X du noyau catalytique de I’hélicase RecQ d’E.
coli indique que cette enzyme contient les domaines hélicase et RecQ-Ct (Bernstein et
al., 2003a). RecQ-Ct contient un motif fixant 1’ion zinc (Bernstein et al., 2003a). La
fonction du domaine hélicase a été étudiée, mais celle du domaine RecQ-Ct reste a
déterminer. L’objectif de ce travail a été I’étude de la structure primaire et la fonction
du motif a doigt de zinc du domaine RecQ-Ct de I’hélicase RecQ d’E. coli.

Six résidus (Cys™, Arg®®!, Cys®’, Cys*®, Asp™' et Cys**) du motif doigt de zinc
des hélicases de la famille RecQ sont fortement conservés (Fig.1 de ’article 1). Pour
¢lucider les rdles joués par l'atome de zinc et le motif doigt de zinc de 1’hélicase RecQ
d’E. coli, nous avons muté ces résidus par mutagenése dirigée. Quarte résidus (Cys™*,
Cys®’, Cys*™ et Cys'™) sont respectivement remplacés par Ala et deux résidus
(Arg381 et Asp401) sont respectivement remplacés par Asn. Ces mutants n’ont pas pu
étre ¢tudié car les protéines correspondantes semblent totalement instables chez E.
coli (protéolyse). Afin de modifier de fagon ménagée le motif a doigt de zinc, nous

et Cys4°0 par Asn. Une protéine portant cette

avons remplacé simultanément les Cys
double mutation a pu étre purifiée et étudiée. Nous avons tout d’abord analysé cette
protéine par dichroisme circulaire pour déterminer I’effet de ces mutations sur la
structure de la protéine. Ceci a permis de montrer que ces mutations ne conduisent
qu’a une modification treés localisée de la structure. De plus, les protéines sauvages et
mutantes présentent un pattern de protéolyse ménagée identique et présentent un

profil similaire par chromatographie d’exclusion. En résumé, les protéines sauvages et

mutantes possédent une structure tridimensionnelle similaire. Nous avons aussi étudié
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la fixation de I’ATP par la technique de FRET (Transfert d’énergie de résonance de
fluorescence). La protéine double mutante fixe I’ATP mais ne peut pas 1’hydrolyser.
La mutation double entraine une perte des activités ATPase et hélicase. Par EMSA et
anisotropie de fluorescence nous avons montré¢ que la protéine mutée ne fixe plus
I’ADN. Ces résultats démontrent que le motif a doigt de zinc joue un rdle essentiel
dans la fixation de I’ADN.

En conclusion, le motif a doigt de zinc dans I’hélicase RecQ joue des roles
importants dans repliement de 1'enzyme enti¢re, dans la fixation de I'ADN et par
conséquent dans les activités ATPase et hélicase. L’atome de zinc n’est pas essentiel a

’activité enzymatique apres la formation du doigt de zinc.

L’ensemble de ces résultats est présenté dans 1’article Ne 1.
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1.2. Article Ne 1:

The Zinc Finger Motif of Escherichia coli RecQ Is
Implicated in Both DNA Binding and Protein Folding

Jie Lin Liu, Pascal Rigolet, Shuo-Xing Dou, Peng-Ye Wang, and Xu Guang Xi
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The RecQ family of DNA helicases has been shown to
be important for the maintenance of genomic integrity.
Mutations in human RecQ genes lead to genomic insta-
bility and cancer. Several RecQ family of helicases con-
tain a putative zinc finger motif of the C, type at the C
terminus that has been identified in the crystalline
structure of RecQ helicase from Escherichia coli. To
better understand the role of this motif in helicase from
E. coli, we constructed a series of single mutations alter-
ing the conserved cysteines as well as other highly con-
served residues. All of the resulting mutant proteins
exhibited a high level of susceptibility to degradation,
making functional analysis impossible. In contrast, a
double mutant protein in which both cysteine residues
Cys®?7 and Cys*?° in the zinc finger motif were replaced
by asparagine residues was purified to homogeneity.
Slight local conformational changes were detected, but
the rest of the mutant protein has a well defined tertiary
structure. Furthermore, the mutant enzyme displayed
ATP binding affinity similar to the wild-type enzyme but
was severely impaired in DNA binding and in subse-
quent ATPase and helicase activities. These results re-
vealed that the zinc finger binding motif is involved in
maintaining the integrity of the whole protein as well as
DNA binding. We also showed that the zinc atom is not
essential to enzymatic activity.

The transient formation of single-stranded DNA (ssDNA)!
intermediate is essential to all aspects of DNA metabolism
including DNA replication, recombination, and repair. The un-
winding and separation of the individual strands of double-
stranded DNA (dsDNA) is catalyzed by a class of specialized
enzymes known as DNA helicases (1, 2). These enzymes func-
tion as molecular motors that use the energy released from the
hydrolysis of ATP to unwind and translocate along DNA in a
sequential fashion (3-5). These ubiquitous enzymes have been

* This work was supported by the Centre National de la Recherche
Scientifique (CNRS), the National Natural Science Foundation of
China, and the Innovation Project of the Chinese Academy of Sciences.
The costs of publication of this article were defrayed in part by the
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“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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! The abbreviations used are: ssDNA, single-stranded DNA; dsDNA,
double-stranded DNA; HRDC, helicase and RNase D C-terminal;
FRET, fluorescence resonance energy transfer; PAR, 4-(2-pyridyl-
azo)resorcinol disodium salt; mantATP, 2'(3')-O-(N-methlanthrani-

identified in all living organisms from virus to human. It ap-
pears that they evolved from a common ancestor (6).

The RecQ helicase family is critical to the maintenance of
genomic stability in prokaryotes and eukaryotes (7). Mutations
of Rec@Q genes can lead to genomic instability and several
human diseases including the Bloom and Werner syndromes
(8). Recently, it has been shown that the tumor suppressor
BRCA1-associated protein, BACH1, which shares homologies
with other members of the RecQ family, possesses ATPase and
helicase activities (9). The mutant BACH1 participates directly
in breast and ovarian cancer development (9). The RecQ heli-
case from Escherichia coli is the prototype helicase of this
family (10) and has been shown to initiate homologous recom-
bination as well as suppress illegitimate recombination
(11, 12).

The RecQ helicase family members contain a helicase do-
main characterized by the presence of seven so-called “helicase”
motifs necessary for using energy derived from ATP binding
and hydrolysis to unwind DNA (13, 14). Sequence analyses
revealed that all of the RecQ helicases contain a C-terminal
extension that can be further divided into two domains (Fig.
1A): the HRDC domain (helicase and RNase D C-terminal),
which functions as an auxiliary DNA-binding domain (15, 16),
and the RecQ C-terminal domain that contains a conserved
CX,,CX,,CDXC motif (in which X is any amino acid) among the
RecQ family of helicases (Fig. 1A) of which the function is still
not clear. Recently, the three-dimensional structure of a C-
terminal truncated form of RecQ helicase has revealed that the
enzyme folds into four subdomains, two of which combine to
form the helicase region, whereas the others form zinc binding
(Fig. 1B) and winged-helix motifs (17). The zinc atom is bound
by four conserved cysteine residues located at a platform com-
posed of a-helices17 and 18. The cysteine residue Cys>8° (la-
beled as C1) is located at the beginning of the a-helix 17. Cys°
(labeled as C3) and Cys*°? (labeled as C4) are at the beginning
and the middle of the a-helix 18, respectively, whereas Cys>®7
(labeled as C2) is located in the loop linking the two helices
(Fig. 1B). In addition, the zinc finger motif may be further
stabilized by three hydrogen bonds formed among the con-
served residues of phenylalanine (Phe3”*), arginine (Arg381),
and asparagine (Asp401) (Fig. 1B). Previous studies have estab-
lished that the zinc finger domains and other metal-binding
protein domains are involved in diverse functions including
protein-DNA interactions, protein folding, and protein-protein
interactions (18). To elucidate the roles played by the zinc atom
and the zinc finger motif in RecQ helicase, mutant RecQ mol-
ecules were engineered by site-directed mutagenesis within the

loyl)adenosine 5’—triph0sphate; DTT, dithiothreitol; CD, circular zine ﬁnger motif. Biochemical characterizations Of these mu-
dichroism. tants showed that the zinc binding motif is essential to efficient
42794 This paper is available on line at http://www.jbc.org
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DNA binding and stabilization of the three-dimensional struc-
ture of Rec@Q molecules.

MATERIALS AND METHODS

[a-*?P]ATP was obtained from Amersham Biosciences. 4-(2-Pyridy-
lazo)resorcinol disodium salt (PAR), EDTA, 2-mercaptoethanol, ATP,
and a-chymotrypsin were obtained from Sigma. Chelex® 100 resin was
purchased from Bio-Rad. The N-methylanthraniloyl derivatives of ad-
enine nucleotides were synthesized according to Hiratsuka (19) and
purified on DEAE-cellulose using a gradient of triethylammonium
bicarbonate.

Expression of Wild-type Enzyme and Construction of the Zinc Finger
Mutant of Rec@ Helicase—The E. coli RecQ helicase containing a N-
terminal His tag was expressed in E. coli and purified by nickel-
chelating and anion-exchange chromatography as described previously
(20). Mutations were made by a two-step polymerase chain reaction
method (21). The outside primers were QFN (5'-GGAATTCCATATG-
GTGAATGTGGCGCAGGCGGAAGTGTTG-3') and QRX (5'-CCGCTC-
GAGCTACTCTTCGTCATCGCCATCAACATG-3'). The primers used to
introduce mutations are QMF1 (5'-CAGGAGCCGAACGGGAACAAC-
GATATCTGC-3') and QMF2 (5'-GCAGATATCGTTGTTCCCGTTCG-
GCTCCTG-3'). The mutations resulting in coding changes are under-
lined. The mutant polymerase chain reaction products were digested
with Ndel and Xhol, and the 1.85-kb fragment was subcloned into
pET-15b. Following the mutagenesis, the entire gene was sequenced to
ensure that no additional mutations were created. The primers used to
construct other mutants that could not be purified to homogeneity are
not shown.

Quantification of Zinc Ion Bound to E. coli Rec® Helicase—The zinc
content of the wild-type and the zinc finger mutant of RecQ helicase was
measured by the PAR assay as described by Hunt et al. (22). PAR has
a low absorbance at 500 nm in the absence of zinc ion. However, in the
presence of zinc ion, the absorbance at 500 nm increases dramatically
due to the formation of the PAR,Zn®>" complex. To more precisely
quantify the zinc content of both wild-type and mutant helicases, all of
the buffers were treated with Chelex 100 resin. The enzymes were
dialyzed against the EDTA-free Chelex-treated buffer passed over a
10-cm column of Chelex-100 and reconcentrated. To facilitate zinc re-
lease, the enzymes (1 nmol in a volume of 20 ul) were first denatured
with Chelex-treated 7 M guanidine HCI and then transferred to a 1-ml
cuvette and the volume was adjusted to 0.9 ml with buffer A (20 mm
Tris-HCI at pH 8.0, 150 mM NaCl). PAR was added into the cuvette for
a final concentration of 100 uM. The absorbance at 500 nm was meas-
ured. The quantity of zinc ion was determined from a standard curve of
ZnCl, samples in a range of concentrations using the sample prepara-
tion procedure as described above with the RecQ helicase omitted. The
zinc ion concentration was also determined using the absorbance coef-
ficient for the (PAR),"Zn?* complex (€59 ny = 6.6 X 10* M ' em ™). The
zinc-demetalated RecQ helicase was obtained by dialysis of purified
RecQ helicase against buffer B (10% glycerol, 300 mm NaCl, 20 mm
Tris-HCI at pH 8.0, 10 mm EDTA, 1 mm DTT) overnight at 4 °C (17).

Fluorescence Measurements—Fluorescence spectra were determined
using Fluoro Max-2 spectrofluorimeter (Jobin Yvon, Spex Instruments
S.A., Inc.) as described by Levin et al. (23). Some results were further
confirmed by using PiStar-180 spectrometer (Applied Photophysics). In
a 10 X 10 X 40-mm® quartz cuvette, 0.5 uM RecQ protein in 1 ml of
reaction buffer was excited at 280 nm and the fluorescence emission
was monitored at 350 nm. mantATP binding to protein was measured
by exciting the RecQ protein at 280 nm and measuring the fluorescence
of mantATP at 440 nm because of FRET.

The observed fluorescence intensity, F,,., was corrected for inner
filter and sample dilution effect according to Equation 1,

Vo+V;

F=F,. % 10l Uex+A0/2] % 0 (Eq. 1)

Vo
where F is the corrected fluorescence intensity, V is the initial sample
volume, V; is the total volume of titrant added, and Agx and Ay, are the
absorbance values of the solution at excitation and emission wave-
lengths, respectively. The statistical thermodynamic model used to
describe the ATP-RecQ complex formation is based on the observation
that RecQ helicase has one ATP-binding site (17). Therefore, the one-
to-one binding model was used to establish the mantATP binding to
RecQ. We have chosen the macroscopic interaction constant defined in
Equation 2,

Ko = [EADAIC] (Eq. 2)
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where E,represents the concentration of free enzyme, D, represents the
concentration of free mantATP, K, is the equilibrium interaction con-
stant, and C is the concentration of the ATP-RecQ complex formed.

The concentrations of total enzyme, E, and total mantATP, D, can
be written in terms of E; and D, as shown in Equations 3 and 4.

Ep=E;+C (Eq. 3)

Dr=D;+C (Eq. 4)

From Equations 2—4, the expression of C is obtained as shown in
Equation 5.

Dy +Er+ Ky — \(Dr+ Er+ K,)? — 4EDy

¢ 2

(Eq. 5)

The value of K, can be obtained by fitting the fluorescence intensity
values to Equation 6,

F=Fs+fpDr+fcC

where Fg is the starting fluorescence of the reaction mixture, f;, is the
fluorescence coefficient of free mantATP, and f. is the fluorescence
coefficient of complex formed.

Limited Proteolytic Digestion—The wild-type, mutant, and Zn?*-
extracted RecQ helicases at a concentration of 15 uM and in a total
volume of 30 ul were digested with a-chymotrypsin (Sigma) for 2 and 10
min at room temperature. The ratio between the protease and RecQ was
1:100 for each helicase. Aliquots (15 ul corresponding to 1 ug of protein)
from the reaction were quenched with 15 ul of gel-loading buffer (250
mM Tris-HCI at pH 6.8, 3.4% SDS, 1.1 M 2-mercaptoethanol, 20%
glycerol, and 0.01% bromphenol blue). The samples were boiled for 2
min and then analyzed by SDS-PAGE gel.

Agarose Gel Mobility Shift Assay—Gel mobility shift assays were
performed as described previously (24). The reaction mixture (25 ul)
contained 20 mm Tris-HCI at pH 7.6, 1 mm DTT, 0.1 mg/ml bovine
serum albumin, 2 mm MgCl,, and 1 pmol (molecules) of the linearized
DNA substrate (3 kb) The reaction was allowed to proceed for 10 min on
ice and was terminated by the addition of 10 ul of loading buffer (80%
glycerol, 0.1% bromphenol blue). The complexes were separated by
electrophoresis through 0.8% agarose gel in TAE (Tris-acetate-EDTA)
buffer at 100 V for 1.5 h and were visualized by ethidium bromide
staining.

DNA Binding Assay under Equilibrium Condition—The binding of
RecQ helicase to DNA was analyzed by fluorescence anisotropy using a
Beacon 2000 fluorescence polarization spectrophotometer (PanVera) as
described previously (24). An appropriate quantity of fluorescein-la-
beled ssDNA or dsDNA was added to a standard titration buffer (150 ul
of total volume) in a temperature-controlled cuvette at 25 °C. The
anisotropy of the fluorescein-labeled DNA was measured successively
until it stabilized. An appropriate quantity of RecQ helicase then was
added. The anisotropy then was measured continuously until it reached
a stable plateau. To determine the concentration of the helicase-DNA
complex, fluorescence signals observed in these RecQ helicase titrations
were subtracted by those observed in the absence of enzyme. The
increase in sample volume during the titration was taken into account
in the analysis of the data. The reported values represent the averages
of two to three measurements. The ssDNA used in this assay is a
36-mer 5’'-fluorescein-labeled synthetic oligonucleotide (5'-F-AGACCC-
TTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3'). The dsDNA was
generated with its complementary sequence (5'-ACTGCTA-
GAGATTTTCCACACTGACTAAAAGGGTCT-3").

Circular Dichroism Analysis—All of the spectra were collected in
buffer C (20 mm Tris-HCI, 25 mm NaCl, 0.1 mm EDTA) in a 0.2-mm
cuvette at 20 °C on a Jobin-Yvon V dichrograph spectrophotometer. The
protein samples were rigorously dialyzed against buffer C before meas-
urement. All of the spectra were recorded with a 0.2-nm step as follows.
Buffer C only was added to a single chamber, and the spectrum was
recorded. The protein sample then was added to the same chamber, and
the spectrum was recorded. The protein-only spectrum then was ob-
tained by subtracting the free protein spectrum from the mixture spec-
trum. The measurement results are reported as mean residue ellipticity
(0) (degrees per square centimeter per decimole). The ATPase activity,
helicase activity, and protein concentration were determined before and
after each measurement.

ATPase Assay and Determination of K; for mantATP—The ATPase
activity was determined in an assay by measuring the radioactive 2P,
liberated during hydrolysis (25). The measurement was carried out at
37 °C in a reaction mixture containing 1.5 uM (nucleotide) of heat-

(Eq. 6)
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A Helicase region RecQ-Ct HRDC
N-ter [1N | | 1 11 C-ter
| ol6 ol7 al8 l
 —— e — ——
RecQ 358 GOL@DIERHKLNAMGARAEAQE - - - - - - CRELVELNYFGEGRQ- -EPG------- GNEDIELD 405
sgs1 1024 RENKEKHLNKLQQWMAYCDNVED- - - - - CRRKLVLSYFNEDFDS - KLEH-- - - - - KNCDNGRN 1074
Rghl 866 AETKERQROMLROWIQFCENKID- - -- - CRRKOVLAYFGENFDK- VHER - - - - - - KGEDICCE 916
RecQL1 436 GOOKLYE-===== MVSMCONISK----- CRRVLMAQHFDEVWNS - EAQN - - - - - - EMCDNCCK 480
WRN 13 EKFRLYKLKMMAKMEK¥L-HSSR----- CRROI ILST—EE'EDKQVQ—KASLGI MGTEKCCDNCES 941
BLM 101 HHTRETHFNNLYSMVH¥CENITE---- - CREIQLLAYFGENGFNPDFCKKHP- -DVSCDNCCK 1068
DmBLM 1082 YNVEKIHVDNLYREVGECENLED- - - - - CREAQQLDY¥FSEHFTS-EQCLENR- -ETACDNCIN 1136
RecQL5 383 QEKRGNKASDKAT I‘WDALVTFCEELGCRI—LAAIAK_YFGDAL ---PA@A - - - - -- KGEDHEON 436
Consensus : . I : * ko ko . LA

FiG. 1. A, schematic diagram of E. coli RecQ conserved regions and amino acid sequence alignment of the conserved putative C,-type zinc finger
motif among the RecQ family helicases. The multiple alignments were performed with the program ClustalW and refined manually. The numbers
at the beginning and end of each sequence correspond, respectively, to positions of the first and the last amino acid residues. Highly conserved
amino acid residues are shadowed in gray. In boldface are the four conserved cysteine residues and the fully conserved arginine, aspartic acid, and
aromatic residues involved in three very important hydrogen bonds. The consensus sequence was generated by ClustalW. The protein accession
numbers used by the NCBI are as follows: RecQ, P15043 (E. coli); SgS1, P35187 (Saccharomyces cerevisiae); Rqhl, Q09811 (Schizosaccharomyces
pombe); RecQL1, NP_002898/P46063 (Homo sapiens); WRN, NP_000544/Q14191 (H. sapiens); BLM, A57570/P54132 (H. sapiens); DmBLM,
QIVGIS8 (H. sapiens); and RECQL5, NP_004250 (H. sapiens). Secondary structure elements of RecQ appear with boxes designing the a-helices. B,
conserved residues in the zinc finger motif. The positions of the four conserved cysteine residues, Cys®*® (labeled as C1), Cys®®” (labeled as C2),
Cys*° (labeled as C3), and Cys*°® (labeled as C4), are drawn in gray as they appear in the structure of the E. coli RecQ core. The zinc atom is in
dark gray. Labels for the secondary structures are also indicated. The conformation of the zinc finger motif is obviously stabilized through three
hydrogen bonds between NH2 Arg®*! and OD2 Asp*’!, between NE Arg®*! and OD1 Asp*°* and between NH1 Arg®*! and the main chain atom O
of Phe®*”*, involving highly conserved residues in the RecQ family (NH2, OD2, OD1, NE, and NH1 represent the positions of the atoms in the
molecule; NH, N heta; OD, O delta; NE, N epsilon). These three residues drawn in light gray could contribute to the relative positioning of the
helices a16, a17, and «18.

denatured HindIII-cut pPGEM-7Zf linear DNA (3 kb) or ssDNA (60-mer) is the catalytic constant, and
at the indicated concentration of ATP. The reactions were initiated by

the addition of RecQ helicase into 100 ul of reaction mixture and

where v is the initial ATPase rate, &
KATP is the K, for ATP.
Helicase Assay—An unwinding assay was performed using the Bea-

cat

stopped by pipetting 80 ul of aliquots from the reaction mixture every
30 s into a hydrochloric solution of ammonium molybdate. The liberated
radioactive ®?P; was extracted with a solution of 2-butanol-benzene-
acetoneammonium molybdate (750:750:15:1) saturated with water. An
aliquot of the organic phase was counted in 6 ml of Aquasol.

The competitive inhibition constant, K;, for mantATP was deter-
mined by measuring the ATPase rate as a function of mantATP con-
centration and fit to Equation 7,

[ATP]kcat

v =
[mantATP])
ATP
[ATP] + K, <1 + K,

(Eq. 7)

con 2000 fluorescence polarization instrument (26). An appropriate
quantity of fluorescein-labeled duplex oligonucleotide was added to the
helicase-unwinding buffer (150 ul of total volumes) in a temperature-
controlled cuvette. The anisotropy was measured successively until it
stabilized. Helicase then was added. When the higher anisotropy value
became stable, the unwinding reaction was initiated by the rapid addi-
tion of ATP solution to give a final ATP concentration of 1 mm. The
decrease of the anisotropy was recorded every 8 s until it became stable.
The unwinding buffer contained 25 mm Tris-HCI, pH 8, 30 mm sodium
chloride, 3 mM magnesium acetate, and 0.1 mm DTT. The data were fit
to the exponential equation: A = Ajexp(—£,,.t), where A is the anisot-

obs'
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TABLE 1
Comparison of the basic properties of wild-type, double mutant, and zinc-demetalated helicases

Catalysis® DNA binding® ATP binding®
Helicase [ Zn?* [ protein]  Stokes radius
keat(ATPase) kqi(Helicase) K, (ssDNA) K, (dsDNA) K, (mantATP)
5! nm wM
Wild type 0.98 = 0.11 35.2 36.1 = 1.1 2 + 0.058 X 1072 52 +1.2 81 +1.1 436 + 1.1
Mutant (C397N/C400N) 0.02 = 0.015 35.6 0 0 ND? ND? 56.8 + 1.3
Zinc-demetalated 0.28 = 0.05 34.5 346+12 1.8=0.089 %102 65 + 2.1 98 + 1.3 47.6 £ 0.9

“ Determined from Fig. 4.

® Determined from Fig. 5B. ND, non detectable, i.e., no DNA binding detected up to 3 uM protein.

¢ Determined from Fig. 3D.
ropy amplitude at time ¢, A, is a constant, and %, is the observed rate &
constant.

Size Exclusion Chromatography—Size exclusion chromatography 3 — T T T T T T
was performed at 18 °C using an fast protein liquid chromatography [ ]
system (AKTA, Amersham Biosciences) on a Superdex 200 (analytical | \
grade) column equilibrated with elution buffer. Fractions of 0.5 ml were 2 \ wt RecQ ]
collected at a flow rate of 0.4 ml/min, and the absorbance was measured [34 1
at 280 and 260 nm. The proteins used to prepare a calibration curve 1 iy ~~~~ Zinc-demetalated RecQ
were as follows: thyroglobulin (bovine), 670 kDa; y-globulin (bovine), r \ see mutant ReeQ J

443 kDa; apoferritin, 158 kDa; bovine serum albumin, 66 kDa; ovalbu-
min, 44 kDa; and myoglobin, 17 kDa. Gel filtration chromatography
was performed using a standard elution buffer (50 mm Tris-Cl at pH 7.5,
300 mM NaCl, 0.1 mm EDTA) with 1 mMm ATP and 1 mM Mg(OAc),. 5 um
RecQ protein was incubated in the elution buffer with ATP and MgCl,
for 2 min prior to injection onto the column.

RESULTS

Rationale for Site-directed Mutagenesis of the Zinc Finger
Motif of Rec@ Helicase—Site-directed mutagenesis was used to
explore the functional significance of the putative zinc finger
motif of the RecQ helicase. As shown in Fig. 1, six residues
(Cys®80, Arg381, Cys397, Cys?%0, Asp*?!, and Cys*3) within this
region are totally conserved among RecQ family members. Mu-
tant RecQ enzymes were first engineered with single alanine or
serine substitution at the position of each of the four cysteines.
In addition, a careful analysis of the three-dimensional struc-
ture of the enzyme revealed that the conformation of the zinc
finger motif is obviously stabilized through three hydrogen
bonds among the highly conserved residues, Arg38!, Asp°l,
and Phe®™ (Fig. 1). These interactions may contribute to the
relative positioning of the helices a4, @17, and a;g in the zinc
finger motif (Fig. 1B). The residues Arg®®! and Asp*’! were
thus replaced by asparagine and alanine, respectively. We
found that all of these mutants displayed a high level of pro-
teolysis and could not be purified to homogeneity, making
functional studies impossible.

To disturb mildly the zinc finger motif, we decided to simul-
taneously substitute C2 and C3 with asparagine. This residue
was chosen, because its side chain could conceivably act as
ligand to zinc ion (27). Moreover, the single mutation with
asparagine may have only a modest effect, whereas a double
mutation should lead to a zinc finger motif that no longer binds
to zinc ion. The expression analysis of these mutants shows
that both single point mutants (C397N and C400N) became the
inclusion body and could not be purified. However, ~50% of the
expressed double mutant RecQ helicase (C397N/C400N) is sol-
uble and is purified to homogeneity. Based on Sypro Orange-
stained SDS-PAGE and electrospray mass spectrometry anal-
yses, the purity of this modified RecQ helicase was determined
to be >92%.

The ability of the purified double mutant enzyme to bind zinc
was determined using the PAR assay. Although 0.98 mol of zinc
were bound to 1 mol of the wild-type protein, only 0.02 mol of
zinc was bound to 1 mol of the double mutant enzyme (Table I).
These results are consistent with both the prediction from the
primary amino acid sequence and the study of the three-dimen-
sional structure of RecQ helicase, indicating that the enzyme
contains a functional zinc-binding domain.

Ellipticity (10°deg cm” dmol™)
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Fic. 2. A, normalized CD spectra of wild-type, mutant and zinc-
demetalated helicases. The experiments were performed as described
under “Materials and Methods.” Protein concentrations were 5 uMm for
wild-type (wt) and zinc-demetalated helicases and 3 uM for mutant
helicase. All of the spectra are given in units of mean residue ellipticity.
B, results of limited proteolysis for wild-type, mutant, and demetalated
RecQ helicases. In these experiments, 15 uM of enzyme was digested
with chymotrypsin (0.15 uMm) as described under “Materials and Meth-
ods.” Samples (1 mg for each sample) were quenched at the indicated
times, separated by SDS-PAGE, and stained with Coomassie Brilliant
Blue. The molecular masses of standards (in kDa) are shown on the left.

To assess whether zinc ion is required for RecQ helicase
function, zinc ion was extracted from wild-type enzyme by
extensive dialysis against the dialysis solution (20 mm Tris-HCl
at pH 7.9, 150 mm NaCl, 1 mm DTT, 5% glycerol) containing 15
mM EDTA. The obtained zinc-extracted wild-type helicase was
termed zinc-demetalated RecQ helicase. Therefore, three prep-
arations of enzymes were used for the following studies: the
wild-type helicase; the double mutant helicase; and the zinc-
demetalated helicases.
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spectrum is A, = 345 nm. C, determination of the competitive inhibition constant (K;) of mantATP. The ATPase reaction was initiated by adding
2 mM ATP to a mixture of 10 nM RecQ protein, 6 uM ssDNA (nucleotide, 60-mer), and an increasing concentration of mantATP. The initial ATPase
rate was measured, plotted versus inhibition concentration, and fitted to Equation 7 using K,, = 250 uM (determined from Fig. 44). D, changes in
fluorescence intensity when 0.5 um wild-type (squares), double mutant (closed circles), and zinc-demetalated (open circles) helicases were titrated
with mantATP. The inset shows the titration curves obtained with low concentrations of mantATP. Solid lines represent the best fit of the data

to Equations 5 and 6.

Structural Characterization of the Mutant Protein—It is well
established that metal ions have important effects on second-
ary structure formation. We were wondering whether the pu-
rified double mutant RecQ helicase (C397N/C400N) has a nor-
mal structure. We first performed CD studies to check the
effect of mutation on the secondary structure of the protein.
The replacement of both cysteines with asparagines leads to a
subtle modification in the secondary structure of RecQ helicase
as judged from the CD spectra (Fig. 24), suggesting that the
double mutation induced slightly a local conformational
change. In contrast, no significant CD spectra change was
observed with the zinc-demetalated RecQ helicase. We next
performed the limited proteolysis experiments on wild-type,
mutant, and zinc-demetalated helicases under the same exper-
imental conditions. Fig. 2B shows that both mutant and zinc-
demetalated proteins display similar proteolysis-resistant pat-
terns as the wild-type RecQ helicase, suggesting that the three
proteins assume similar structures. These results have been
further confirmed by size-exclusion chromatographic studies.
Because both ultracentrifugation analyses and three-dimen-

sional structure studies have shown that RecQ helicase takes a
globular shape (17, 20), the apparent molecular masses of
wild-type, double mutant, and zinc-demetalated helicases were
used to estimate their Stokes radii, thus determining their
overall spherical shapes. As shown in Table I, these helicases
have similar Stokes radii. Taken together, these results indi-
cate that these enzymes (wild-type, double mutant, and zinc-
demetalated helicases) possess similar three-dimensional
structures.

Zinc Finger Motif Is Not Required for ATP Binding—We next
studied the binding of ATP to the double mutant using a
fluorescent nucleotide analogue (Fig. 3A, mantATP). The spec-
tral properties of the mant fluorophore are ideally suited for
monitoring nucleotide binding by FRET from the intrinsic tryp-
tophan fluorescence of RecQ to the mant fluorophore bound at
the ATP-binding site. The comparison between the fluores-
cence excitation and emission spectra of RecQ and those of
mantATP showed that the emission spectrum of RecQ overlaps
with the excitation spectrum of mantATP (Fig. 3B), indicating
the possibility of FRET.
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Although the three-dimensional structure of RecQ helicase has
shown that the enzyme has only one ATP-binding site, we want
to first determine whether mantATP binds to the same ATP-
binding site of RecQ. For this purpose, the competitive inhibition
constant, K;, for mantATP was determined by measuring the
ATPase rate of the helicase as a function of mantATP concentra-
tion (Fig. 3C). The data were fit to a competitive inhibition
equation with a K; of 85 umM, indicating that mantATP binds
competitively to the ATP-binding site. The apparent K, values
for the wild-type, double mutant, and zinc-demetalated helicases
were measured using standard fluorimetric titration methods.
From the titration curves as shown in Fig. 3D, the apparent K,
values determined are 43.6 uM for the wild-type helicase, 56.8 um
for the double mutant helicase, and 47.6 uMm for the zinc-demeta-
lated helicase, revealing that neither the zinc finger nor zinc ion
is essential to ATP binding. This study sheds light not only on
ATP binding but also on folding of the mutant protein. The fact
that the double mutant protein binds ATP normally indicates
that the overall three-dimensional structure of the double mu-
tant was not altered.

It is also interesting to note that the apparent mantATP
binding constant determined in this study (K; = 43.6 um) is
lower than that of ATP determined from bulk ATPase (250 uM,
Fig. 4A) and helicase assays (200 um) (28). However, the con-
stant is close to the value determined from a single molecule
assay (50 um).2 The discrepancy among these values may be
due to different experimental approaches and different exper-
imental conditions. Regardless, the FRET method used in this
study for determining the ATP binding constant is a more
direct approach compared with that through the measurement
of enzymatic activities.

The Zinc Finger Motif Is Important for DNA-dependent
ATPase and Helicase Activities—Previous studies have shown
that the ATPase activity of wild-type RecQ is greatly stimu-
lated by ssDNA and, to a less extent, by dsSDNA (10). To test the
role of the zinc finger motif in ATP hydrolysis, the ATPase
activities of the double mutant RecQ and zinc-demetalated
helicases were compared with the wild-type enzyme in the
presence of ssDNA (60-mer). The mutant protein was severely
compromised in DNA-dependent ATPase activities, exhibiting
no detectable ATPase activities when compared with wild-type
and zinc-demetalated helicases (Fig. 4A and Table I). Similar
results were obtained with 3-kb linear plasmid DNA (results
not shown).

The above observations demonstrate that the integrity of the
zinc finger motif of RecQ is important for ATPase activity. We
reasoned that the helicase activity should also be affected when
the zinc binding motif is altered. As expected, although the
wild-type enzyme unwinds the duplex DNA substrate com-
pletely within 5 min, no helicase activity was detectable under
the same conditions for the double mutant protein (Fig. 4B and
Table I). These results demonstrate that the zinc finger motif'is
needed for both ATPase and helicase activities.

The Zinc Finger Motif Is Required for Stable DNA Bind-
ing—To further understand the molecular basis of the observed
decrease in ATPase and helicase activities for the double mu-
tant protein, the effect of the mutation on DNA binding was
first investigated using the gel mobility shift assay under the
best experimental condition that we determined previously
(25). Whereas a shift of 3 kb of DNA was observed as wild-type
and zinc-demetalated helicase concentrations increases (Fig.
5A, lanes 2-5), no protein-DNA complexes were observed under
the same condition for mutant enzyme (Fig. 5A, lanes 6 and 7),

2M.-N. Dessinges, T. Lionnet, X. G. Xi, D. Bensimon, and V.
Croquette, unpublished observation.
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Fic. 4. A, ATPase activity of RecQ helicase as a function of ATP
concentration. Experiments were performed at 37 °C with 10 nM protein
for each helicase preparation and 6 uM ssDNA (nucleotide, 60-mer
oligonucleotide). B, kinetics of RecQ helicase-mediated DNA unwind-
ing. 50 nM RecQ helicases (wild-type (wt), mutant, and zinc-demeta-
lated protein) were incubated with 2 nm DNA substrate (36 bases in
duplex length). DNA unwinding was initiated by the addition of 1 mm
ATP at 25 °C. The time courses from the wild-type (open circles), zinc-
demetalated (closed circles), and double mutant (¢riangle) RecQ heli-
cases were fit to the exponential equation: A = A exp(—£k,..t). The
fraction of unwound DNA substrate is shown in the inset.

suggesting that the DNA binding ability of mutant protein is
completely compromised. However, it is still possible that the
mutant protein displays weak DNA binding activities that
cannot be detected by the electrophoretic mobility shift assay
method due to the physical separation of free DNA from the
protein. Therefore, we measured the DNA binding activities of
both wild-type and mutant protein under equilibrium condi-
tions using fluorescence anisotropy assays as performed previ-
ously (24). Fig. 5B shows that both wild-type and zinc-demeta-
lated helicases display a high affinity for the 5’-fluorescein-
labeled ssDNA. The apparent K, values of both wild-type and
zinc-demetalated helicases determined from this experiment
are very close to each other (Table I). In contrast, no DNA
binding activity is detectable for the mutant helicase, even at a
high protein concentration (3 um). Similar results were ob-
tained with dsDNA (Fig. 5B, inset, and Table I). Together,
these results demonstrate that the zinc finger motif plays an
essential role in DNA binding.

Role of the Zinc Atom—The zinc ion may play roles both in
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Zinc-demetalated

wt RecQQ Rec(Q) Mutant RecQ
Helicases (nM) 0 2 4 2 4 2 4
DNA (60uM, nt) + + + + + + +

Fic. 5. A, DNA binding affinity of wild-
type (wt), double mutant, and zinc-
demetalated helicases detected by a gel
mobility shift assay. The different heli-
cases were bound to DNA at the indicated
concentrations for 30 min at 25 °C in 20
mM Tris acetate at pH 7.5. All of the com-
plexes were analyzed by electrophoresis
through a native 0.8% agarose gel as de-
scribed under “Materials and Methods.”
The concentration of DNA was 30 uM (nu-
cleotide, nt). B, binding equilibrium of dif-
ferent RecQ helicases to DNA. Binding of
wild-type (closed circles), mutant (rhom-
buses), and zinc-demetalated (open cir-
cles) helicases to ssDNA (36-mer) were
determined by measuring the changes in
fluorescence anisotropy as described un-
der “Materials and Methods.” Varying B
amounts of the proteins were added to a
binding assay buffer containing 1 nm
DNA. Fluorescence anisotropy data were
fit to a hyperbola using KaleidaGraph
software. Given in the inset are the titra-
tion curves of the different RecQ helicases
with 36-mer dsDNA. The association con-
stant values obtained from the best fit are
summarized in Table I.

Lane

structure and in enzymatic catalysis of RecQ. To better define
the role of zinc atom, we performed three kinds of experiments.
We first compared the properties of both wild-type and zinc-
demetalated RecQ helicases. For this purpose, the zinc-demeta-
lated RecQ helicase was obtained by EDTA extraction protocol
(17) and analyzed in parallel with wild-type and mutant en-
zymes. As can be seen from Figs. 2-5 and Table I, the zinc-
demetalated RecQ helicase displays very similar properties
with wild-type helicase in terms of the full tertiary structure of
holoenzyme, DNA binding, ATPase, and helicase activities. We
next investigated the effect of the zinc atom on ATPase activity
of both wild-type and zinc-demetalated RecQ helicases with
increasing zinc concentrations. The results revealed that the
zinc atom does not significantly influence the activities of both
wild-type and zinc-demetalated RecQ helicases (Fig. 6A). Fi-
nally, the stabilities of the wild-type and zinc-demetalated
helicases were assessed by measuring ATPase activity at dif-
ferent temperatures ranging from 25 to 54 °C. Fig. 6B shows
that both enzymes display similar thermostability except at
54 °C where the zinc-demetalated enzyme displays a modest
decrease in K ., and an increase in K,,,. The similar thermosta-
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bilities of both enzymes indicate that zinc ion is not essential to
protein stability. Taken together, these observations indicate
that the zinc atom is not absolutely required for enzymatic
catalysis, DNA binding, or stabilization of the protein
conformation.

DISCUSSION

The three-dimensional structure of the E. coli RecQ helicase
(17) reveals the existence of a zinc binding motif. In this study,
the importance of this motif to RecQ helicase function was
highlighted by the loss-of-function mutations at highly con-
served residues within the zinc finger motif by site-directed
mutagenesis. Consistent with the notion that zinc fingers are
structural modules of a major ubiquitous class of DNA binding
motifs (29), our data illustrated that a mutation at the zinc
finger, which drastically reduces zinc binding, abrogates DNA
binding to the helicase and leads to decreased ATPase and
helicases activities. Furthermore, this motif is also crucial for
the integrity of the whole protein.

The Zinc Finger Motif Is Essential to DNA Binding—The
most striking observation in this report is that alterations of
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Fic. 6. The effects of zinc concentration (A) and temperature
(B) on K_,, and K,, of wild-type and zinc-demetalated RecQ
helicases. The experiments were performed under the same conditions
as in Fig. 4A in the presence of different concentrations of ZnCl, or at
different temperatures as indicated. The values of K_,, (open circles,
wild type; closed circles, zinc-demetalated) and K,, (open squares, wild
type; closed squares, zinc-demetalated) were determined by fitting each
ATP saturation curve to the Michaelis-Menten equation.

the zinc finger motif by site-directed mutagenesis lead to a
complete loss of RecQ-DNA binding ability. In view of the fact
that RecQ helicase is a DNA-stimulated ATPase and an ATP-
dependent helicase, the impairment of DNA binding should be
the primary cause of the observed defects in ATPase and heli-
case activities. These observations indicate that the zinc finger
motif is essential to DNA binding. Alternatively, the replace-
ment of amino acids in the zinc finger motif leads to an overall
conformational change of the helicase, which resulted in the
observed defects in helicase functions. Consistent with this
possibility, all of the single-point mutations were rapidly de-
graded, making functional analysis impossible. However, a
careful characterization of the double mutant helicase indi-
cated that the protein undergoes a subtle conformational
change rather than a radical modification of the overall protein
architecture. First, both wild-type and mutant enzymes dis-
played very similar limited proteolysis pattern. Second, the
size-exclusion chromatography analysis indicated that both
wild-type and mutant helicases have similar Stokes radii, sug-
gesting that these proteins fold in overall similar fashions.
Third, the fact that the mutant protein possesses almost the
same affinity for mantATP binding as wild-type helicase sug-
gests that the tertiary structure of the mutant protein is not
dramatically altered. These results clearly demonstrate that a
local subtle conformational change in the zinc finger motif
abrogates DNA binding capability, and as a consequence, the
ATPase and helicase activities were abolished. This interpre-
tation gains support from CD experiments where the small
reduction in a-helix may be attributed to the altered structure
of the zinc finger motif because of the replacement of two
cysteine amino acids with asparagines. The zinc finger motif
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thus has a dominant effect in DNA binding. We hypothesize
that some conserved positively charged residues (Arg3®? and
Lys*°®) and solvent-exposed hydrophobic residues (Phe3"* and
Phe?®®?) harbored by this zinc motif could be directly involved in
the recognition and binding of DNA.

For other helicases without zinc finger motif within the mol-
ecules, such as PrcA, Rep, UvrD, and HCV (hepatitis C virus)
helicases, their DNA binding surfaces are composed primarily
of motifs Ia, IV, and V. Several lines of experimental evidence
suggest that the same situation may be held in the RecQ family
of helicases (13). It is also interesting to note that most RecQ
family of helicases harbor a HRDC domain, which possesses
DNA binding activities (16). Because the double mutant that
we studied appears to keep its overall three-dimensional struc-
ture and because the helicase domain and HRDC domain could
still bind DNA, the observation that DNA binding activity is
completely compromised is not expected. How can we reconcile
the observation that alterations of the zinc finger motif lead to
the RecQ helicase losing its DNA binding activity almost com-
pletely? One of the answers to this question lies in the fact that,
for RecQ helicase, the zinc finger motif plays an essential role
in DNA binding, whereas both the helicase and HRDC domains
may function as auxiliary DNA-binding domains. Without zinc
finger motif, both helicase and HRDC domains display very low
affinities for DNA binding. Indeed, in work to be published
elsewhere,® it has been shown that the isolated helicase do-
main and HRDC domain fragment proteins display very low
affinity for ssDNA and dsDNA. It is likely that when DNA is
bound to zinc finger motif, the helicase domain plays an essen-
tial role in unwinding activity, whereas HRDC domain may
direct DNA binding specificity. Thus, it is tempting to speculate
that the coordination among the zinc finger motif, the helicase
domain, and HRDC will determine the DNA substrate speci-
ficity, the kinetics, and the processivity of the helicase. Here
again, these analyses further enforce the notion that the zinc
finger motif plays an essential role in DNA binding.

The Zinc Finger Motif Plays an Important Role in the Terti-
ary Structural Stability—The results from this study and the
three-dimensional structural analysis reveal that the zinc fin-
ger motif is stabilized by four cysteine residues. It is important
to note that altering one of the four conserved cysteine residues
leads to highly unstable proteins. These results showed that
the zinc finger motif is unexpectedly involved in the integrity of
the whole enzyme. It is possible that, in addition to its DNA
binding function, the zinc finger motif also functions in the
folding cascade, linking the domains to each other to stabilize
the protein tertiary structure. In addition to the four highly
conserved cysteine residues, the zinc finger motif could be
further stabilized through very important interactions among
a-helices 16, 17, and 18. It appears that the hydrogen bonds
between Phe®’ and Arg3®! and between Arg®®! and Asp*®! play
an important role in stabilizing the zinc finger motif and the
whole protein structure. Consistent with this postulation, the
mutation of Arg3®! or Asp?°! leads to the enzyme becoming very
sensible to protease degradation. Similar results were observed
with the Bloom syndrome protein (30). The replacement of
Asp'®®* (which is located at a position equivalent to that of
Asp*®! of RecQ helicase) with Ala substantially reduced DNA
binding and helicase activities, whereas the protein displayed
essentially the same activities as the wild-type enzyme when
Asp'%®* was replaced by Asn. This phenomenon is probably the
result of the properties of the side chain of the replacing resi-
dues. Asn probably could still possibly establish hydrogen bond
with Arg!®®? thus stabilizing the protein structure, whereas

3J. L. Liu and X. G. Xi, unpublished observation.
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Ala cannot. Thus, both the cysteines, C1 and C4, and the
hydrogen bonds between Phe®”4 and Arg38! and between Arg?®!
and Asp?®! contribute to the stabilization of the zinc finger
motif and increase the stability of the tertiary structure of the
protein.

The observation that the wild-type and zinc-demetalated
forms of RecQ are very similar to each other by virtue of their
enzymatic activities suggests that the zinc atom is not directly
implicated in DNA binding, ATPase, and helicase activities. It
appears that the zinc ion is not essential for stabilizing the
overall conformation of the protein, because both the wild-type
and zinc-demetalated helicases display very similar thermosta-
bilities between 25 and 54 °C. Nevertheless, the zinc ion may
have a quite relevant role in determining the full development
of secondary structure of the zinc finger motif during the pro-
tein folding. Once the zinc finger motif has folded correctly in
the presence of zinc ion, its structure remains stable even in the
absence of zinc ion; thus, DNA can bind to the residues involved
in base-specific contacts. There are several examples in which
metal ions play an important role in the formation of secondary
structural elements in metalloproteins, whereas demetalated
proteins still have well defined tertiary structures (31).

Biological Relevance of the Cysteine Cluster to the Rec® He-
licase Family—Amino acid sequence alignment of several RecQ
helicases revealed that the cysteine residues involved in the
formation of zinc finger in E. coli helicases are conserved
among the RecQ family of helicases (Fig. 1). Available evidence
indicates that mutations of the cysteine residues in the zinc
finger motifin most RecQ family of helicases can have dramatic
effects on the enzymatic activities. Two disease-causing Bloom
missense mutations map to Cys'°3® and Cys!°°%, respectively
(32, 33), among four conserved cysteine residues in the zinc
finger motif. In vitro analysis shows that these mutations abol-
ish BLM ATPase and helicase activities (34). In vitro studies of
the RecQ core of the Bloom syndrome protein have shown that
when three of the four cysteines in the zinc finger motif were
mutated, respectively, the resulting mutants were very unsta-
ble. Furthermore, even mutations of residues near the con-
served cysteine residues such as R1038A and D1064A pre-
vented the modified enzymes from binding DNA and caused
them to lose ATPase and helicase activities (29). It has also
been shown that this region is essential to in vitro function of
the yeast RecQ homologue Sgs1 (35, 36).

Sequence comparisons among the DNA helicases suggest
that the zinc finger motif appears to be unique to the RecQ
helicase family. Both the sequence analysis and three-dimen-
sional structural studies showed that other DNA helicases,
such as T7 gene 4 helicase (37), Rep (38), PcrA (39), and
hepatitis C virus NS3 helicases (40), do not use the zinc finger
motif for DNA binding. Whether the use of zinc finger motif for
DNA binding is a unique feature of RecQ family of helicases is
currently being investigated in our laboratory.

In summary, the present study reveals that the zinc finger
motif in the RecQ helicase plays important roles both in DNA
binding and folding of the whole enzyme. Thus, evolution has
selected a complex mechanism to link all of the functions of the
enzyme to this small subdomain. Although much remains to be
discovered, RecQ enzymes without perfect folding of the zinc

Importance of Zinc Finger Motif to DNA Binding of Rec® Helicase

finger motif would indeed be unable to ensure the helicase
functions.
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2. Régulation de I’hélicase RECQS humaine
par le motif a doigt de zinc
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2.1. Présentation

Afin d’étudier le réle du motif a doigt de zinc des hélicases RecQ, nous avons
choisi I’hélicase RECQS5 humaine comme mod¢le. Cette hélicase existe sous trois
isoformes, RECQ5a, RECQ5B et RECQ5y (Article 2, Fig. 1), qui résultent de
I'épissage alternatif lors de la transcription du géne RECQ5 (Shimamoto et al., 2000 ;
Sekelsky et al., 1999). Les trois protéines sont identiques dans leur région
N-terminale correspondant au domaine hélicase. RECQS5B contient en plus un
domaine RecQ-Ct (RQC) putatif suivi d'une longue région C-terminale qui semble
étre non homologue aux domaines C-terminaux des autres helicases RecQ, tandis que
RECQS5y a une extension C-terminale de 25 acides aminés qui n'est pas présente dans
RECQS5B. En outre, le domaine HRDC de RecQ d’E. coli n'est pas présent dans les
protéines RECQS5 (Bennett et Keck, 2004 ; Bachrati et Hickson, 2003). Seul
RECQ5p a été caractérisé sur le plan biochimique (Garcia et al., 2004). Janscak et
collegues ont montré que RECQ5pB est une ATPase ADN-dépendante et une ADN
hélicase de polarité 3'-5' (Garcia et al., 2004). Ils ont aussi montré que RECQS5p
posséde une activité favorisant I’hybridation de I’ADN, activité qui réside dans la
moitié C-terminale de la protéine (Garcia et al., 2004). Les activités enzymatiques du
domaine hélicase isolé¢ des hélicases de la famille RecQ n’ont pas été caractérisées.
Ainsi, les protéines RECQS5 offrent un modele pour étudier la régulation des activités
enzymatiques du domaine hélicase de la famille RecQ par son domaine RQC, en
particulier son doigt de zinc.

Dans cette étude, nous avons quantitativement caractérisé les propriétés
enzymatiques multiples des trois isoformes RECQS5 humaines, a savoir, la fixation de
I’ATP, I’activité ATPase, la fixation de I'ADN, [D’activité hélicase et I’activité a
favoriser 1’hybridation de I’ADN. Nous avons montré que les trois protéines RECQS5
lient ’ATP avec une affinité semblable, mais I’ADN avec des affinités nettement
différentes. Les activités ATPase et hélicase de ces enzymes sont correlées a leur
affinit¢ pour 'ADN. RECQS5a et RECQS5y, qui fixent I’ADN faiblement, sont
déficientes ou possédent une activité faible ATPase et hélicase, tandis que RECQ5p,
qui fixe I’ADN fortement, est une ATPase et une hélicase active. Remarquablement,
nous avons montré que RECQ5a posséde une activité forte a favoriser 1’hybridation
de ADN. Clest la premiere démonstration qu'un domaine hélicase de la famille

RecQ posséde une activité intrinseque a favoriser I’hybridation de I’ADN. Nos études
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sur des protéines tronquées montrent que RECQS5p posséde deux domaines, le noyau
hélicase N-terminal et le fragment C-terminal, capables de catalyser 1’hybridation de
I’ADN. D'ailleurs, nous avons prouvé que le doigt de zinc augmente la fixation a
I’ADN, les activités ATPase et hélicase, mais supprime l'activité a favoriser
I’hybridation de I’ADN du domaine hélicase de la prot¢éine RECQS. La
caractérisation additionnelle suggére que l'interaction protéine-ADN faible pourrait
étre importante pour catalyser I’hybridation de ’ADN. Pris ensemble, nos résultats
sur les protéines RECQS5 humaines démontrent que le doigt de zinc joue un rdle
important dans 1’activit¢ ATPase et la fixation a ’ADN et par conséquent dans

I’activité hélicase.

L’ensemble de ces résultats est présenté dans 1’article Ne 2.
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2.2. Article Ne 2:

Modulation of human RECQS5 helicase function by a

zinc finger-containing motif

Xing-Dong Zhang, Shuo-Xing Dou, Jin-Shan Hu, Jie lin Liu, Peng Xie, Peng-Ye
Wang, and Xu Guang Xi
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SUMMARY

RecQ helicases function as caretakers to preserve genomic integrity.
Mutations in three (BLM, WRN and RECQ4) of the five human RecQ genes have
been linked to Bloom, Werner, and Rothmund-Thomson syndromes, characterized by
genome instability and cancer predisposition. Interestingly, RECQS5 exists in three
isoforms, RECQ5a, RECQ5B and RECQ5y, which share an identical N-terminal
helicase core, but differ in the C-terminal domains. This unique property is not shared
by any other human RecQ helicase and offers an attractive model to study the
function of a RecQ helicase core in isolation and in an association with other motifs
on the same polypeptide. Here we show that three proteins bind ATP with a similar
affinity, but DNA with significantly different affinities. RECQ5a and RECQS5y are
either deficient or low in ATPase and helicase activities, while RECQS5p is an active
ATPase and helicase. Remarkably, RECQ5a possesses a strong strand-annealing
activity, and this is the first demonstration that the RecQ helicase core has
strand-annealing activity. Further characterization shows that RECQ5f harbours a Zn
finger that regulates the multiple enzymatic activities of the RECQS5 helicase core.
The application of this novel model to three human disorders caused by the defective

RecQ helicases is discussed.
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INTRODUCTION

Helicases are the enzymes that use the chemical energy derived from the binding
and hydrolysis of ATP to catalyse the unwinding of nucleic acid duplexes. Helicases
play essential roles in many nucleic acid transaction processes, including DNA
replication, recombination, repair, and RNA transcription, rearrangement, and
splicing 2. In order to accomplish these complex biological roles, helicases often
combine with other functional domains or interact with other proteins. However,
helicases are usually studied in isolation by biochemical and structural methods °, the

mechanism how a helicase is regulated is poorly understood.

The RecQ helicase family enzymes are required for the maintenance of
genome integrity *’. Prokaryotes and unicellular eukaryotes have a single RecQ
homolog, while multicellular organisms usually have multiple. In humans, five family
members, RECQ1 8’9, BLM 10, WRN “, RECQ4 12 and RECQ5 13, have been
identified. Defects in BLM, WRN and RECQ4 are associated with human hereditary
disorders, Bloom syndrome (BS), Werner syndrome (WS) and Rothmund-Thomson
syndrome (RTS), respectively. All these diseases are characterized by genome
instability and cancer predisposition. Interestingly, no genetic diseases have yet been
linked to RECQ1 and RECQS5. These results suggest that human RecQ proteins are
not redundant in function and each plays a unique role in preventing genomic
instability '*. However, the exact roles of these helicases in vivo and how their

enzymatic activities are regulated remain elusive.

The RecQ helicases share a conserved DExH helicase core containing seven
conserved motifs involved in ATP-Mg*" and DNA binding. In some cases, the RecQ
helicases also contain a RQC domain or both RQC and HRDC domains. The
conserved HRDC domain functions as an auxiliary DNA-binding domain '°. The
RQC domain appears to be unique to the RecQ helicase family. The crystallographic
studies show that the RQC domain of E. coli RecQ is composed of a Zn finger and a
winged helix-turn-helix (WH) domain '®. Recently, we have shown that the E. coli
RecQ and human BLM proteins indeed contain Zn-binding domains which regulate

17,18

helicase activities of the RecQ and BLM helicases ”'°. Biochemical mapping

experiments lead Bohr and co-workers to propose that WRN has a WH-like domain,
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which binds to both structure-specific DNA and a number of DNA processing

1920
proteins

. This prediction has been confirmed by our NMR studies of this
multifunctional DNA- and protein-binding domain *'. Whether a Zn-binding domain
or a WH domain or a RQC domain exists in any other RecQ helicase remains to be

demonstrated.

To investigate whether the Zn finger motif is involved in the regulation of the
RecQ helicases, we have chosen human RECQ5 as a model system. The striking
feature is that the human RECQS5 exists in three isoforms, namely, RECQ5a,
RECQ5B and RECQ5y (Fig. 1), which result from alternative splicing of the RECQ5

L1322
transcript

. The three proteins are identical in the N-terminal regions with 410
residues and all contain the conserved seven DExH helicase motifs. In addition to the
helicase core, RECQS5p, contains a putative RQC domain, which followed by a long
C-terminal region that appears to be nonhomologous to the other RecQ helicases,
while RECQS5y has a C-terminal extension of 25 amino acids that is not present in
RECQS5p. At present, only RECQ5p has been characterized biochemically 2 Janscak
and co-workers have shown that RECQS5f functions as a DNA-dependent ATPase
and an ATP-dependent 3'—5' DNA helicase . They have also shown that
RECQS5p has a novel ssDNA annealing activity, which resides in the C-terminal half
of the protein 2. Interestingly, in Drosophila Melanogaster, dmRECQ5 also exists in
three isoforms, dmRECQ5a, dmRECQ5b and dmRECQS5c¢ (Fig. 1) *. Similar to
human RECQS5B, dmRECQ5a is the largest isoform with 1057 residues, while
dmRECQ5b and dmRECQ5c are smaller isoforms, which differ by only 2 C-terminal
residues and stop right after the putative Zn finger, instead of the helicase core (Fig.
1). Both dmRECQ5a dmRECQ5b have been characterized biochemically and
dmRECQ5b has been shown to possess strand-exchange activity in addition to other
enzymatic activities demonstrated for human RECQ5p **?°. In addition, the HRDC

domain is not present in RECQ5 proteins *7**

. The enzymatic activities of an isolated
helicase core in the RecQ helicase family have not yet been carefully characterized.
Thus, RECQS5 proteins offer an attractive model to study the regulation of the
enzymatic activities of a RecQ helicase core by a RQC domain, in particular a Zn

finger.
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We hypothesized that, if the RECQS5 helicase were not regulated, similar
enzymatic activities would be observable for all three RECQS5 isoforms. In this study,
we have extensively and quantitatively characterized the multiple enzymatic
properties, namely, ATP binding, ATPase, DNA binding, helicase, strand annealing
and strand exchange, of the three human RECQS5 isoforms. We have found that three
RECQS5 proteins bind ATP with a similar affinity, but DNA with dramatically
different affinities. The ATPase and helicase activities of these enzymes correlate
with their DNA binding affinities. RECQ5a and RECQS5y, which bind DNA poorly,
are either deficient or low in ATPase and helicase activities; while RECQS5f, which
binds DNA strongly, is an active ATPase and helicase. Remarkably, RECQ5a
.possesses a strong ssDNA annealing activity. This is the first demonstration that a
RecQ helicase core has an intrinsically high annealing activity. Further studies show
that RECQ5p possesses two motifs, the N-terminal helicase core and the C-terminal
fragment, which can mediate strand annealing. Moreover, we have shown that the Zn
finger enhances the DNA-binding, ATPase and helicase activities, but suppresses the
annealing activity of the RECQS5 helicase core. Additional characterization suggests
that the weak protein-DNA interaction is important for mediating strand annealing.
Taken together, our results on the human RECQS5 proteins support the proposal that
the Zn finger plays an important role in regulating the enzymatic activities of its
associated RecQ helicase core. The application of this model to three human RecQ

helicases associated with human disorders has been discussed.
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RESULTS

Of three RECOS5 proteins, only RECQ58 harbours a Zn finger
Three human RECQS5 proteins, RECQ5a, RECQ5y and RECQS5[B, were

overproduced in the E. coli as histidine-tagged proteins, and purified to more than
95% homogeneity as judged by SDS-PAGE (results not show). RECQ5a, RECQS5y
and RECQS5, are largely a-helical proteins. This prediction based on the amino acid
sequences has been supported by the NMR (data not shown) and circular dichroism
(CD) studies. The CD studies show that the proteins contain 43.4% (RECQ5a),
38.5% (RECQ5B) and 44.2% (RECQ5y) a-helical structures, respectively
(Supplementary Fig. 1A online). As the near-UV CD spectrum is sensitive to the
tertiary structure of a protein *°, the near-UV CD spectra for both RECQ 5o and
RECQ 5y isoforms were recorded at two different temperatures (25 and 75°C). The
results show that both RECQ5a and RECQ5y proteins have well folded structures
(Supplementary Fig. 1B online).

The sequence alignments of the RECQS5 isoforms with other RecQ family
proteins show that RECQ5 could contain a Zn finger ligated by the conserved Cys*',
Cys™’, Cys®' and Cys™* residues (Fig. 1B). This prediction was confirmed by the
sensitive PAR assay (Fig. 1C), which is widely used to exclusively determine zinc
quantity *°. RECQ5pB was shown to contain 0.98 + 0.18 equivalent Zn*"ion (Fig. 1D
and Table 1). The similar results were obtained for RECQ5B'*"> and RECQ5p' %,
the C-terminal deletion variants (Table 1). The former mutant consists of the helicase
core and the Zn finger 23, while the latter includes the additional 188 residues, which
would contains the C-terminal half of the putative RQC domain. The replacement of
Cys™! with a Ser reduced the protein-ligated Zn** to 0.35 + 0.12 equivalents (Table
1). However, under the identical conditions, the PAR assay shows that RECQ5a and
RECQS5y do not contain any Zn*" ion, with measured Zn”>" values of 0.032 + 0.01 and

0.015+0.02 (Table 1), respectively.

Three RECQOS proteins bind ATP with a similar affinity, but hvdrolyze ATP

with different rates
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The ATP-binding abilities of RECQ50, RECQ5B, and RECQ5y were first
evaluated by the UV cross-linking method '*, using the **P-labelled nucleotides. The
densitometer analysis showed that the same amount of ATP was cross-linked to each
of the three proteins (data not shown), suggesting that all three proteins bind to ATP
with a similar affinity. To quantify their ATP-binding affinities, the mantATP, a
fluorescent analogue of ATP, was used. The mantATP binds competitively to the
ATP binding site for each protein with an apparent K; value of 56.0 + 1.2 uM for
RECQ5B. The fluorescence excitation and emission spectra of the three RECQ5
helicases and mantATP were then measured. The fact that the emission spectrum of
each protein overlaps with the excitation spectrum of mantATP makes it possible to
determine the mantATP-binding constant for each protein (Fig. 2A). The measured
apparent dissociation constants (Kq) (Fig. 2B) were 48.4 = 2.5, 51.0 £+ 4.9, and 41.6 +
2.0 uM for RECQ5a, RECQ5B and RECQS5y, respectively (Table 1). These results
confirm that the three isoforms not only fold structurally, but also bind ATP with a

similar affinity.

The ATPase activities of three RECQS5 proteins in the presence of the denatured
dsDNA (2.9 kb) were then determined by measuring the release of inorganic P; from
ATP (Fig. 2C). The Kk./Ky ratio can be estimated from the plot of the initial ATP
hydrolysis rate versus ATP concentration, where K, is the maximum DNA-activated
ATP hydrolysis rate, and Ky is the ATP concentration required for a half-maximum
activation. As expected, RECQ5p exhibits high ATPase activity . The measured Key
of 15.6 £ 1.4 sec” for ATP hydrolysis is comparable to those observed for human
BLM *' and dmRECQ5b*'. Surprisingly, under identical conditions, RECQS5y
displayed significantly lower, but detectable ATPase activity (Fig. 2C and Table 1),
while RECQ5a had no measurable activity (Fig. 2C and Table 1), even in presence
of a variety of other different DNA substrates (data not shown). The results were

unexpected since RECQS5a and RECQS5y possess all necessary RecQ helicase motifs.

To evaluate the role of the C-terminal part of the protein in the ATPase
reaction, the C-terminal truncated RECQS5p variants (RECQSBl'475 and RECQ5pB'%%)
were assayed for their ATPase activities (Fig. 2C). We found that these two
C-terminal truncated mutants had essentially identical ATPase activity with respect to

the full-length RECQS5P protein, suggesting that the Zn finger plays an important role
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in the regulating the ATPase activity of the RECQS5 helicase core (Table 1). To
further evaluate the role of the Zn finger in the ATPase reaction of RECQS5, the
ATPase activity of the RECQ5B“**'S mutant, by replacing one of four conserved Cys
residues of RECQS5 with Ser, was measured (Fig. 2C). We found that the mutation
significantly decreased the ATPase activity of RECQS5B (Table 1). Taken together,
our data suggest that the Zn finger regulates the ATPase activity of the RECQ5

helicase core.

The Zn finger stimulates DNA binding activity of the RECQS5 helicase core

Electrophoretic mobility shift assay (EMSA) was first used to study the DNA
binding properties of the RECQS proteins. We found that RECQS5p binds to both
ssDNA and dsDNA, with a preference for ssDNA over dsDNA (Supplementary Fig.
2A,B online). However, under the identical conditions, no significant binding for
either ss- or dsDNA could be detected for either RECQ5a or RECQS5y, even at
10-fold higher protein concentration (Supplementary Fig. 2A,B online).

The DNA-binding affinities of the RECQS5 proteins were then measured
quantitatively using the fluorescence-labelled oligonucleotides. This method allows
the apparent dissociation constant for a protein-DNA complex to be measured under
an equilibrium condition, and it is therefore intrinsically more sensitive than the
EMSA method. The results show that RECQS5p binds to both ss- and dsDNA quickly
to form stable protein-DNA complexes, and the fluorescence anisotropies for the
resulting complexes increase as the protein concentration increases (Fig. 3). However,
under similar experimental conditions, both RECQ5a and RECQ5y display about 6-
and 4-fold lower binding affinities for ss- and dsDNA compared to RECQ5p,
respectively (Fig. 3 and Table 2).

To evaluate the role of the Zn finger in the DNA binding of the RECQ5
helicase core, the RECQ5B'™*” and RECQ5P'** truncation mutants were assayed for
their DNA-binding activities. We found that these two C-terminal truncated mutants
had essentially identical DNA-binding affinities for both ss- and dsDNA with respect
to the WT RECQS5p protein, suggesting that the Zn finger plays an important role in
the regulating the DNA-binding activity of the RECQS5 helicase core (Table 2). To
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further evaluate the role of the Zn finger in the DNA-binding reaction of RECQS5, the

815 was used. We found that the mutation decreased

site-specific mutant RECQS5f3
the DNA-binding affinities by 2.0 and 3.5 folds for ss- and dsDNA, respectively,

compared to WT RECQS5[3 (Table 2).

It has been shown that a triphosphate nucleotide such as ATP can enhance the
DNA binding affinity of some helicases *>. Therefore the DNA binding activities of
the RECQS5 proteins were measured in the presence of an unhydrolyzable analogue
ATP, AMPPNP. The results show that while the ssDNA binding affinity of RECQS5p3
can be enhanced in about two folds in the presence of 2 mM AMPPNP, no noticeable
effect could be observed for either RECQ5a or RECQ5p, under the identical
conditions (Table 2). To compare DNA binding specificity for the RECQS5 proteins,
three additional substrates, namely, 3’-overhang, 5’-overhang, and forked dsDNA,
were used (Table 2). The results show that RECQ5f binds as well to these three
substrates as to ss- or ds-DNA as described previously, with about two-folds higher
affinity for the forked dsDNA (Table 2). In contrast, both RECQ5a and RECQ5y
display lower binding affinities to these DNA substrates, comparable to those
determined for ssDNA and dsDNA (Table 2). Taken together, these results indicate
that, under the identical conditions, both RECQ5a and RECQS5y bind to different
DNA substrates with significantly lower affinities compared to RECQ5p, and the Zn
finger enhances the DNA-binding affinity of the RECQS5 helicase core.

The Zn finger enhances DNA helicase activity of RECQ5

To characterize the effect of the Zn®" finger motif on the helicase activity of
RECQS5, we compared the helicase activities of the three isoforms using a radiometric
helicase assay (Fig. 4A). The results show that RECQS5p efficiently unwinds a partial
DNA duplex in a protein concentration-dependent manner, and RECQS5y displays
only a low unwinding activity. However, under the identical conditions, RECQ5a has
no detectable helicase activity (Fig. 4A), even at the enzyme concentration as high as

2 uM (data not shown).

To quantitatively measure the helicase activities of three RECQS5 isoforms, the
DNA unwinding kinetics mediated by the three isoforms were measured by the

fluorimetric helicase assay, which allows the helicase-mediated DNA unwinding

88



kinetics to be measured continuously in real time in the stopped-flow experiments **.
Consistent with the results obtained from the radiometric assay, RECQ5f unwinds a
partial DNA duplex in a time- and concentration-dependent manner, while RECQ5a
and RECQ5y isoforms display either a low or nondetectable helicase activity (Fig.
4B). Under the single turnover conditions, the unwinding kinetics of a 16 bp duplex
mediated by RECQ5f was biphasic. The fitting using a sum of two exponential terms
gave two rate constants of 4.54 and 0.84 min’, for the fast and slow phases,
respectively. The corresponding unwinding rates were 2.1 and 0.22 bp/s, respectively.
The same method was applied to the RECQ5y and RECQS5a proteins. A monophasic
DNA unwinding kinetics with a rate of 0.05 min" was determined for RECQ5y, and
the unwinding rate was too low to be measured accurately for RECQ5a, under the

identical conditions (Fig. 4B and Table 1).

To evaluate the role of the Zn finger in the helicase activity of the RECQ5
helicase core, the RECQ5B'*" and RECQ5B'** mutants were used. We found that
these two mutants had essentially identical unwinding activities for the same substrate
with respect to the WT RECQS5 protein, with the monophasic DNA unwinding rates
of 5.42 and 5.32 min™' for RECQ5B'*"* and RECQ5B' %, respectively. These results
suggest that the Zn finger modulates the DNA-helicase activity of the RECQS5
helicase core. This conclusion was further supported by studying the unwinding
reaction catalysed by the RECQ5B“**'® mutant. We found that the mutation decreased
the helicase activity, compared to that of the WT RECQS5p, with a measured

unwinding rate of 1.38 min™",

The helicase activity of RECQ5pB has been shown to be enhanced by RPA . a
ssDNA-binding protein, the effects of RPA on helicase activities of the three RECQ5
proteins were characterized. As shown previously **, RPA greatly stimulated
RECQS5B-mediated DNA unwinding reaction in a concentration-dependent manner.
However, RPA had no effect on the RECQ5a- or RECQ5y-mediated DNA unwinding
activity under the identical conditions (data not shown), indicating that the C-terminal
extension of RECQ5 is responsible for the interaction with RPA. To map the RPA
binding site, RECQ5B'*” was used, and results showed that RPA failed to stimulate
the helicase activity of RECQ5B'™*", suggesting that the C-terminal region of

RECQS5 is involved in the functional interaction with RPA. This is consistent with
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the recent observation that both BLM and WRN interact with RPA through their N or

. .34
C-terminal regions .

RECQS helicase core alone can catalyze strand annealing, but not strand

exchange
To measure the RECQ5-mediated ssDNA annealing activities of all three

isoforms, the two complementary ssDNA oligonucleotides were used. The
experiments were first carried out in the absence of ATP using the EMSA method.
Remarkably, RECQ5a promotes annealing more efficiently than RECQS5p (Fig. 5A).
These results are surprising since the RECQ5B-mediated strand-annealing activity has
been previously shown to reside in the C-terminal region of RECQ5pB **. Interestingly,
no significant strand-annealing activity could be detected for RECQ5y (Fig. SA),
suggesting that that the 25 amino acid extension to the helicase core of RECQS5y

strongly suppresses the annealing activity of helicase core.

The effect of ATP on the annealing activities of three RECQS5 proteins was
examined. The experiments were performed in the absence or in the presence of 2
mM ATP, ADP, or ATPyS, a slow-hydrolyzable ATP analogue. We found that ADP
had little effect on the RECQ5a-mediated annealing. In contrast, ATP and ATPyS
dramatically inhibited the efficient annealing activity of RECQ5a (Fig. 5SB), implying
that the observed inhibitory effect is due to ATP-bound protein conformation, as
RECQS5a is a poor ATPase. For RECQ5B, ATP and ADP had no or little effect on the
RECQ5B-mediated annealing. However, ATPyS significantly suppressed the
annealing activity of RECQ5, consistent with the previous observation > (Fig. 5B).
The effect of ATP on the RECQ5y-mediated annealing could not be determined as the
intrinsic annealing activity of RECQS5y was too low to observe (Fig. 5B). The fact
that RECQS5 mediated annealing activity is regulated by the nucelotides suggests that

helicase core indeed possesses intrinsic annealing activity.

To quantitatively compare the annealing kinetics mediated by the RECQS5
isoforms, a fluorimetric assay was used (Fig. 5C). The assay is essentially identical to
the helicase assay as described previously *°, and the only difference is that the

annealing assay explores the decrease, instead of the increase, in the fluorescence
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emission due to energy transfer. The method allows the annealing to be measured in
real time to extract the kinetic parameters. The measured annealing reaction rates
were 0.95, 0.14 and 0.082 min™' for RECQ5B, RECQ5a and RECQ5y, respectively.
Thus, RECQ5p promoted strand annealing about seven- and eleven- fold faster than
RECQS5 a and RECQS5y, respectively (Fig. 5SD). However, when evaluated by the
annealing percentage (Fig. SD and Table 1), RECQ5a is actually more efficient than
RECQS5B. Interestingly, the fluorimetric assay shows that RECQS5y displays a low,
but measurable annealing activity (Fig. SD), which could not be observed by the
EMSA method (Fig. SA).

We next exploited whether RECQS5 isoforms could catalyse a strand exchange by
combining dsDNA unwinding and ssDNA annealing activities. As most RecQ family
helicases can efficiently unwind forked duplex, but not 5'-overhanged dsDNA “. Thus,
a forked duplex was used as an unwinding substrate, and a third complementary
ssDNA was used as an acceptor to form a stable exchange product, 5'-overhanged
dsDNA, which is a poor substrate for the unwinding reaction (Fig. 6A). We found
that RECQ5p could mediate complete conversion of a forked duplex into a partial
duplex within 20 min (Fig. 6B,C). However, neither RECQ5a nor RECQ5y could
catalyse the same conversion (data not shown). This is probably because the helicase
activity of RECQ5a is too poor to compensate its high annealing activity, while the
weak helicase and annealing activities of RECQ5y make it impossible to produce
strand-exchange products. We then tested whether the high annealing activity of
RECQS5a could overcome the weak helicase activity of RECQS5y in the strand
exchange. The results show that no exchange products could be detected under the
experimental conditions when combining RECQ5a and RECQS5y (data not shown),
suggesting that both helicase and annealing activities are required for the strand

exchange.

RECOS5B comprises two motifs that mediate annealing throught weak DNA

binding
The fact that RECQS5a has a higher annealing activity than RECQS5[ raises an
intriguing possibility that the Zn finger motif could suppress the helicase

core-mediated strong annealing activity. To test this hypothesis, the RECQ5p'*"
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variant, the RECQ5B C-terminal deletion fragment containing the RECQS5 helicase
core and the Zn finger, was used. Indeed, consistent with the previous observation B
RECQ5B'™" displayed low annealing activity, but still considerably higher than that
in the absence of a RECQ5 protein (Table 1). However, when RECQ5B'%%* deletion
mutant was used, a significantly higher annealing activity was recovered (Fig. 7A and
Table 1). In fact, the annealing activity of RECQ5B' % is still lower than that
mediated by RECQ5a. These results suggest that the C-terminal region of RECQ5p,
most likely in the fragment RECQ5B**% harbours another domain, which can

catalyse ssDNA annealing, as previously proposed .

To define the C-terminal region of RECQS5[ responsible for the annealing
activity, three N-terminal deletion variants, RECQSB379'991, RECQ5B454'991, and
RECQ5p*¥*?, were tested for their ability to catalyse the annealing using both
radiometric and fluorimetric assays (Fig. 7A,B). The RECQ5°"*®" variant, which
stops right after the helicase core, consists the entire C-terminal half of RECQ5f
including the Zn finger. RECQ5B"**" represents the C-terminal half of RECQ5p
lacking the Zn finger, and RECQ5B**°? is produced by further deletion of the
C-terminal region of the RECQ58***! fragment. The results measured by both
methods (Fig. 7A,B and Table 1) show that the N-terminal helicase core and the
C-terminal fragment can both mediate ssDNA annealing with efficiency higher or
comparable to that catalysed by WT RECQ5p. Remarkably, the Zn finger strongly
suppresses the annealing activity of the helicase core, but slightly enhances the

annealing activity of the C-terminal motif (Table 1).

To understand the mechanism of the RECQS5 fragment mediated ssDNA
annealing, we studied the relationship between the DNA binding affinity and
annealing activity of the various RECQ5B-derived fragments. The DNA-binding
affinities for both ds- and ssDNA were first qualitatively evaluated by EMSA method
(Supplementary Fig. 2C,D), and then quantitatively measured by fluorescence assay
under the equilibrium conditions (Fig. 7C,D). We found that RECQS5pB-derived
fragments displayed significantly lower DNA binding affinities than RECQS5f (Table
2), suggesting that the weak protein-DNA interaction could catalyze ssDNA

annealing.
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DISCUSSION

In this study, we have characterized the enzymatic activities of three human
RECQS5 isoforms. RECQS5 offers an attractive model to study the function of a RECQ
helicase in isolation and in an association with other motifs on the same peptide. This
unique property, which is not shared by any other human RecQ helicase, allows us to
address some interesting questions that could not be readily answered with other
RecQ helicases, namely, the intrinsic enzymatic activities of the RecQ helicase core

and their regulations by the Zn finger-containing motif.

Human RECOQOS5 helicase core has a high intrinsic ssSDNA annealing activity

In the RecQ helicase family, the ssDNA annealing activity was first
discovered in RECQ5f3 2 The similar activity has been observed in BLM, WRN,
RECQ1, RECQ4, and Drosophila RECQ5b (dmRECQ5b) 2>, In addition, WRN,
BLM and dmRECQ5b have been shown to catalyze strand exchange by combining
the DNA unwinding and annealing activities *°. Surprisingly, it has been proposed
that the C-terminal regions of these proteins are responsible for the strand annealing
232636 and strand exchange *°. The mechanism of the C-terminus-mediated strand
annealing in the RecQ helicase family remains elusive. Structurally, this region of the
RecQ family helicases shares little sequence homology. On the other hand, the
helicase domain of the RecQ helicases, which possesses the DNA-binding motifs,
more likely functions as an enzyme to catalyse the ssDNA annealing reaction. Indeed,
we have discovered that RECQS5 helicase core has an intrinsically high annealing

activity. We have further shown that the helicase core-mediated annealing can be

strongly inhibited by ATP, ATPyS or the Zn finger of RECQ5f3, but not ADP.

RECQ5a offers a nature-made RecQ helicase core to study its enzymatic
activities, in particular ssDNA annealing. The discovery that the RECQS5 helicase
core has intrinsically high annealing activity is not surprising. Several lines of
evidence strongly support our conclusion. First, the nucleotide modulates the
annealing activity of RECQ5p **, BLM %3¢, WRN *°, and dmRECQ5b *°, implying
that the helicase cores of these RecQ proteins are involved in the strand annealing.

The fact that ATP binding to the helicase domain of RECQS5 suppresses strand
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annealing based upon the site-directed mutagenesis » also supports this conclusion.
Second, both previous studies ** and the results reported in this study (Fig. 7A,B and
Table 1) indicate that the full length RECQS5p catalyses ssDNA strand annealing
more efficiently than the isolated C-terminal fragment, which was proposed to be the
sole motif to catalyze strand annealing *. This observation suggests that the helicase
core contributes to the observed annealing activity of the WT RECQS5f. Third,
dmRECQS5b, which consists of the helicase core and zinc finger, has been shown to

possess, although weak, strand-annealing activity *°.

Interestingly, the strong strand-annealing activity of the RECQS5 helicase core
can be suppressed by the Zn finger, since RECQ5B'™" has a significantly lower
activity than RECQ5a, but it is still considerably (23.5%) higher than the reaction
carried out in the absence of any RECQS5 protein (Table 1). We have also noticed
similar results were reported by Garcia et al. **, although the annealing activity of
RECQ5B'™*” is only slightly higher than the nonenzymatic reaction under their
conditions. Furthermore, dmRECQ5b, similar to human RECQSBl'475 (Fig. 1A), has
weak strand-annealing activity *°. Human RECQ4, which lacks the putative Zn finger

and helicase activity, has been shown to possess the strand-annealing activity *’.

More interestingly, the loss of the strand-annealing activity of RECQ5a by the
Zn finger extension in the RECQ5B'™*” fragment can be significantly recovered by
adding another 186 residues in the RECQ5B'%%* fragment (Table 1), suggesting that
the C-terminal region of the protein harbours another domain that could mediate
strand annealing. Indeed, we have shown that RECQ5B**%* possesses a
strand-annealing activity, although its activity is still considerably lower than that of
the entire C-terminal domain (RECQ5B"**' or RECQ5B°**"") (Table 1). These
results suggest that RECQS5[ has two motifs, the N-terminal helicase core and the
C-terminal fragment, which catalyse the strand annealing. Comparison of the
annealing activity of different RECQS5 fragments further suggest that these two motifs
cooperatively catalyse the strand annealing, since the activity of RECQ5[ is only
slightly higher than that of the C-terminal fragment, but considerably lower than that
of the RECQS5 helicase core (RECQ5a) (Table 1). Other motifs such as the Zn finger
regulate the strand-annealing activity of the full-length enzyme (RECQ5p).

94



Further characterization indicates that the RECQS5 fragments-mediated
strand-annealing activity correlates with their DNA binding affinity and the weak
DNA binding is enough to catalyse annealing (Fig. 7C,D). Therefore, RECQ5
proteins or fragments likely function as a ‘molecular crowding agent’ *® that increases
the effective concentrations of the ssDNA substrates in the annealing reaction through
the mechanism of the intramolecular catalysis *°. This model based upon our studies

on RECQ5 proteins appears to be similar to  that proposed for BLM °.

We have also observed that RECQS5f can mediate strand exchange. However,
either RECQ5a or RECQ5y has no detectable activity under identical conditions.
This is probably because the helicase unwinding activity of either protein is too low
to catalyse the strand exchange even though RECQS5a can strongly mediate strand
annealing. Thus, the helicase core is essential for catalysing strand exchange,
although the C-terminal domain plays an important role in the regulating the
DNA-binding, helicase, strand-annealing, and strand-exchange reactions. It is quite
logical that annealing and exchange functions would be associated with RECQS5 and
other RecQ hleicases because these enzymes are postulated to act in recombination or

replication restart pathways that involve swapping of DNA strands *.

The Zn finger-containing motif modulates the enzymatic activities of RECQ5

Comprehensive and quantitative comparison of the multiple enzymatic
activities of the RECQ5a, RECQ5B and RECQ5y proteins leads us to propose that
the Zn finger motif plays an important role in regulating the enzymatic activities of
the RECQ5 helicase. The ATP binding to the helicase core appears to be determined
by the helicase core motifs, the Walker A and B motifs, which are present in all three
RECQS5 isoforms. Thus, RECQ5a, RECQ5B and RECQ5y bind ATP with a similar
affinity. Like other helicases, the conserved helicase motifs, namely Ia, IV and V, of
the RecQ helicases comprise a DNA binding surface *°. Consistent with this view,
RECQ5a, RECQ5B and RECQ5y bind DNA (Table 2). Kinetic studies show that
RECQ5a and RECQ5y bind DNA weakly, while RECQS5 binds DNA rapidly and
forms a stable protein-DNA complex, suggesting that the C-terminal domains provide

additional DNA binding affinity. The RQC and HRDC domains in the RecQ
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members have been shown to be involved in the DNA binding **. As the HRDC
domain is not present in RECQ5pB **, the RQC domain would be the primary site for
interacting with DNA. Interestingly, RECQ5p appears to lack the WH domain >, or
at least the putative WH domain in RECQ5p is not readily identifiable solely based
upon sequence alignment >'. Consistent with this notion, the C-terminal deletion
mutants RECQ5B'*”> and RECQ5B' % displayed similar DNA binding affinity as the
full length of RECQS5. These studies support the proposal that the Zn finger in the
putative RQC domain is the key element that enhances DNA binding in RECQ5p.

As the nucleotide-dependent ATPases, the ATPase and helicase activities of
the RECQS5 proteins correlate with their DNA-binding affinities. Both activities
require the C-terminal motifs of RECQ5fB, as RECQ5a and RECQS5y have no
detectable or weak ATPase and helicase activities, while RECQS5p is a robust ATPase
and helicase. Specifically, the Zn finger in the RQC domain is the key regulatory
element that enhances ATPase and helicase activities of the RECQS5 helicase core, but
suppresses the intrinsic annealing activity of the helicase core by enhancing the DNA
binding. Moreover, the Zn finger also plays an important role in the
RECQS5p-catalyzed strand-exchange activity by coordinating the unwinding and
annealing activities (Fig. 8A). The site-directed mutagenesis provides additional
evidence that the Zn finger regulates the enzymatic activities of the RECQS5 helicase
core. Our proposal is further supported by the existence of the evident correlation
between the presence of the Zn finger in the RecQ helicases and the observed

enzymatic activities (Table 3).

The Zn finger-containing motifs may regulate the RecQ helicase functions

The motivation to study RECQS5 helicase is with the expectation that it will
help to understand the regulation of the RecQ helicases by the Zn finger-containing
motifs. The model (Fig. 8A) proposed for the human RECQS5 can be extended to the
RecQ family helicases. We therefore propose that the multiple enzymatic activities of
the RecQ helicases play important roles in the DNA metabolism, and the enzymatic
activities of the helicase cores are regulated by the helicase-associated functional
motifs, in particular the Zn finger-containing RQC domains. This model appears to be

consistent with all known biochemical and structural data, and can be used to explain
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not only common biochemical and genetic properties shared by all RecQ helicases,
but also distinct cellular defects associated with each RecQ helicase. In the following
sections, we will limit the application of this model to other four human RecQ

helicases (Fig. 8 and Table 3).

BLM have been characterized extensively. The DNA-stimulated ATPase and
helicase activities have been studied®®. Recently, it has been shown that BLM also

possess ssDNA annealing and strand-exchange activities™*>°

. Many of mutations in
BLM are nonsense or frame-shift mutations that would express truncated proteins.
However, seven missense mutations associated with BS have been identified'®*'*.
Five of the seven point mutations map to the helicase core region of BLM: Q672R,
1841T, C878R, G891E, and C901Y'**'***. Three of these mutations have been shown
to inactivate the murine BLM protein in vitro **, implying that the missense mutations
cause disease as a result of enzymatic failure. Other mutations could also impair BLM
helicase enzyme function '°. The two remaining BS-linked point mutations, C1036F

and C1055S '**? are involved in the zinc finger formation'®'®

. The mutated proteins
completely lost their enzymatic activities'®. These results clearly support that the Zn*"
finger of BLM regulates the enzymatic activities of the BLM helicase core (Fig. 8B).
The ssDNA annealing activity of BLM has been mapped to a 60-residue C-terminal
fragment (amino acids 1291-1350)*°. It would be interesting to show that the isolated
fragment indeed has the annealing activity as proposed *°. We predict that the BLM
helicase core possesses a strong ssDNA annealing activity, but weak ATPase,

helicase, and strand-exchange activities, which are subject to regulation by the Zn

finger (Fig. 8B).

WRN is another extensively characterized human RecQ helicase. Although
the conserved Cys residue at the position 2 is replaced by Ser, the presence of a Zn
finger in WRN has been confirmed biochemically (Xi et al., unpublished).
Interestingly, a multifunctional DNA- and protein-binding domain (DPBD) has been
mapped out '*?°. Our recent NMR structural studies show that the DPBD contains a
WH-like domain *'. The fragment containing the helicase core and RQC domain has a
similar helicase activity compared to the full-length WRN **, but the activity
decreases when K 1016 is replaced with Ala '°. Moreover, when the DPBD is deleted

from the fragment, the helicase activity of the fragment decreases dramatically'’,
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suggesting that the DPBD rather than the Zn finger of WRN functions as a regulatory
motif to regulate the enzymatic activities of WRN (Fig. 8C) *'.

Human RECQI1 helicase has recently being characterized. DNA helicase and
ssDNA annealing activities have been observed for the protein *°>. RECQ1 does not
contain a HRDC domain, but appears to possess a RQC domain **. We predict that
the putative Zn finger (Fig. 8D) would regulate the enzymatic activities of the
helicase core of RECQI.

The clinical features associated with RTS have been recently recognized to be
caused by the defects in RECQA4. Outside of the helicase domain, RECQ4 shows no
obvious identity with the other RecQ family members and lack both RQC and HRDC
domains (Fig. 8E) *®. It has been shown that RECQA4, either in the isolated form *’ or
in the complex with UBR1 and UBR2 *, fails to unwind DNA, but catalyses ssDNA
annealing. These apparent surprising results can be understood using the model
derived from our RECQS5 studies. In this case, the Zn finger or DPBD is not available
in RECQ4 to activate the helicase activity and to suppress the ssDNA annealing
activity of the RECQ4 helicase core. Interestingly, the ATPase activity of RECQ4 is

observable in the absence of the Zn finger >’

Concluding remarks

In this study, we have used human RECQS5 proteins as a model system to
characterize the functional modulation of a RecQ helicase core by a zinc
finger-containing motif, by taking advantage of three isoforms of human RECQ5
helicase produced by alternative splicing. We have shown for the first time that the
RECQS5 helicase core has an intrinsically high ssDNA annealing activity, and
RECQS5B has two separate motifs that mediate ssDNA annealing. Based upon
comprehensive and quantitative characterization of the multiple enzymatic properties
of the RECQS5 proteins, we conclude that the Zn finger-containing motif of RECQS5f3
functions as a regulatory motif that regulates the DNA binding, ATPase, unwinding,
strand-annealing and strand-exchange activities of the RECQS5 helicase core. This
model appears to be applicable to other four human RecQ helicases to explain the

similarity and difference of the molecular functions of these RecQ helicases.
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METHODS

Materials

ATP, AMPPNP, ATPyS, EDTA, 4-(2-Pyridylazo) resorcinol disodium salt
(PAR) and PMSF were obtained from Sigma. [y->*P]JATP and Western blot reagents
were purchased from Amersham Pharmacia Biotech. Chelex 100 resin was obtained
from Bio-Rad. The N-methylanthraniloyl derivative of adenine nucleotides
(mantATP) was synthesized according to Hiratsuka *°, and purified on DEAE-celllose
using a gradient of triethylammonium bicarbonate. Polyclonal antibody against six

histidine residues was from Cell Signalling. Ni-NTA resin was from Qiagen.

Plasmid construction

RECQ5y cDNA was kindly provided by Dr. Janscak, and was used as a PCR
template to reconstruct RECQ5a. RECQS5B ¢cDNA was obtained by PCR using
RECQ5y cDNA and the PP1045 cDNA (kindly provided by Dr. Gu, China) as
templates. The resulting cDNA fragments were digested with Ndel and Xhol and
ligated into pET15b (Novagen). Site-directed mutageneses were used to construct the

desired mutations and mutations were confirmed by DNA sequencing.

Protein expression, purification and Western blot

The plasmids encoding human RECQS5 isoforms and variants were
transformed into the E. coli strain BL21 (Novagen). The cells were grown to the
mid-exponential phase (Agp of 0.5-0.6) at 37 °C and the protein expression was
induced by 0.25 mM of isopropyl-D-thiogalactoside at 15 °C for 18 h. The cells were
lysed in a buffer (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 0.1% Triton X-100,
PMSF 0.1uM and 10% ethylene glycerol). The cell lysis was cleared by
centrifugation and the supernatant was applied to a 20 ml Ni*"-column equipped with
AKATA FPLC system. The bound proteins were eluted with 300 ml of the linear
gradient of imidazole (0.02-0.4 M). Fractions containing the proteins were identified
by SDS-PAGE and were further purified using size exclusion chromatography
(Superdex 200, Amersham). The protein concentrations were determined by the

Bio-Rad dye method using bovine serum albumin (BSA) as a standard.
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Human RPA protein containing all three subunits (RPA70, RPA32, and
RPA14) was expressed in and purified from the E. coli according to Henricksen et al.

7. The protein concentration is expressed as a trimeric complex.

Western blot analysis was performed using Hisg-Tag polyclonal antibody
purified from rabbit. A peroxidase labelled goat anti-rabbit IgG antibody (Amersham)
was used as the secondary antibody. The signals were detected with an ECL Western

Blotting Kit (Amersham).

DNA substrate preparation

The PAGE purified DNA substrates (Supplementary Table 1) were
purchased from Proligo. The DNA duplex substrates were prepared as described
previously *. Briefly, 250 uM DNA substrates were denatured in the 1x TE buffer
containing 1 M NaCl or KCI by heating at 95 °C for 10 min. The denatured DNA was
then annealed at 37 °C for 48 h. The annealed products were separated on 8% native
PAGE containing 10 mM KCI running at 4 °C for 12 h with constant current of 20
mA.

CD spectroscopy

The CD measurements were performed with a Jobin-Yvon Marker IV high
sensitivity dichrography at 25 °C. Some of the experiments were also confirmed with
a PiStar-180 spectrometer. The samples were extensively dialyzed against the dialysis
buffer (50 mM Tris-HCI, pH 7.4, 30 mM NacCl) and were analyzed in the quartz cells
with path-lengths of 1 mm for far-UV CD measurements. Near-UV wavelength scans
were recorded from 250 to 350 nm. All of the CD spectra were corrected by
subtracting the background obtained with the buffer alone. An average of three to six
wavelength scans is presented. The ellipticity results were expressed as mean residue
ellipticity, in degrees-cm*-dmol™.

MRE = 6 . (mdeg) /10 x n x Cp x |

obs
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where Oops 1s the CD in millidegree; n is the number of amino acid residues; 1 is the
pathlength of the cell in centimeters and Cp is the molar fraction. The relative content
in a-helix was deduced according to Zhong and Johnson **: % o-helix = Agy2 g X
(-10), where A&z nmis the circular dichroism per residue at 222 nm and is related to
[0]222 by A€222 nm= [0]222/3300. A protein concentration of 0.18 mg/ml and 1.8 mg/ml

were used for far-UV and near-UV CD measurements, respectively.
Quantification of the RECQS protein-bound Zn*" ion

The protein-ligated Zn>" was measured using PAR, a reporter dye that absorbs
light at 490 nm when bound to Zn>". To precisely quantify the Zn*" content, all
buffers were treated with Chelex®-100 resin. The proteins were dialysed against the
EDTA-free Chelex”-treated buffer, passed over a 10 cm column of Chelex®-100 and
re-concentrated. To facilitate the Zn”" release, the protein (about 1 nmole in 40 pl)
was first denatured with Chelex®-treated 7 M guanidine-HCl, and was then
transferred to a 1 ml cuvette. PAR was added to the cuvette for a final concentration
of 100 uM and the volume was adjusted to 1 ml with the PAR buffer (20 mM
Tris-HCI, pH 8.0, 150 mM NaCl). The absorbance was recorded from 350 to 600 nm
on a UVIKON spectrophotometer 941 (Kontron) at 25 °C. The Zn>" quantity was
determined using the absorbance coefficient for the Zn(PAR), complex (gs00 =
6.6x10° M'em™). As a control, 20 nmoles of the pure ZnCl, was quantified under

the identical conditions.

ATP binding assay

a) UV cross-linking assay

The UV cross-linking assay was carried out as previously describe '*. 1 ug of
a protein was added to a 10 pl of the buffer containing 20 mM HEPES-KOH, pH
7.5,and 5mM Mg(OAc),. 2.5uCi (2 pmol) of [y-32P]ATP (3,000 Ci/mmol;
Amersham) and 150 pmol of cold ATP were then added to the solution. After
incubated on ice for 10 min, the reaction mixture was then irradiated using a UV
cross-linker (254 nm) (Stratagene) situated at a distance of 4 cm for 5 min. After

boiled in the sample buffer (100 mM Tris-HCl, pH 6.8,2% SDS, 20%
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B-mercaptoethanol, 20% glycerol, 4 mM EDTA, and 0.01% bromophenol blue) for
5 min, the sample was then separated by SDS-12.5% PAGE. The gels were stained

with Coomassie brilliant blue, dried, and processed for autoradiography.

b) Fluorescence measurements

A fluorescent nucleotide analogue (mantATP) was used to determine the
apparent dissociation constant of ATP binding to the RECQS5 proteins. The
fluorescence spectra were measured using PiStar-180 spectrometer (Applied
Photophysics) or Fluoro Max-2 spectrofluorimeter (Jobin Yvon, Spex Instruments
S.A., Inc) at 25 °C. In a 10x10x40 quartz cuvette, 0.5 uM protein in 1 ml reaction
buffer was excited at 280 nm and fluorescence emission was monitored at 350 nm.
The binding of mantATP to RECQS5 was measured by exciting RECQ5 at 280 nm
and measuring the fluorescence of mantATP at 440 nm due to FRET. Both sample
dilution and inner filter effects were taken into account and the observed fluorescence

intensity was corrected.

The apparent K4 values were determined by fitting the fluorescence intensity

values to Equation 1:

(X+0.5+K,) = [(x+0.5+K,)* —2x

F=F+fx+f,
2

(Eq. 1)

where, Fs is the starting fluorescence of the reaction mixture, fy is the fluorescence
coefficient of free mantATP, f; is the fluorescence coefficient of complex formed, X is

the total concentration of mantATP, and K is the apparent constant dissociation.

ATPase assay

The ATPase activity of the RECQS5 proteins and fragments was detected by
measuring the release of the inorganic phosphate produced from ATP hydrolysis '*.
The reaction was carried out in an ATPase reaction buffer (50 mM Tris-HCI, pH 8.0,
3 mM MgCl,, 0.5 mM DTT) at 37 °C in a volume of 100 pl. The reactions were
initiated by the addition of an enzyme into a reaction mixture containing 1.5 uM
heat-denatured Hind Ill-cut pGEM-7Zf linear DNA and the indicated ATP

concentration. The reaction was stopped by pipetting an 80 ul aliquot from the
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reaction mixture every 30 s into a HCI solution of ammonium molybdate. The
liberated 32Pi is extracted with a solution of 2-butanol/benzene/acetone/ammonium
molybdate (750:750:15:1) saturated with water. An aliquot of 400 pl was removed
from the organic phase and the radioactivity was quantified using a liquid scintillation

counter.
DNA binding assay

a) Electrophoretic mobility shift assay (EMSA)

The binding reactions (20 pl) were conducted in a binding buffer (40 mM
Tris-HCI, pH 7.5, 3 mM Mg(OAc),, 20 mM NacCl, 8% glycerol and 20 pg/ml BSA).
The protein and DNA concentrations were indicated in the figure legends. Reactions

were incubated for 30 min at 25 °C. After adding 4 pl of the native loading dye

(0.25% bromphenol blue in 30% glycerol), the reactions were loaded on 5% native
PAGE (37.5:1). Electrophoresis was carried out at a constant voltage of 14V/cm at 4
°C in the 1x TBE buffer (40 mM Tris-acetate, | mM EDTA, pH 8.0) for 3 h. The gel

was dried and processed for autoradiography.

b) Fluoresence polarization assay

The binding of a protein to DNA was analyzed by fluorescence polarization
using a Beacon fluorescence polarization spectrophotometer (PanVera) as described
previously *2. A 36-mer ssDNA labelled with 5'-fluorescein was used. A 1:1 mixture
of the 5'-fluorescein labelled 36-mer and its complementary 36-mer was first heated
to 95 °C, and then slowly cooled to form a 36-bp dsDNA. Varying amounts of the
protein were added to a 150 ul aliquot of the binding buffer (25 mM Tris-HCI, pH 8.0,
30 mM NaCl, 3 mM Mg(OAc),;, and 0.1 mM DTT) containing 2 nM of the
fluorescein-labelled ssDNA or dsDNA. Each sample was allowed to equilibrate in the
solution for 5 min before the fluorescence polarization was measured. A second
reading was taken after 10 min to ensure that the mixture was equilibrated. A less than
5% change between a 30-min and a 5-min measurement indicated that equilibrium
was reached. The equilibrium dissociation constant was determined by plotting

polarization as a function of the protein concentration and fitting the data to the
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Michaelis-Menten or Hill equation using the program KaleidaGraph (Synergy

Software).

DNA helicase activity assay

a) Radiometric assay

DNA unwinding reaction was carried out at 37 °C in a reaction mixture
containing 25 mM HEPES-NaOH, pH 7.5, 25 mM NaOAc, 7.5 mM Mg(OAc),, 2
mM ATP, I mM DTT, 0.1 mg/ml BSA, and indicated 32p_labelled partial DNA
duplex substrate (10 fmol, 3000 c.p.m/fmol). Where required, RPA was added at the
indicated concentration. The reaction was initiated by addition of indicated
concentration of the RECQS5 protein or fragment at 37 °C for 20 min. The reaction
was terminated by the addition of 5 pl of 5x loading buffer (50 mM EDTA, 0.5%
SDS, 0.1% xylene cyanol, 0.1% bromophenol blue and 50% glycerol). The reaction
products were resolved on a 12% (w/v) PAGE run in a TBE buffer (90 mM Tris, 90
mM boric acid, pH 8.3, and 1 mM EDTA) at 100 V for 2h at 4 °C.

b) Fluorimetric assay

Stopped-flow DNA unwinding assay was performed according to Zhang et al
33 Briefly, the experiment was carried out using a Bio-logic SFM-400 mixer with a
1.5 mmx 1.5 mm cell (Bio-Logic, FC-15) and a Bio-Logic MOS450/AF-CD optical
system equipped with a 150-W mercury-xenon lamp. The assay was performed in a
two-syringe mode, where the protein and DNA substrates were preincubated in the
syringe #1 for 5 min, while ATP in syringe #4. Each syringe contained the unwinding
reaction buffer (25 mM Tris-HCL, pH 7.5, 50 mM NaCl, 1 mM MgCl, and 0.1 mM

DTT). The unwinding reaction was initiated by rapid mixing. The sequences of the
two hexachlorofluorescein- and fluorescein-labeled strands are listed in the
Supplementary Table 1. For converting the output data from volts to percent
unwinding, we performed another four-syringe mode experiment, where the helicase
in syringe #l, hexachlorofluorescein-labeled ssDNA in syringe #2, and

fluorescein-labeled ssDNA in the syringe #3 were incubated in unwinding reaction

buffer, and the solution in syringe #4 (ATP). The fluorescent signal of the mixed
solution from the four syringes was corresponding to 100% unwinding. The standard

reaction was carried out at 25 °C unless noted otherwise.
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DNA strand-annealing assay

a) Radiometric assay

The DNA annealing activity of the RECQS5 isoforms was assayed using
complementary synthetic oligonucleotides (0.5 nM) with one strand 5’-labelled using
[y-*P]JATP and T4 DNA kinase. In a standard strand-annealing assay, the labelled
oligonucleotide was added to a reaction buffer (20 pl) containing 20 mM Tris-acetate,
pH 7.9, 50 mM KOAc, 10 mM Mg(OAc);, 1 mM DTT, 50 pg/ml BSA and the
indicated protein concentration. If indicated, 2 mM of ATP, ATPyS, AMPPNP or
ADP was also added. The reaction was initiated by adding the unlabelled
oligonucleotide, immediately followed by incubation at 37 °C for 15 min. The

resulting DNA products were analysed as described for the helicase reactions.

b) Fluorimetric assay

The stopped-flow DNA strand-annealing assay was carried out under the
similar conditions used for the helicase assay. The reaction was performed in a
three-syringe mode, where the helicase was in syringe #1 while fluorescein- and
hexachlorofluorescein-labeled complementary ssDNA in syringe #2 and syringe #3,
respectively, in the reaction buffer comprising 25 mM Tris-HCI, pH 7.5, 50 mM
NaCl, 1 mM MgCl, and 0.1 mM DTT. The sequences of the two 45-mer ssDNA
substrates are indicated in the Supplementary Table 1. The reaction was initiated by
rapidly mixing the three syringes. For converting the output data from volts to percent
annealing, we performed another experiment in a two-syringe mode, where the
helicase was in the syringe #1, and the annealed dsDNA in the syringe #4. The
fluorescent signal of the mixed solution from the two syringes corresponded to 100%
annealing. The reaction was carried out 25 °C.

Strand-exchange assay

The strand-exchange assays were performed essentially as described by
Machwe et al.?® with some modifications. Briefly, the labelled forked substrate
(UA/UB) and ssDNA (1 nM) were incubated in a 20 pl helicase reaction buffer for 15
min with an indicated concentration of a protein, as indicated in the figure legends.
After addition of 1 mM ATP, the DNA products were subsequently monitored over

time.
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FIGURE LEGENDS

Figure 1 Identification of the Zn finger motif of the RECQS helicases. (A)
Schematic representation of human RECQ5 (RECQ5a, RECQ5B and RECQS5y) and
Drosophile melanogaster RECQ5 (DmRECQ5a, DmRECQ5b and DmRECQ5c)
isoforms. The conserved helicase domain, zinc finger and the C-terminal domain are
shown as blue, red, and open boxes. (B) Amino acid sequence alignments of the
putative zinc finger among the RecQ family helicases. The multiple alignments were
performed with the program ClustalW and refined manually. The conserved Cys and
other residues are shadowed in red and blue, respectively. (C) Typical absorbance
spectra of PAR in the absence and in the presence of ZnCl,. (D) Protein-bound Zn*"
concentrations are plotted against the RECQS5[3 protein concentration. The absorption
spectra were scanned from 300 to 600 nm at 25 °C. As a control, 20 nmol ZnCl,

complexed with PAR was scanned under the identical conditions.

Figure 2 ATP-binding affinity and ATPase activity of the RECQS proteins by
fluorescence assays. (A) The overlap of the RECQS5 protein emission spectrum after
excited at 280 nm and the mantATP excitation spectrum at 345 nm (emission at 445
nm). For clarity, only excitation-emission spectra of RECQS5B are shown. (B)
Changes in fluorescence intensity when 0.5 puM enzymes were titrated with
increasing concentration of mantATP. Solid lines represent the best fit of the data to
Equation 1 and the apparent Ky values are summarized in Table 1. (C) ATPase
activities of the RECQS5 proteins and mutants. Reactions were carried out as
described in the Methods. 250 nM of the RECQS5 protein and 1.5 uM of heated
dsDNA were used for each assay. The initial rate of ATP hydrolysis by the RECQ5
proteins was shown as function of the ATP concentration. The lines in the figure
correspond to the best fits by Michaelis-Menton equation: V = Vi [ATP]/(Ky +
[ATP]), where V is the initial reaction rate, [ATP] is the concentration of ATP, and
Ky is the Michaelis-Menton constant. Each value represents the mean of at least three

independent measurements.

Figure 3 The determination of DNA binding affinity of the RECQS proteins

under the equilibrium conditions. The anisotropy based binding isotherms were
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obtained by varying protein concentration in the presence of 1 nM 3'-fluorescent
labelled (A) ssDNA (BA) and (B) dsDNA (BA/BB) (Supplementary Table 1), and

then were fitted to Hill equation. The apparent Ky values are summarized in Table 2.

Figure 4 The helicase unwinding assays of the RECQS proteins. (A)
Radiometric assay of DNA unwinding using 0.5 nM [5"?P]-labelled 23-base DNA
duplex (UA/UB) (Supplementary Table 1). The reaction was carried out at 30 °C
for 30 min under condition as described in the Methods. The reaction products were
analyzed by 12% nondenatured PAGE. Radiolabelled species were visualized
quantitatively using a Storm 860 Phosphoimager (Amersham). (B) The stopped-flow
DNA unwinding assay. As described in the Methods, 1 nM 56:16-mer DNA substrate
(UFA/UFB) (Supplementary Table 1) was pre-incubated with 20 nM helicase for 5
min at 25 °C. Unwinding reaction was initiated by mixing with 1 mM ATP. The
fluorescence emission of fluorescein at 520 nm (excited at 492 nm) was monitored.

Fraction of DNA unwound was obtained by normalization of the fluorescence signal.

Figure 5 The RECQ5-mediated ssDNA strand annealing. (A) Effect of the
protein concentration of the RECQS5 proteins on the annealing of the [5'-**P]-labelled
SPA (0.5 nM) and SPB ssDNA substrates (Supplementary Table 1) to generate a
duplex DNA. The reactions were incubated with the indicated protein concentrations
for 30 min at 25 °C. The reaction products were separated by 12% nondenaturing
PAGE and quantified by Phospholmager. (B) Effect of nucleotides on the
RECQ5-mediated ssDNA annealing. The reactions were carried out using 50 nM of
the RECQ protein under the same condition as indicated in Fig. SA in the absence or
presence of the indicated nucleotide (2 mM). (C) Fluorimetric assay of the ssDNA
annealing. The annealing was measured by monitoring the decreasing of the
fluorescent signal of fluorescein at 520 nm as function of time. At beginning, the
fluorescent signal of fluorescein is high because the two labelled ssDNA substrates
are separated. After annealing, the fluorescein and hexachlorofluorescein of the
resulted dsDNA are in close proximity, the fluorescent signal of fluorescein decreases
due to FRET. The curve is obtained by mixing 0.5 nM fluorescein-labeled SPFA
DNA, 0.5 nM hexachlorofluorescein-labeled complementary SPFB DNA
(Supplementary Table 1), and 30 nM RECQS5B. (D) Time courses of ssDNA

annealing reactions with the RECQS5 proteins obtained with the above fluorimetric
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assays. The 30 nM of each protein was used. Fraction of DNA annealing (Table 1)

was obtained by normalization of the fluorescence signal.

Figure 6 The RECQ5-mediated strand exchange. (A) Shown is a schematic
diagram of the strand-exchange reaction between a labelled forked dsDNA and a
partial complementary 23-nt ssDNA. The resulted products are an unlabelled ssDNA
and a 5'-tail dsDNA, which is a poor unwinding substrate for the RECQS5 helicase. (B)
Strand-exchange reaction was performed as described in the Methods. 1 nM
[5'-**P]-labelled forked dsDNA(UA/UB) and 1 nM ssDNA (SPC) (Supplementary
Table 1) were incubated in 20 pl helicase reaction buffer for 15 min. After addition
of 1 mM ATP, the resulted DNA products were analyzed at the time indicated in the
figure. (C) The observed percentage of the original forked dsDNA, and unwinding
product (ssDNA), and the exchange product (partial dsDNA) in the
RECQS5B-mediated strand exchange are plotted as function of the reaction time. The
products were quantified from three independent experiments using ImagerQuant

software.

Figure 7 The DNA-binding affinity and ssDNA annealing activity of the
RECQS5B-derived fragments. (A) The strand-annealing reactions of the
RECQ5B-derived fragments were assayed with 2, 10, 50 nM RECQ5 proteins using
radiometric assay. (B) Strand-annealing activities of the RECQ5pB-derived fragments
were quantified by the fluorimetric assay. The reactions were performed under the
identical conditions as in Figure 7A using 50 nM of the proteins. (C) and (D)
DNA-binding isotherms (Table 2) of the RECQ5pB-derived fragments using 1 nM
of 3'- fluorescent of 36nt ssDNA (BA) (C) and dsDNA (BA/BB) (D)
(Supplementary Table 1).

Figure 8 Models for the regulation of human RecQ helicases by RQC motif.
Only three functional domains, helicase core (HC), the Zn-binding domain (ZBD),
and DNA- and protein-binding domain (DPBD) of the RecQ helicases are shown.
The active site of HC is shown. (A) RECQS. RECQ5a or the RECQ5 helicase core
has no or low DNA-binding, ATPase, unwinding and strand-exchange activities, but

1-475

high strand-annealing activity. The RECQS5 fragment such as RECQS5( containing
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HC and ZBD has high DNA-binding, ATPase, unwinding and strand-exchange
activities, comparable to those of RECQ5B. The putative DPBD domain on the
RECQ5B'®* fragment has no observable effect on the activities, except the

strand-annealing activity, of RECQ5B"*” fragment. (B) BLM. The ZBD of BLM

enhances the helicase activity of the BLM helicase '®

and may regulate the
DNA-binding, ATPase, strand-annealing and strand-exchange activities of the BLM
helicase core. (C) WRN. The WRN fragment containing only HC and ZBD has very

¥ while the fragment containing additional DPBD has

low helicase activity
essentially identical helicase activity compared to the full-length enzyme **. The
DPBD likely functions as main regulatory motif to regulate the DNA-binding,
ATPase, strand-annealing and strand-exchange activities of the WRN helicase core *'.
(D) RECQ1. The ZBD may regulate DNA-binding, ATPase, strand-annealing and
strand-exchange activities of the RECQ1 helicase core. (E) RECQ4. RECQ4 has no
ZBD or DPBD to stimulate the helicase activity and to suppress the ssDNA annealing

activity of the RECQ4 helicase core.

114



Table 1. Summary of the measured parameters of human RECQS isoforms and mutants

RECQS5 Protein Structural Feature [Zn?*]/ [Protein]® AE: :::;/;i)ing ::tl::sl; UI::VI(;‘"%S;‘; Asl‘t;g%(i:;lg
RECQ5B [ 3§ 0.98 +0.18 51.0+4.9 15.6 + 1.4 84.1+35 72.3+56
REcQsp-2 [N 1.02£0.15 452+3.5 16.3+1.3 925+5.6  653+10.5
RECQsp™-s [N | 0.96 £ 0.11 46.5+6.3 148+11 90349 355165
RECQsg*s I | 0.35+0.12 52.2+3.6 4.8+0.6 256+3.6 58.6+3.5
RECQS5y | 0.01 = 0.02 41.6+2.0 015+01  272+23 40.1%6.6
RECQ5a [ B 0.03 = 0.02 48.4+2.5 ND* ND 95.2 £ 8.6
RECQ5@3791 HE 65.2+9.5
RECQ5B45+%1 4 ] 61.5+93
RECQ5@45+662 4T 482 +7.2
No enzyme 12.3+8.2

The assays were performed as described in the Methods. * Number of bound Zn per molecule of the protein. ® The values are averages of
the data obtained with radiometric and fluorescence asays. © ND represents the value that is too low to be determined correctly.

Table 2. Equilibrium dissociation constants of DNA substrates (K, nM)
DNA substrates
ssDNA/ 3’ overhange 5" overhange Long forked
. ssDNA AMP-PNP dsDNA Duplex Duplex Duplex
RECQS5 Protein s 5 5 ~ ,
5! 5’ /— 5
RecQ5a 265 +12 285 +£32 299 +26 289+ 18 298 + 15 299 + 26
RecQ5y 276 £ 6 293 £8 28516 201 £12 266 £ 36 22016
RecQ5P 452 245 823 6213 52%3 3526
RecQ5B1-475 555 68%5
RecQ5[31-662 507 89+3
RecQ5pCc431s 90 £ 10 289 £27
RecQ5p379-991 1023 360 £28
RecQ5[3454-991 1522 650 £ 56
RecQ5p#54-662 558 + 41 684 £28

All experiments were performed under equilibrium condition as indicated in the Methods.
1 nM 3'-fluorescent labelled DNA substrates were used. The K, is expressed in nM.
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Table 3. The correlation between the observed enzymatic activities of the RecQ helicases and the presence of
the zinc fingers

RECQ helicase Structural Feature ATPase  Unwinding agff&‘i{}lg Reference
RECQI L3 I + + + 35
pLv I + + + 26,36
WRN | gl + + + 26
DmRECQ5a [ I + + NA 25
DmRECQ5b 3 I + + + 35
DmRECQ5¢ 5 i NA NA NA
RECQ5B [ + + + 23, this work
RECQS5y I - - -+ this work
RECQ5a [ - - + this work
rRecs NN ] + - + 39,40

A summary of available information about ATPase, helicase and strand annealing activities of the RecQ helicases and their
structural features. The observed enzymatic activity is identified by a (+) sign, the deficiency in the enzymatic activity is
identified as (-) sign, and a weak activity is shown as -/+. The presence of the Zn finger appears to be required for the ATPase
and helicase activities, but not the strand annealing activity of the helicases.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1 Far-UV (a) and near-UV (b) circular dichroism (CD) spectra of human
RECQS5 proteins. Experiments were performed under conditions as indicated in

"Methods".

Figure S2 RECQS5 isoforms bind to DNA substrates as detected by gel
electrophoresis mobility shift assays under equilibrium condition. Increasing
concentration of the isoforms proteins were preincubated with 1 nM [5'-*P]-labelled
36-mer ssDNA (BA oligo for A and D) and 1 nM 36-bp dsDNA (BA/BB for B and C)
(Supplementary Table 1) for 15 min on ice in binding buffer. The protein-DNA
complexes were then resolved on 12 % nondenatured PAGE. Radiolabelled bands

were detected by phosphoimager analysis.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 6
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Fig. 8
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Fig. S2
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Supplementary Table 1.

DNA used in this study

Oligo name  Length (nt) Sequence (5'-3") Comment
BA 36 AATCCGTCGAGCAGAGTTAGGGTTAGGGTTAGGGTT BA and BB were used for both radiometric
BB 36 AACCCTAACCCTAACCCGAAGTCTGCTCGACGGATT and fluorescence binding assays, except that
BA was labelled with 3'-fluorescein instead of
2D 1Al Allad at &1 acd £ Plsncnnnnonn annnes
UA 44 GCACTGGCCGTCGTTTTACTTGG TGACTGGGAAAACCCTGGCG UA was **P-labelled at §'-end
UB 44 TTTTTTTTTTTTTTTTTTTTTCCAAGTAAAACGACGGCCAGTGC and hybridized with UB
UFA 56 H-AATCCGTCGAGCAGAG (dTy) Ztarjjl:zz:g:z::jmg and
UFB 16 CTCTGCTCGACGGATT-F* UEA and UFB swere used
for fluorescence unwinding assay.
SPA 50 TCAAAGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACCTC
SPB 50 GAGGTCACTCCAGTGAATTCGAGCTCGCAGTGTCTAGGTCGTGACTTTGA  SPA was labelled using [y-?PJATP and SPFA
SPFA 45 AGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-F was labelled at 3'-end with fluorescein.
SPFB 45 H-ACTGCTAGAGATTTTCCACACTGACTAAAAGGGTCTGAGGGATCT
SPC 23 GCACTGGCCGTCGTTTTACTTGG SPC was used for strand-exchange assay.

* F and H represent fluorescein and hexachlorofluoresein group respectively.
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3. Etude de I’hélicase de la famille RecQ
chez Bacillus subtilis 1. La protéine SubL
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3.1. Présentation

Selon des données génomiques, Bacillus subtilis posséde deux hélicases de la
famille RecQ. L’ hélicase SubL est la forme la plus longue et contient les domaines
helicase, RecQ-Ct et HRDC communs des ADN hélicases de la famille RecQ
(Fig.1A de I’article 3). Cette hélicase putative n’a pas été caractérisée. L’ objective de
ce travail a été de caractérriser cette hélicase chez Bacillus subtilis.

Nous avons déterminé la capacité de la protéine SubL purifiée a fixer I’ion zinc en
employant la technique de PAR (4-(2-Pyridylazo)resorcinol) et nous avons montré
que 1 mole d’hélicase SubL fixe effectivement 1 mole d’ion zinc. Nous avons
montré que SubL est une ATPase ADN dépendante et que cette activité nécessite
I’ion Mg™", I’enzyme est inactive en présence de Mn®", Ca®", Zn*". Cette activité
ATPase est optimale entre pH 7.0 et 8.8. L'activité ATPase de SubL (ke 6.87/s, Kd:
699uM) est plus faible que celle de la protéine RecQ d’E. coli (ke 35.2/s, Kd:
250uM) (Liu et al., 2004).

Nous avons ensuite montré que que SubL est une ADN hélicase. La protéine SubLL
peut dérouler efficacement un ADN duplex avec une extrémité 3 sortante mais pas
5' sortante. Donc, la protéine SubL est une hélicase de polarité 3'-5'. L’hélicase SubLL
ne peut pas dérouler un ADN duplex avec des extrémités franches, mais peut
dérouler une structure de type fourche et un ADN duplex avec un flap 5°. L’hélicase
SubL peut faiblement dérouler un substrat d'ADN a 4 branches de type jonction de
Holliday. Cette protéine est ¢galement capable de favoriser 1’hybridation de I’ADN.
La fixation a I'ADN par la protéine SubL a été étudiée en utilisant I'analyse de la
mobilité¢ ¢€lectrophorétique. La fixation a un ADN de type fourche aboutit a la
formation d'un complexe protéine-ADN plus stable.

En résumé, la protéine SubL est une ADN hélicase et une ATPase ADN

dépendante.

L’ensemble de ces résultats est présenté dans 1’article Ne 3.

130



3.2. Article Ne 3:

Studies on Helicase of RecQ family from
Bacillus subtillis: I. SubL protein.

Jie Lin Liu and Xu Guang Xi
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ABSTRACT

Proteins belonging to the highly conserved RecQ helicase family are essential for
the maintenance of genomic integrity. Here, the biochemical properties of the SubL
protein of the RecQ family from Bacillus subtilis have been described. To analyze its
biochemical properties, the SubL gene product has been overexpressed in
Escherichia coli and purified to near homogeneity. The recombinant SubL protein
possesses an ATPase activity that is strongly stimulated by either single- or
double-stranded DNA. Moreover, SubL exhibits ATP- and Mg*"-dependent DNA
helicase activity that displays 3’-5” polarity. The efficiency of unwinding was found
to correlate inversely with the length of the duplex region of DNA. In addition, the
recombinant SubL was found to bind more tightly to a forked DNA substrate than to
single-stranded DNA and to possess an intrinsic DNA strand-annealing activity.
SubL is not capable of unwinding duplex DNA from a blunt-ended terminus.
However, the enzyme efficiently unwind the same blunt-ended duplex containing a
synthetic X-structure (a model for the Holliday junction recombination intermediate)
in which each ‘arm’ of the 4-way junction is blunt-ended. SubL can recognize
elements of the fork structure to initiate unwinding and unwind two important
intermediates of replication/repair, a 5'-ssDNA flap substrate and a synthetic
replication fork. For the 5'-flap structure, the 5'-flap oligonucleotide could be
specifically displaced by SubL, suggesting its role in Okazaki fragment processing.
The ability of SubL to target DNA replication/repair intermediates may be relevant

to its role in ensuring the genome stability maintenance.
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INTRODUCTON

DNA helicases are the motor proteins responsible for unwinding the double
stranded DNA and play an important part in DNA metabolism processes such as
DNA replication, repair, and recombination (1, 2). An important group of DNA
helicases is the RecQ family (3); members of which exist in different organisms,
including bacteria (4), yeast (5-7), fungi (8), fly (9), frog (10), and humans (11-15).
In  microorganisms such as E. coli, Saccharomyces cerevisiae, and
Schizosaccharomyces pombe, only one member of the family per species is present,
whereas higher eukaryotes contain diversity of RecQ helicase. For example, five
members of the RecQ family have been discovered so far in human cells, i.e.
RECQ1,WRN, BLM, RECQ4, and RECQ5 (3). In all organisms, defective function
of RecQ helicase is associated with genomic instability, which is generally
manifested as an increase in the frequency of inappropriate recombination events.
Mutations in genes encoding the human RecQ helicases BLM, WRN and RECQ4
give rise to the hereditary disorders as Bloom's syndrome, Werner's syndrome and
Rothmund—Thomson syndrome, respectively (16). These diseases are associated
with cancer predisposition and variable aspects of premature aging. Although the
precise DNA metabolism mediated by RecQ helicases remain elusive, the enzymes
have been implicated in the processing of aberrant DNA structures arising during
DNA replication and repair (16). Very interestingly, two helicases rather than one, of
the RecQ family are present in Bacillus subtillis. SubL helicase is a longer protein
form of these two helicases. And it contains helicase, RecQ-Ct, and HRDC domains
(Fig.1A) of the RecQ helicase family, whereas little information is available so far
on its catalytic characteristics. The previous studies indicated that the zinc finger
motif of RecQ-Ct is very important for the protein structure and the enzyme activity
of the RecQ helicases (17, 18). In the present study, Subl protein has been purified
and the enzymatic activity and the DNA substrate specificity were investigated. The
results indicated that SubL protein is the DNA-dependent ATPase, helicase, and

possess DNA annealing activity.
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EXPERIMENTAL PROCEDURES

Reagents—Chemicals were reagent grade and all solutions were prepared using
ELGA pure water. [y-"°P] ATP was obtained from Amersham Biosciences. EDTA,
2-mercaptoethanol, ATP, and AMPPNP were purchased from Sigma. T4
polynucleotide kinase was from New England Biolabs. TE: 10mM Tris-HCI (pHS.0),
ImM EDTA (pH&.0).

Nucleic Acid Substrates—Oligonucleotides were purchased from Genset and further
purified by polyacrylamide gel electrophoresis. The sequences of the
oligonucleotides used for helicase activity measurement in this study are listed in
Table I. The DNA or RNA used for a cofactor of ATPase activity of the helicase are:
60nt ssDNA, 7kb PN6 DNA linear, 5.5kb GC70-plasmid DNA, 5.5kb GC70-plasmid
DNA denatured, 678nt RNA. For each substrate (see figures below) a single
oligonucleotide was 5’-end-labbelled with [y->P]JATP using T4 polynucleotide
kinase and purified with Sephadex-G25-TE column. The labeled oligonucleotides
were annealed to their unlabelled complementary strands at a 1:1-2 molar ratio by
incubation at 95  for 5 min followed by slow cooling to room temperature. For
purification of the substrates, the annealed oligonucleotides were purified with
Sephadex-G50, G75, and G100 TE columns respectively, according to their length.
Protein Expression—A full coding region of SubL helicase DNA was prepared by
PCR using Bacillus subtilis chromosome DNA as template. A 1.8-kb PCR product
was cloned into pPGEM®-T easy vector, and the sequence of this insert was shown to
be identical to the published Sub-L helicase gene sequence. The DNA corresponding
to the coding sequence of the SubL helicase gene was amplified again by
PCR-mediated amplification, using a set of oligonucleotides corresponding to the 5'-
and 3'-ends of the gene. These primers had additional bases at each end for creation
of restriction sites: Ndel at the 5'-end (5'-CAT ATG TTA CAT AGA GCC CAA TCC
CTT CTG GCT CAT-3") and Xhol at the 3'-end of the gene (5'-ATA CAG GCT TAT
GCA AGG ATG ACA GAC TAA CTC GAG-3') for expression of the SubL helicase

bearing a hexahistidine tag at the NHj-terminal end. The amplified product was
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digested with Ndel and Xhol enzymes, and the appropriate size fragment (1776 bp)
was gel-purified and subcloned, respectively, into Ndel/Xhol sites of the vector
PET-15b. The PET-15b vector encodes a hexahistidine tag at the amino terminus that
allows purification of the expressed protein on a nickel-chelating column. A
thrombin cleavage site was adjacent to the histidine tag. The constructed plasmid
was transformed in E. coli strain BL21 (DE3)/Rosetta. The bacteria were grown at
37 °C in Luria-Bertani (LB) broth supplemented with 50pg/ml ampicillin and 34
pg/ml chloramphenicol. The expression of the protein was induced by adding
isopropylthio-D-galactoside to 0.2 mM at low log phase (A600 = 0.6). The culture
was then incubated for 12-14 h at 15-18 °C. Cells were harvested by centrifugation
at 3,000 x g for 15 min at 4 °C.

Protein Purification—His-tagged SubL helicase was overexpressed in E. coli BL21
(DE3)/Rosetta and purified under native conditions. Briefly, harvested cells were
suspended in 30 ml of suspension buffer (20mM Tris-HCI, pH 7.9, 5mM imidazole,
500mM NacCl) and were lysed using a French pressure cell. The lysate was then
sonicated to shear DNA into small fragments. Followed by centrifugation at 70,000 x
g for 30 min at 4 °C, the supernatant was applied to the column charged with
histidine binding resin (Novagen). The column was washed with 20mM Tris-HCI
(pH 7.9) buffer containing 500mM NaCl, 5 mM imidazole. The proteins bound to
the column were eluted stepwise using 20mM Tris-HCI (pH 7.9) buffer containing
50, 65, 80, 200, or 500mM imidazole. Sub-L helicase-containing fractions, identified
by both DNA-dependent ATP hydrolysis and helicase activity assays, were pooled
and further purified by FPLC size exclusion chromatography (Superdex 200;
Amersham Biosciences). The pooled active fractions were dialyzed against storage
buffer (20mM Tris-HCI, pH 7.9, 500mM NaCl, 2mM dithiothreitol, 10% glycerol),
and stored at —80 °C. The protein was pure as judged by Coomassie staining and
electrospray mass spectrometry. Protein concentration was determined
spectrophotometrically using a Bio-Rad Protein Assay.

Quantification of Zinc lon Bound to Sub-L Helicase—The zinc content of SubL

helicase was measured by the PAR (4-(2-Pyridylazo)resorcinol) assay as described
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by Hunt et al. (19). PAR has a low absorbance at 500 nm in the absence of zinc ion.
However, in the presence of zinc ion, the absorbance at 500 nm increases
dramatically due to the formation of the PAR,'Zn>" complex. To more precisely
quantify the zinc content of SubL helicase, all of the buffers were treated with Chelex
100 resin. The enzymes were dialyzed against the EDTA-free Chelex-treated buffer
passed over a 10-cm column of Chelex-100 and reconcentrated. To facilitate zinc
release, the enzymes (1 nmol in a volume of 20 pl) were first denatured with
Chelex-treated 7 M guanidine HCI and then transferred to a 1-ml cuvette and the
volume was adjusted to 0.9 ml with buffer A (20 mM Tris-HCI at pH 8.0, 150 mM
NaCl). PAR was added into the cuvette for a final concentration of 100 uM. The
absorbance at 500 nm was measured. The quantity of zinc ion was determined from a
standard curve of ZnCl, samples in a range of concentrations using the sample
preparation procedure as described above with the SubL helicase omitted. The zinc
ion concentration was also determined using the absorbance coefficient for the
(PAR)Z-Zn2+ complex (€sponm = 6.6 X 10° M cm_l).

pH Measurements—pH measurements were performed with a Knick 654 pH meter
and an Ingold microelectrode. For calibration three standard buffers were used, and
the precision was about + 0.01 pH unit at 25 °C. To obtain a pH range from 5 to 10,
30mM sodium citrate, MES, and Tris acetate were employed for pH intervals
5.0-6.0, 5.5-7.2, and 6.8-10, respectively.

ATPase Assay — The ATPase activity was determined by measuring the radioactive
32pi liberated during hydrolysis (20). The measurement was carried out at 37 °C for
10 min in a 40 pl reaction mixture  50mM Tris-HCI pHS8.0, 35mM NaCl, 3mM
MgCl,, 0.lmg/ml BSA, 1 mM DTT, 2mM ATP containing the indicated
concentration of DNA or RNA at the indicated concentration of SubL helicase. The
reactions were initiated by the addition of Sub-L helicase into 40 pl of reaction
mixture and stopped by pipetting 35 pl of aliquots from the reaction mixture every
30 seconds into a hydrochloric solution of ammonium molybdate. The liberated
radioactive 32pj was extracted with a solution of

2-butanol-cyclohexane-acetone-ammonium molybdate (250:250:50:0.1) saturated
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with water. An aliquot of the organic phase was counted.

DNA helicase assay---The unwound y->*P-labeled DNA fragment from a partial
duplex DNA molecule was first determined in 20 pl reaction mixture containing 50
mM Tris—HCI, pH 8.0, 1 mM DTT, 35mM NaCl, 3 mM MgCl,, 2 mM ATP, 100
pg/ml BSA and **P-labeled helicase substrate (~0.45 nM). The recombinant SubL
helicase of indicated concentration was then added to the mixture and incubated at
37°C for 30min. The reaction was terminated by the addition of 2% SDS, 150 mM
EDTA, 30% glycerol and 0.1% bromphenol blue. The products of the reaction were
fractionated by electrophoresis on a 12 or 6% non-denaturing polyacrylamide gel.
The gel was dried and exposed by autoradiography.

DNA strand annealing and exchange assays---The DNA strand-annealing activity of
Sub-L was measured by using complementary synthetic oligonucleotides (each at a
concentration of 0.5 nM), of which one was labeled at the 5'-end using [y->"P]ATP
and T4 polynucleotide kinase. Annealing reactions (typically 20 ul) were carried out
at 37°C in buffer (50 mM Tris—HCI, pH 8.0, 35 mM NaCl, 3 mM MgCl,, 100 ng/ml
BSA and 1 mM DTT ) containing the indicated amounts of Sub-L. Where required,
ATP (2 mM), ATP-y-S (2 mM) and ADP (2 mM) were added. Reactions were usually
initiated by adding the unlabeled DNA strand and were incubated for 20 min. For the
exchange assays, labeled fork substrate Tstem25/Flap26 (1nM) was incubated with
or without SubL (at the concentrations indicated in figure legends) and
oligonucleotide U25 (1nM) for 0-20min at 37  in 20 Al reaction buffer plus ATP
(1mM). Reactions were analyzed essentially as the helicase reactions (see above).
EMSA assay---The recombinant SubL of indicated concentration was incubated with
5'-[y -*’P]- labeled ssDNA or dsDNA (~0.45nM) in a 20 pl reaction mixture
containing 50 mM Tris—HCI, pH 8.0, 35 mM NacCl, 3 mM MgCl,, 100 pg/ml BSA
and 1 mM DTT. Incubation was for 30 min at room temperature. The resulting
mixture was then resolved by 6% non-denaturing PAGE and visualized by
autoradiography. Gels were run at 200 V and 25°C in 0.5%TBE buffer.

DNA Binding Assay under Equilibrium Condition—The binding of SubL helicase to
DNA was also analyzed by fluorescence anisotropy using a Beacon 2000
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fluorescence polarization spectrophotometer (PanVera) as described previously (21).
An appropriate quantity of fluorescein-labeled ssDNA or dsDNA was added to a
standard titration buffer (150 pl of total volume) in a temperature-controlled cuvette
at 25 °C. The anisotropy of the fluorescein-labeled DNA was measured successively
until it stabilized. An appropriate quantity of SubL helicase then was added. The
anisotropy then was measured continuously until it reached a stable plateau. To
determine the concentration of the helicase-DNA complex, fluorescence signals
observed in these SubL helicase titrations were subtracted by those observed in the
absence of enzyme. The increase in sample volume during the titration was taken
into account in the analysis of the data. The reported values represent the averages of

two to three measurements.
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RESULTS

Purification of a Recombinant Sub-L Protein---- To study the enzyme functions, the
SubL helicase was overexpressed in and purified from E. coli. Gel electrophoresis of
the protein in denaturing conditions gave a single band corresponding to a molecular
mass of about 68kDa (Fig. 1B), consistent with the value determined from the amino
acid sequence (66,783Da). Immunoblotting with an anti-His monoclonal antibody
confirmed that the overexpressed protein was the desired product (data not shown).
Large-scale preparations of the recombinant protein were then carried out, and the
protein was purified to near homogeneity (Fig. 1B).

We have determined the ability of the purified SubL protein to bind zinc by using

the PAR assay. 1 mol of the SubL helicase binds 1.11+0.17 mol of Zn*". This result is
consistent with the prediction from the primary amino acid sequence of SubL
helicase, indicating that the enzyme contains a zinc-binding motif.
DNA-dependent ATPase Activity---- To determine the ATPase activity, the purified
recombinant SubL protein was tested for its ability to hydrolyze ATP in the presence
and absence of DNA and RNA. As shown in Fig. 2, a DNA-dependent ATPase
activity was readily detected. Hydrolysis of ATP was almost equally efficient in the
presence of several different DNA cofactors, including either single- or
double-stranded DNA but not in the presence of RNA or in the absence of DNA (Fig.
2A). Therefore, SubL is an ATP dependent DNA helicase but not a RNA helicase.
Whereas the previous study on the E.coli RecQ ATPase was shown that
single-stranded DNA was a much more effective cofactor than double-stranded DNA
(22).

Previous studies indicated that the ATPase activity of the helicase is Mg
dependent.  Fig. 2B shows that the ATP hydrolysis by SubL is dependent on
divalent cations such as Mg2+, but not Mn2+, Ca2+, Zn*",

The pH dependence of ATPase activity of SubL protein has been next investigated.
The SubL helicase displays an optimum ATPase activity between pH 7.0 and 8.8 (Fig.
2C).
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The ssDNA-stimulated ATPase activity of the SubL helicase has been studied as a
function of ATP concentration. As come from Fig. 2D, the k., value is 6.87 /s, the
Kd value is 699uM. This result indicates that the ATPase activity of SubL is less than
that of RecQ protein from E. coli (kc.: 35.2/s, Kd: 250uM) (17).

DNA Unwinding Activities Assay versus Sub-L Helicase Concentration----To
determine the optimal amount of the SubL protein required unwinding dsDNA, its
concentration was varied from 2.5nM to 80nM. As shown in Fig. 3A, 2.5 to 80nM of
the SubL protein can unwind forked DNA with the increasing efficiency by using the
energy derived from the ATP hydrolysis. This indicated that SubL is ATP dependent
DNA helicase.

DNA Unwinding is ATP dependent---- It is well established that RecQ helicase
requires ATP hydrolysis to promote DNA unwinding. AMPPNP and ATP-y-S, the
non-hydrolysable analogs of ATP, inhibited the RecQ-mediated DNA unwinding (22).
Fig. 3B shows that the SubLL enzyme displays no detectable helicase activity in the
presence of 2mM AMPPNP. Except ATP and dATP, UTP, GTP, CTP, dGTP, dCTP
and dTTP cannot be used by the SubL helicase as the energy source to catalyze DNA
unwinding.

Polarity of the DNA Helicase----To determine the polarity of the helicase activity,
the DNA substrates shown in Fig. 4 were used and the recombinant SubL protein was
found to efficiently unwind the 3'-tailed but not 5’-tailed duplex DNA. Generally, the
helicase of RecQ family unwinds duplex DNA with a 3 to 5° directionality. This
result is consistent with that the SubL protein is a unidirectional helicase with 3’ to 5’
polarity.

The RecQ helicase of E. coli expresses a blunt ended duplex DNA unwinding in
its higher concentrations. Whereas, the SubL helicase can’t unwind the duplex DNA
with double blunt ends (data not shown).

The Dependence of the efficiency of DNA unwinding on the length of double
Strands--- To investigate the dependence of the efficiency of DNA unwinding on the
length of the duplex region of partial duplex DNA, several DNA substrates were
prepared by using **P-labeled fragments of 20 and 70 nucleotides annealing to
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PhiX174 virion DNA. A time course of the SubL-mediated strand unwinding
reaction is shown in Fig. 5A and 5B. With the short partial duplex (20bp) substrate,
the labeled fragment was unwound within 5 min, and the amount of fragment
unwound in reaction was increased with the time. However, with the long partial
duplex (70bp) substrate, the labeled fragment was not unwound by the SubL helicase
within 40 min. Therefore, it was found that its length markedly affected the
efficiency of strand unwinding.

SubL Helicase Activity on Partial Duplex DNA ---- Our following studies were
focused on determining the importance of the length of the noncomplementary
5'-ssDNA tail of a forked dsDNA substrate for the efficiency of unwinding by SubL
(Fig. 6A). Because SubL has been found to unwind dsDNA with a 3'-ssDNA tail, the
length of the 5'-ssDNA tail may also be an important factor in the SubL helicase
reaction. As expected, SubL can unwind the forked DNA duplexes with increasing
5’-tail length.

In the other hand, a series of linear substrates with 3'-ssDNA tails of 1, 5, 10, and
25 nucleotides were made to study the effect of 3’-tail length on the unwinding
activity of the SubL helicase (Fig. 6B). The studies done with this series of substrates
clearly showed that all the substrates with 3’-tails, even if it is Int long could be
efficiently unwound by the Sub-L helicase (Fig. 6B).

Following this observation, a set of substrates of the partial duplex DNA with
different structures and with various lengths of the double-strand regions were
prepared to obtain novel information on the substrate specificity of the Sub-L
helicase. Substrates with a 20bp oligonucleotide annealed to PhiX174 virion ssDNA
were unwound by the SubL helicase, regardless of the presence or absence of
mismatched hanging tails at the 5'-end or the 3'-end (Fig. 6C). However, if the
duplex region was increased to 70bp, the substrate could not be unwound (Fig. 5B).
SubL Unwinds a 5'-Flap Substrate Flanked by Adjacent Duplex DNA. ---- To assess
whether the SubL helicase is able to unwind a 5'-flap substrate, we tested a DNA
substrate related to the forked duplex with 26-and 25-nucleotide 5'- and 3'-ssDNA
tails, respectively, which also contains an upstream 25-mer hybridized to the
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upstream ssDNA region that resides below the flap (Fig.7A, substrate A). A nick
separating the adjacent oligonucleotides characterizes substrate A. The results of
unwinding by using substrate A is shown in Fig. 7A. 0.2uM SubL can efficiently
unwind the 5'-flap substrate, releasing the duplex DNA with a labeled 5'-tail. This is
consistent with the 3’ to 5’ polarity of the SubL helicase.

SubL Unwinds a Synthetic Replication Fork DNA Substrate----We also tested a
forked duplex in which both the 5'- and 3'-tails were double-stranded (Fig.7A,
substrate C). This substrate mimics a synthetic DNA replication fork with
double-stranded leading and lagging strands. The duplex forked DNA substrate
(substrate C) was unwound by the SubL at the concentration tested (0.2uM),
however, only releasing the duplex DNA with a labeled 5'-tail. This is also consistent
with the 3’ to 5’ polarity of the SubL helicase. Hence SubL is able to unwind the
synthetic replication fork.

SubL helicase can disrupt Kappa joint molecule and Holliday Junction---- The
properties of Kappa joint molecule suggested that it could be composed of a linear
dsDNA molecule that was invaded by homologous ssDNA; the resultant joint
molecule would resemble the letter K and, hence, is referred to as a Kappa
intermediate. To test the unwinding of Kappa intermediate catalyzed by the SubL
helicase, we prepared a substrate (Fig. 7A, substrate B) which mimics Kappa joint
molecule. The result shows that the Sub-L helicase can unwind it (Fig. 7A, 7B).
Meanwhile, the SubL helicase could unwind the four-way junction DNA substrate
that mimics a Holliday junction (Fig. 7B).

Sub-L helicase possesses DNA strand-annealing activity but can’t promote DNA
exchange----We incubated two complementary oligonucleotides (those used to make
the blunt end double-strands DNA substrate) with increasing amounts of SubL in the
absence of ATP, and subsequently analyzed the reaction products by 12%
nondenaturing polyacrylamide gel electrophoresis (PAGE). We found that SubL
promoted an efficient annealing reaction (Fig. 7C). Using 1 nM ssDNA, we found
that annealing was dependent on protein concentration. But the ATP can inhibit the
DNA strand-annealing promoted by SubL protein (data not shown). Therefore the
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DNA strand-exchange catalyzed by SubL hasn’t been observed (data not shown).
DNA Binding by SubL protein---- To understand the mechanism of SubL mediated
ssDNA annealing, we studied the relationship between the DNA binding affinity and
annealing activity of SubL. The DNA binding activity of the purified recombinant
protein was investigated using the electrophoretic mobility shift assay (EMSA) (Fig.
8A,8B). The SubL protein was found to bind single-stranded DNA (ssDNA), since
the presence of increasing amounts of the protein progressively reduced the gel
electrophoretic mobility of the DNA (Fig. 8A).

To test the possibility that binding to the single-stranded DNA might be facilitated
by secondary structures within it, the SubL binding to a forked DNA substrate was
examined. The forked DNA was prepared by the annealing of two partially
complementary oligonucleotides, 44 nucleotides in length. It was found that
incubation of *?P-labeled forked DNA with the SubL protein resulted in the
formation of a more stable protein-DNA complex (Fig. 8B), as detected by
polyacrylamide gel electrophoresis. These results are consistent with the preference
of the forked DNA bound by SubL helicase analyzed with fluorescence polarization
(Fig. 8C). The weak SubL protein-ssDNA interaction could catalyze ssDNA

annealing.
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DISCUSSION

We have shown that a purified recombinant SubL protein possesses helicase and
ATPase activity. As the zinc finger motif of RecQ-Ct is necessary for the enzyme
activity of the RecQ helicases (17, 18), the function of the SubL protein is likely
related with its zinc finger motif. The DNA unwinding by SubL is dependent on the
presence of ATP or dATP which is hydrolyzed to provide the energy for the
unwinding. Unlike the E. coli RecQ helicase, which is stimulated by single-stranded
DNA but not by double-stranded DNA, the hydrolysis of ATP by the recombinant
Sub-L protein is strongly stimulated by both forms of DNA and is dependant on
Mg, Sub-L helicase displays an optimum ATPase activity between pH 7.0 and 8.8.

The polarity of unwinding by SubL helicase is 3' to 5' with respect to the
overhanging single-stranded DNA to which the Sub-L is binding. Consistent with
this directionality, it was shown that SubLL unwinds a duplex DNA substrate with a
3'-ssDNA tail but not a substrate with a 5'-ssDNA tail. These findings mightlead one
to believe that Sub-L requires a free 3'-ssDNA tail to initiate unwinding of duplex
DNA substrates. However, the ability of SubL to unwind 5'-flap and synthetic
replication fork substrates indicates that SubL does not require a preexisting
3'-ssDNA tail in the DNA substrate for either loading or initiating of unwinding. The
characteristics of the unwinding activity by SubL are similar to those by E. coli RecQ
protein (22), which shares homology with SubL within the helicase domain. Of the
other members of the RecQ family of DNA helicases, the human RecQL protein has
previously been purified and found to have DNA unwinding activity in vitro (11,23).
Recently, the BLM and WRN proteins (human homologues of RecQ) were also
overexpressed and shown to possessa DNA helicase function (24-26). It thus seems
that all of the members of the RecQ family likely possess a common helicase activity.

It has been shown here that the unwinding of blunt-ended double-stranded DNA
substrates by SubL is undetectable under the assay conditions employed and hence
SubL helicase can’t unwind the duplex DNA with double blunt ends. In contrast,

E.coli RecQ protein, like several other helicases such as RecBCD, can initiate duplex
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DNA unwinding from a blunt-ended terminus (27; reviewed in 2, 28). The addition
of a single-stranded tail (a 3'-tail for 3'—5' helicase or a 5'-tail for a 5'—3" helicase) to
a duplex DNA could be enough to produce a good substrate for many helicases,
including those incapable of unwinding from blunt ends. In their studies Bennett et
al. (29) concluded that Sgslp, the Saccharomyces cerevisiae homologue of SubL,
had a requirement for a 3'-tail of at least 3 nt and used the junction of both
single-stranded and double-stranded DNA as a key site in the substrate recognition
process. In our studies, as expected, a 5'-tailed duplex DNA is not a substrate for
SubL helicase but 3’- tailed duplex is.

The efficiency of strand unwinding by the recombinant SubL protein decreases
sharply with increasing length of the strand to be unwound. The unwinding assay
used here, however, detects only complete unwinding, and partially unwound
fragments would not be scored. It is therefore plausible that the longer DNA strands
reannealing behind the translocating SubL protein could reduce the observed
efficiency of unwinding. Alternatively, the recombinant SubL helicase might exhibit
a low processivity and might fall off the DNA before completing the unwinding of
the annealed fragment.

SubL helicase studies with a synthetic replication fork substrate demonstrate that
unwinding specifically occurs in the direction of the fork and that the
double-stranded 3'-arms of the fork are not unwound. The unidirectional movement
of SubL in a 3' == 5' direction and disruption of the complementary Watson-Crick
base pair of the duplex region ahead of the fork structure would result in the release
of the complementary DNA species, whether it is a single strand or a partially duplex
molecule that retains a double-stranded region within the arm of the original DNA
substrate.

The ability of SubL helicase to unwind 5'-flap and synthetic replication fork
substrates efficiently suggests that SubL has the capacity to load onto duplex DNA
by virtue of a junction recognition property. Because the synthetic replication fork
substrate was detectably unwound by SubL. Thus, it may initiate unwinding of DNA
duplex substrates by a mechanism that does not require an interaction between the
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protein and the ssDNA tails of the forked duplex substrate.

A 3'-ssDNA tail in DNA structure is not only requirement for unwinding of B
form duplex DNA by SubL. The protein SubL may also act as a helicase on a
synthetic X structure (a model for the Holliday junction recombination intermediate).
The former structure forms a stacked X structure in the presence of Mg®" (present
during the helicase assay) and therefore lacks ssDNA, even at its core (30). Thus
SubL certainly does not require a free 3'-ssDNA tail or any preexisting ssSDNA tracts
in the substrate to catalyze efficient unwinding.

The action of the SubL helicase on the 5’-flap substrate is interesting from a
genetic viewpoint because this structure is a key DNA intermediate during lagging
strand synthesis of DNA replication. The average size of an Okazaki fragment
(100-150 nucleotides) (31) may be influenced by the action of SubL helicase on the
flap structure. In this study, we have demonstrated that SubL is able to displace the
5’-ssDNA flap. The ability of SubL helicase to unwind the duplex ahead of a fork
structure that contains fully double-stranded leading and lagging strands may be
important for the maintenance of fork progression when replication undergoes
pausing. Precisely how SubL helicase acts in vivo to maintain genome stability
remains to be defined, but it is likely to involve its helicase function on a structural
intermediate of an important DNA metabolic pathway.

Using an assay based on the electrophoretic mobility of a DNA bound to protein,
the recombinant SubL protein was shown to have a higher affinity for a forked DNA
substrate than single-stranded DNA. This may have implications for the mechanism
of DNA unwinding by SubL, since it has been suggested that preferential binding of
the enzyme to such a junction might be important for helicase action (2). Meanwhile,
the weak SubL protein-ssDNA interaction could catalyze ssDNA annealing.

Most importantly, the present study revealed that SubL protein exhibits an efficient
DNA strand-annealing activity. At the present time, the biological significance of
these findings cannot be readily assessed because of the lack of information on the
phenotypic consequences of SubL deficiency in Bacillus subtilis cells. The
biochemical activities of SubL suggest that the helicase may be implicated in a DNA
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reparation that demands the cooperation between DNA unwinding and DNA
strand-annealing. Cooperation of the DNA helicase and reannealing activities can
facilitate regression of replication fork while the annealing activity promotes base
pairing of the newly synthesized strands during the fork regression (32). Consistent
with this, the SubL protein can unwind preferentially the 5'-flap DNA and synthetic
replication fork. Further analysis of the roles of SubL in vivo will be important to

understand the functions of the RecQ helicase in maintaining genomic integrity.
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TABLE I
Oligonucleotide sequences used for helicase measurement in this study

Name length (nt) sequence

174-1 20 5’- TCAGCACCAGCACGCTCCCA-3’

174-2 35 5’- TCAGCACCAGCACGCTCCCA ttttttttttttttT-3°
174-4 35 5’-aaaaaaaaaaaaaaa T CAGCACCAGCACGCTCCCA-3’
Bubble-F 70 5’-TGC-AGT-AGC-GCC-AAT-ATG-AGA-AGA-GCC

ATA-CCG-CTG-ATT-CTG-CGT-TTG-CTG-ATG-
AAC-TAA-GTC-AAC-CTC-A-3’

TstemO1 20 5’-GCA-CTG-GCC GTC GTT TTA CG-3’

Tstem05 24 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG-3’

Tstem10 29 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG TGA CT-3’

Tstem25 44 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG TGA CTG GGA AAA

CCCTGG CG-3’

FLAPOO 19 5’-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAPO1 20 5’-A-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAPOS5 24 5’-TC-CAA-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAP10 29 5’-T-TTT-TTC-CAA-GTA-AAA-CGA-CGG-

CCA-GTG-C-3’
FLAP26 45 S-TTTTTTTTTTTTTTTTTT-TTT-TTC-CAA-GTA
-AAA-CGA-CGG-CCA-GTG-C

U2s 25 5’-CGC-CAG-GGT-TTT-CCC-AGT-CAC-GAC-C-3’

U25comp 44

5’-CGC-CAG-GGT-TTT-CCC-AGT-CAC-GAC-CAA-CCC-CTT-TTT-TTT-TTC-AA-3’

FLAP26Comp 26 5’-TTG-GAA-AAAAAAAAAAAAAAAAAAAA-3’

Sub03 19 5’-GAC-GAA-CCT-TTG-CCC-ACG-T-3°

02Bis 40 5’-ACG-TGG-GCA-AAG-GTT-CGT-CAA-TGG-

ACT-GAC-AGC-TGC-ATG-G-3’

Nick0 21 5’-CCA-TGC-AGC-TGT-CAG-TCC-ATT-3’

Nick2 19 5’-CCA-TGC-AGC-TGT-CAG-TCC-A-3’

Nick4 16 5’-CCA-TGC-AGC-TGT-CAG-T-3’

H1 41 5’-GCC-GTG-ATC-ACC-AAT-GCA-GAT-TGA-CGA-

ACC-TTT-GCC-CAC-GT-3’

H2 41 5’-GAC-GTG-GGC-AAA-GGT-TCG-TCA-ATG-GAC-
TGA-CAG-CTG-CAT-GG-3’

Ho 41 5’-GCC-ATG-CAG-CTG-TCA-GTC-CAT-TGT-CAT-
GCT-AGG-CCT-ACT-GC-3’

H7 41 5’-GGC-AGT-AGG-CCT-AGC-ATG-ACA-ATC-TGC-
ATT-GGT-GAT-CAC-GG-3’

E21A 21 5’-GTG-TGG-AAA-ATC-TCT-AGC-ATC-3’

E21B 21 5’-ACT-GCT-AGA-GAT-TTT-CCA-CAC-3’

PhiX174

SubA20 50 5’-TCA-AAG-TCA-CGA-CCT-AGA-CAC-TGC-GAG-CTC

-GAA-TTC-ACT-GGA-GTG-ACC-TC
SubB20 50 5’-GAG-GTC-ACT-CCA-GTG-AAT-TCG-AGC-TCG-CAG

-TGT-CTA-GGT-CGT-GAC-TTT-GA
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Figure legends
Figure 1 (A). Amino acid sequence alignment of E. coli RecQ , Bacillus subtilis
SubL. The multiple alignments were performed with the program ClustalW and
refined manually. The numbers at the beginning and end of each sequence correspond,
respectively, to positions of the first and the last amino acid residues. Highly
conserved amino acid residues are shadowed in gray. The protein accession numbers
used by the NCBI are as follows: RecQ, P15043 [GenBanK] (E. coli); SubL, F69901
[GenBanK] (B. Subtilis). (B).Purification of SubL protein. A Coomassie
Blue-stained 10% SDS-polyacrylamide gel of a crude cell extract and the purified
SubL. protein by FPLC size exclusion chromatography (lane2 and lane3).The
molecular mass standards (lane M) are shown on both sides. Lane2: 0.5ug protein,

lane3: 1pg protein.

Figure 2 (A) Effect of different DNA or RNA on ATPase activity of SubL helicase.
DNA-dependent ATP hydrolysis activity of SubL helicase as a function of enzyme
concentration. : no DNA, m: 60nt ssDNA 24uM(nt), e: 7kb PN6 DNA 28uM(bp),¢
5.5kb GC70 plasmid DNA 27.5uM(bp), o: 5.5kb GC70 plasmid DNA denatured
27.5uM(bp), A: 678nt RNA 24uM(nt). ATP 2mM. (B) Requirement for ATP
hydrolysis catalyzed by SubL protein. Experiments were performed at 37 °C with
0.1]aM protein and 24 uM ssDNA (nucleotide, 60-mer oligonucleotide) for each
helicase preparation , 3mM Mg2+, 3mM Mn2+,3mM Ca2+, 3mM Zn2+, 15mM EDTA,
2mM AMPPNP and 2 mM ATP respectively. (C) Effect of different pH on ATPase
activity of SubL helicase. Experiments were performed at 37 °C with 0.1 M
protein for each helicase preparation , 24 uM ssDNA (nucleotide, 60-mer
oligonucleotide) and 2 mM ATP. (D) ATPase activity of the SubL helicase as a
function of ATP concentration. Experiments were performed at 37 °C with 0.1 M
protein for each helicase preparation and 24 uM ssDNA (nucleotide, 60-mer

oligonucleotide).

Figure 3 (A) DNA unwinding in the presence of varying concentrations of the
SubL. helicase. DNA unwinding assays were performed as described in
"Experimental Procedures" using DNA substrate (0.45nM, Tstem25*/Flap26); each

reaction contained 2.5-80nM helicases respectively and 2mM ATP, * denote y->>P

154



labeled. lane ,boiled substrate. (B) Effects of nucleotides on SubL
helicase-catalyzed DNA unwinding activity. DNA unwinding assays were
performed as described in "Experimental Procedures" using DNA substrate (0.45nM,
Tstem25*/Flap26); each reaction contained 0.1uM helicases and one of the listed
nucleotides at a final concentration of 2mM. * denote y->*P labeled. Lane C, negative

control, lane  ,boiled substrate.

Figure 4 (A) Polarity of DNA unwinding by the recombinant SubL protein.
Reaction mixtures (20 pl each) containing ~0.45nM DNA substrate were incubated
with 0.1uM of the recombinant SubL protein and incubated at 37 °C for 30 min. The
products of the reaction were analyzed by electrophoresis in a 12% polyacrylamide
gel and autoradiography. The substrates are shown in the figure (Tstem25*/Flap00,
Tstem25*/U25). * denote y->2P labeled. Lane C, negative control, lane -, no DNA

unwinding, lane +, DNA unwinding, lane ~ ,boiled substrate.

Figure 5 Time course of the strand displacement reaction mediated by the
recombinant SubL protein. (A). A reaction mixture (20 pl) containing 0.45 nM
substrate (#X174 virion DNA annealed with a **P-labeled 20-nucleotide fragment,
PhiX174-1*/PhiX174) in the helicase assay buffer was incubated at 37 °C with the
addition of the SubL protein (0.2uM). (B). A reaction mixture (20 ul) containing
0.45nM substrate (#X174 virion DNA annealed with a **P-labeled 70-nucleotide
fragment, Bubble-F*/PhiX174) in the helicase assay buffer was incubated at 37 °C
with the addition of the SubL protein (0.2uM). Following the addition of the
recombinant SubL protein, 20-pl reaction mixtures were mixed with excess EDTA to
terminate the reactions at the times indicated. The products were analyzed by 12%
nondenaturing polyacrylamide gel electrophoresis and by autoradiography. lane

,boiled substrate.

Figure 6 (A) 5°-Tail length dependence studies. The unwinding were determined
with four DNA substrates having an 3°-ssDNA tail of 26nt and an 5’-ssDNA tails of 1,
5, 10 and 26nt (Tstem25*/Flap00, Tstem25*/Flap01, Tstem25*/Flap05,
Tstem25*/Flap10, Tstem25*/Flap26), respectively. The concentration of the SubL
helicase used in all studies was 0.1uM. Asterisks denote the *’P-labeled end. (B)
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3’-Tail length dependence studies. The unwinding were determined with four DNA
substrates having an ssDNA tails of 1, 5, 10 and 25nt (Flap00*/TstemOl,
Flap00*/Tstem05, Flap00*/Tstem10, Flap00*/Tstem25). The concentration of the
SubL helicase used in all studies was 0.2uM. Asterisks denote the **P-labeled end. (C)
Helicase activity with various substrates. Each panel shows the structure of the
substrate used and an autoradiogram of the gel. A reaction mixture (20 pl) containing
0.45nM  indicated  substrate = (PhiX174-1*/PhiX174, PhiX174-4*/PhiX174,
PhiX174-2*/PhiX174) in the helicase assay buffer was incubated for 30min at 37 °C
with the addition of the SubL protein (0.2uM). The products were analyzed by 12%
nondenaturing polyacrylamide gel electrophoresis and by autoradiography. Asterisks
denote the **P-labeled end. Lane C, negative control, lane +, DNA unwinding, lane

,boiled substrate.

Figure 7 (A) SubL unwinds a 5'-ssDNA flap substrate, Kappa joint molecule and
forked DNA substrates with 5'- and 3'-tails dsDNA. A reaction mixture (20 ul)
containing 0.45nM indicated substrate (Tstem25*/Flap26/U25,
Tstem25*/Flap26/U25Comp, Tstem25*/Flap26/U25/Flap26Comp) in the helicase
assay buffer was incubated for 30min at 37 °C with the addition of the SubL protein
(0.2uM). The products were analyzed by 12% nondenaturing polyacrylamide gel
electrophoresis and by autoradiography. Asterisks denote the *P-labeled end. Lane C,
negative control, lane +, DNA unwinding, lane ,boiled substrate. (B) SubL
unwinds the four-way junction DNA substrate. A reaction mixture (20 ul)
containing 0.45nM indicated substrate (H1*/H2, H1*/H2/H7, H1*/H2/H7/H6) in the
helicase assay buffer was incubated for 30min at 37 °C with the addition of the SubLL
protein (0.2uM). The products were analyzed by 12% nondenaturing polyacrylamide
gel electrophoresis and by autoradiography. Asterisks denote the *?P-labeled end.
Lane C, negative control, lane +, DNA unwinding, lane  ,boiled substrate. (C)
SubL helicase promotes DNA strand annealing. Formation of 50-bp blunt end
duplex in the presence of varying concentrations of SubL. The SubA20 and SubB20
complementary oligonucleotides (1 nM), of which SubA20 was radiolabeled at its
5'-end, were incubated with the indicated concentrations of SubL for 20 min at 37°C.
The reaction products were separated by 12% nondenaturing PAGE and visualized by

autoradiography. lane +, DNA pairing positive control.
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Figure 8 (A) ssDNA binding by the recombinant SubL protein. Electrophoretic
mobility shift measurements were carried out to determine the binding of the SubL
with single-stranded DNA (ssDNA, Tstem25*). Reaction mixtures (20 ul each)
contained DNA (0.45nM) and Sub-L (0, 5, 10, 20, 40, 80 and 160nM) in binding
buffer as described under "Experimental Procedures." Reactions were incubated for
30 min at room temperature before loading onto a 6% nondenaturing polyacrylamide
gel to separate the protein-DNA complexes electrophoretically. DNA was visualized
by autoradiography. * denote y-"°P labeled. (B) Preference for binding of forked
DNA by the SubL protein. 5'-*’P-end-labeled forked DNA substrates (Flap26/
Tstem25*) were incubated with the Sub-L protein in binding buffer as described
under "Experimental Procedures." Reaction mixtures (20 pl) contained DNA (0.45nM)
and Sub-L (0, 5, 10, 20, 40 and 80nM). Protein-DNA complexes were analyzed by
electrophoresis in a 6% nondenaturing polyacrylamide gel and autoradiography. *
denote y-*’P labeled. (C) Preference for binding of forked DNA by the SubL
protein analyzed by TFA method.
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Figure 3
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Figure 8
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4. Etude de I’hélicase de la famille RecQ
chez Bacillus subtilis II. La protéine SubS
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4.1. Présentation
Selon des données génomiques, Bacilus subtilis posséde deux hélicases de la

famille RecQ. L’ hélicase SubS est la forme la plus courte. Selon sa séquence d'acides
aminés (Fig. 1A de D’article 4), la protéine SubS de Bacilus subtilis possede un
domaine helicase et un domaine RecQ-Ct mais pas de domaine HRDC. Cette hélicase
putative n’a pas ¢été caractérisée. Pour étudier la fonction de SubS, la protéine a été
exprimée chez E. coli, purifiée et caractérisée par les méthodes biochimiques.

Nous avons détecté des ions zinc fixés par la protéine SubS en utilisant la
technique de PAR (4-(2-Pyridylazo)resorcinol) et nous avons montré que 1 mole
d’hélicase SubS fixe effectivement 1 mole d’ion zinc. Ce résultat indique que
I'enzyme contient un motif fixant un ion zinc. Nous avons aussi étudié 1’activité
ATPase catalysée par SubS en présence ou absence d’ADN et d’ARN. Les résultats
montrent que SubS est une ATPase ADN dépendante mais pas une ATPase ARN
dépendante. Nos données démontrent que 1'hydrolyse de I'ATP catalysée par SubS est
dépendante du Mg”", mais pas du Mn®", Ca*", Zn*". L’hélicase SubS montre une
activité ATPase optimale entre pH 7.0 et 8.8. L'activit¢é ATPase de SubS (kcat : 0.4/s)
est plus faible que celle de la protéine RecQ d’E. coli (kcat : 35.2/s) (Liu et al., 2004).

Ensuite, nous avons étudi¢ I’activité hélicase de SubS en utilisant 1’électrophorése
et 1’autoradiographie. Les résultats indiquent que la protéine SubS est une ADN
hélicase. Nous avons aussi montré que la protéine SubS est une hélicase de polarité
3'-5'. L’hélicase SubS n’est pas capable de dérouler un ADN duplex avec des
extrémités franches et un ADN duplex avec une cassure. Nous avons démontré que
I’hélicase SubS ne peut pas dérouler un ADN duplex avec un flap 5°, une structure de
type fourche de réplication, une structure Kappa ou une structure a 4 branches
mimant une jonction de Holliday.

Enfin, nous avons montré que SubS ne peut pas favoriser I’hybridation de I’ADN.
Elle fixe plus fortement I’ADN simple brin que I’ADN double brin contenant une
fourche.

En résumé, la protéine SubS est aussi une ADN hélicase et une ATPase ADN

dépendante, mais ses activités hélicase et ATPase sont faibles.

L’ensemble de ces résultats est présenté dans ’article Ne 4.
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4.2. Article Ne 4:

Studies on Helicase of RecQ family from
Bacillus subtillis: II. SubS protein.

Jie Lin Liu and Xu Guang Xi
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ABSTRACT

The Bacteria Bacillus subtilis SubS protein is a member of the RecQ family of DNA
helicases that include the Escherichia coli RecQ protein and the products of human
Bloom's syndrome and Werner's syndrome genes. To study the enzymatic
characteristics of the protein, a recombinant SubS protein was overexpressed in E.
coli and purified to near homogeneity. The purified protein exhibits an ATPase
activity in the presence of single- or double-stranded DNA, but single-stranded DNA
is more effective cofactor. In the presence of ATP, unwinding of duplex DNA by the
recombinant SubS was readily observed. Similar to the E.coli RecQ helicase,
unwinding of the DNA strand occurs in the 3' to 5' direction with respect to the
single-stranded DNA to which the SubS binds. In addition, the recombinant SubS
were found to bind more tightly to a single-stranded DNA substrate than to a forked
DNA. Because there is a zinc finger motif of RecQ-Ct domain but not HRDC domain
in the SubS amino acids sequence, the efficiencies of unwinding and ATPase activity
of SubS are about 15 times less than that of SubL which contains both a zinc finger
motif and a HRDC domain. Moreover, an intrinsic DNA strand-annealing activity has
not been detected in SubS. This study demonstrated that duplex DNA cannot be
unwinded by SubS from either an internal nick or a blunt-ended terminus. It is also
resemble to the two important intermediates of replication/repair, a 5'-ssDNA flap
substrate and a synthetic replication fork as well as a synthetic X-structure (a model

for the Holliday junction recombination intermediate).
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INTRODUCTION

Helicases are ubiquitous enzymes that use the free energy of nucleotide
triphosphate hydrolysis to unwind double-stranded DNA into the constituent single
strands (1-3). They play essential roles in nearly all DNA metabolic processes,
including DNA replication, recombination and repair.

DNA helicases of the RecQ family, named after the 3'-5' DNA helicase RecQ of
Escherichia coli, unwind a wide variety of potentially recombinogenic DNA
structures, including four-way junctions, D-loops and G-quadruplex DNA. RecQ
helicases are highly conserved from bacteria to humans. Generally, prokaryotes and
unicellular eukaryotes such as Saccharomyces cerevisiae or Schizosaccharomyces
pombe possess only a single RecQ homolog, while multicellular organisms have

severals (4-6).

Unlike E. coli containing only one RecQ protein with DNA helicase activity (7),
Bacillus subtilis could possess more than one such putative helicase (8). This is
similar with the fact that human cells contain five RecQ helicases (RecQ1, BLM,
WRN, RecQ4 and RecQ5) (5, 9). Although the B. subtilis “recQ” gene has not yet

been tested, the gene seems to be nonessential for cell viability (9, 10).

In all organisms, defective RecQ helicase function is associated with genomic
instability, which is generally manifested as an increase in the frequency of
inappropriate recombination events. Mutations in genes encoding the human RecQ
helicases BLM, WRN and RECQ4 give rise to the hereditary disorders Bloom's
syndrome, Werner's syndrome and Rothmund—Thomson syndrome, respectively (4).
These diseases are associated with cancer predisposition and premature aging.
Although the precise DNA metabolism mediated by RecQ helicases remain elusive,
the enzymes have been implicated in DNA replication, recombination and reparation
(4).

RecQ helicases possess the helicase and RecQ-Ct (RecQ C-terminal) domains,
which form the catalytic core of the enzyme (4, 11). The former is homologous to the
superfamily 2 helicases, while the latter is unique to the RecQ family. Recent
structural studies on the E. coli RecQ helicase have shown that the RecQ-Ct region

forms two subdomains (12). The proximal part of this region folds into a platform of
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four helices containing a Zn*'-binding site and the distal part forms a specialized
helix—turn—helix motif, called the winged-helix (WH) domain (12).

According to its amino acids sequence (Fig. 1A), there is both a helicase domain
and a RecQ-Ct domain but not a HRDC domain in the SubS protein (RecQ
homologue) from B. subtilis. The previous studies indicated that the zinc finger motif
of RecQ-Ct is very important for the protein structure and the enzyme function of the
RecQ helicases (13, 14). In this paper, we showed the DNA-dependent ATPase,

helicase, and DNA annealing activities of the purified protein.
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EXPERIMENTAL PROCEDURES

Reagents—Chemicals were reagent grade and all solutions were prepared using
ELGA pure water. [y->"P] ATP was purchased from Amersham Biosciences. EDTA,
2-mercaptoethanol, ATP, and AMPPNP were obtained from Sigma. T4 polynucleotide
kinase was from New England Biolabs. TE: 10mM Tris-HCI1 (pHS8.0), ImM EDTA
(pHS.0).

Nucleic Acid Substrates—Oligonucleotides were purchased from Genset and further
purified by polyacrylamide gel electrophoresis. The sequences of the oligonucleotides
used for helicase activity measurement in this study are listed in Table I. The DNA or
RNA used for a cofactor of ATPase activity of Inf helicase are: 60nt ssDNA, 7kb PN6
DNA linear, 5.5kb GC70-plasmid DNA, 5.5kb GC70-plasmid DNA denatured,
678nt RNA. For each substrate (see figures below) a single oligonucleotide was
5’-end-labbelled with [y->*P]JATP using T4 polynucleotide kinase and purified with
Sephadex-G25-TE column. The labeled oligonucleotides were annealed to their

unlabelled complementary strands at a 1:1-2 molar ratio by incubation at 95  for 5

min followed by slow cooling to room temperature. For purification of the substrates,
the annealed oligonucleotides were purified with Sephadex-G50, G75, and G100 TE
columns respectively, according to their length.

Protein Expression—A full coding region of Sub-S helicase DNA was prepared by
PCR using Bacillus subtilis chromosome DNA. A 1.5-kb PCR product was cloned
into pPGEM®-T easy vector, and the sequence of this insert was shown to be identical
to the published Sub-S helicase gene sequence. The DNA corresponding to the coding
sequence of the SubS helicase gene was amplified again by PCR-mediated
amplification, using a set of oligonucleotides corresponding to the 5'- and 3'-ends of
the gene. These primers had additional bases at each end for creation of restriction
sites: Ndel at the 5'-end (5'-CAT ATG ACT AAA TTA CAG CAA ACG TTA TAT
CAG TTT-3") and Xhol at the 3'-end of the gene (5'-AGC TTG CAG ACT GTA GGT
GAG CTG AAC TGA CTC GAG-3") for expression of the Sub-S helicase bearing a
hexahistidine tag at the NH,-terminal end. The amplified product was digested with
Ndel and Xhol enzymes, and the appropriate size fragment (1488bp) was gel-purified
and subcloned, respectively, into Ndel/Xhol sites of the vector PET-15b. The
PET-15b vector encodes a hexahistidine tag at the amino terminus that allows

purification of the expressed protein on a nickel-chelating column. A thrombin
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cleavage site was adjacent to the histidine tag. The constructed plasmid was
transformed in E. coli strain BL21(DE3)/TrxB. The bacteria were grown at 37 °C in
terrific broth supplemented with 50pg/ml ampicillin and 15pg/ml kanamycin. The
expression of the protein was induced by adding isopropylthio-D-galactoside to 0.2
mM at low log phase (A600 = 0.6). The culture was then incubated for 12-14 h at
15-18 °C. Cells were harvested by centrifugation at 3,000 % g for 15 min at 4 °C.
Protein Purification—His-tagged SubS helicase was overexpressed in E. coli BL21
(DE3)/TrxB and purified under native conditions. Briefly, harvested cells were
suspended in 30 ml of suspension buffer (20mM Tris-HCI, pH 7.9, SmM imidazole,
500mM NaCl) and were lysed using a French pressure cell. The lysate was then
sonicated in order to shear DNA into small fragments. The lysate was cleared by
centrifugation at 70,000 x g for 30 min at 4 °C. The supernatant was applied to the
column charged with histidine binding resin (Novagen). The column was washed
with 20mM Tris-HCI (pH 7.9) buffer containing 500mM NaCl, 5SmM imidazole. The
proteins bound to the column were eluted stepwise using 20mM Tris-HCI (pH 7.9)
buffer containing 40, 50, 80, 200, or 500mM imidazole. SubS helicase-containing
fractions, identified by both DNA-dependent ATP hydrolysis and helicase activity
assays, were pooled. SubS helicase was further purified by FPLC size exclusion
chromatography (Superdex 200; Amersham Biosciences). The active fractions were
pooled, dialyzed against storage buffer (20mM Tris-HCI, pH 7.9, 500mM NacCl, 2mM
dithiothreitol, 10% glycerol), and stored at —80 °C. The protein was pure as judged by
Coomassie staining and electrospray mass spectrometry. Protein concentration was
determined spectrophotometrically using a Bio-Rad Protein Assay.

Quantification of Zinc lon Bound to SubS Helicase—The zinc content of SubS
helicase was measured by the PAR (4-(2-Pyridylazo)resorcinol) assay as described by
Hunt et al. (15). PAR has a low absorbance at 500 nm in the absence of zinc ion.
However, in the presence of zinc ion, the absorbance at 500 nm increases dramatically
due to the formation of the PAR>-Zn*" complex. To more precisely quantify the zinc
content of SubS helicase, all of the buffers were treated with Chelex 100 resin. The
enzymes were dialyzed against the EDTA-free Chelex-treated buffer passed over a
10-cm column of Chelex-100 and reconcentrated. To facilitate zinc release, the
enzymes (1 nmol in a volume of 20 pl) were first denatured with Chelex-treated 7 M
guanidine HCI and then transferred to a 1-ml cuvette and the volume was adjusted to

0.9 ml with buffer A (20 mM Tris-HCI at pH 8.0, 150 mM NacCl). PAR was added
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into the cuvette for a final concentration of 100 uM. The absorbance at 500 nm was
measured. The quantity of zinc ion was determined from a standard curve of ZnCl,
samples in a range of concentrations using the sample preparation procedure as
described above with the SubS helicase omitted. The zinc ion concentration was also
determined using the absorbance coefficient for the (PAR)2~2112+ complex (&soonm = 6.6
x 10*M ' em™).

pH Measurements—pH measurements were performed with a Knick 654 pH meter
and an Ingold microelectrode. For calibration three standard buffers were used, and
the precision was about = 0.01 pH unit at 25 °C. To obtain a pH range from 5 to 10,
30mM sodium citrate, MES, and Tris-acetate were employed for pH intervals 5.0-6.0,
5.5-7.2, and 6.8-10, respectively.

ATPase Assay — The ATPase activity was determined in an assay by measuring the
radioactive **Pi liberated during hydrolysis (16). The measurement was carried out at
37 °C for 10 min in a 40 pl reaction mixture (50mM Tris-HCI pHS8.0, 35mM NacCl,
3mM MgCl,, 0.1lmg/ml BSA, ImM DTT, 0.2mM ATP) containing the indicated
concentration of DNA or RNA at the indicated concentration of SubS helicase. The
reactions were initiated by the addition of SubS helicase into 40 ul of reaction
mixture and stopped by pipetting 35 ul of aliquots from the reaction mixture every 30
s into a hydrochloric solution of ammonium molybdate. The liberated radioactive **Pi
was extracted with a solution of 2-butanol-cyclohexane-acetone-ammonium
molybdate (250:250:50:0.1) saturated with water. An aliquot of the organic phase was
counted.

DNA helicase assay---The helicase assay measures the unwinding of a y->-P-labeled
DNA fragment from a partial duplex DNA molecule. The 20 pl reaction mixture
contained 30mM Tris—acetic, pH 7.9, ImM DTT, 20mM NaCl, 3mM MgCl,, 2mM
ATP, 100 pg/ml BSA and **P-labeled helicase substrate (~0.45nM). The recombinant
SubS helicase of indicated concentration was added to the mixture and incubated at
37°C for 30min. The reaction was terminated by the addition of 2% SDS, 150mM
EDTA, 30% glycerol and 0.1% bromphenol blue. The products of the reaction were
fractionated by electrophoresis on a 12 or 6% non-denaturing polyacrylamide gel.
The gel was dried and exposed by autoradiography.

DNA strand annealing and exchange assays---The DNA strand-annealing activity of
SubS was measured using complementary synthetic oligonucleotides (each at a

concentration of 0.5 nM) of which one was labeled at the 5'-end using [y->*P]JATP and
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T4 polynucleotide kinase. Annealing reactions (typically 20 ul) were carried out at
37°C in buffer (50 mM Tris—HCI, pH 8.0, 35 mM NaCl, 3 mM MgCl,, 100 pg/ml
BSA and 1 mM DTT ) and contained the indicated amounts of SubS. Where required,
ATP (2 mM), ATPyS (2 mM) and ADP (2 mM) were added. Reactions were usually
initiated by adding the unlabeled DNA strand and were incubated for 20 min. For the
exchange assays, labeled fork substrate Tstem25/Flap26 (1nM) was incubated with or
without SubS (at the concentrations indicated in figure legends) and oligonucleotide
U25 (1InM) for 0-20min at 37  in 20 pl reaction buffer plus ATP (ImM). Reactions
were analyzed essentially as the helicase reactions (see above).

EMSA assay---The recombinant SubS of indicated concentration was incubated with
5‘—[3/—3 ?P]- labeled ssDNA or dsDNA (~0.45nM) in a 20 pl reaction mixture containing
30mM Tris—HCI, pH 7.9, 20mM NaCl, 3mM MgCl,, 100 ng/ml BSA and ImM DTT.
Incubation was for 30 min at room temperature. The resulting mixture was then
resolved by 6% non-denaturing PAGE and visualized by autoradiography. Gels were
run at 200 V and 25°C in 0.5xTBE buffer.
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RESULTS
Purification of a Recombinant SubS Protein---- To study the enzyme functions, the
SubS helicase was overexpressed in and purified from E. coli. Gel electrophoresis of
the protein in denaturing conditions gave a single band corresponding to a molecular
mass of about 56kDa (Fig. 1B), consistent with the value determined from the amino
acid sequence (56048Da). Immunoblotting with an anti-His monoclonal antibody
confirmed that the overexpressed protein was the desired product (data not shown).
Large-scale preparations of the recombinant protein were then carried out, and the
protein was purified to near homogeneity (Fig. 1B).

We have detected zinc ions bound in the purified SubS protein by using the PAR

assay. 1 mol of the SubS helicase binds 0.90+0.14 mol of zinc. This result is
consistent with the prediction from the primary amino acid sequence of SubS helicase,
indicating that the enzyme contains a zinc-binding motif.
DNA-dependent ATPase Activity-- Generally the DNA helicase possesses an ATPase
activity. To determine it, the purified recombinant SubS protein was tested for its
ability to hydrolyze ATP in the presence and absence of DNA and RNA. Asshown in
Fig. 2A, a DNA-dependent ATPase activity was readily detected and hydrolysis of
ATP was differentially efficient in the presence of several different DNA cofactors,
including either single- or double-stranded DNA (Fig. 2A). Thus, SubS is a DNA
dependent ATPase but not RNA dependent. In consistent with the E. coli RecQ
ATPase, single-stranded DNA was a much more effective cofactor than
double-stranded DNA for the SubS ATPase (17).

Previous studies indicated that the ATPase activity of the helicase is Mg*"
dependent. Fig. 2B shows that the ATP hydrolysis by SubS was dependent on DTT,
BSA and divalent cations such as Mg”", but not Mn”", Ca®", Zn®". It is also shown that
the ATPase activity of SubS protein is pH dependent. The SubS helicase displays an
optimum ATPase activity between pH 7.0 and 8.8 (Fig. 2C).

The ssDNA-stimulated ATPase activity of the SubS helicase has been studied as a
function of ATP concentration. As come from Fig. 2D, the k., value is 0.4 /s, the Kd
value is 164uM. This result indicates that the ATPase activity of SubS is less than that
of SubL protein from E. coli (kc,: 6.87/s) (unpublished data).

DNA Unwinding Activities Assay versus SubS Helicase Concentration----To

determine the optimal amount of the SubS helicase required unwinding dsDNA, its
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concentration was varied from 25nM to 800nM. As shown in Fig. 3A, 25 to 800nM
of the SubS protein can unwind forked DNA with the increasing efficiency by using
the energy derived from the ATP hydrolysis. This indicated that SubS is ATP
dependent DNA helicase.

DNA Unwinding is ATP dependent---- It is well established that RecQ helicase

requires ATP hydrolysis to promote DNA unwinding. AMPPNP and ATP-7-S, the
non-hydrolysable analogs of ATP, inhibited the RecQ-mediated DNA unwinding (17).
Fig.3B shows that the Sub-S enzyme displays no detectable helicase activity in the
presence of 2mM AMPPNP. In addition, UTP, GTP, CTP, dATP, dGTP, dCTP and
dTTP cannot be used by the SubS hélicase as the energy source to catalyze DNA
unwinding.
Polarity of the DNA Helicase-- To determine the polarity of the helicase activity, the
DNA substrates shown in Fig. 4A were used. The recombinant SubS protein was
found to efficiently unwind the 3'-tailed but not 5’-tailed duplex DNA. Generally, the
helicase of RecQ family unwinds duplex DNA with a 3’ to 5° directionality. This
result is consistent with the fact that the SubS protein is a unidirectional helicase with
3’ to 5’ polarity.

The RecQ helicase of E. coli can unwind a blunt ended duplex DNA in its higher
concentrations. Whereas the result shown in Fig. 4B indicates that the SubS helicase
can’t unwind the duplex DNA with double blunt ends and the nicked duplex DNA.
The Dependence of the Efficiency of Strand Unwinding on the Length of the Strand--
To investigate the dependence of the efficiency of DNA unwinding on the length of
the double strands of partial duplex DNA, several DNA substrates were prepared
using **P-labeled fragments of 20 and 70 nucleotides annealing to PhiX174 virion
DNA. A time course of the SubS-mediated strand unwinding reaction is shown in Fig.
5A and 5B. With the short partial duplex (20bp) substrate and the long partial duplex
(70bp) substrate, the labeled fragments were not unwound by the SubS helicase
within 40 min. This suggested that its efficiency of strand unwinding is very weak.
SubS Helicase Activity on Partial Duplex DNA -- A series of linear substrates with
3'-single-strand tails of 1, 5, 10, and 25 nucleotides were made to study the effect of
tail length on the unwinding activity of the SubS helicase (Fig. 6A). It showed that all
the substrates with tails more than Int could be efficiently unwound by the SubS (Fig.
6A).

Following this observation, a set of substrates with different structures and with
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various lengths of the double-strand regions were prepared to obtain novel
information on the substrate specificity of the SubS helicase. Substrates with a 20-bp
oligonucleotide annealed to PhiX174 virion ssDNA were unwound by the SubS,
regardless of the presence or absence of mismatched hanging tails at the 5'-end or the
3'-end (Fig. 6B). However, if the duplex region was increased to 70bp, the substrate
could not be unwound (Fig. 5B).

SubS Can’t Unwind a 5'-Flap Substrate Flanked by Adjacent Duplex DNA. -To
assess whether the SubS is able to unwind a 5'-flap substrate, we tested a DNA
substrate related to the forked duplex with 26-and 25-nucleotide 5'- and 3'-ssDNA
tails, respectively, which also contains an upstream 25-mer hybridized to the
upstream ssDNA region that resides below the flap (Fig.7A, substrate A). A nick
separating the adjacent oligonucleotides characterizes substrate A. Theresults from a
typical SubS helicase assay using substrate A is shown in Fig. 7A. 0.4uM SubS

can’t efficiently unwind the 5'-flap substrate.

Sub-S Can’t Unwind a Synthetic Replication Fork DNA Substrate---We also tested a
forked duplex in which both the 5'- and 3'-tails were double-stranded (Fig.7A,
substrate C). This substrate mimics a synthetic DNA replication fork with
double-stranded leading and lagging strands. The duplex forked DNA substrate
(substrate C) was not unwound by the SubS at the concentration tested (0.4uM, Fig.
7A).

Sub-S helicase can’t disrupt Kappa joint molecule and Holliday Junction--- The
properties of Kappa joint molecule suggested that it could be composed of a linear
dsDNA molecule that was invaded by homologous ssDNA; the resultant joint
molecule would resemble the letter K and, hence, is referred to as a Kappa
intermediate. To test the unwinding of Kappa intermediate catalyzed by the SubS
helicase, we prepared a substrate (Fig. 7A, substrate B) which mimics Kappa joint
molecule. The result shows that the SubS helicase can’t unwind it (Fig. 7A, 7B).
Meanwhile, the SubS helicase could not unwind the four-way junction DNA substrate

that mimics a Holliday junction (Fig. 7B).

SubS hélicase doesn’t possess DNA strand-annealing activity and can’t promote DNA

exchange---We incubated two complementary oligonucleotides (those used to make
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the blunt end double-strands DNA substrate) with increasing amounts of SubS in the
absence of ATP, and subsequently analyzed the reaction products by 12%
nondenaturing polyacrylamide gel electrophoresis (PAGE). We found that SubS
didn’t promote an efficient annealing reaction (data not show). Therefore, the DNA

strand-exchange catalyzed by SubS was not observed (data not shown).

DNA Binding by SubS protein-- The DNA binding activity of the purified
recombinant protein was investigated using the electrophoretic mobility shift assay
(Fig. 8A, 8B). The SubS protein was found to bind single-stranded DNA (ssDNA),
since the presence of increasing amounts of the protein progressively reduced the gel
electrophoretic mobility of the DNA (Fig. 8A).

To test the possibility that binding to the single-stranded DNA might be facilitated
by secondary structures within it, the SubS binding to a forked DNA substrate was
examined. The forked DNA was prepared by the annealing of two partially
complementary oligonucleotides, 44 nucleotides in length. It was found that
incubation of **P-labeled forked DNA with the SubS protein resulted in the formation
of a less stable protein-DNA complex (Fig. 8B), as detected by polyacrylamide gel

electrophoresis.
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DISCUSSION

We have purified to near homogeneity the product of the gene SubS in Bacillus
subtilis and demonstrated that the SubS protein is both a DNA-dependent ATPase
and an ATP-dependent DNA helicase that unwinds DNA in a3’ to 5° direction. As
the zinc finger motif of RecQ-Ct is necessary for the enzyme activity of the RecQ
helicases (13, 14).The function of the SubS protein is consistent with that it possess a
zinc finger motif. Hydrolysis of the ATP appears to be obligatory,as AMPPNP can
not substitute for ATP and inhibits the helicase activity in the presence of excess ATP.
Like the E.coli RecQ helicase, which is stimulated by ssDNA but not
double-stranded DNA, the hydrolysis of ATP by the recombinant SubS protein is
strongly stimulated by ssDNA and is dependant on Mg . Moreover, the hydrolysis of
ATP by the recombinant SubS protein is dependant on the presence of BSA and DTT.
Generally BSA and DTT are helpful for a stability of protein in the solution.
Therefore the dependence of ATPase activity on BSA and DTT may be that the SubS
is not stable in the solution without BSA and DTT. Moreover, deficiency of HDRC
domain in SubS sequence may be the major reason of its instability. SubS helicase

displays an optimum ATPase activity between pH 7.0 and 8.8.

The polarity of unwinding by SubS helicase is 3' to 5' with respect to the
overhanging single-stranded DNA to which the protein binds. Consistent with this
directionality, it was shown that SubS unwinds a duplex DNA substrate with a
3'-ssDNA tail but not a substrate with a 5'-ssDNA tail. These findings mightlead one
to believe that SubS requires a free 3'-ssDNA tail to initiate unwinding of duplex
DNA substrates. The characteristics of the unwinding activity are similar to those of
the E. coli RecQ protein (17), which shares homology with SubS within the helicase
domain. Of the other members of the RecQ family of DNA helicases, the human
RecQL protein has been purified and shown to have DNA unwinding activity in vitro
(18, 19). Recently, human WRN and BLM proteins were also overexpressed and
shown to possessa DNA helicase activity (20-22). Therefore, all of the members of

the RecQ family will likely possess a common helicase function.
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We have shown here that the unwinding of blunt-ended double-stranded DNA by
SubS is below the level of detection under the assay conditions employed. SubS
helicase can’t unwind the duplex DNA with double blunt ends. In contrast, E. coli
RecQ protein, like several other helicases such as RecBCD, can initiate duplex DNA
unwinding from a blunt-ended terminus (23, reviewed in 1, 24). The addition of a
short single-stranded tail (a 3'-tail for 3'=5' helicases or a 5'-tail for a 5'=3" helicases)
to a duplex molecule is enough to create a good substrate for many helicases,
including those incapable of unwinding from blunt ends. In their studies Bennett et al.
(25) showed that Sgsl, the Saccharomyces cerevisiae homologue of SubS, had a
requirement for a 3'-tail of at least 3 nt and used the junction of single-stranded and
double-stranded DNA as a key site in the substrate recognition process. In our studies,
as expected, a 5'-tailed duplex DNA is not a substrate for SubS helicase but 3’- tailed
duplex is even if the 3’-tail is only 5nt long. However, SubS helicase didn’t show

appreciable unwinding of the nicked duplex DNA.

The efficiency of strand unwinding by the recombinant SubS protein is very weak.
The unwinding assay used here, however, detects only complete unwinding, and
partially unwound fragments would not be scored. It is therefore plausible that the
DNA strands reannealing behind the translocating protein could reduce the observed
efficiency of unwinding. Alternatively, the recombinant SubS helicase might show a
low processivity in its reaction and might fall off the DNA before completing the

unwinding of the annealed fragment.

In this study, we have demonstrated that SubS is not able to unwind the 5’-ssDNA
flap substrate, a synthetic replication fork substrate, Kappa structure DNA substrate
and a synthetic X structure (a model for the Holliday junction recombination
intermediate). But it can make the 5°-ssDNA flap substrate and Kappa structure DNA
substrate to produce a particular DNA structure which leads to some incompact DNA
bands on the gel. Because there is not HRDC domain in the SubS amino acids
sequence, the efficiency of unwinding and ATPase activity of SubS are about 15 times
less than that of Sub-L which contains a zinc finger motif in its RecQ-Ct domain and
HRDC domain (unpublished data). The previous study has indicated that the HRDC
domain is required for stable DNA binding (11) which is necessary for DNA
unwinding activity of helicase. Recently there is a report that the HRDC domain of
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BLM is necessary for the DNA unwinding of double Holliday junctions (26).
Therefore, the deficiency of HRDC domain in SubS may be a major cause of none

unwinding the DNA substrate mentioned above.

Using an assay based on the electrophoretic mobility of a DNA bound by protein,
the recombinant SubS protein was shown to have a higher affinity for a
single-stranded DNA than a forked DNA substrate. This is consistent with that the
hydrolysis of ATP catalyzed by the recombinant SubS protein is more strongly
stimulated by ssDNA than by dsDNA.

Most importantly, our analyses revealed that SubS protein can’t exhibit an efficient
DNA strand-annealing activity. This is because the Zinc finger of SubS could strongly
suppress the annealing activity of the helicase core by enhancing ssDNA binding (Xi
et al, unpublished). The biochemical activities of SubS suggest that the protein may
be implicated in a DNA metabolism pathway. Further analysis of the roles in vivo of
SubS will explicate the functions of the RecQ helicases in maintenance of genomic

integrity and stability.
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TABLE 1
Oligonucleotide sequences used for helicase measurement in this study

Name  length (nt) sequence

174-1 20 5’- TCAGCACCAGCACGCTCCCA-3

174-2 35 5’- TCAGCACCAGCACGCTCCCA tttttttttttttt T-3°
174-4 35 5’-aaaaaaaaaaaaaaa[CAGCACCAGCACGCTCCCA-3’
Bubble-F 70 5’-TGC-AGT-AGC-GCC-AAT-ATG-AGA-AGA-GCC

ATA-CCG-CTG-ATT-CTG-CGT-TTG-CTG-ATG-
AAC-TAA-GTC-AAC-CTC-A-3’

TstemO1 20 5’-GCA-CTG-GCC GTC GTT TTA CG-3°

Tstem05 24 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG-3’

Tstem10 29 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG TGA CT-3’

Tstem25 44 5’-GCA-CTG-GCC GTC GTT TTA CGG TCG TGA CTG GGA AAA CCC TGG CG-3’

FLAPOO 19 5’-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAPO1 20 5’-A-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAPO5 24 5’-TC-CAA-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAP10 29 5-T-TTT-TTC-CAA-GTA-AAA-CGA-CGG-CCA-GTG-C-3’

FLAP26 45 S>-TTTTTTTTTTTTTTTTTT-TTT-TTC-CAA-GTA

-AAA-CGA-CGG-CCA-GTG-C

u2s 25 5’-CGC-CAG-GGT-TTT-CCC-AGT-CAC-GAC-C-3’

U25comp 44 5’-CGC-CAG-GGT-TTT-CCC-AGT-CAC-GAC-
CAA-CCC-CTT-TTT-TTT-TTC-AA-3’

FLAP26Comp 26 5’-TTG-GAA-AAAAAAAAAAAAAAAAAAAA-3’

Sub03 19 5’-GAC-GAA-CCT-TTG-CCC-ACG-T-3’

02Bis 40 5’-ACG-TGG-GCA-AAG-GTT-CGT-CAA-TGG-
ACT-GAC-AGC-TGC-ATG-G-3’

Nick0 21 5’-CCA-TGC-AGC-TGT-CAG-TCC-ATT-3’

Nick2 19 5’-CCA-TGC-AGC-TGT-CAG-TCC-A-3’

Nick4 16 5’-CCA-TGC-AGC-TGT-CAG-T-3’

H1 41 5’-GCC-GTG-ATC-ACC-AAT-GCA-GAT-TGA-CGA-ACC-TTT-GCC-CAC-GT-3’

H2 41 5’-GAC-GTG-GGC-AAA-GGT-TCG-TCA-ATG-GAC-TGA-CAG-CTG-CAT-GG-3’

Hé 41 5’-GCC-ATG-CAG-CTG-TCA-GTC-CAT-TGT-CAT-GCT-AGG-CCT-ACT-GC-3’

H7 41 5’-GGC-AGT-AGG-CCT-AGC-ATG-ACA-ATC-TGC-ATT-GGT-GAT-CAC-GG-3’

E21A 21 5’-GTG-TGG-AAA-ATC-TCT-AGC-ATC-3’

E21B 21 5’-ACT-GCT-AGA-GAT-TTT-CCA-CAC-3’

PhiX174

SubA20 50 5°’-TCA-AAG-TCA-CGA-CCT-AGA-CAC-TGC-GAG-CTC

-GAA-TTC-ACT-GGA-GTG-ACC-TC
SubB20 50 5’-GAG-GTC-ACT-CCA-GTG-AAT-TCG-AGC-TCG-CAG

-TGT-CTA-GGT-CGT-GAC-TTT-GA
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Figure legends
Figure 1 (A). Amino acid sequence alignment of E. coli RecQ , Bacillus subtilis

SubS. The multiple alignments were performed with the program ClustruW and
refined manually. The numbers at the beginning and end of each sequence correspond,
respectively, to positions of the first and the last amino acid residues. Highly
conserved amino acid residues are shadowed in gray. In boldface are the four
conserved cysteine residues and the fully conserved arginine, aspartic acid, and
aromatic residues involved in three very important hydrogen bonds. The protein
accession numbers used by the NCBI are as follows: RecQ, P15043 [GenBank] (E.
coli); SubS, P50729 [GenBanK] (B. subtilis); SubL, F69901 [GenBanK] (B. subtilis)
(B). Purification of SubS protein. A Coomassie Blue-stained 10%
SDS-polyacrylamide gel of a crude cell extract and the purified SubS protein by
FPLC size exclusion chromatography (lane2 and lane3).The molecular mass
standards (lane M) are shown on the left side. Lane2: 0.25ug protein, lane3: 0.5ug
protein, Lane4: 0.75ug protein, laneS: 1ug protein.

Figure 2 (A).Effect of different DNA or RNA on ATPase activity of SubS
helicase.

DNA-dependent ATP hydrolysis activity of SubS helicase as a function of enzyme
concentration. ®: no DNA, m: 60nt ssDNA 24uM(nt), ¢: 7kb PN6 DNA 28uM(bp),

: 5.5kb GC70 plasmid DNA 27.5uM(bp), A: 5.5kb GC70 plasmid DNA denatured
27.5uM(bp), A: 678nt RNA 24uM(nt). 0.2mM ATP. (B). Requirement for ATP
hydrolysis catalyzed by SubS protein. Experiments were performed at 37 °C with
0.15uM protein and 24 pM ssDNA (nucleotide, 60-mer oligonucleotide) for each
helicase preparation , 3mM Mg2+, 3mM Mn2+,3mM Ca*", 3mM Zn2+, 15mM EDTA,
2mM AMPPNP and 2 mM ATP respectively. (C). Effect of different pH on ATPase
activity of SubS hélicase. Experiments were performed at 37 °C with 0.15uM
protein for each helicase preparation and 24 puM ssDNA (nucleotide, 60-mer
oligonucleotide) and 0.2mM ATP. (D). ATPase activity of the SubS helicase as a
function of ATP concentration. Experiments were performed at 37 °C with 0.15uM
protein for each helicase preparation and 24 uM ssDNA (nucleotide, 60-mer

oligonucleotide).
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Figure 3 (A). DNA unwinding in the presence of varying concentrations of the
SubS helicase. DNA unwinding assays were performed as described in
"Experimental Procedures" using DNA substrate (0.45nM, Tstem25*/Flap26); each
reaction contained 25-800nM helicases respectively and 2mM ATP, * denote y->"P
labeled. (B). Effects of nucleotides on Sub-S helicase-catalyzed DNA unwinding
activity. DNA unwinding assays were performed as described in "Experimental
Procedures" using DNA substrate (0.45nM, Tstem25*/Flap26); each reaction
contained 0.8uM helicases and one of the listed nucleotides at a final concentration of

2mM. * denote y->°P labeled. Lane C, negative control, lane , boiled substrate.

Figure 4 (A). Polarity of DNA unwinding by the recombinant Sub-S protein.
Reaction mixtures (20 pl each) containing ~0.45nM DNA substrate were incubated
with 0.4uM of the recombinant SubS protein and incubated at 37 °C for 30 min. The
products of the reaction were analyzed by electrophoresis in a 12% polyacrylamide
gel and autoradography. The substrates are shown in the figure
(Tstem25*/U25/Flap00, Tstem25*/Flap00, Tstem25*/U25). * denote y-""P labeled.
(B). Sub-S can’t unwinds the nicked duplex DNA and blunt ends duplex DNA. A
reaction mixture (20 pl) containing 0.45nM indicated substrate (E21A*/E21B,
02Bis*/Sub03/Nick0, 02Bis*/Sub03/Nick2, 02Bis*/Sub03/Nick4) in the helicase
assay buffer was incubated for 30min at 37 °C with the addition of the SubS protein
(0.8uM). The products were analyzed by 12% nondenaturing polyacrylamide gel
electrophoresis and by autoradiography. Asterisks denote the **P-labeled end. Lane C,
negative control, lane -, no DNA unwinding, lane +, DNA unwinding, lane ,

boiled substrate.

Figure 5 (A). Time course of the strand displacement reaction mediated by the
recombinant Sub-S protein. A reaction mixture (20 pl) containing 0.45 nM substrate
(PhiX174 virion DNA annealed with a >’P-labeled 20-nucleotide fragment,
PhiX174-1*/PhiX174) in the helicase assay buffer was incubated at 37 °C with the
addition of the SubS protein (0.8uM). (B). Time course of the strand displacement
reaction mediated by the recombinant Sub-S protein. A reaction mixture (20 pl)
containing 0.45nM substrate (PhiX174 virion DNA annealed with a *’P-labeled
70-nucleotide fragment, Bubble-F*/PhiX174) in the helicase assay buffer was
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incubated at 37 °C with the addition of the SubS protein (0.8uM). Following the
addition of the recombinant Sub-S protein, 20-pl reaction mixtures were mixed with
excess EDTA to terminate the reactions at the times indicated. The products were
analyzed by 12% nondenaturing polyacrylamide gel electrophoresis and by

autoradiography. Lane C, negative control.

Figure 6 (A). 3’-Tail length dependence studies. The unwinding were determined
with four DNA substrates having an ssDNA tails of 1, 5, 10 and 25nt
(Flap00*/Tstem0O1, Flap00*/Tstem05, Flap00*/Tstem10, Flap00*/Tstem25). The
concentration of the SubS helicase used in all studies was 0.8uM. Asterisks denote the
32p_labeled end. (B). Helicase activity with various substrates. Each panel shows
the structure of the substrate used and an autoradiogram of the gel. A reaction mixture
(20 ul)  containing  0.45nM  indicated  substrate = (PhiX174-1*/PhiX174,
PhiX174-4*/PhiX174, PhiX174-2*/PhiX174) in the helicase assay buffer was
incubated for 30min at 37 °C with the addition of the SubS protein (0.8M). The
products were analyzed by 12% nondenaturing polyacrylamide gel electrophoresis
and by autoradiography. Asterisks denote the **P-labeled end. Lane C, negative
control, lane -, no DNA unwinding, lane +, DNA unwinding, lane , boiled

substrate.

Figure 7 (A). Sub-S can’t unwind a 5'-ssDNA flap substrate, Kappa joint
molecule and forked DNA substrates with dsDNA 5'- and/or 3'-tails. A reaction
mixture (20 pl) containing 0.45nM indicated substrate (Tstem25*/Flap26/U25,
Tstem25*/Flap26/U25Comp, Tstem25*/Flap26/U25/Flap26Comp) in the helicase
assay buffer was incubated for 30min at 37 °C with the addition of the Sub-S protein
(0.4uM). The products were analyzed by 12% nondenaturing polyacrylamide gel
electrophoresis and by autoradiography. Asterisks denote the **P-labeled end. (B)
Sub-S can’t unwind the four-way junction DNA substrate. A reaction mixture
(20 pl) containing 0.45nM indicated substrate (H1*/H2, H1*/H2/H7, H1*/H2/H7/H6)
in the helicase assay buffer was incubated for 30min at 37 °C with the addition of the
SubS protein (0.8uM). The products were analyzed by 12% nondenaturing
polyacrylamide gel electrophoresis and by autoradiography. Asterisks denote the

32p_labeled end. Lane C, negative control, lane -, no DNA unwinding, lane +, DNA
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unwinding, lane  , boiled substrate.

Figure 8 (A). Single strand DNA binding by the recombinant SubS protein.
Electrophoretic mobility shift measurements were carried out to determine the
binding of the SubS with single-stranded DNA (ssDNA, Tstem25%*). Reaction
mixtures (20 pl each) contained DNA (0.45nM) and SubS (0, 25, 50, 100, 200, 400
and 800nM) in binding buffer as described under "Experimental Procedures."
Reactions were incubated for 30 min at room temperature before loading onto a 6%
nondenaturing polyacrylamide gel to separate the protein-DNA complexes
electrophoretically. DNA was visualized by autoradiography. * denote y->P labeled.
(B). Binding of forked DNA by the SubS protein. 5'-**P-end-labeled forked DNA
substrates (Flap26/ Tstem25*) were incubated with the Sub-S protein in binding
buffer as described under "Experimental Procedures." Reaction mixtures (20 pl)
contained DNA (0.45nM) and SubS (0, 25, 50, 100, 20, 400 and 800nM).
Protein-DNA complexes were analyzed by electrophoresis in a 6% nondenaturing

polyacrylamide gel and autoradiography. * denote y->*P labeled.
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Figure 2
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Figure 8
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Chapitre 3 : Discussions
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Les hélicases sont des enzymes ubiquitaires qui déroulent ’ADN duplex en
utilisant 1'énergie dérivée de I’hydrolyse de I'ATP (Soultanas et Wigley, 2001). La
famille RecQ des ADN hélicases est nécessaire a la maintenance de l'intégrité des
génomes (Chakraverty et Hickson, 1999; Karow et al., 2000b; van Brabant et al.,
2000a; Mohaghegh et Hickson, 2001a). Généralement, les membres de la famille
RecQ contiennent les domaines hélicase, RecQ-Ct et HRDC dont la structure et la
fonction sont importantes pour 1’activité enzymatique. Les caractéristiques
biochimiques du domaine hélicase ont été ¢lucidées, mais celles du domaine RecQ-Ct
restent a déterminer. Dans ce travail, nous avons étudi¢ la structure primaire et la
fonction du motif a doigt de zinc du domaine RecQ-Ct de I’hélicase RecQ d’E. coli
(Article 1) ainsi que les isoformes RECQS5 humaines (Article 2), les activités hélicase
et ATPase, la spécificité de substrat des hélicases homologues a RecQ chez Bacillus
subtilis (Article 3 et Article 4).

1. Importance du motif doigt de zinc dans la fixation de ’ADN

et les activités hélicase et ATPase de I’hélicase RecQ d’E. coli

La structure tridimensionnelle de I’hélicase RecQ d’E. coli (Bernstein et al.,
2003a) indique l'existence d'un motif fixant le zinc. Dans cette étude, 1'importance de
ce motif pour la fonction de I’hélicase RecQ a été montrée par des mutations de
résidus fortement conservés dans le motif a doigt de zinc par mutagenese dirigée. En
accord avec la notion que les doigts de zinc sont les modules structuraux d’une classe
majeure de motifs fixant 'ADN (Coleman, J. E. 1992), nos données ont illustré
qu'une mutation dans le doigt de zinc, qui réduit fortement la fixation du zinc, abroge
la liaison de I’hélicase a I'ADN et diminue les activités ATPase et hélicase. En outre,
ce motif est également crucial pour l'intégrité de la protéine enticre.

1.1. Le motif a doigt de zinc est essentiel pour fixation a ' ADN

La plus frappante observation est que les changements du motif a doigt de zinc
par mutagenese dirigée menent a une perte complete des capacités de RecQ a fixer
I’ADN. L’hélicase RecQ étant une ATPase ADN-dépendante et une hélicase
ATP-dépendante, 1’altération de ’affinité pour I'ADN devrait étre la cause primaire
des défauts observés dans des activités ATPase et hélicase. Ces observations
indiquent que le motif a doigt de zinc est essentiel a la fixation de 1'ADN.

Alternativement, le remplacement des acides aminés dans le motif a doigt de zinc
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mene a un changement local de conformation de la protéine, qui produit les défauts
observés dans les fonctions d’hélicase. Tous les mutants ponctuels obtenus ont donné
des protéines instables, rendant l'analyse fonctionnelle impossible. Cependant, un
double mutant stable a pu étre obtenu et nous avons montré que la protéine possede
une modification subtile et locale de conformation plutot qu'une modification radicale
de l'architecture globale de la protéine. D'abord, les enzymes sauvages et mutantes
possédent un pattern de protéolyse limitée trés semblable. En second lieu, nous avons
montré par chromatographie d’exclusion que les hélicases sauvages et mutantes ont
des rayons de Stokes semblables, suggérant que ces protéines ont des modes de
repliement semblables. Troisiémement, le fait que la protéine mutante possede
presque la méme affinité pour I’ATP que la protéine sauvage suggere que la structure
tertiaire de la protéine mutante n’est pas totalement modifiée. Ces résultats
démontrent clairement qu'un changement local subtil de conformation du motif a
doigt de zinc abroge les capacités de fixation a I'ADN, et en conséquence, les
activités ATPase et hélicase. Cette interprétation recoit l'appui des expériences de
dichroisme circulaire (CD) ou la petite réduction dans 1’hélice a peut étre attribuée au
changement de structure du motif a doigt de zinc en raison du remplacement de deux
acides aminés de cystéine par des asparagines. Le motif a doigt de zinc a ainsi un

effet dominant sur la fixation de ' ADN. Nous présumons que certains résidus chargés

382 408

positivement conservés (Arg™~ et Lys ) et les résidus hydrophobes exposés aux
solvants (Phe’™ et Phe®™) présentés dans ce motif a doigt de zinc pourraient étre
directement impliqués dans I'identification et la fixation de 'ADN.

Pour d'autres hélicases sans motif a doigt de zinc, telles que PrcA, Rep, UvrD, et
I’hélicase de HCV (virus de I'hépatite C), les surfaces impliquées dans la fixation de
I'ADN se composent principalement des motifs la, IV et V. Plusieurs observations
suggerent que cela est identique pour les autres membres des hélicases de la famille
RecQ (Bennett et al., 2004). Ces membres contiennent aussi un domaine HRDC, qui
possede les activités de fixation a 'ADN (Liu et al., 1999). Puisque le double mutant
¢tudié semble garder sa structure tridimensionnelle globale, nous avons été surpris de
la perte totale de l'activité¢ de fixation a 'ADN alors que les domaines hélicase et
HRDC qui ont des propriétés de fixation a I’ADN sont encore présents.

Le motif a doigt de zinc jouerait donc un role essentiel dans la fixation de 'ADN,

tandis que les domaines hélicase et HRDC peuvent fonctionner comme domaines

auxiliaires pour | affinit¢ a ’ADN. Dans un travail non publié, nous avons montré
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que le domaine hélicase isolé et le domaine HRDC isolé ont une affinité trés faible
pour ’ADN simple brin et I’ADN double brin. Il est probable que quand I'ADN est
liée au motif a doigt de zinc, le domaine hélicase joue un role essentiel dans l'activité
de déroulement, tandis que le domaine HRDC peut diriger la spécificité de fixation a
I'ADN. Ainsi, il est intéressant de proposer que la coopération entre le motif a doigt
de zinc, les domaines hélicase et HRDC détermine la spécificité du substrat d'ADN,
la cinétique, et la processivité de I’hélicase. Ces analyses montrent que le motif a

doigt de zinc joue un rdle essentiel dans la fixation a I'ADN.
1.2. Le motif a doigt de zinc joue un role important dans la stabilité

de la structure tertiaire

Les résultats de cette ¢tude et I'analyse structurale tridimensionnelle indiquent que
le motif a doigt de zinc est stabilisé par quatre résidus cystéine. Il est important de
noter que le changement d’un de ces quatre résidus conservés de cystéine entraine
une forte instabilité des protéiness. Ces résultats montrent de maniére inattendue, que
le motif a doigt de zinc est impliqué dans la stabilité de I'enzyme enticre. Il est
possible que le motif a doigt de zinc intervienne dans la conformation locale des
régions reliant les différents domaines et contribuerait ainsi a la stabilisation de la

structure tertiaire de la protéine.

En plus des quatre résidus fortement conservés de cystéine, le motif a doigt de zinc

pourrait encore étre stabilisé par des interactions trés importantes parmi les a-hélices

374 381

16, 17 et 18. Il semble que les liaisons hydrogéne entre Phe et entre Arg™"

401

et Arg

et Asp jouent un réle important en stabilisant le motif a doigt de zinc et donc la

381 401

structure la protéine. En accord avec ce postulat, les mutations de Arg™™ ou de Asp

entraine une forte sensibilité a la dégradation par protéolyse. Des résultats semblables

ont déja été observés pour la protéine BLM impliqué dans le syndrome Bloom

1064

(Janscak et al., 2003). Le remplacement de Asp par Ala, situé a une position

équivalente a celle de Asp™' de I’hélicase RecQ, réduit sensiblement ses activités

hélicase et de fixation a I'ADN, tandis que la protéine posseéde les mémes activités

1064

que ’enzyme sauvage quand Asp — est remplacé par Asn.

Ce phénomene est probablement le résultat d ‘un changement des propriétés de la

chaine latérale : Asn pourrait probablement établir une liaison hydrogéne avec Arg'®’,
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stabilisant la structure de la protéine, a | ‘inverse de Ala. Ainsi, les cystéines, C1 a C4,

374 401 . .
contribuent a

et les liaisons hydrogéne entre Phe’’* et Arg®’ et entre Arg®™' et Asp
la stabilisation du motif a doigt de zinc et augmentent la stabilit¢ de la structure
tertiaire de la protéine.

L'atome de zinc n’apparait pas directement impliqué dans la fixation de I'ADN, les
activités ATPase et hélicase puisque son élimination ne change pas son activité
enzymatique. Il semble donc que l'ion zinc n'est pas essentiel pour stabiliser la
conformation de la protéine, car les hélicases sauvages, en présence ou absence de
zinc, montrent ses thermostabilités trés semblables entre 25°C et 54 °C. Néanmoins,
l'ion zinc pourrait avoir un réle prépondérant dans la mise en place de la structure
secondaire du motif a doigt de zinc pendant le repliement de la protéine. Une fois le
motif a doigt de zinc repli¢ correctement en présence de l'ion zinc, sa structure est
stable méme en son absence. Il y a plusieurs exemples dans lesquels les ions
métalliques jouent un role important dans la formation des €léments structuraux

secondaires, sans étre indispensables une fois la structure tertiaire établie (Banci et al.,

2003).
1.3. Signification biologique du cluster de cystéine des hélicases de la

famille RecQ

L'alignement des séquences en acides aminés de plusieurs hélicases RecQ indique
que les résidus cystéine impliqués dans la formation du doigt de zinc sont conservés.
Les mutations de ces résidus cystéine de ce motif peuvent avoir des effets
dramatiques sur les activités enzymatiques. Deux mutations de 1’hélicase BLM qui

enntrainent le syndrome de Bloom impliquent deux des quatre résidus conservés

1036 1055

Cys et la Cys ~°, respectivement (Ellis et al., 1995, Foucault et al., 1997).
L'analyse in vitro prouve que ces mutations suppriment les activités ATPase et
hélicase de BLM (Bahr et al., 1998). De plus, les protéines mutantes qui contiennent
trois des quatre cystéines modifiées sont trés treés instables. En outre, méme les
mutations des résidus situés proches des cystéines conserves, tels que R1038A et
D1064A , causent une perte de la fixation a I'ADN et des activités ATPase et hélicase
altérées (Coleman, J. E. 1992). Cette région est également essentielle a la fonction in
vitro de I’hélicase Sgs1 de levure qui est une homologue RecQ (Mullen et al., 2000,
Onoda et al., 2000).

Les comparaisons de séquence parmi les ADN hélicases suggerent que le motif a
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doigt de zinc semble €tre spécifique de la famille RecQ. L'analyse de séquence et les
¢tudes structurales tridimensionnelles ont prouvé que d'autres ADN hélicases, tels que
la protéine 4 du phage T7 (Singleton et al., 2000), Rep (Korolev et al., 1997), PcrA
(Velankar et al., 1999), et I’hélicases NS3 du virus de I'hépatite C (Yao et al., 1997),
n'emploient pas le motif a doigt de zinc pour la fixation a I'ADN. Notre laboratoire
poursuit actuellment cette étude pour confirmer que la spécificité¢ de la fixation a
I’ADN régulé par le motif a doigt de zinc serait une caractéristique unique de la
famille RecQ .

En résumé, notre étude indique que le motif a doigt de zinc de I’hélicase RecQ
joue des roles importants dans la fixation de 'ADN et ’intégrit¢ fonctionnelle de
I'enzyme. Ainsi, I'évolution a choisi un mécanisme complexe pour lier toutes les
fonctions de l'enzyme a ce petit sous-domaine. Bien que beaucoup d ‘études restent a
faire, il apparait que les enzymes RecQ qui présentent un repliement imparfait du

motif a doigt de zinc ne peuvent plus assurer leur fonction hélicase.

2. Régulation de la fonction de I’hélicase RECQS humaine par

le doigt de zinc
Dans cette étude, nous avons caractérisé les activités enzymatiques de trois
isoformes RECQS5 humaines. RECQS5 offre un mod¢ele pour étudier la fonction

intrinséque du domaine hélicase de RecQ et sa régulation par le motif a doigt de zinc.

2.1. Le domaine hélicase de RECQS5 humain a une activité

intrinséque élevée qui tend a favoriser I’hybridation de I'ADN.
L'activitédes hélicases de la famille RecQ a favoriser I’hybridation de I’ADN a
¢té découverte la premicre fois dans le cas de RECQS5p humain (Garcia et al., 2004)
puis retrouvée pour BLM, WRN, RECQI, RECQ4, et drosophile RECQS5b
(dmRECQ5b) (Machwe et al., 2005 ; Sharma et al., 2005 ; Cheok et al., 2005 ;
Macris et al., 2005). En outre, il a ét¢ montré que WRN, BLM et dmRECQ5b
peuvent catalyser 1'échange de brin d’ADN en combinant les activités du déroulement
et de I’hybridation de 'ADN (Machwe et al., 2005). Les régions C-terminales de ces
protéines sont impliquées dans ces propriétés d’hybridation de I’ADN (Garcia et al.,
2004 ; Machwe et al., 2005 ; Cheok et al., 2005) et de 1'échange de brin d’ADN
(Machwe et al., 2005). Ce mécanisme de I’hybridation de I’ADN catalysée par

I’extrémité C-terminale des hélicases de la famille RecQ reste a étudier. D'autre part,
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le domaine hélicase de RecQ, qui possede les motifs fixant I’ADN, est probablement
aussi impliqué dans I’hybridation de I’ADN comme nous 1’avons montré dans le cas
de RECQS5 qui présente une activité intrinseque ¢élevée a favoriser 1’hybridation. Nos
résultats indiquent que cette fonction d’hybridation d’ADN catalysée par le domaine
hélicase est fortement inhibée par I’ATP, I’ATPyS ou le doigt de zinc de RECQ5p,
mais pas ’ADP.

RECQS5a offre un modéle de domaine hélicase natif de RecQ qui permet d’étudier
ses activités enzymatiques, en particulier I’hybridation de I’ADN.
Cette propriét¢é du domaine helicase RECQS5 n'est pas surprenante puisque les
nucléotides régulent cette activité dans le cas de RECQ5B(Garcia et al., 2004), de
BLM (Garcia et al., 2004 ; Machwe et al., 2005 ; Cheok et al., 2005), de WRN
(Machwe et al., 2005), et de dmRECQ5b (Machwe et al., 2005), indiquant
| “implication des domaines helicase de cette famille RecQ. Les études précédentes
(Garcia et al., 2004) et nos résultats (Article 2, Fig. 7A, B et Tableau 1) indiquent que
RECQ5p catalyse I’hybridation de I’ADN plus efficacement que son fragment
C-terminal considéré comme le motif unique impliqué dans 1’hybridation de I’ADN
(Garcia et al., 2004). Cette observation suggere que le domaine hélicase contribue a
l'activit¢ de [I’hybridation de I’ADN de RECQS5B sauvage. Troisiémement,
dmRECQ5b, qui comprend un domaine hélicase et un doigt de zinc, posséde une
faible activité a favoriser I’hybridation de I’ADN (Machwe et al., 2005).

L’activité de I’hybridation de ’ADN du domaine hélicase RECQS5 peut étre
inhibée par la présence du doigt de zinc, puisque RECQ5'"
sensiblement inférieure a RECQ5a. En outre, dmRECQ5b, semblable a RECQSBI'475
humain (Article 2, Fig. 1A), a une activité faible (Machwe et al., 2005). RECQ4

possede une activité

humain, qui ne posséde pas de doigt de zinc putatif et d'activité hélicase posséde

l'activité d’hybridation de I’ADN (Macris et al., 2005).

2.2. Le motif a doigt de zinc régule les activités enzymatiques de
RECQ5

La comparaison quantitative des activités enzymatiques multiples des protéines

RECQ5a, RECQ5PB et RECQS5y nous permet de proposer que le motif a doigt de zinc

joue un role important dans la régulation des activités enzymatiques de RECQS5. La

fixation de I’ ATP semble étre déterminée par les motifs du domaine hélicase qui sont
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présents dans chacune des trois isoformes RECQS5. Ainsi, RECQ5a, RECQS5p et
RECQS5y fixent I’ATP avec une affinité semblable. Comme d'autres helicases, les
motifs conservés du domaine hélicase des protéines RecQ, a savoir Ia, IV et V,
comportent une surface fixant 'ADN (Caruthers et McKay, 2002). En accord avec ces
données, RECQ5a, RECQ5 et RECQS5y fixent ’ADN (Article 2, Tableau 2). Toute
fois, 1’étude cinétique montre que RECQ5a et RECQS5y fixent faiblement I’ADN,
tandis que RECQS5P fixe I’ADN rapidement et forme un complexe protéine-ADN
stable, ce qui suggerent que le domaine C-terminal contient un autre domaine de
fixation a I'ADN. Il a été montré que les domaines RQC et HRDC des hélicases RecQ
sont impliqués dans la fixation de 'ADN (Bachrati et Hickson, 2003). Comme le
domaine HRDC n'est pas présent dans RECQS5f (Bachrati et Hickson, 2003), le
domaine RQC serait le site important de fixation de 'ADN. RECQS5p semble d’autre
part ne pas avoir de domaine WH (Garcia et al., 2004). Conformément a cette notion,
les mutants portant la délétion C-terminale, RECQ5B'™*” et RECQ5B'** ont une
affinité pour I’ADN semblable a RECQS5p. Ces données suggerent que le doigt de
zinc du domaine RQC putatif soit 1'élément principal qui augmente la fixation de
I'"ADN.

Les activités ATPase et hélicase des protéines RECQS5 sont corrélées a leur
affinité¢ pour ’ADN. Les deux activités exigent le motif C-terminal de RECQS58, car
RECQS5a et RECQS5y n'ont aucune activité ou une faible activité ATPase et hélicase.
En particulier, le doigt de zinc du domaine RQC est I'élément principal de la fixation
a I’ADN, mais il semble supprimer l'activité intrinseque de 1’hybridation de I’ADN
du domaine hélicase RECQS5 en augmentant la fixation de I'ADN. D'ailleurs, le doigt
de zinc joue également un role important dans 1’échange des brins d’ADN catalysé
par RECQS5p en coordonnant les activités de déroulement et d’hybridation d’ADN
(Article 2, Fig. 8A). La mutagenese dirigée ponctuelle confirme que le doigt de zinc

régule les activités enzymatiques du domaine hélicase RECQS.

2.3. Le motif a doigt de zinc peut réguler les fonctions des hélicases

RecQ

Les études de I’ hélicase RECQS5 doit nous aider a comprendre la régulation des
hélicases RecQ par le motif a doigt de zinc. Le modéle (Article 2, Fig. 8A) proposé

du RECQS5 humain peut étre utilisé pour les hélicases de la famille RecQ.
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BLM a été caractérisé extensivement. Les activités ATPase et hélicase ont été
¢tudiées (Bachrati et Hickson, 2003). Récemment, il a ét¢ montré que BLM possede
¢galement une activité favorisant I’hybridation de I’ADN et I’échange des brins
d’ADN (Machwe et al., 2005 ; Cheok et al., 2005 ). Plusieurs mutations dans le géne
BLM sont des mutations non-sens ou des décalages du cadre de lecture qui conduisent
a des protéines tronquées. Ces mutations aboutissent une perte des activités ATPase
et hélicase. Il a ét¢ montré que deux mutations ponctuelle, C1036F et C1055S (Ellis
et al., 1995 ; Barakat et al., 2000), sont impliqués dans la formation du doigt de zinc
(Bernstein et al., 2003 ;Guo et al., 2005). Les protéines mutantes ont complétement
perdu leurs activités enzymatiques (Guo et al., 2005). Ces résultats soutiennent
clairement que le doigt de zinc de BLM régule les activités enzymatiques du domaine
hélicase (Article 2, Fig. 8B).

WRN est une autre hélicase RecQ humaine extensivement caractérisée. Le
fragment contenant un domaine hélicase et un domaine RQC posseéde une activité
hélicase semblable a celle de I’hélicase WRN sauvage (Doherty et al., 2005), mais
l'activité diminue quand K1016 du motif a doigt de zinc est remplacé par Ala (Lee et
al., 2005). D'ailleurs, quand le domaine RQC est supprimé, l'activité hélicase du
fragment diminue dramatiquement (Lee et al., 2005), ce qui suggere que le doigt de
zinc de WRN régule les activités enzymatiques (Article 2, Fig. 8C) (Hu et al., 2005).

L’hélicase RECQ1 humaine a récemment ¢été caractérisée. Les activités hélicase
et d’hybridation d'ADN ont été¢ également observées pour cette protéine (Sharma et
al., 2005). RECQI1 ne contient pas de domaine HRDC, mais semble posséder un
domaine RQC (Bachrati et Hickson, 2003). Nous prévoyons donc que le doigt de zinc
putatif (Article 2, Fig. 8D) régulerait les activités enzymatiques du domaine hélicase
de RECQI.

En plus du domaine hélicase, RECQ4 humaine ne montre aucune identité
évidente avec les autres membres de la famille RecQ et ne contient pas de domaines
RQC et HRDC (Article 2, Fig. 8E) (Bachrati et Hickson, 2003). Il a ét¢ montré que
RECQ4 n’a pas d’activité hélicase, mais catalyse 1’hybridation de I’ADN et
I’hydrolyse de ’ATP (Macris et al., 2005). Dans ce cas, le doigt de zinc n'est pas
disponible pour activer l'activité hélicase et pour supprimer l'activité de I’hybridation

de ’ADN du domaine hélicase de RECQ4.
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3.Caractéristiques enzymatiques des hélicases SubL et SubS de

Bacillus subtilis contenant le motif doigt de zinc

Nous avons montré que les protéines SubL et SubS purifiées de Bacillus subtilis
possedent les activités helicase et ATPase. La fonction de ces deux protéines est en
accord avec le fait qu'elles possédent un motif a doigt de zinc, car ce motif du
domaine RecQ-Ct est nécessaire pour l'activité enzymatique des hélicases RecQ (Liu
et al., 2004, Guo et al., 2005). L’activité hélicase de ces protéines est dépendante de
la présence d’ATP ou de dATP qui sont hydrolysés pour fournir I'énergie nécessaire
au déroulement. L’activit¢é ATPase de 1’hélicase RecQ d’E. coli est plus fortement
stimulée par 'ADN simple brin que par I'ADN double brin (Umezu et al., 1990),
I’hélicase SubS est similaire, cependant I'hydrolyse de 1’ ATP catalysée par la protéine
SubL est fortement stimulée par les deux formes d'ADN. Leur activité ATPase est
dépendante de la présence du Mg' . Les protéines SubL et SubS montrent une activité
ATPase optimale entre pH 7.0 et 8.8.

Nous avons montré que les hélicases SubL et SubS catalysent le déroulement de
I’ADN avec la polarité 3' - 5' par rapport au brin sur lequel I’enzyme est fixée. En
accord avec cette polarité, il a ét¢ montré que SubL et SubS déroulent un substrat
d'ADN duplex avec une extrémité 3' sortante mais pas 5' sortante. Ces résultats
peuvent montrer qu'une extrémité 3' sortante est nécessaire pour commencer le
déroulement de 'ADN duplex catalysé par SubL et SubS. Les caractéristiques du
déroulement catalysé par SubL et SubS sont semblables a celles de I’hélicase RecQ
d’E. coli (Umezu et al., 1990) qui partage I'homologie du domaine hélicase. Dans les
autres membres de la famille RecQ, il a été précédemment montré que la protéine
RecQL humaine posséde une activité de déroulement de I'ADN in vitro (Seki et al.,
1994a-b, Puranam et al., 1994). Récemment, les activités hélicases des protéines
BLM, WRN et RECQ5 (Garcia et al., 2004) (homologues humains de RecQ) ont
aussi ¢té montré. Ainsi il semble que tous les membres de la famille RecQ possédent
une activité hélicase commune.

Nous avons montré que les protéines SubL et SubS ne sont pas capables de
dérouler I’ADN duplex aux bouts francs, contrairement a la protéine RecQ d'E. coli,
ou d’autres hélicases telles que RecBCD (Harmon et Kowalczykowski, 1998,
Lohman et Bjornson, 1996, West, 1996). Bennett et ses collégues (1999) ont montré

que Sgs1 de Saccharomyces cerevisiae, a besoin d’une extrémité 3' sortante au moins
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contenant 3 nucléotides et a employ¢ la jonction entre I'ADN simple brin et I’ADN
double brin comme site principal dans la reconnaissance et la fixation de substrat
d’ADN. Nos résultats sont en accord avec celui de Sgsl.

En outre, nous avons montré que I’hélicase SubL est capable de dérouler I’ADN
duplex avec un flap 5' et de fourche de réplication, ce qui suggere que 1I’enzyme est
capable de fixer une jonction et qu’une extrémité 3' sortante d’ADN n’est pas
indispensable pour le déroulement de ' ADN par la protéine SubL. Cette enzyme est
aussi capable de dérouler une structure de type X (un modele pour l'intermédiaire de
recombinaison de jonction de Holliday). Cette derni¢re forme une structure de type X
en présence du Mg et ne posséde donc pas d’ADN simple brin, méme a son noyau
(Lilley, 1999 ; Lilley et Norman, 1999). Ainsi SubL n'exige pas une extrémité 3'
sortante d’ADN pour la fixation.

L'activité de SubL dérouler I’ADN avec un flap 5' est importante du point de vue
génétique car cette structure est un intermédiaire de réplication de I'ADN. La taille
moyenne du fragment Okazaki (100-150 nucléotides) (Bae et al., 2001) peut étre
influencée par l'action de I’hélicase SubL sur la structure avec un flap 5°. L’hélicase
SubL peut étre importante pour la maintenance de la progression de fourche de
réplication lorsque la réplication de I’ADN est bloquée pour cause de dommages
d'ADN.

Dans cette étude, nous avons également démontré que SubS ne peut pas dérouler
I'ADN avec un flap 5', la structure de fourche de réplication, la structure Kappa et la
structure de type X. Ces résultats la différencient ceux de la protéine SubL. Il a été
montré qu’il y a différence de spécificité de substrat d’ADN entre les hélicase SubS et
SubL. Puisqu'il n'y a pas de domaine HRDC dans la séquence d'acides aminés de
SubS, l'efficacité du déroulement et 1'activité ATPase sont environ 15 fois plus faible
que celles de SubL. L'étude précédente indique que le domaine HRDC est nécessaire
a la fixation stable a I'ADN (Bernstein et Keck, 2003b). Cette dernicre est importante
pour le déroulement de I'ADN catalysé par I’hélicase. Récemment, il a été montré que
le domaine HRDC de I’hélicase BLM est indispensable pour le déroulement des
structures de type double jonctions de Holliday (Wu et al., 2005). Ainsi, la
déficience du domaine HRDC dans la protéine SubS peut aboutir a I’ impossibilité du
déroulement des substrats d'ADN mentionnés ci-dessus.

En utilisant EMSA, il a été montré que I’hélicase SubL posséde une affinité plus

¢levée pour des fourche que I'ADN simple brin, a I’inverse SubS. Ceci peut avoir des
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implications dans le mécanisme du déroulement de I'ADN par SubL, car la fixation
préférentielle de 1'enzyme a cette strucure de fourche pourrait étre importante pour
l'action de I’hélicase (Lohman et Bjornson, 1996).

Nos données indiquent que la protéine SubL montrent une activité efficace a
favoriser 1’hybridation de 'ADN, a I’inverse de SubS. La signification biologique de
nos résultats ne peut pas étre aisément estimée car nous ne possédons pas
d'information sur les conséquences phénotypiques des cellules déficientes en
protéines SubL et SubS de Bacillus subtilis. Les activités biochimiques de SubL
suggerent que 1’hélicase puisse étre impliquée dans la réparation de I'ADN qui exige
une coopération entre le déroulement et I’hybridation de I'ADN. SubL pourrait jouer
un role dans le cas de blocage de la fourche de réplication par ses activités hélicase et
d’hybridation qui pourrait faciliter la régression de fourche. Ainsi, SubL peut
dérouler préférentiellement I'ADN avec un flap 5' ou une fourche de réplication. Des
¢tudes complémentaires sur le rdle in vivo des protéines SubL et SubS sont
nécessaires pour mieux comprendre la fonction des ADN hélicases de la famille RecQ

dans la maintenance de l'intégrité génomique.
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