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SUMMARY IN CHINESE (F X#HE)

Waston #1 Crick $2H DNA XURFEZ ) J5, A5 AMTAIL T DNA &0,
EAEH T DNA PAl—4HE N BBUER AT M — 481 DNA ;1 HARIEREFATF 4
B —FhEERE AL DNA SN DR B AMB AL 1) B 45T 9T T DNA XURBES5 4 o
b5, AT BEMIEEAT RNA S HIh g Bl X REERL = FF O e . Tt
&R R T IR AEE N, &) AR T R R B N RS L R E D iR . B
1976 4 NRAE KT E (Esherichia Coli E.coli) WRILT % —Mithiehs, =404
E R R I, i FLIX SR R R E AT K

fRNERE S ZAFAE T 2 R AR b, A7 28 Wk ) I L AT 220 Fh oA [R] 28 78 110 it i
fif. REMRIEMARE L, AMERFFRR R R, X AR 2R R )75 L
A — W SRR o AR B, X [ 5 B AE HE A RR o e T LA
PRAFIIX I, IS8 DOFAAT A F BT RS . AATTAR 0 Bl () — e 25 W R0 — 751, 4t
it WE I 3 b LK G R oy KWL . Sl Z AR IS, AATTR DA e g A 22 b )
e, AN ENTZE DNA Sl B B mA Ll & RNA B8, 0 kg1,
EEREE, SRR E o AT, RIS S AR e G EE 5 2 5 N R R g R AL
ilo AR CAAN SR 2 TFAZ R AUEE S5 # 1)— 281, & I ZE W ThREZE A 1kt

iR eI 58 — RS ¥ RecQ fiff I i V. 5% I 7 A% R AR i i i vl 17 DG B 1) 4
M, X—%i%2 5 DNA &, DNA 55, 4. HEaumhifaeilbl. AMTK
AR AR #E4E RECQ1. BLM. WRN. RECQ4 #I1 RECQ5 iX Tiff RecQ fiftJie lig 5 ik
Bibi. Hf, BLM. WRN. RECQ4 % fith i PRl g o5 S BN RA M B A 4, el
7394 Bloom ZEEE (BS) . Werner £Z5E%E (WS) . Rothmund-Thomson 45 &4E
(RTS) . RAPADILINO £i#EA! Baller-Gerold ZEAiE . IR ELHIR BUARAE NPT
e IC T LI BT B AL B, AR TE 4y T /KA I FE R A i AR e k. el
S (R ORBIR, B, B RGO AR HAE) RIS DNA Hid) -7 Ui
B&Ne FEMGIK R R I BOBE I o i DU AL Sl TKRE AL R 8 5 by e 2k
FERE o R 3908 N A2 e 4 R AR AN R RE T AE T 0 X — IR AL A LG 5 ke 7 AT
DRI o SRR K 45 R ThBE S AR AL A n] LU AZ R ARt ot



>4

2, I RE A B BRATTIE SRR RO I S LA OCH LB o (RIS AR A e M 1) 45 4 5 1)
BE, U BE 25PN RIE B TR IR R A K

iR e AT DU KA E ML 22 G P NTP K3 PE. DNA B RNA &5435 k.
R R B A T e A R IR K i E MM &R (bt Mg®) I NTP (177
TEF, MRBENEERI LKA NTP BMET, K& MK ATP 1 dATP, — LB fE
IR AR RZ TR, Lhn TTP A GTP. 4 Jiel 5 DNA 8 RNA 4545, FIHKAE
TR A Re i, HESIMGIERLIREE IR ah, MM AR IT I AN SRR EE . b
WFFCRIERAN, NATTR I AT S i Jig B A A% RS S0 R v R A A A R B PO T2 o I A
AT T U B A T Tl 1 R R A e R A FEBOR B T B (B T AN AT (1 A e
Mg F DA B I HH X DU R EE A AL Th G, X S5 F B LA VISR, W45
Yoo T e P RERILMAE FHHLBIR A it . KHIDOKR, BF2EZAT— B TUR R R E
eI 2k 5 HDhRE M AR B OCRR, J1 3R R B e g A S5 (1) 3 AE B L o

RecQ fTEMER S E R AMBE L, HEEERITH) ERETEA G, B4 R
PR FUR R T B I D RE 8 AN N Sl C iy 1), 20l oA T2 LR 7 41 h
() B (1) M e i A% 00 X 38, RecQ C %X 38 (RecQ-Ct) FIfif HERE RNase D 5 [X 45k
(HRDC) , X6 HAT AN D)8, IFAH EL B I 3 [ AT ik e 1 1) i AR AL o
PR T T A 0 DX I A A A MR, P B BEORST (M BRIR P AU 2, &7 7
AMESEIXEL, 455 NTP. NTP /Kl DNA 454, RecQ-Ct X1 RecQ fif g
FIEME— A AR IE, (HAZFTE RecQ I HR G IX— 45k . RecQ-Ct [X ik
ALE PN LR A DU o BEBEAN DY DR AT B2 D S IR Bk ik 2 B ) 45 440 1
G, DIRERE 485 65 B A fi 44 W BESh & X el 45 4549 (zine-binding motif, zinc
finger, ZBM) ; JPH EASKARSE I AR HE W 25 f4 38, (winged-helix, WH) . HHATA
B RecQ-Ct £kt - 2241 Tl xR I 45 4. B 0 B 3T & EH . HRDC XA T
R TERG S LR T 0 C oy, 7E5r RecQ B 2R, P iX—Z5 Mt ik, —
SERf 7R W] HRDC [X Sk A8 % 3 S R el T NTP /K A RIREE VG Ik o AR AR e g AN 7] 1)
SR A TN BETh RE, (H AR BEREAZ 0 X 4k, RecQ-Ct F1 HRDC X A4 H
ASEIR, AT A TRV AE AR AR BB, e lR] o sl i A AR F AL

ARICHELL RecQ fift il X 5+ BLML RECQS FIANHAT 18 RecQ  (Bacillus subtilis
RecQ) MU Xt 4, B FUMTERE AN R 45 M- ()2 W Al BEma . AR LA . A
17 T A E R 2540 5 JLDh REAH EL I DG 3R, 38 A el 1 A FA AL o



B G TRATTE AR AR RecQ B BERR I RecQ-Ct XI5, AR T ffix — DX I 2 i o 15 At
Jre M Az O D AR FAE Y, AR B (B AE AT R IBE 2R, S L [R) o o it e g 4k (10 Tl v 1
P, AT, RECQS AMFFUAAY, RECQS & A 5 Fififliehts —, HAREAS KL
EEATAT NBPFR G OC, HRATERIEY RECQS 5 BLM E A VIAH, B
BLM & (A 4R Y AR 1T . 17 . RECQS ff BERF R ARA7AE —Fh S 4A: RECQS5a «
REQSB F1 RECQSy. H:H' REQSB K, & A il ligliix Lo X A1 RecQ-Ct X5k, X
(] RECQSa fe/ly, M MEEMAZ% O X IR . X PR A A A FIT RecQ-Ct &5
P Ty e, AR I I A% /0 &5 R S AH T 0% R B AR IR R SR B o SIS 4 AR O
RECQS5a BEAMT ATP /KMRGES), BASKIUAREEGTE, #0 s X B AMEZ IR HE IR K
BCXTE T . REQSP WU H H 45055 1A 3R KON BE ) AL I R VE 1k o — R Y1 SE R IE
1, L RecQ-Ct DX PR <1 45 M —8r 45 4 X Ui B) 7 AR, AU i
DNA 4G 6e), 1M HAEZ T4 FHRMIEN, Rl DNA 454 1 1Y sk
il 2R i A A DX 3R TR K RC O e, [ R SR R B B R R . FRATT R SR A
H RecQ-Ct DX IBEEHR 45 14 15 At e i A% o DX 38U BAE T AOML IR AL, WD 3R P 2
IR LA SR, T A RecQ Ml IERG 45 M) 5 45 M 2 0], 45 55 DhRR RN IRIAH FLOG &R

FEXT RecQ iR BEMIAZ O X 5 RecQ-Ct X A PRK3LAE I, PR FUAr T2 5%
W75 C ity HRDC XIS ThEE, #RFT HRDC 5 HEMiZ 0 X 5. RecQ-Ct [X Ik
AR FR . ARSCHIH RecQ R M 1% P AT 54T 18 RecQ  (Bacillus subtilis RecQ,
SubRecQ) WG NHEFUAL, & A B AL, X RecQ fift g Y2 4544
ZESAET & HRDC XA, 15— HRDC X BH K. i s it 7 3 AR i
RARGERREAL . 45K W], HA HRDC X4k[1) SubRecQ W, FILH AR HEmERA (1) 4=
WAETE, JFBe A RO IT—4% DNA Z il 51E 5T DNA #iR4i M2 2 Holliday 4
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SUMMARY IN FRENCH (RESUME)

Dans les cellules, le déroulement de ’ADN double-brin est catalysé par une famille de
protéines appelées hélicases. Ces protéines sont présentes chez tous les organismes des
virus jusqu’a 'homme. Parmi ces hélicases, celles de la famille RecQ jouent un role
essentiel dans le métabolisme de I’ADN en facilitant de nombreux processus cellulaires tels
que la réplication, la réparation, la recombinaison, la transcription et la maintenance des
télomeres. Chez I'homme, il existe cinqg membres de la famille RecQ identifiés comme
RECQI1, BLM, WRN, RECQ4 et RECQS5. Les mutations dans BLM, WRN et RECQ4 sont
associ¢es a une prédisposition au cancer. En plus du domaine hélicase trés conservé et
contenant sept motifs bien distincts, la plupart des hélicases de la famille RecQ possédent
¢galement un domaine RecQ C-terminal (RecQ-Ct) et un domaine hélicase RNase D
(HRDC). Au cours de ce travail, nous nous concentrons sur les mécanismes intra-
fonctionnels de certains membres de la famille RecQ des hélicases.

Tout d'abord, nous avons utilis¢ deux isoformes naturels de 1’hélicase RECQS5 humain
comme modele pour étudier la modulation fonctionnelle du domaine hélicase avec le doigt
de zinc. Ici, nous montrons que la variante tronquée RECQ5a de 1’hélicase RECQS5p issue
d’un ¢épissage alternatif et composée uniquement du domaine hélicase ne posseéde ni
I’activité ATPase ni I’activité de déroulement de I’ADN. A I’inverse, et ce de matiére
étonnante, cette protéine est dotée d’une forte activité de réhybridation du brin déroulé. Les
mesures quantitatives indiquent que I’amélioration de 1’affinité¢ de la protéine pour I’ADN
que lui confere le doigt de zinc est a I’origine de ses activités ATPase et hélicase. Le plus
important est que ’on constate que le doigt de zinc est capable d'agir comme un facteur
moléculaire a8 méme de supprimer l'activité de re-syntheése du brin déroulé par le domaine
hélicase et de déclencher 1’activité de déroulement d'ADN a travers une modulation de la
fixation a I’ADN.

Ensuite, nous avons analysé les propriétés biochimiques de deux isoformes de 1’hélicase
RecQ de Bacillus subtilis : SubL et SubS. Parmi elles, SubS ne dispose pas du domaine
HRDC. Nos études montrent que le domaine HRDC est crucial pour Bacillus subtilis RecQ
hélicases dans la résolution des intermédiaires de réplication et / ou de réparation de I'ADN
tels que les jonctions de Holliday et la jonction de kappa. Les activités ATPase, hélicase et
l'activité de rehybridation du brin déroulé sont plus importantes en présence du domaine
HRDC. Ces résultats nous permettent de spéculer sur l'importance du domaine HRDC des

activités de la famille de RecQ hélicase. Nous avons découvert que dans la famille RecQ, le
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domaine HRDC peut augmenter les activités ATPases et hélicases. De maniére intéressante,
le domaine HRDC de Bacillus subtilis joue un role critique dans la résolution des
intermédiaires de réplication ou de réparation de I'ADN et des jonctions de Holliday. Nous
suggérons I'hypothése que le domaine HRDC des hélicases RecQ participe a exposer leurs
fonctions dans le processus de réparation de I'ADN.

Dans la derniere partie, nous nous sommes intéressés a l'existence et au role du doigt
d'arginine dans la protéine BLM. Ces études ont été¢ menées afin de démontrer son role dans
I'hydrolyse d'ATP et dans la conversion en mouvement mécanique permettant a la protéine
de progresser le long de I’ADN. Nos études démontrent que le résidu R982, situé a
proximité du y-phosphate de I'ATP, fonctionne comme un doigt d’arginine dans la protéine
BLM. Nos conclusions indiquent en outre que ce doigt d’arginine interagit avec d'autres
motifs conservés situés autour du y-phosphate des nucléotides et qu’ils effectuent ensemble

les fonctions enzymatiques au sein d’un réseau complexe.

Mots-clés : RecQ hélicase, le doigt de zinc, le domaine HRDC, le doigt d’arginine, RECQS5,
Bacillus subtilis, BLM
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SUMMARY

In the cells, the unwinding of double-stranded polynucleotides is catalyzed by helicases
that exist in all kingdoms of life from virus to human. RecQ family helicases play essential
roles in nucleic acid metabolism by facilitating cellular processes including genome
replication, DNA repair, recombination, transcription and telomere maintenance. In human,
five RecQ family members named RECQ1, BLM, WRN, RECQ4 and RECQS5, have been
identified. Defects in BLM, WRN and RECQ4 will give rise to autosomal recessive
disorders and predisposition to cancer. In addition to the highly conserved helicase core
domain containing seven helicase motifs, most RecQ family helicases have a unique RecQ
C-terminal domain (RecQ-Ct) and the Helicase RNase D conserved domain (HRDC). In the
present studies, we focus on the intra-functional mechanisms of some important members
of RecQ family helicases.

Firstly, we have chosen two natural isoforms of human RECQS5 helicase as models to
study the functional modulation of the helicase core domain by the zinc-binding domain.
Here we show that a truncated variant of the human RECQS5p helicase comprised of the
conserved helicase domain only, a splice variant named RECQS5a, possesses neither
ATPase nor DNA unwinding activities, but surprisingly displays a strong strand annealing
activity. Quantitative measurements indicate that the regulatory role of the zinc-binding
motif of RECQ5p is achieved by enhancing the DNA binding affinity of the helicase. More
important, the zinc-binding motif of RECQ5f is found to act as a molecular switch that
suppresses the strand-annealing activity of the helicase domain and triggers DNA-
unwinding activity of the enzyme through enhancing DNA binding.

Subsequently, we analyzed the biochemical properties of two isoforms of Bacillus
subtilis RecQ helicases: SubL and SubS. Between them, SubS naturally lacks the HRDC
domain. Our studies demonstrate that the HRDC domain is crucial in Bacillus subtilis RecQ
helicases in unwinding of DNA replication/repair intermediates such as Holliday junction
and kappa junction. The enzyme with HRDC domain shows stronger ATPase activity and
DNA unwinding and annealing activities than the other one. These results allow us to
speculate on the importance of HRDC domain in the basic activities of RecQ family
helicases.

In the last part, we investigated the existence and role of the arginine finger in the Bloom
syndrome protein (BLM) in ATP hydrolysis and energy coupling. Our studies demonstrate
that R982 is the residue located near the y-phosphate of ATP which functions as a BLM
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arginine finger. Our finding further indicates that the arginine finger interacts with other
conserved motifs around y-phosphate of the nucleotide to carry out the functions as a

complex network.

Key words: RecQ helicase, the zinc binding domain, the HRDC domain, the arginine finger,

RECQS5, Bacillus subtilis, BLM,
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Chapter 1
GENERAL INTRODUCTION
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In 1953, Watson and Crick set forth their hypothesis for the double-helical nature of
DNA. The Watson-Crick model had an immediate effect on the emerging discipline of
molecular biology (1). It was a remarkable feat in the history of genetics and biology. The
discovery of the DNA structure was a pivotal event in modern biology. The double helical
DNA structure must be unwound transiently and the two complementary strands must be
separated, at least partially, in order to form single-stranded DNA during the processes of
DNA replication, repair, recombination, and DNA transfer during conjugation. In the
course of these biochemical metabolisms, several enzymes are required to attend the
processes. So the Watson-Crick DNA model enables us to discover some enzymes which
are used to synthesize the new DNA strand or to separate the DNA double helical structure
during DNA replication, repair and recombination. Helicase is one of these important
enzymatic tools for the cellular DNA metabolisms.

The first helicase was identified in 1976 in Escherichia coli (2;3). From then on, dozens
more of DNA or RNA helicases have been identified from different organisms including
bacteria, bacteriophages, viruses, yeasts, cows, frogs, drosophila, mice, humans, and plants.
It is not surprising that helicases exist ubiquitously in prokaryotes and eukaryotes as well as
in bacteriophages and viruses because these proteins play an essential role in nucleic acid
metabolism. While DNA helicases are described as molecular ‘motor’ enzymes that are
involved in most DNA metabolism, RNA helicases were found to play essential roles in
RNA metabolic processes, including RNA genome replication for RNA virus, ribosome
biogenesis, messengers RNA transcription, pre-mRNA splicing, RNA maturation, RNA
export and degradation and RNA translation (4;5). So helicase is pivotal for cellular
genome stability and integrity. But up to now, the precise molecular mechanisms of

helicases are still poorly understood.
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1. Different Helicase families

Since the discovery of the first helicase in Escherichia coli 30 years ago, more and more
helicases have been isolated from different organisms. Helicases can be classified according
to sequence homology and directionality. The directionality is defined with respect to the
nucleic acid strand on which the enzyme translocates (3°-5° or 5°-3”). Based on amino acid
sequence homology, helicases are classified into several major groups, denoted
superfamilies 1-6 (SF1-6) (Table 1). SF1 and SF2 are the largest and are characterised by a
set of similar amino acid motifs called I, Ia, TxGx and II-VI (Figure 1). SF3 helicases
harbour only three different conserved helicase motifs called A, B and C and the SF4
helicases are known to have the five motifs called 1, 1a and 2-4. The motifs of the SF5 and

SF6 members have not been well described (6).

Table 1 Classification of helicases
Six superfamilies of helicases are shown in the left row. Some typical members of each superfamily

are listed in the table. The natures of the substrates and the polarities of unwinding are also indicated.

Helicase Helicase Species Substrate Reference
family name
Rep Escherichia coli 3’ to 5 DNA (7;8)
SF1 PcrA Bacillus stearothermophilus 3’ to 5> DNA 9)
UvrD Escherichia coli 3’ to 5’ DNA (10;11)
RecD Escherichia coli 5’ to 3° DNA (12)
SF2 RecQ Escherichia coli 3’ to 5’ DNA (13;14)
NS3 HCYV virus 3’ to 5 RNA (15)
SF3 T antigen  Simian virus 40 3’ to 5’ DNA/RNA (16)
SF4 DnaB Escherichia coli 5’ to 3° DNA (17)
SF5 Rho Escherichia coli 5’ to 3’ DNA/RNA (18)
SFé6 RuvB Escherichia coli 5’ to 3° DNA (19)
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Superfamily 1 (SF1): In this family, PcrA and Rep are two typical members (20;21). The
conserved amino-acid sequences of SF1 helicases are distributed into seven motifs which
carry out different biochemical functions. Superfamilyl can further be fallen into two
groups according to the polarity of translocation along the DNA or RNA: SFIA (3’ to 5’)
and SF1B (5’ to 3’). Extensive biochemical and structural studies have been performed to
understand molecular mechanisms of SF1A family helicases such as RepA, PcrA, UvrD,
while the precise molecular aspects of SF1B family helicases including Red, Upfl (22),
Rrm3 (23) and Dda, still need to be clarified (24). Structural analysis shows that the SF1
helicases fold into two prominent domains, named 1 and 2, that are separated by a deep
cleft and each domain contains two subdomains called A and B (Fig.1). The cleft is a site
for ATP binding. Most of the conserved sequences motifs are found in domain 1A and 2A
which take charge of binding nucleotides. These two subdomains composed of parallel -
sheet flanked by a-helices are located at the centre of the enzyme. The seven conserved
motifs are distributed in subdomain 1A, 2A and 1B (25). They carry out different
biochemical functions. The domain 2B is variable among different SF1 members. It may be
involved in translocation of helicase along the DNA. The crystal structures of Rep and PcrA
showed that the enzymes will be in two different conformations (termed ‘open’ and ‘close’
state) alternatively during biochemical processes (9). The conformational change is

considered an important aspect of the mechanism of helicase.

Superfamily 2 (SF2): This is the largest family among all the helicases families. It has been
identified in diverse organisms from virus to human beings. The representative helicases in
this family are RecQ helicases (26), DEAD-box RNA helicases, the Snf2-like helicases and
so on (27). The first revealed crystal structure of SF2 helicase was the non-structural protein
3 (NS3) of hepatitis C virus RNA which is involved in viral replication process (28). It is
shown that the conserved helicase motifs of SF1 and SF2 share some similarities with one
another. There are also seven conserved motifs (Motifl, Ia, II-VI) in the helicase core
domain of helices in SF2 (25). The crystal structure of NS3 demonstrated that the seven
motifs mainly reside in domain 1 and domain 2 which are homologues to the 1A and 2A
domains of SF1 helicases (Fig. 2) (25;29). The domain 1 contains motif I, motif Ia, motif 11
and motif III. Structure-function studies indicated that motif I and II are implicated in NTP
binding (Fig 1) (30). Unlike the motif III of SF1, that of SF2 forms a flexible loop that
connects the domain 1 and 2 and may help couple ATP hydrolysis to a conformational

change in order to cause the translocation along the substrates (31). The motifs IV to VI
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residing in domain 2 contribute to couple ATP hydrolysis and nucleotide binding. The
domain 3 is a unique special structure of SF2 containing o-helical feature which has poor
similarity but is essential for ATP hydrolysis and unwinding of nucleic acids (32). Recently,
new motifs have been found continuously (motif Q, TxGx motif, motif 4a and TRG) in
some SF2 members (6). For example, motif Q which is unique in DEAD-box helicase,
locates before motif I in the N-terminus (Fig. 1). Motif Q is involved in ATP binding and
hydrolysis (33). The RecQ helicase family is a representative member of SF2 helicases
which exists in all kinds of organisms. It is a highly conserved DNA helicase that plays a
key role in chromosomal maintenance and genome integrity. We will discuss RecQ helicase

in detail in the following section.

Superfamily 3 (SF3): The SF3 helicases which are distinct from the SF1 and SF2
originally identified in the genomes of small DNA and RNA viruses which (6). They are
involved in multiple biological activities, such as genome replication, origin recognition
and unwinding. There are four common conserved motifs in SF3 protein named A, B, B’
and C (6;34). The motif A and B correspond to the Walker A and B ATPase boxes while
motif C is specific in SF3. The typical structural difference among SF1, SF2 and SF3
families is that SF1 and SF2 helicases contain a RecA-like core fold, while SF3 helicases
have a novel modified AAA+ core (ATPase associated with diverse cellular activities)
relatively (35). The small poorly conserved AAA+ domain containing o-helice/p-sheet
structure may be involved in stabilizing the hexameric form and NTP binding activity.
Several crystal structures of proteins from this family, for example simian virus 40 (SV40),
the bovine papillomavirus (BPV-1) E1 helicase (36), adeno-associated virus type 2 (AAV2)
(6;37) and HPV 18 (38), were solved in recent years.
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Figure 1
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Fig. 1 Ribbon representations of Rep (SF1) and NS3 (SF2)

(A): The ribbon diagram of the open conformer of Rep in Superfamily 1. Domain 1A is
indicated in yellow, 2A in red, 1B in green, and 2B in blue. DNA and ADP are indicated in
gray. The middle panel is the location of the domains in the amino acid sequences of Rep
indicated by the same colour coding as in the upper panel. The low panel shows the conserved
amino acid motifs in the helicase domain. From N-terminal to C-terminal, the motif I, Ia,
TxGx, 1I-VI are labelled in different colours. (B): The upper panel is the ribbon diagram of
HCV NS3 helicase belonging to Superfamily 2. The structural homologue to domain 1A of
Rep is indicated in yellow, and that of 2A in red. The C-terminal domain 3 is indicated in
green. The middle panel indicates three domains of NS3 helicase in the same colour as the
upper panel. The low panel is the position and function of seven conserved motifs of helicase
domain. From N-terminal to C-terminal of amino acid sequence, the helicase core domain
contains motif I, Ia, TxGx, [I-VI. Each motif has special biochemical function. Motif Q before

motif I is an expanded motif found in DEAD-box helicases.
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Structures reveal that most SF3 helicases form a sixfold symmetric collar that stabilized
the hexamer, with the AAA+ domain shown from exact radial symmetry (Fig. 2). The
hexamer forms a two-tiered assembly with a hole to bind the substrates. The central channel
of hexamer binds with nucleic acid via interactions between a loop in the B’ motif and the
phosphodiester backbone. It’s not surprising that the SF3 helicases are different in structure

from SF1 and SF2 because their consensus patterns of the helicase motifs are not conserved.

Superfamily 4 (SF4): Helicases from the SF4 family act as replicative enzymes which
were first identified in bacteria and bacteriophages. Up to the present, few members have
been classified in this superfamily. One member named DnaB helicase is a replicative
helicase of eubacteria (39). This family also includes other replicative helicases of the T4
and T7 bacteriophages showing a RecA-type core fold. All members of SF4 contain five
conserved motifs (H1, Hla, H2, H3 and H4) that are located in the C-terminal region of the
protein. Motifs H1 and H2 are equivalent to the Walker A and B motifs in the helicase
domain of SF1 and SF2 helicases, but Hla, H3 and H4 have no obvious counterparts in any
other superfamily (Fig. 2). H3 has a conserved glutamine or histidine which is the
functional equivalent of motif III of SF1 family. Motif 4 forms a loop that projects into the
central channel of the hexamer. The hexamer shows deviations from six fold symmetry with
the consequence that the subunit interfaces, DNA-binding loops and arginine fingers are in
non-equivalent conformations in different subunits. Comparisons of their respective RecA-
like folds showed that although the Walker A and Walker B motifs are similarly positioned,
the DNA-binding elements are located in different regions of the fold. But in the quaternary
structures, the DNA-binding elements are still found at the centre of the ring of each

helicase. The N-terminal region of these helicases is usually less well conserved (40).
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Figure 2

A SV40 (SF3) B  T7gp4 (SF4)
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Fig. 2 Ribbon diagrams of hexameric helicases from SF3 to SFé6 (Ribbon diagrams of
helicases are adapted from Reference 6) (A) The SV40 Tag hexamer (SF3), looking down
through the central channel. The N-terminal a-helical domains (in gold) form a ring resting
upon a larger ring formed by AAA+ domains (in green). Below the hexamer, it is shown the
helicase domain. From N-terminal, the conserved motifs of SF3, motif A, A’, B and C, are
indicated in different colours. The motif A and B correspond to the Walker A and B of SF1
and SF2. (B) Schematic of the hexamers of T7 gp4. Its helicase domain contains five
conserved motifs (H1, Hla, H2, H3 and H4) from N-terminal to C-termainl. Motif H1 and H2
are equal to Walker A and B. (C, D) Hexamers of E.coli Rho and T. maritima RuvB from SF5

and SF6 respectively. The monomers of the hexameric helicase are shown in different colours.
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Other Superfamilies: There are several helicases that are distributed into other families
according to their different amino-acids sequences. Crystal structure analysis revealed that
most of them form as hexamers. Rho, a kind of transcription termination factor in bacteria
belongs to superfamily 5. It takes role in the termination of transcription by binding to a
specific sequence on the nascent RNA and then unwinds the DNA/RNA hybrid (41). The
crystal structure of Rho shows a hexamer and RNA binds to each six subunits (42;43). Two
crystallographic structures of the Rho hexamer from Escherichia coli have been solved. In
one structure, the Rho ring is split open which gives rise to a global shape with RNA bound
to the RNA-binding domain (Fig. 2). This conformation is different from DNA hexameric
helicases (44). The other structure of Rho is a close hexamer ring with the RNA bound to
both the RNA-binding and the ATPase domain (45). The mechanism of regulation of Rho
closing or opening is still unclear.

According to the sequence alignments and structural information, a number of
hexameric motor helicases containing the AAA+ like fold form the SF6 family. Comparing
with the structures of SF3 helicases, they contain an additional B-hairpin insertion that
disrupts helix a2 (46). The RuvB helicase, a member in this family, interacting with RuvA
and RuvC proteins is responsible for promoting branch migration during bacterial
recombination. The dsDNA strands of Holliday junctions bind to the central channel of the
hexameric ring of RuvB in an ATP-dependent manner (Fig. 2) (47). The mini chromosome
maintenance protein (MCM) is a helicase involved in the eukaryotic replication. It forms a
hexameric ring complex (MCM2-7) with a large central channel to connect with dsDNA

which is essential for replication initiation and elongation (48).

Although helicases are different in sequence, structure and function, they share common
biochemical properties, including nucleic acid binding, nucleoside triphosphate (NTP)
binding, NTP hydrolysis, and unwinding of nucleic acid duplexes. The structure of helicase
is tightly associated with their functions. So understanding the structure of helicase clearly

will help us to find out the mechanism of its biochemical functions.
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2. Helicase-General properties of helicases and Mode of Action

2.1 Biochemical properties of Helicases

Helicases have several common biochemical properties: nucleic acid binding, nucleotide
triphosphate (NTP) binding, NTP hydrolysis and NTP hydrolysis-dependent unwinding of

nucleic acid helices.

2.1.1 NTP binding and hydrolysis of NTP

Up to now, all the analysed helicases exhibit NTP binding and NTP hydrolysis activity
(49;50). Most helicases preferentially hydrolyze ATP than three other nucleotides (TTP,
GTP and CTP). Usually, a magnesium ion binds specially to the beta and gamma
phosphates of the NTP. This metal ion is an essential component of the overall reaction for
ATP binding and hydrolysis. The NTPase activity of a helicase is stimulated by binding of
nucleic acid (DNA or RNA) generally. However several helicases display ATPase activity
even in the absence of nucleic acids. For example, Anasuya Roychowdhury recently found
that the E. coli replicative helicase, the DnaB protein, can hydrolyze all the NTPs
independent of DNA substrates (51). Crystal structures of many helicases reveal highly
conserved arginine residues in the helicase core domain which are located near the y-
phosphate of ATP and may sense the ATP hydrolysis. The arginine finger contributes to
ATP hydrolysis through stabilization of the transition state of the reaction and it is also used
as a trigger for conformational change after release of pyrophosphate (49;52). Although it is
accepted that helicases convert the chemical energy into mechanical force for translocation
and unwinding nucleic acid strands, the mechanism of energy conversion still remains to be

elucidated.

2.1.2 Nucleic Acids binding

Helicase binding to nucleic acids is an important step towards nucleic acids separations.
The crystal structures of helicases bound to DNA or RNA revealed that helicases bind to
DNA or RNA through their phosphate backbones or nucleotide bases. The binding
mechanism of nucleic acids substrate differs in various helicases families. For most
helicases, nucleic acids bind to helicase with the conserved motifs in the helicase core

domain. However, there is a special domain named the zinc-binding motif which also has
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been found in some helicases to contribute to nucleic acid binding (53;54). Most DNA
helicases display stronger binding affinity for ssDNA than dsDNA. To date, the most
noticeable feature of nucleic acids binding is that the binding of nucleic acids and NTP
triggers a significant conformational change in the helicase domain. This change is
absolutely necessary for ATPase and DNA/RNA unwinding. For example, when the DEAD
box helicase YxiN binds to RNA, it will induce the closer conformational change of two
helicase subdomains for RNA unwinding (55). Similar structure changes also have been

indicated in PcrA and Rep helicases (9;56).

2.1.3 Unwinding Activity and Mode of Action

Double-strand separation by helicase is a complex process. There are certain common
features of which can be described such as polarity, processivity, step-size and mode of
action.

The polarity of unwinding is defined as the direction of helicase moving on initially
bound single strand template with respect to the polarity of the sugar phosphate backbone.
It is determined as 5’ to 3’ polarity when helicase, such as FANCJ, XPD and RecD
helicases, unwinds the duplex possessing the 5’ single strand; whereas if the helicase
unwinds the other single-end strand, it displays 3’ to 5’ polarity such as RecQ helicase
family. However, for some helicases, RecBCD (57), PcrA of Bacillus anthracis (58) and
herA of thermophilic archaea and so on (59), they can show bipolar unwinding activity.
There are major differences in DNA or RNA substrate specificity among various helicases.
A single tail of duplex strands is required for most DNA helicases. Several helicases, such
as BLM and E.coli RecQ, even can unwind blunt-end duplex DNA structures.

Processivity is another measure of the number of base pairs unwound before the helicase
dissociates from the substrate, and varies largely among the different helicases. Some
helicases exhibit a high processivity with a separation of several kilo base-pairs per second
(60), while other helicases can only unwind just few bases before dissociating from the
substrate.

Today, several models have been proposed to explain the mechanism by which helicases
catalyze the unwinding of nucleic acid duplexes. Each model envisions a different assembly
state for the active protein. There are three accepted unwinding models by which helicase
forms different oligomerization. When helicase separates nucleic acids in monomer or

dimer, the model of action is described as ‘inchworm model’ or ‘rolling model’ (61) (Fig.
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3). The inchworm model is based on an active monomeric protein such as PcrA (9) and Rep
(62). ATP binding, hydrolysis and product release cycle the protein through a series of
conformational states as the protein ‘inches’, one step along the substrates. Two
subdomains of helicase both bind single strand. After binding ATP, they are closer to each
other and consequently cause the substrates to be tumbled through the binding pocket. The
‘rolling model’ requires a dimerized helicase in which each monomer has the different
affinity for single-strand or double-strand of the substrate. NTP binding and hydrolysis
provide the energy for protein conformation. Binding NTP brings the closed form of two
monomers from the open state and then the dimeric enzyme can be envisioned to ‘roll’
through duplex substrates with subunits alternate of utilizing cycles of NTP binding (61).
Some helicases form a hexameric complex when they separate DNA or RNA substrates
such as human BLM (63), T7 gp4 (64), E.coli Rho (65), SV40 (66) and so on. The
unwinding model of hexameric helicases proposed that a single strand passes through the
centre of a ring-shaped protein while the complementary single strand passes along the
outside of the ring. The protein moving along one strand of the substrate has a corkscrew-
like motion with alternating subunits catalysing ATP hydrolysis (Fig. 3). The unwinding
model of hexameric helicases can further be classified into three models according to the
different manners in which they bind to nucleic acids (67).

However, the detailed molecular mechanism of unwinding models such as the energy of
NTP hydrolysis coupled to the separation of double-strands is still not well known. More

information is needed to explain the unwinding models of helicases.
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Figure 3

Inchworm model

~ W e
g

Unwinding model for hexameric helicase

Rolling model

Fig. 3 Unwinding models of helicases

Top view shows the inchworm model in which helicase binds to substrates with two subunits.
Helicase transfers between ‘open’ and ‘close’ situation alternately. The rolling model involves
dimer of helicase. Each monomer binds to single or double stranded substrate alternately. For
hexameric helicase, the substrate passes through the core of enzyme. The unwinding model of

hexameric helicase is shown on the bottom of figure.
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2.1.4 Annealing Activity

Although helicase is a kind of enzyme which can separate nucleic acid duplexes, the
increasing evidence has shown that they also possess strand-annealing activity and even
strand-exchange activities. For example, in RecQ helicase family such as human RecQ5
(68), RECQ4 (69), the Bloom Syndrome helicase (BLM) (70), the Werner Syndrome
helicase (WRN) (71) and other family helicases including Dna2 and T4 helicase (72)
display significant strand annealing activity. Single stranded DNA annealing by BLM,
WRN or Dna2 suggest that they may play roles in the processing of Okazaki fragments (73).
Some RNA helicases also have the ability to mediate the RNA secondary structure
including yeast nuclear DEAD-box RNA helicases (p68 and p72) (74), the redox-regulated
cyanobacterial RNA helicase (CrhR) (75) and the nucleolar DExD-box RNA helicase II/Gu
(76). For RNA helicases, while p68/p72 and RNA helicase II/Gu carry out the unwinding
function in the presence of ATP, these helicases also have the annealing ability independent
of ATP (77). Some laboratories have found that DNA helicases carried out annealing
activities in the absence of ATP. ATP will even reduce this ability to a certain extent. It is
possible that this activity simply reflects the ability of binding two single complementary
strands. When helicase binding to ATP, it will cause a conformational change in helicase
and stimulate unwinding process, which, in turn, inhibit its annealing ability. The
stimulatory effect of replication protein A (RPA) and single-stranded DNA binding protein
(SSB) on unwinding ability were also found to prevent annealing of single strand DNA in
some RecQ members (78). RPA and SSB can bind with single stranded DNA and then
inhibit re-annealing. As the unwinding process, annealing ability of helicase also is
influenced by structure and length of substrate. The 3’ oligo(U)-tail and 3’ stem-loop of
RNA is necessary for annealing ability of gBP21 RNA helicase (79). When the length of
duplex or region of complementary is increased, the annealing is also increased in the cases
of BLM and WRN (80).

In theory, unwinding and annealing activities in the same helicase will tend to work
against one another. So the competition and balance of these two opposite processes of
helicase in vivo is deserved to be understood well. The redox-regulated cyanobacterial RNA
helicase (CrhR) was found that its annealing ability is stronger than unwinding ability in
vitro. In addition, CrhR couples these two activities to effect RNA rearrangements via
strand exchange which is crucial for cellular activities (81). By contrast, the unwinding
activities of BLM and WRN are significantly stronger than annealing functions. But BLM
and WRN carry out the unwinding and annealing together on three or four stranded DNA
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structures to perform strand exchange and branch migration during DNA repair pathway,
especially in resolving the double Holliday junctions. The balance between annealing and
unwinding seems to be regulated by other proteins which are important in DNA metabolism
such as RPA and SSB (80).

The structural basis of helicase mediated-annealing is not well understood. Several lines
of evidence have shown that oligomeric state of helicases is responsible for annealing
activity. For example, both BLM and RECQI helicase need oligomerisation to perform
their strands annealing activity. It's worth noting that the helicase core domain which takes
charge of binding DNA or RNA is not responsible of annealing activity in the cases of most
studied helicases. This conserved domain is not enough for executing out annealing ability.
Some laboratories found the C-terminal region of helicase is required for the annealing
ability (82). The C-terminal 79 amino acids region between the RecQ C-terminal (RecQ-Ct)
and the Helicase and RNAse D C-terminal (HRDC) domains of WRN is required for
ssDNA annealing process (83). Similarly a 60-amino-acids sequence in the HRDC domain
of BLM is critical for annealing (84). Very surprisingly, we found that an isoform of RecQ5
helicase which only has the helicase core domain can efficiently catalyze nucleic acid

strand annealing. We will discuss this in detail in the Chapter II.

2.2 The multiple functions of Helicases

Helicase and DNA replication

Helicases are conserved enzymes from bacteria to human. Since they have multiple
biochemical functions, helicases have diverse roles in genomic metabolism. DNA helicases
are required for the maintenance of genome integrity including DNA replication, repair,
recombination and transcription (50). During the DNA replication, helicase acts as a
roadblock remover. Helicases function as a checkpoint and a surveillance mechanism to
remove structural roadblock in S-phase of DNA replication. Some DNA replication
intermediates such as DNA hairpins, D-loop, triple junctions, Holliday junctions can be
solved by helicase (85). Additionally, helicase also probably assist in the re-initiation of

replication at sites of replication-fork demise.
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Helicase and DNA repair

Chemical agents and UV light can create replication blocking lesions and DNA damage.
One of the fatal damages is DNA double-strand breaks (DSBs). Cells repair DSBs primarily
by nonhomologous end-joining (NHEJ) and homologous recombination (HR). XPB and
XPD helicases were found to play important roles in nucleotide extension repair (NER)
pathway (85;86). RecQ helicases have been found to play key roles in DSBs repair pathway
interacting with several proteins (87). FANDI (fanconi anemia-associated proteins with
helicase motifs) helicase regulates the homologous recombination repair by interacting with
RADS51 recombinase. Some helicases are also involved in nucleic acid repair process to
mediate strand separation at the site of lesion and separate the forked DNA structure. Some
members in RecQ family have been found to play a part in transcription and regulation of
chromatin structure (88). WRN, the Werner Syndrome helicase, might play a role in DNA
mismatch repair. This helicase can move a mismatched nucleotide incorporated by a DNA
polymerase during DNA replication and DNA repair (89). It is also noticeable that DNA
strand annealing activity of helicase is important for their functions at blocked DNA fork.
Helicase can disrupt the forked structure and promote strand exchange to facilitate the

procession of DNA process.

Helicases and RNA metabolism

RNA helicases are involved in various cellular processes of RNA by catalyzing the
alteration of higher-order RNA structures, for example, secondary structure melting, strand
separation and RNA-protein dissociation. The DEAD-Box RNA helicases belonging to
Superfamily 2 can regulate many aspects of RNA metabolism, including transcription,
splicing, transport, translation and degradation of mRNA and ribosome biogenesis (90;91).
Vasa, the first identified DEAD-box helicase, has been characterized in oogenesis and
germ-cell specification in Drosophila. It functions in translocation of specific mRNA
targets and recruitment of the 60S ribosomal subunit to the translational start site by
interacting with elF5B, a kind of translocation factor (92;93). Interestingly, some evidences
indicated that helicases are implicated in the mediation of the position and density of
histone congregates along the DNA in reconstituted nucleosomes. Snf2, a kind of ATP-
dependent chromatin remodeler in fission yeast, can convert the local chromatin into
transcriptional active and repressed state. Snf2 plays an essential role in cell viability

including chromosome segregation and centromere functions (94). Human DDX3 is another
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famous RNA helicase which is implicated in nuclear mRNA export, cell growth and even
cancer progression. Human DDX3 participates in the replication of human
immunodeficiency virus Typel (HIV-1) and in the pathogenesis of hepatitis C virus (HCV)
(95;96). So Human DDX3 is a potential target of antiviral agent for HIV. More recently, an
RNA helicase, RIG-I has been identified to be involved in the innate immune response in
human. RIG-I recognizes viral dsSRNA and transmits signals that induce type I interferon-
mediated host immunity against virus infection (96). This is a new signal transduction and
regulatory pathway for host against virus infection. Further research in this domain will

contribute to understanding of the molecular aspects of RIG-I signal pathway.

All these evidences indicated that helicases are very critical in maintenance of the
genome stability. Since helicases are very essential to genomic metabolisms from virus to
human, resolving the structures of helicases will help us to understand their biochemical

functions and molecular actions deeply.

3. The RecQ family of DNA helicases

3.1 General Features and Structural Organisation

The RecQ helicases, named after the DNA helicase RecQ of Escherichia coli, are highly
conserved from bacteria to man. Defective functions of these proteins lead to genomic
instability that generally manifests as hyperrecombination. In humans, defects in the BLM,
WRN and RTS/RECQ4 genes are associated with the autosomal recessive, cancer-prone
diseases Bloom syndrome (BS) (97), Werner syndrome (WS) (98) and Rothmund
Thompson syndrome (RTS) (99), respectively. Higher organisms contain several RecQ
homologues, with five homologues identified in humans. These proteins presumably play
specialised roles in genome maintenance since distinctions in the clinical as well as the
cellular manifestations of BS, WS and RTS have been observed. Furthermore, the multiple
RecQ homologues also display differences at the biochemical level with overlapping, but
also very distinct substrate specificities mostly due to the presence of various additional
functional domains. The diverse protein interaction partners observed further implicate
different human RecQ homologues in different DNA transactions. It seems that the cellular
functions of the sole RecQ homologues in unicellular organisms are divided up into and

extended on several homologues in higher organisms.
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Figure 4
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Fig. 4 Schematic diagram of selected members of the RecQ family of DNA helicases

The color scheme matches the scheme shown in the figure of the structures of the protein

domains. The helicase core domains are shown in red, and the RecQ-Ct domain including the

zinc finger is shown in yellow. The HRDC domain is depicted in blue, and the exonuclease

domain of WRN is shown in gray. The lengths of the amino acid sequences of the RecQ

helicases are indicated after each schematic diagram.
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Figure 4 shows schematically some selected RecQ helicases. All RecQ members contain
the helicase domains characteristic of the DEAH subgroup of SF2 helicases (6). The RecQ
helicase domain is defined by the presence of seven highly conserved helicase motifs which
is centrally located in the amino-acids sequences (Fig. 1). Biochemical analysis indicated
that motifs Ia, Il and V take charge of contacting with DNA. Motifs I, II-IV and VI form a
pocket for interacting with ATP. The RecQ-Ct domain is a characteristic of the RecQ
family and is involved in mediating protein-protein interactions and DNA binding, but this
domain is absent in some members or its sequence has diverged significantly enough to
make its identification less straight forward (Fig. 4). The RecQ-Ct domain is composed of
two sub-domains: One is a structure of four a-helices that ligand a Zn>" ion by four highly
conserved cysteine side chains named as zinc binding motif or zinc finger (Fig. 5). The
adjacent Zn>" binding domain has been found in all RecQ helicases examined, except for
RECQ4. Our researches on the structures and functions of E.coli RecQ, BLM and RECQ5p3
have demonstrated that the zinc binding motif plays critical role in protein-folding and
DNA binding activity (54;68;100).

Another characteristic of the RecQ members is the winged helix (WH) domain, which is
a less conserved winged-helix sub-domain and has only been found to be absent in the
human RECQ4 and RECQ5 and their orthologues (Fig 5). The HRDC domains of E.coli
RecQ and WRN have been found to take charge of binding DNA but are not required for
catalytic activity (101). The three-dimensional structure of the HRDC domain of
Saccharomyces Cerevisiae Sgsl is used as a basis for establishing a general structural
model for studying on its function (Fig. 5) (101;102). It also does not show independent
enzymatic activity and it provides an auxiliary function in substrate recognition (Fig. 5).

Furthermore, distal to the WH domain, the Helicase and RNAse D C-terminal (HRDC)
domain is found. This domain is absent in RECQ1, RECQ4 and REQS5. The WRN helicase
contains an additional 3’-5 exonuclease at the amino-terminus of the protein and a 27
amino acids repeat between the exonuclease and the helicase domains (Fig. 4) (26). All
unicellular organisms examined contain a single RecQ homologue that harbours all the
common conserved motifs, such as the helicase domains, the Zn>" binding domain, the WH
domain and the HRDC domain (50).

The DNA helicase of RecQ family can unwind various DNA strands in the 3° to 5’
direction. The helicase activity depends on the hydrolysis of ATP. The hydrolysis of ATP

provides energy for the processive translocation of the helicase along the substrates. The
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substrates are specific for different RecQ helicase members. Table 2 schematically shows

some substrates that have been used to study RecQ family helicases.

Figure 5

N

wing

Fig. 5 High-resolution structures of some important domains in RecQ family
helicases

(A) Structure of just the zinc finger of the RecQ-Ct domain from the E. coli RecQ
catalytic core (Adapted from Reference 100). Side chains of cysteine metal ligands
labelled with C1 to C4 are shown and labelled, and the bound zinc ion is indicated.
(B) Structure of just the WH domain of the RecQ-Ct domain from the E. coli RecQ
catalytic core (Adapted from Reference 29). (C) The three-dimensional structure of

the HRDC domain of Sgs1 RecQ helicase (Adapted from Reference 102).
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Table 2 Substrate specificity of RecQ helicases (26;103-107)

f f .
Stsl;:lbcst;gig g;‘;:;e Note of substrate Helicase
S‘m 3 Blunt duplex E.coli RecQ, RECQ4
5 TIIIOT | S’ tailed duplex E.coli RecQ
s il | E.coli RecQ, Sgsl1, REQI,
[T , 3" tailed duplex BLM, WRN RECQ4, RECQ5
m@m ‘Bubble” BLM, WRN, RECQ4
substrate
¥ B-form duplex i S c
SI[I]ID]]]I< Forked duplex DNA intermediates E.coli RecQ, Sgsl, RECQL,

‘Kappa’ structrue

in replication and
repair

BLM, WRN, RECQ4, RECQ5

E.coli RecQ, Sgs1, RECQ5

m]mm< Duplex fork WRN, RECQ5
5'ord
D-loop BLM, WRN
BLM, WRN

3-way junctions

.
-+
4

DNA intermediates
in recombination

E.coli RecQ, Sgs1, RECQI,

Triple helix BLM, WRN
Holliday junction BLM, WRN
Sgs1, RECQ1, BLM, WRN,
17-30nt . RECQS
3340 Circle phage M13
-4Unt ... | hybridized with Rqhl, WRN
Holliday junction |
o-strucutre different length .
42-100nt single—strand DNA E.coli RecQ, Sgsl, BLM,
RECQS5
109-343nt E.coli RecQ, Sgsl,
E.coli RecQ, BLM, WRN
M13 substrate Alternate DNA coli RecQ
structures formed
in triplet and G-rich
TN

G-quadruplex
structure

repeat sequences
(telomeric DNA)

E.coli RecQ, Sgs1, BLM, WRN
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3.2 The Escherichia coli RecQ

3.2.1 Genetic Background
The RecQ protein from Escherichia coli is the founding member of the RecQ DNA

helicase family and was discovered in 1984 by Nakayama in a screen for mutations that
confer resistance to thymineless death (13). RecQ acts in the RecF pathway of homologous
recombination that operates in the repair of stalled replication forks. RecQ mutations in a
recBC sbcB background lead to an enhanced UV sensitivity and lower the efficiency of
conjugal recombination (13). RecQ and RecJ are required for lagging strand degradation at
stalled replication forks (108). RecQ is involved in the supression of illegitimate
recombination, which is enhanced 30-300 fold in recQ mutants (109). A recent study shows
that RecQ is needed for the fast degradation of the LexA repressor in response to UV
irradiation to induce the SOS response (109). The SOS response is a mechanism of bacteria
strongly enhanced by the formation of RecA filaments and induces the expression of

roughly 30 DNA repair genes as a response to DNA damage (110).

3.2.2 Biochemical and structural Properties of E.coli RecQ

The first isolated helicase, E.coli RecQ, is a protein of 610 amino acids (molecular mass,
68,920 Da) (111). Sequences alignment of E.coli RecQ with other RecQ family members
reveals that it has high conservation of the helicase domain. Analysis of the amino acid
sequence of E.coli RecQ indicated that it contains the helicase core, RecQ-Ct, HRDC
domains and a short N-terminus (112). E.coli RecQ shows a wider DNA substrates
specificity and higher processivity than that of other RecQ family members (14). It can
unwind longer partial duplexes, blunt-ending DNA, DNA with 5” or 3’ overhangs, nicked
or forked DNA, and three- or four-way junctions including G4 structure (a guanine-rich
parallel four-stranded DNA structure) efficiently (13) (Table 2). It displays a 3’ to 5’
polarity in DNA unwinding and DNA-depending ATP hydrolysis.

The previous results in our laboratory indicated that E.coli RecQ functions as a monomer
and unwinds DNA substrates in the inchworm model putatively (111). E.coli RecQ
possesses both ssDNA and dsDNA binding abilities, but it prefers to ssDNA than dsDNA.
Steady-state fluorescence anisotropy measurements of fluorescein-labelled oligonucleotides
revealed that E.coli RecQ binds DNA with high affinity and low cooperativity of one

protein monomer per ten nucleotides (113). It can bind ssDNA or dsDNA at the same site.
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The concentration of salt influences the DNA binding ability of E.coli RecQ significantly
(113). The affinity to substrate will decrease with salt concentration increasing and this
phenomenon has been found in many other RecQ family members. Nucleotide cofactors not
only provide energy for DNA unwinding ability but also regulate its affinity for DNA
binding. It was further determined that E.coli RecQ unwinds DNA duplexes rapidly,
independent of the ssDNA tail length, with a step size of 4 base pairs and a rate reaching as
high as 84 bp/s (14).

Bernstein and Keck have crystallized the catalytic core domain of the E. coli RecQ
protein and resolved its structure (112). The crystal structure of RecQ is shown in Figure 6.
In this work, the authors show that there are two additional structural motifs adjacent to the
helicase domains which are not present in other helicases. One is called zinc binding motif
and the other is the winged helix motif (WH). The zinc binding motif contains four highly
conserved cysteines which coordinate a zinc ion. Adjacent to that lies the winged helix
motif forming a helix-turn-helix fold, found to act as a DNA binding motif in many proteins
(101). The HRDC domain was not present on the polypeptide crystallized and its function is
not yet fully elucidated. Liu et al. have resolved the three-dimensional structure of the
HRDC of Sgsl from Saccharomyces cervisiae, but was not able to draw functional
conclusions from this work (102). Recently, our laboratory have characterised the
importance of the zinc binding motif. We show that the highly conserved cysteines form a
complex with the Zn*". This complex is essential for DNA binding and helicase activity, but
not for ATP binding (114). Furthermore, we show that this zinc binding motif is important

in maintaining the integrity of the protein structure.

3.2.3 Role in genomic stability

Based on genetic and biochemical evidences, four roles of RecQ in the maintenance of
genomic stability in E. coli have been proposed (115) (Figure 7): 1) In a model for the
initiation of recombination, RecQ unwinds DNA at gaps (in wild-type cells) or double-
strand breaks (in recBC" cells) allowing RecA filament formation to initiate recombination
and D-loop formation (116). 2) In the anti-recombination model, RecQ can disrupt D-loops
formed by RecA (116). 3) RecQ is very likely to perform the double Holliday junction
(DHJ) dissolution, as it has been shown that RecQ in concert with Topo III can

catenate/decatenate
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Figure 6
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Fig. 6 High resolution structure of the E.coli RecQ catalytic core (Adapted from
Reference 29)

The schematic diagram of E.coli RecQ is shown on the left. The catalytic core of
E.coli RecQ includes only the helicase domain (labelled in red and blue) and RecQ-
Ct domain (labelled in yellow and green). In the middle, it is the ribbon diagram of
the crystal structure of E.coli RecQ catalytic core region which are labelled in the
same colour as in the schematic diagram. The zinc binding motif is indicated in
yellow and the WH domain is in the green respectively. A bound Zn>* ion is shown

as a magenta sphere.

duplex DNA (117). It is likely that RecQ can, together with Topo III perform this reaction
as well in vivo. 4) In the SOS model of Hishida et al. (118), RecQ binds a gap on the
leading strand of a stalled replication fork and unwinds the duplex template ahead of the
fork, in a 3’-5” direction (119). The ensuing topological stress may be relieved by the
combined action with a type I topoisomerase such as Topo III. Subsequently, RecQ
switches to the lagging strand template, generating a single-stranded DNA gap on the
lagging strand, on which a RecA filament is assembled in the 3’ direction, leading to SOS
induction. Subsequent repair of the blocking lesion, trans-lesion synthesis, or

recombinational restart may lead to the resumption of DNA replication.
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Figure 7
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Fig. 7 Roles of the RecQ DNA helicase in genomic maintenance (Adapted from
Reference 115)

(A) Initiation of recombination. RecQ helicase can unwind DNA at replication gaps or
double strand breaks to initiate recombination and D-loop formation. In this process,
Recl], a single-strand DNA exonulease, digests the displaced 5’-end strand to allow
formation of the RecA filament on the 3’-end stand. (B) Anti-recombination. RecQ also
can disrupt D-loop structure formed by RecA protein. (C) DHJ dissolution. RecQ solves
the double Holliday junctions interacting with Topllla topoisomerase. (D) The SOS
model. RecQ binds a gap on the leading strand and unwinds the duplex template ahead
of the fork in the indirection of 3’ to 5°. Then RecQ moves to the lagging strand
template to generate a single strand DNA gap on the lagging strand. RecA binds to the

single strand region on the lagging strand which leads to SOS induction.
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3.2.4 RecQ helicases from other microorganisms

In addition to E.coli, there are also a lot of other prokaryotic organisms such as
Haemophilus influenzae and Bacillus subtilis which are good models for studying DNA
mechanisms. The recQ genes of H. influenzae and B. subtilis are homologous to that of
E.coli and the putative RecQ in these two bacteria share about 40% identities with E.coli
RecQ (120). B. subtilis has proven highly amenable to genetic manipulation, and therefore
has become widely used as a model organism for laboratory studies equivalent of
Escherichia coli, especially of cellular differentiation, DNA replication and DNA repair
pathways (121). E.coli, B. subtilis and H. influenzae are all suitable objects for research on
DNA metabolizable mechanisms and enzymes interrelated in these processes. Scientists
have found that RecU and RecS helicases are required for DNA repair and intramolecular
recombination and the RecF and RecS provide overlapping activities that compensate for
the effects of single mutation. Recently, in H. influenzae, the Recl, RecG have been found
to be involved in maintenance of its genome (121;122). However, the structures and
functions of the RecQ helicases in these two bacteria are still not well known. Since the
amino acid sequences of RecQ are similar among them, we presume that their enzymatic
features are similar each other and they participate in DNA repair and recombination
pathway possibly. We are interested in functions of H. influenzae and B. subtilis RecQ in

DNA replication and repair pathway.

3.3 Yeast RecQ family helicases

Yeast is an extremely important model organism in molecular biology and cytology.
Advanced studies have shown that RecQ helicases in yeast also play an essential role in
genomic stability, especially Saccharomyces cerevisiae Sgsl which is considered as

homologous human BLM in yeast.

3.3.1 Saccharomyces cerevisiae Sgs1

3.3.1.1 Sgs1 Cellular Phenotype

Sgs1 was identified as a suppressor of the slow growth phenotype of top3 mutants (123).
The sgs! mutant budding yeast cells show a 40% decrease in lifespan compared to wild-

type cells (124). McVey et al. have shown that sgsl mutants in fact arrest in G2 or in G1
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(125). The sgs! mutants do not show differences in telomere lengths, compared to wild-
type cells, but the double mutants sgs/ #/c/ and sgs/ est2 show an elevated rate of telomere
shortening compared to the single tlcl mutant, indicating a role in telomere maintenance
(126). The sgs! cells show increased sensitivity to treatment with MMS (127), UV light
(128) and HU (127), but not to y-radiation (129). At the chromosomal level, sgs/ mutants
display a wide variety of defects as marker loss (130), an elevated rate of sister chromatid
exchanges (SCEs) (131), gross chromosomal rearrangements (132), a higher rate of loss of
heterozygosity (133) and an increased level of illegitimate recombination (134). MMS-
induced interchromosomal recombination was found to be reduced in sgsl cells and UV

light exposure of these mutants only induced little of those events (135).

3.3.1.2 Biochemical Properties of Sgs1

Sgs1 codes for a protein of 1447 amino acids, but has not been purified at the full length
yet. Biochemical assays were performed with a deletion variant Sgs1400-1268, which is as
the other RecQ helicases an ATP-dependent 3°-5° helicase being able to unwind a wide
variety of abnormal DNA structures including Holliday junctions (HJ) and D-loops (136).
Not only Sgsl is able to unwind DNA duplexes, it also can disrupt RNA/DNA hybrid
molecules (137). The abundance of Sgsl is cell-cycle regulated, with low levels in M and
Gl, a peak in S and degradation in G2. Sgsl forms S-phase specific nuclear foci which
partially co-localise with Rad53 and the origin recognition complex. Sinclair et al. have
reported that Sgs1 localizes into the nucleolus (124), while Frei and Gasser did not observe

this phenomenon (124;138).

3.3.1.3 Interaction Partners and Models for genome instability

DNA topoisomerases are enzymes that alter the state of supercoiling of DNA by a strand-
passage mechanism involving transient DNA breaks. According to their models of action,
they are classified into the type I topoisomerases which generate ssDNA breaks and into
type II topoisomerases that create dsDNA breaks to mediate strand-passage. The S.
cervisiae Sgsl was identified by three different groups independently, but always in the
context of either a topoisomerase gene or protein. Gangloff et al. discovered Sgsl in a
screen for suppressors of the top3 slow-growth phenotype (123). Watt et al. identified Sgs1

in a search for interaction partners of Top2 (139) and Lu ef al. found Sgsl because of
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genetic interaction with Topl (Type I) (140). Sgs1 interacts physically and genetically with
all three nuclear topoisomerases. Yeast Topl is required for DNA replication, mitotic
chromosome condensation and general transcriptional repression in stationary phase (141).
Under normal conditions, a deletion of fop ! has no effect on cellular growth. Topl has been
reported to interact with Sgs1, but the role of this complex has not been identified yet (124).
Top2 (Type 1I) is required for the resolution of intertwined chromosomes during mitosis
and meiosis (142). Genetically, Top2 and Sgsl have been reported to be epistatic with
regard to reducing chromosome non-disjunction, suggesting that they are involved in the
same pathway for chromosome segregation (143). Top3 mutants of the yeast
Saccharomyces cerevisiae grow poorly (144), are sensitive to DNA damaging agents (137),
have severe meiotic defects (145) and exhibit hyper-recombination between repetitive
sequences such as telomeres and rDNA (137). The G2 delay, elevated frequency of marker
loss and altered morpholgy of a top3 mutant is suppressed by mutations in the Sgsl gene
(143;146). Recombinant Top3 (Type I) only acts on negatively supercoiled dsDNA (147).
Ira et al. have shown that the deletion of Sgsl increases crossovers in yeast cells 2-3 fold
(136). The overexpression of Srs2 nearly eliminates crossovers, whereas overexpression of
Rad51 in srs2 cells almost completely eliminates the noncrossover recombination products.
It is very likely that Sgsl in concert with Top3 performs the same reaction as
BLM/TOPOIIla on DHIJs (Fig. 7C).

Furthermore, the sgs/ srs2 double mutant shows a severe growth which is alleviated
upon blocking recombination by mutating Rad51, Rad52, Rad55 or Rad57 (128). A recent
study from Liberi et al. shows that in sgs/ mutants, recombination-dependent DNA
intermediates accumulate at damaged forks, a phenomenon that requires the Rad51 protein,
which is counteracted by the Srs2 protein and does not prevent fork movement (145). Sgsl,
but not Srs2, promotes the resolution of these recombination intermediates. The integrity of
these DNA structures at sister chromatid junctions is protected by the Rad53 checkpoint
kinase. They also show that top3 and top3 sgs! mutants accumulate the same structures as
sgsl cells, arising from defective maturation of the recombination intermediates (148). The
accumulation of HJs arising from fork reversal in rad53 mutants has been shown by Sogo et

al. (149).
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3.3.2 Schizosaccharomyces pombe Rqgh1

3.3.2.1 Biochemical properites

Schizosaccharomyces pombe Rghl protein is a member of the RecQ DNA helicase
family. The Rqghl helicase is a 1328 amino acid protein with a predicted molecular mass of
149kDa, which is homologue to human BLM helicase (Fig. 4). Like other RecQ family
members, the Rqh1 protein displays 3’ to 5° DNA helicase activity (150).

In the fission yeast, disruption of the rqhl gene encoding the single Saccharomyces
cerevisiae RecQ-related helicase causes cells to display reduced viability and elevated
levels of chromosome loss. Cells lacking functional Rqghl are hypersensitive to DNA
damaging agents and defective in recovery from S phase arrest. After S-phase arrest or
DNA damage, rghl mutant cells display elevated levels of homologous recombination and
defective chromosome segregation (150). Rghl mutation can cause a retarded growth rate
and decrease viability. The mutant cells exhibit greatly increased sensitivity to some DNA
damage factors, UV and y-irradiation. Rqhl helicase has been identified in screens for
radiation and hydroxyurea (HU) sensitive mutants. So, Rghl is required for the S phase
DNA damage as a checkpoint. It is reported that high cellular levels of Rqh1 result in lethal
chromosome segregation defects, while more moderate levels of Rqghl cause significantly
elevated rates of chromosome loss. In wild-type cells, DSBs are repaired preferentially
through gene conversion (GC) and this pathway is regulated by the action of Rghl by
suppressing sister-chromatid conversion (SCC) leading to increased GC (151). Rghl can
operate in the suppression of recombination of sister-chromatid during DSBs repair. Gareth
A. Cromie found that Rqhl extends hybrid DNA and biases the recombination outcome
toward crossing over (152). All these results indicated that the Fission Yeast BLM

Homolog, Rghl, plays essential roles in DNA damage repair and meiosis.

3.3.2.2 Function in telomere metabolism

In fission yeast, the telomere binding protein Tazl protects telomeres and negatively
regulates telomerase. Moreover, the replication protein A (RPA) in yeast was found to be
required for DNA replication, recombination repair and telomere maintenance. Telomere
loss in the Tazl/PRA™ double mutants can be suppressed by additional mutation of the
helicase domain in Rqhl enzyme (153). Rhql mutant cells show dramatically increased
rates of HR after replication arrest or DNA damage. Deletion of Rghl gene may activate a
recombination-based and telomerase-independent telomere elongation mechanism. Rghl

interacts directly with RPA to form a complex at telomere. In Tatsuya Kibe laboratory, they
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found that mutation in the helicase domain of Rghl will suppress telomere loss on the base
of tazl and rpa double mutations (153). From these studies, we can find that Rqhl is
involved in the telomere metabolism during crisis. All these findings demonstrate that
controlling the activity of Rqghl is critical for telomeres metabolism and therefore for the
prevention of genomic instability (154). This provides clues about mechanisms of telomere

maintenance in higher eukaryotes.

3.4 Rec(Q) helicases in human

Up to now, five RecQ helicase members have been identified in humans, RECQ1, BLM,
WRN, RECQ4 and RECQ5. Defections of WRN, BLM and RECQ4 helicases will give rise
to the BS (Bloom’s syndrome), WS (Werner’s syndrome) and RTS (Rothmund-Thomson
syndrome) respectively. RECQ4 deficiency also can lead to the RAPADILINO syndrome
and Baller-Gerold syndrome (155). WS and RTS are characterized by premature aging. BS
patients have a less pronounced and premature aging phenotype, but have a strong
predisposition to several types of cancer. RecQ helicases are considered to be tumour
suppressors which suppress neoplastic transformation through control of chromosomal

stability.

3.4.1 Human RECQ1

Human RECQI and genome stability

Human RECQ1 (also named as DNA helicase Q1-like protein, RECQL) is the first found
RecQ family helicase in human beings. The gene was cloned in 1994 by two laboratories,
separately (156;157). These two groups got two different RECQ1 gene sequences resulted
from alternative mRNA splicing (158). There is no disease which has been discovered
involved in mutation of RECQ! gene thus far.

The sequence homology is highly conserved between the mouse and human RECQI1
helicases. To gain insight into the physiological function of human RECQI, the gene recql
has been disrupted in mice (159). On the cellular level, the RECQI deficient cells were
hypersensitive to ionizing radiation and DNA damage agents (160). In addition, embryonic
fibroblasts from RecQ! gene knockout mice displayed chromosomal structural aberrations
including rearrangements, translocations and aneuploidy (159). RECQ1 mutation also

results in elevation of sister-chromatid exchanges in both mice cells and human cells, which
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may be due to unsuccessful attempts to repair damaged replication forks of Holliday
junctions at DNA double-strand breaks (DSBs) (Fig.8A) (159). RECQ1 cooperates with
some nuclear DNA metabolic factors including Topoisomerase IIloa and mismatch repair
factors (MSH2/6, EXO-1) that serve to suppress crossover of sister chromatids during DNA
replication and mismatch repair pathway (161). These studies showed that human RecQl
has a profound role in the maintenance of chromosomal stability in primary fibroblasts.
Mutant in RECQ1 will cause accumulation of DNA strand breaks and persistent Rad51 foci
which are the same in BLM and WRN mutations (162). The presence of Rad51 foci
corresponding to nucleoprotein filaments is necessary for early strand invasion during
homologous recombination (HR). However, unlike BLM and WRN deficient cells, the
RecQ1 knockout cells have normal telomere lengths compared with normal cells. Although
these studies have shown that RECQ1 is necessary for genomic stability, RECQ1-deficient
mice did not exhibit any apparent phenotypic differences compared to wild type mice. It is
explained that other human helicases, BLM, WRN, RECQ4 or RECQS5, may compensate
the absence of RECQ1 (159). So it is supposed that RECQ1 may be an important back
support to other human helicases and some key factors of DNA metabolism. In chicken B-
lymphocyte line DT40 cells, the RECQ1/BLM cells grew more slowly than BLM / cells
because of the increase in the population of dead cells, indicating that RecQ1 are somehow
involved in cell viability under the BLM function-impaired condition (163). Combination
with the descriptions above about human RECQI, it is indicated that RECQI1 plays an
essential role in DNA repair to disrupt inappropriate recombination intermediates (164).

The amino acids sequence analysis indicated that human RECQ1 is high homologous to
E.coli RecQ helicase in the seven conserved regions. The encoding gene of RECQI is
located on the short arm of human chromosome 12p12 (165). This chromosome has been
found to coincide with aberrations in testicular germ-cell tumours. Loss of heterozygosity
of 12p12 chromosome, some diseases will occur such as haematological malignancies, solid
tumours and a rare chronic myeloid leukaemia-like syndrome. RECQI is highly expressed
in the lungs, and primary non-small-cell lung cancer caused by deletions at chromosome
12p12 (166). So RECQI1 may be involved in the risk of lung cancer although no any human
disease and cancer have been found to link with RECQ1 directly. From these results, it is
supposed that RECQ1 may play an important role in preventing chromosome instability and

predisposition to cancer.
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Figure 8

Fig. 8 (A) Elevated SCEs in Req/-/- mouse embryo fibroblasts. Metaphase chromosomes
were prepared from BrdU-labelled, Giemsa-stained primary wild-type and Regl-/-
fibroblasts. SCEs are marked with arrows. Req/-/- cells show higher frequency SCEs than
the wild-type cells. (124)

(B) Ribbon overlay of the WH domains of RECQI (red), £.coli RecQ (green) and WRN
(blue) was adapted from Reference 171. The hairpin structure of RECQ1 is longer and less

conserved than that of other two RecQ helicases.
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Biochemical properties

As most RecQ helicases, human RECQ1 also has a DNA-dependent ATPase activity and
exhibits unwinding activity in the direction of 3’ to 5° (167). Up to now, it has been
discovered that RECQI can separate forked DNA substrates and even Holliday junctions,
but it is less active on tailed-duplex DNA, blunt-ended duplex DNA and G-quadruplex
DNA which all can be unwound by E.coli RecQ (168) (Table 2). RECQ1 has a DNA strand
annealing activity influenced by ATP concentration (167). The ATP or hydrolysable analog
ATPYS can strongly inhibit the strands annealing ability of RECQI whereas ADP has no
any affection (169). The purified RECQI helicase probably exists as a dimmer in solution,
suggesting it may work as a dimmer manner (170). But recent study indicated that RECQ1
carried out its different activities with distinct oligomeric forms. A form as monomer or
dimmer of RECQ1 is responsible for DNA unwinding and DNA binding activities, whereas
higher order oligomeric forms, hexamers or pentamers, are associated with its annealing
ability. RECQI is a helicase of low processivity and it is unable to resolve the DNA
substrates with long length (171). Like helping BLM and WRN, the human RPA will also
stimulate RECQ1 helicase ability by helping it unwind long partial duplexes. RECQ1
involved in Holliday junction separation and DNA strand annealing process suggests that it
is required for the homologous recombination. Several aspects of the mechanism of RECQ1
are still unsolved and further research should be carried out to insight to its functions in

detail.

Structure of human RECQI

The structure of human RECQI seems resemble that of E.coli RecQ helicase, but there is
a little difference from other RecQ helicases. Like most members in Superfamily 2, all
functional domains of RECQI1 are conserved, including the helicase core domain, the zinc
binding motif and winged-helix domain. In the helicase core domain, there is an arginine
residue as arginine finger to cooperate ATP hydrolysis just like that in other RecQ helicase.
The nucleotide binding site is conventional for RECQ1. But the winged-helix (WH) motif
of RECQI presents different functions from that in other RecQ helicase (171). At first, the
structures of WH are different between RECQ1 and E.coli RecQ. The changes in position
and orientation of the WH domain change all the overall shape of the protein and will
mediate it to bind to other proteins and recognition. In most RecQ helicase, this WH
domain interacts with the helicase core domain and the zinc-binding motif involved in DNA

binding ability. For RECQ1, this motif is much more important in DNA strand separation.
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Analysis of the structure of WH domain indicated that the B-hairpin structure which forms
part of this domain is significantly longer in RECQI than in other bacteria RecQ helicases
(Fig. 8B). Deletion of portions of the hairin will severely reduce RECQ1 unwinding of
forked DNA substrates but not affect ATPase activity. This function of the hairpin is similar
with the HRDC domain of E.coli RecQ. So the WH domain is special for RECQ1 and the
same function has not been found in other RecQ helicase up to now (172). RECQI helicase
possesses different mechanistic model from other members in RecQ family. It would be
interesting to explore how these differences relate to biological specificity or catalytic

efficiency of RecQ enzymes.

3.4.2 BLM - The Bloom Syndrome Helicase

Bloom’s Syndrome (BS)

Bloom’s syndrome (BS) is an extremely rare, autosomal recessive genetic disorder of
humans. Since this syndrome was first described by New York dermatologist David Bloom
in 1954, more than 170 individuals have been recognized as being affected (173). This
disease is more common in Ashkenazi Jews (at least 1 in 100 Ashkenazi Jews is a carrier of
this syndrome) and also has been reported rarely in other countries such as Japan. This
disease is caused by mutation of BLM gene located on chromosome 15q26.1 (174). The BS
patient is a compound heterozygote emerging from an intragenic somatic recombination
event. Major clinical features of BS patient are innate immune deficiency, bacterial
infections of the ear and lung commonly and Type II diabetes mellitus which even observed
in young patients. Several abnormalities are happened in BS patients including slow growth,
proportional dwarfism, small head, unusual skull and facial configuration, but the body
proportions are normal. The patients are sunlight sensitivity and their skins show erythema
on the noses and cheeks (Fig. 9 low and right). The level of intelligence is low than
averages accompanied by learning disabilities and occasional moderate mental deficiency.
There is a very high incidence of cancers of most types including rare lung and prostate
cancers with an early average age of onset (173). Wilms tumour, medulloblastoma and
meningioma are popular in BS patients. Leukaemias predominate occurs in childhood of BS

cases, lymphomas and carcinomas appear during adolescence.
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Figure 9
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Fig. 9 (Up) Chromosomes of lymphocytes are from a BS case (right picture) and a
normal person (left picture). The cells were cultured for two cell-division cycles in BrdU-
containing medium, harvested at mitosis, and stained so that the two sister chromatids of
each chromosome are stained with 33258 Hoechst and Giemsa differently, one dark, one
light (142). (Low and left) The Chromatid interchange configuration composed of two
probably homologous chromosomes, from a Bloom's syndrome lymphocyte (Adapted
from Reference 175). (Low and right) The figure of a patient with Bloom's Syndrome

exhibits the characteristic symptoms including sunlight sensitivity and discolored skin.

(Found at http://web.mit.edu/biology/guarente/human/human.html.)
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BS Cellular Phenotype

Cells derived from BS patients display higher frequencies of spontaneously occurring
chromosomal aberrations in comparison to normal cells. The most striking cyto-
morphological feature of BS cells is much higher frequency of sister-chromatid exchanges
(SCEs) when differentially stained following incorporation of various thymidine analogs
(175;176). As early as 1974, R.S.K.Chaganti and his colleagues isolated lymphocytes cells
form BS patients. The cells were grown in bromodeoxyuridine and stained with 33258
Hoechst and Giemsa. The shapes of chromosomes were studied by fluorescence microscopy.
The results indicated that higher frequency of SCEs happened in BS cells than in normal
cells, in the cells of the Fanconi's anemia syndrome and Louis-Bar (ataxia telangiectasia)
syndrome (177). It was also found that the increase of SCEs in the BLM knock-down mice
and BLM™"~ DT40 cells (178). The abnormal increase of SCEs exist commonly in blood
lymphocytes from harvested individuals with BS (97). So the extremely high SCEs are
considered as a key feature of Bloom’s Syndrome (Fig. 9).

In addition, some abnormal conformations of chromosomes such as gaps, breaks,
structurally rearranged forms also were found in BS cells. The SCEs present homologous
recombination (HR) events occurring between sister-chromosomes during S or G2 phases
of cell division (179). Not only HR events in BS cells, but also NHEJ (non-homologous
end-joining) event is abnormal which is an error-prone repair process for DNA double-
strand breaks (DSBs) (180). An inaccurate rejoining of DSBs is higher and chain elongation
during DNA synthesis is lower in BS cells than in normal control cells (181). Most
mutations in the BLM gene resulting in Bloom’s Syndrome is due to either a nonsense
mutation or a frameshift event leading to a premature termination codon. Research data
shows that about 15% of BS cases are due to missense mutations in BLM map to exons
encoding the helicase domain of the enzyme which render the enzyme catalytically inactive

(26).

BLM protein and its interaction partners

The BLM protein has 1417 amino acids in length (molecular mass, 159 kDa) and native
molecular mass of human BLM protein is very large (over 900kDa), which is the result of
its hexameric structure. Survey by electron micrograph, Julia K. Karow found that purified
recombinant BLM protein is in the close hexameric state (182). The same oligomer forms
were testified by size-exclusion chromatography research. BLM protein expresses in all

tissues where active cell proliferation occurs including most tumour cells, and that it is
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restricted to the actively dividing cells. BLM, in common with E.coli RecQ, Sgs1 and Rqghl
helicases, contains three typical conserved domains of RecQ family helicase (Fig. 4). The
helicase core domain, RecQ-Ct domain and HRDC domain are laid in all BLM species.
Moreover human BLM enzyme contains a nuclear localization signals sequence (NLS)
close to C-terminus. This domain of BLM is involved in the location in both the nucleus
and cytoplasm, and it helps BLM migrate into nucleus (183). Biochemical and biophysical
studies showed that RecQ-Ct and HRDC domains function as auxiliary DNA binding sites.
The HRDC domain of BLM is also required for disruption of double Holliday junctions
(184).

As most RecQ helicases, BLM utilizes the energy derived from the hydrolysis of ATP
dependent on DNA to catalyse DNA strands separation in a 3’ to 5’ polarity (185). In
addition, it has the ATP-independent annealing ability which can be blocked by ssDNA-
binding proteins such as RPA (186). The C-terminal domain of BLM is essential for DNA
strand annealing ability. One feature of BLM helicase is the ability to recognize and unwind
a large array of substrates of different shapes and lengths. It includes forked duplexes,
bubble structures, D-loop structures, synthetic three- way junctions and Holliday junctions
(Table 2). Interestingly, a fully double-stranded, blunt-end structure is not a substrate for
BLM helicase (187). There is an apparent preference for the unwinding of synthetic G-
quadruplex DNA structures by BLM (105). It is suggested that BLM may take a role in
disruption of telomeric quadruplexes to maintain telomere stability. RPA can enhance the
processivity of BLM but not affect on its ATPase activity (188).

In our laboratory, we have analysed several disease-causing missense mutations localized
in the BLM helicase core region. Our work revealed that structural elements implicated in
DNA binding, ATP hydrolysis and DNA unwinding. These findings will help us explain the
mechanism underlying BLM catalysis and interpreting new BLM causing mutations
identified in future.

In human cells, arrays of factors have been found to interact with BLM protein physically
or functionally to regulate genomic metabolism together in vivo. We discuss some BLM
partners below briefly.

Topllla: Topisomerases which catalyse the passage of intact DNA strands through
transient breaks in other DNA strands are mainly cooperative factors for RecQ helicase
family. Topisomerase Illo and BLM co-localize on the intermediates of DNA replicaion,

where DNA structures generated by BLM are required to be resolved by Topllla (Fig. 10).
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Summarily, Topllla helps BLM helicase suppress the hyper-recombination such as SCEs

during DNA replication and repair processes.

Figure 10

>< >< Double Holliday junction

l Branch migration

M Hemicatenane

I Decatenation

Resolution without crossing-over

Fig. 10 Model for the resolution of DHJ structure of BLM with non crossing-over

The two recombining strands are indicated in black and red. The double Holliday
junction (top) is converted by branch migration of the junctions to a hemicatenane
(middle). Then topoisomerase Illa resolves it by single-strand DNA decatenation. The

resolved DNA products without crossing-over are shown in the bottom.

BLAP75 (BLM associated polypeptide, 75kDa): In Hela cells, BLAP75 was found always
present in near-equal molar amounts compared to components such as BLM and Topo Illa.
It is an integral component of BLM complexes and essential for a BLM-Topo [Ila-BLAP75
complex (BTB complex) stability in vivo. Loss of BLAP75 resulted in destabilization of
BLM complexes and genomic instability (189). In a recent study, it was found that BLAP75
binds DNA, associates with BLM and Topo Illa and enhances the ability of BTB complex

to branch migrate the Holliday junctions and dissolve the double Holliday junction structure
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to yield non-crossover recombinants (182;190;191). I.D. Hickson provided experimental
evidences to demonstrate that BLM and topoisomerase Illa catalyse a novel reaction for the
resolution of double Holliday junctions (DHJ). BLM helicase pushes two junctions of DHIJ
towards one another to form a single interwined structure called hemicatenance and then
topoisomerase Illa will resolve this product through a strand passage mechanism called
decatenation to generate recombinant products (Fig. 10). This process completely
depending on BLAP75 factor requires the hydrolysis of ATP by BLM helicase and active
site tyrosine residue of topoisomerase Illa.

RADS1: RADSI protein is high similar to bacterial RecA protein structurally and
functionally which assists in repair of DNA double strand break and homologous
recombination. BLM forms a complex with recombinase RADS51 to act upon DNA
intermediates during homologous recombination (HR) pathway (192). In early meiotic
prophase cells, RADS51 co-localizes with BLM to the sites of interhomologue DNA
interactions, and it helps BLM promote Holliday junction branch migration. RADS51
catalyses pairing between a ssDNA tail and a homologous stretch of dsDNA, and promotes
DNA strand exchange to initiate DNA homologous recombination (193). Further research
should be carried out to find out the relationship between BTB complex and RADS1 during
HR.

BRCAL1 (breast cancer 1, early onset): BRCAI belongs to a class of proteins known as
tumor suppressors which maintain genomic integrity to prevent uncontrolled proliferation.
Some mutations of BRCAT1 are associated with a significant increase in the risk of cancers,
especially breast cancer. The BLM helicase interacts with BRCA1 factor to response to
DNA damage or replication.

P53 (protein 53): The p53 factor is a tumour suppressor protein that acts to regulate gene
expression under conditions of cellular stress. BLM and p53 are involved together in
regulating cell growth and apoptosis. p53 can inhibit the unwinding of Holliday junction
catalyzed by BLM by binding the HJ structure at its crossover point which may represent
ssDNA arising due to breathing of the junction. It suggests that p53 regulates homologous
recombination through its modulation of interaction of BLM with recombination
intermediates (194).

The BRAFT Complex: Upon immunoprecipitation of BLM from HeLa cells, Meetei et
al. identified by masspectrometric methods a complex called BRAFT which includes BLM,
TOPOIIla, RPA and the five core Fanconi anemia (FA) proteins (FANCA, FANCC,
FANCE, FANCF and FANCG). BLM is responsible for the unwinding of DNA substrates
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in this complex (195). Pichierri et al. have shown that BLM and FANCD?2 co-localize and
co-immunoprecipitate upon treatment with DNA crosslinkers or agents inducing replication
fork arrest, again indicating a functional interaction (196). The features of the BS are very
different to those of the FA, but some aspects of genomic instability in these diseases are
similar. For a review on the Fanconi anemia proteins, see references (197;198) .

TRF2: In telomerase-negative cells, there is a different mechanism called alternative
lengthening of telomeres (ALT) by which maintaining the telomeres. In this mechanism,
BLM co-localizes with the telomere repeat binding factor 2 (TRF2) in atypical, telomere-
associated PML bodies. Also, TRF2 and BLM could be co-immunoprecipitated, suggesting
a role of this association in vivo (199). TRF2 also interacts with BLM physically and
stimulates its helicase activity on forked duplexes with or without two telomeric repeats.
TREF2 is unable to bind these structures, as it requires more telomeric repeats (200).

WRN: WRN and BLM have been reported to interact directly in vivo and in vitro. This
interaction has a functional consequence in regulating the exonuclease activity of WRN.
This interaction is certainly not the only way for the two proteins to function, as only a
small portion of WRN could be co-immunoprecipitated with BLM (201) and Bloom

Syndrome is quite different from the Werner syndrome.

3.4.3 WRN - The Werner Syndrome Helicase

The Werner Syndrome

Like Bloom Syndrome, the WRN Syndrome (WS) is an autosomal recessive disorder
with an estimated frequency of 1~22 cases per million of the population word-wide.
Interestingly, the majority of WS patients happen in Japan. There are about 3 cases per
million of Japanese population. The WRN gene is located in human chromosome 8p-12 (98).
The first WS case was found in 1904 by Otto Werner and he described the clinical features
in his doctoral thesis. The condition becomes apparent in WS adolescence of short stature
due to lack of the usual growth spurt. Changes are especially pronounced on the faces of
patients which include thinning and sharpening of the noses, called a bird-like appearance.
One of the typical features of WS patients is premature aging disorder with greying,
thinning and loss of hair. It begins in adolescence or early adulthood and results in the
appearance of old age (Fig. 11A). The similarity of some symptoms of WS and normal
aging process makes it become a suitable model to study premature mechanism. WS

patients are often shown atherosclerosis, arteriosclerosis, hypermelanosis, cerebral cortical
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atrophy, lymphoid depletion and thymic atrophy. Higher incidence of early onset
malignancies and Type II diabetes happen in several cases of WS. Most importantly, WS is
associated with an excess of cancers and sarcomas, especially in soft tissues. Some data
indicated that 10-fold ratio of epithelial and mesenchymal cancers occured in WS cases

comparing to normal population (98).

WS Cellular Phenotype

The WRN gene has been positionally cloned and is located in the pl1-pl2 region on
human chromosome 8, spanning 180 kb (202). In culture, WS cells have been shown to
undergo replicative senescence at a faster rate than normal cells, which is considered to be
the hallmark of WS cells with an average lifespan of only 27% of normal cells (203). A
recent study has shown that the WS cells are defective in lagging strand synthesis of
telomeres. Therefore it will suffer from a single telomere loss and further argues for WRN
being involved in replication, presumably by disrupting quadruplex DNA that may form on
the G-rich lagging strand template (Fig.11B) (204). Furthermore, the growth defects of WS
cells are retained after transformation (205). The expression of telomerase hTERT reverses
the poor growth and the entry into premature senescence phenotypes of WS cells, but it
seems not quite sufficient to immortalise the cells (206). WS cells have been reported to be
sensitive to 4-nitroquinoline 1-oxide (4NQO). This effect can be reverted by expressing
hTERT in SV40-transformed WS cells (207). WS cells have further been reported to be
sensitive to DNA cross-linking drugs such as mitomicin C and cisplatin (208;209).
Furthermore, WRN-deficient human and murine cells are sensitive to camptothecin, an
inhibitor of Topoisomerase I (210). Sensitivity to y-radiation and radiomimetic drugs is
debated, since several groups have shown different responses of WS cells to these
treatments (128;178). The hallmark of WS cells at the chromosomal level is the elevated
rate of extensive somatic deletions and translocations which can vary in different clones
(211). Furthermore, WS cells display a higher number of RADS1 foci than normal cells,
which probably indicates the persistence of unprocessed recombination intermediates (212).
Unlike in BS cells, no any increase in SCE-frequency has been discovered in WS cells
(213). WRN seems not to be involved in homologous recombination. Instead, its strong
interaction with Ku rather suggests a role in non-homologous end-joining, in a manner that
Ku regulates the WRN exonuclease in resection of DNA at non-homologous ends (213;214).
This action is likely not to be the sole on DNA ends, as WS cells do not show an obvious

DNA double strand break (DSB) repair defect.
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Figure 11
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Fig. 11 (A) The case of Werner syndrome. A teenager (left) looked normal, but when she
was 48 years old, the effects of Werner syndrome were apparent. (Photo comes from

www.pathology.washington.edu) (B) Loss of lagging strand telomeres in WS cells.

Leading strand telomeres were shown in red with a FITC probe and lagging strand
telomeres in green with a TRITC probe using CO-FISH technique. DNA was stained with
DAPI (blue). The arrows indicated missing sister telomeres. (C) Chromosome fusions in
WS cells. Telomeres were shown with a FITC probe (red) and DNA was stained with DAPI
(blue). Arrows indicated chromatid fusions and chromosome breaks. (Permission pending

for images B and C are from Reference 217)
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WRN protein and its interaction partners

The WRN protein is 1432 amino acids long and contains two functional domains: the
central helicase domain and the N-terminal exonuclease domain. Furthermore, it carries an
unusual direct repeat of 27 amino acids located between the exonuclease and the helicase
domains. WRN displays an ATP-dependent 3°-5’ helicase activity. As most other RecQ
helicases, it is able to unwind D-loops, G-quadruplex DNA and to migrate Holliday
junctions (Table 2). The N-terminal nuclease domain displays 3’-5’ polarity and shows low
processivity (215;216). One of the most important functions of WRN is that WRN can
efficiently disrupt quadruplex DNA structures (also called G4 tetraplex DNA) in vitro,
which may be widely distributed throughout the genome. G-quadruplex (G4) DNA, a
highly stable DNA structure can form in guanine-rich loci such as within the c-myc gene
promoter, where it seems to regulate gene expression, and within the G-rich strand of
telomeres (Fig. 12). WRN acts as a ‘roadblock remover’, eliminating DNA secondary
structures or other obstacles that would otherwise impede the progress of translocating
protein complexes. In the absence of WRN, forks would stall or be disrupted, and this
would lead to genomic instability during the attempted rescue of the blockade (217)
(Fig.11C).

It has been suggested that the helicase and exonuclease activities of WRN appear to act
co-ordinately to disrupt some DNA intermediates formed during DNA transaction
(218;219). Recent biochemical researches indicate that WRN possesses ssDNA annealing
ability required of a special C-terminal region (82). Furthermore, the activity appears to
correlate with DNA binding and oligomerization status of the protein. Orren ef al. have
observed that WRN in vitro will as helicase unwind the duplex of the invading strand in a
D-loop structure and as 3’-5’ exonuclease digest the invading strand (218). WRN has also
been reported to mediate strand exchange in vitro (220) , but the activity observed may be
debated as the reaction conditions which were far from physiological environments.

The bipartite and bifunctional natures of WRN, as well as different symptoms in WS
patients suggest that WRN is a versatile enzyme in diverse cellular processes and DNA
mechanism. Shiratori and co-workers demonstrated that WRN may participate in either or
both RNA polymerase I and polymerase II dependent transcription. It also plays an
important role in DNA replication and repair (221).
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Figure 12

wﬂp]ex
; 3’

lagging strand

leading stram 5°

WRN/ \WRN WRN

— 3 —

f f
|

fork stalling and deletion of lagging strand G-quadruplex disruption by WRN

— 1
f f

| l

3> dysfunctional telomere

5:

39

5!

normal telomeres

Fig. 12 Model for WRN to remove the G-quadruplex of telomere

An intrastrand G-quadruplex lying in the telomere is shown in the figure. WRN can
disrupt this structure permitting smooth replisome progression of lagging strand G-rich
telomeres. In the absence of WRN, G-quadruplex on the lagging telomere leads to
replication fork stalling and deletion of lagging strand. Dysfunctional telomere can
further induce a p53-dependent DNA damage response to premature onset of replicative

senescence.
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WRN is a versatile enzyme in different aspects because it interacts physically and
functionally with several other proteins required for DNA metabolism. In the DNA
replication process, some replication factors such as DNA polymerased (222),
toposomerase I (210), PRA (223) and proliferating cell nuclear antigen (PCNA) (224) can
form a physical complex with WRN. WRN can remove the atypical DNA secondary
structures to let DNA polymerased process DNA synthesis normally. FEN1 (flap structure-
special endonuclease 1) cooperates with WRN to resolve the 5°- flap structure which is a
DNA intermediate product during DNA replication (225). Some data suggested that RPA
markedly stimulates the DNA helicase activity of WRN. Interestingly, WRN interacts with
TRF1, TRF2, RADS52 and some other factors to supervise the telomere maintenance
together (204). Interaction between some tumour suppressors and WRN revealed the
potential reason of the high incidence of cancers in WS patients. It's worth noting that BLM
has been found to inhibit WRN exonuclease function in a concentration-dependent manner
in vitro (87). Most importantly, the hyper-recombination and high SCEs phenotype of the
BLM mutant cells can be partially suppressed and be disrupted by WRN (178). But BLM
and WRN contribute different roles on special DNA metabolic pathways.

3.4.4 RECQ4/RTS- The Rothmund-Thomson Syndrome Protein
The Rothmund-Thomson Syndrome (RTS)

The Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder with
roughly 200 reported patients worldwide. RTS was first described in 1868 by Rothmund, a
german ophtalmologist. Patients from a german family suffered from unusual skin
degeneration and cataracts, a condition where the lens of the eye gradually turns opaque and
results in a blurred view (26). 68 years later, Thomson, a British dermatologist described a
syndrome with skin abnormalities and skeletal malformations and called it Poikiloderma
congenitale (226). In 1957, Taylor recognised that the two syndromes are manifestations of
the same disease and called it therefore RTS syndrome (26). Through a number of patients
studies it is known that RTS confers a high incidence of malignancies, mainly
osteosarcomas (227). Patients suffer from retarded postnatal growth and skin abnormalities
that manifest as poikiloderma and sun-sensitive rash. Most patients also have sparse hair,

eyebrows and eyelashes. The RST patients have clinic features of slow growth and small
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stature; abnormalities of the teeth and nails; and gastrointestinal problems in infancy, such
as chronic diarrhea and vomiting.

Furthermore, diverse skeletal abnormalities arise, such as a decrease in bone density
(osteopenia), pathological fractures, dislocations and metaphysis. In many cases, the so-
called “radial ray defect” is immediately apparent, which manifests as appendages of the
thumb or small, missing or bifid thumbs. Often, cataracts appear, whereas mental or
gonadal problems are varying from patient to patient. RTS has been found in some cases to
be associated with a defect in the RECQ4 gene (228). Unlike BS and WS patients, RTS
cases are very frequently associated with one characteristic type of cancer, osteosarcoma.
Wang et al. have later classified RTS into RTS type I which represents RTS without a
predisposition to osteosarcomas and RTS type II that is characterised by a defective RECQ4
and a high predisposition to osteosarcomas (229).

Another disease associated with a defective RECQ4 gene has been recently identified:
the RAPADILINO syndrome, characterised by radial hypoplasia, patella hypoplasia and
cleft or arched palate, diarrhea and dislocated joints, little size and limb malformation, nose
slender and normal intelligence. Unlike the RTS, RAPADILINO does not display the same
high predisposition for malignancies (155). Interestingly, the distinction between the two
syndromes is also seen at the genetic level, as RTS patients with a defective RECQ4 gene
are mainly compound heterozygotes of nonsense or frameshift mutations, resulting in a
RECQ4 polypeptide lacking a large part of the helicase domains (229), whereas most of the
RAPADILINO patients are compound heterozygotes in which at least one of two defective
RECQ4 alleles contains a deletion that causes, upon pre-mRNA splicing, the skipping of
exon 7 without frameshift leading to a polypeptide with an intact putative helicase domain

of RECQ4 (155).

RTS Cellular Phenotype

RTS cells have been reported to be genetically unstable, displaying a high frequency of
chromosomal abnormalities such as translocations and trisomies (230;231). Cultured cells
from RTS patients show normal sensitivity to mitomicin C, bleomycin, vincristine,
methotrexate, cisplatin and adriamycin (228;232;233). The rate of sister chromatid
exchanges is also normal in RTS cells (213). However, RTS cells show an increased
sensitivity to ionizing radiation , probably due to a reduced level of DNA repair synthesis

and an abnormally low rate of the removal of radiationinduced DNA lesions (234). The low
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DNA repair capacity is also an explanation for the UV sensitivity and reduced unscheduled

DNA synthesis after UVC exposure observed in RTS cells (228).

RECQ4 protein

The RECQ4 gene has been cloned by Kitao ef al. before it was known to be associated
with RTS. It lies on the p-arm of chromosome 8 at 24.3 spanning 6.5 kb and includes 21
exons (228;235). The RECQ4 protein of 1208 amino acids harbours the helicase domains,
but seems to lack the zinc binding domain as well as the WH and HRDC domains (99) (Fig.
4).

The RECQ4 protein is present in all phases of the cell cycle, but apparently peaks in S
and G2, again indicating replicative or postreplicative roles of RECQ4 (236). Yin et al.
have recently shown that the RECQ4 protein is present in the nucleus as well as in the
cytoplasm of HeLa cells and preliminarly characterised biochemical activities of the
immunoprecipitated protein. They could observe an ATPase activity with ssDNA or
dsDNA as co-effectors but the protein failed to displace synthetic DNA duplexes (99;236)
or to melt a triple helix. The authors concluded that RECQ4 may be similar to the SWI/SNF
chromatin-remodelling factors, members of the SF2 family that show ATPase activity but
not helicase activity in vitro. The absence of the zinc binding domain remains enigmatic
even in this context.

Using Xenopus laevis as a model system, Sangrithi et al. have found that xRTS, the X.
laevis homologue of RECQ4, is essential for DNA replication in egg extracts (237). They
observed that XxRTS accumulates on chromatin during replication initiation after
establishment of the prereplication-complex but before the recruitment of replicative
polymerases. Furthermore, xXRTS depletion suppressed the loading of RPA that marks
unwound origins before polymerase recruitment. The authors concluded that xRTS
functions after the formation of the prereplication-complex to promote loading of
replication factors, an activity previously unrecongnised but apparently necessary for
initiation of replication (238). This role in replication initiation may explain the cause of
chromosomal abberations of type II RTS cells.

A previous study has shown that the purified RECQ4 helicase displayed only DNA
annealing activity, but DNA unwinding activity was not observed (99). Recently, it showed
that under the appropriate experimental conditions, RECQ4 was found to be capable of
unwinding different DNA structures such as forked, bubbled and blunt-end duplex DNA
(103). Because of its high DNA strand annealing activity, its DNA unwinding activity is
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hidden under usually experimental conditions. More importantly, two distinct regions of the
protein, the conserved helicase motifs and the Sid2-like N-terminal domain display ATP-
dependent DNA unwinding activity. This balance mechanism between annealing and
unwinding is different from that of RECQS5 discovered in our laboratory (68).

Like BLM and WRN helicases, the RECQ4 also has some interacting partners in cells.
RECQ4 has been proposed to function in the initiation of DNA replication required for the
recruitment of DNA polymerase o. Petkovic found that RECQ4 cooperates RADSI in
homologous recombination of double strand break repair pathway. In the repair of UV
DNA damage, RECQ4 can remove the DNA lesion through interaction with nucleotide
excision repair factor: Xeroderma Pigmentosum Group A (XPA) (239).

It has been demonstrated that RECQ4 form a stable complex with UBR1 and UBR2 in
the cell. UBR1 and UBR2 are very similar proteins that are the components of ubiquitin
(Ub) ligases (E3) of the N-end rule pathway, one pathway of the Ub-proteasome system.
Yin et al (155) could isolate a protein complex consisting of RECQ4, UBR1 and UBR2
mainly from the cytoplasm and observed that the complex displayed DNA-stimulated
ATPase activity, but failed to display helicase or translocation activities. Furthermore, they
showed that RECQ4 is not ubiquitylated in vivo and is a long-lived protein in HeLa cells
(155). Recently, p53 has been shown to repress the transcription of RECQ4 in G1-arrested
cells, both in the absence and presence of DNA damage. Tumour-derived mutant forms of
p53 were not able to repress the transcription of RECQ4. Arresting the cells by the
topoisomerase-inhibitors etoposide (arrest in G2) or camptothecin (arrest in S) led to further
accumulation of p53 and concomitant decrease in the amount of RECQ4. Histone
deacetylase 1 (HDACI1) was shown to be normally recruited to the RECQ4 and p21
promoter. Trichostatin A (TSA), an inhibitor of all histone deacetylases (HDACsS) inhibited
the p53-mediated repression of the RECQ4 promoter, probably due to a conformational
change of HDACI as it was observed that it was no longer bound to the promoter upon
camptothecin treatment. The authors of this work proposed that the p53-mediated
repression of RECQ4 transcription during DNA damage results from the modulation of the

RECQ4 promoter occupancy by transcription activators and repressors (236) .
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3.4.5 RECQS5

Discovery of RECQS

RECQS5 is the fifth human homologue of the E. coli RecQ and has not been associated
with any syndrome yet. Kitao ef al. identified a small isoform of RECQS5, which was later
denoted RECQS5 alpha (235). In this work, they cloned a cDNA with homology of 48% to
the helicase domain of RecQ. The cloned gene encoded for a 410 amino acids long
polypeptide. Because of the relatively small size compared to the other human RecQ
homologues, the authors classified this RECQS5 variant as a member of a small group. FISH
analysis revealed the corresponding gene to be located on the q arm of chromosome 17 at
the 25 region. The gene was found to be expressed ubiquitously with the highest levels in
testis and ovary (235).

A year later, Sekelsky et al. reported their work on cloning the Drosophila melanogaster
RecQ5 (DmRecQ5) (240). The discovery of the DmRecQS5 was coincidental, as they found
it while cloning an unrelated cell-cycle checkpoint gene by screening a Drosophila embryo
cDNA library. They found two RECQS5 isoforms of 54 kDa and 121 kDa generated by
alternative splicing. The shorter one consists of the conserved helicase domains and is
similar to the previously reported human RECQ5 protein and the longer one, in addition to
the helicase region, contains a long C-terminal part bearing many charged residues without
homology to any other RecQ helicase. Furthermore, they showed that the long isoform of
DmRecQ5 localises to the nucleus. The authors also extended their study to the human
RECQS5 and observed that the cDNA from Kitao et al. was incomplete at the 5 end and
used this clone to screen a brain cDNA library. They found a cDNA coding for a protein of
49 kDa, which would be a bit longer than the 46 kDa protein identified by Kitao et al. As
both cDNAs contained a polyadenylation signal at the 3’-end, it was assured that both
constructs were from genuine coding mRNA. Although the two cDNAs were almost
identical, the one identified by Sekelsky et al. was slightly longer than the other at the 3’
end. It was concluded that the resulting protein would be generated from a different
alternative splicing to yield a protein containing additional 25 amino acids. The protein
variant Sekelsky ef al. had discovered in this work was actually later denoted RECQ5y
(240;241). Furthermore, they speculated on the existence of two additional variants, of
which one was later cloned and named RECQ5p. Another attempt to clone RECQS5 DNA
from human testis mRNA revealed three different splice variants named alpha (o), beta ()
and gamma (y) (242). The structures of these transcripts are shown in Figure 4. Furthermore,

it has been shown that RECQ5f localises to the nucleus, whereas the short isoforms
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RECQS5a and RECQS5y are only present in the cytoplasm. The authors also report an
interaction of RECQ5p with the topoisomerases Illa and ITIf (243).

Biochemical properties of RECQS

The human RECQS5 gene encodes three isoforms naturally by different mRNA splicing,
designated RECQ50, RECQ5B and RECQ5y (Fig. 4) (68). RecQ5a is the shortest variant
including only the helicase domain (410 amino acids). RECQS5 contains the helicase
domain and a putative RecQ-Ct domain, which is followed by a long C-terminal region that
shows no homology with the other RecQ helicases. RecQ5y includes the helicase domain
followed by a C-terminal extension of 25 amino acids which is not present in RECQS5. The
three isoforms expressing in different tissues show they may carry out different functions in
cells. The amino acid homology search indicates that a NLS sequence existing in the C-
terminal of RECQS5p will help it migrate into the nucleus like other human RecQ helicases.
So RECQ5 may play essential role in the genomic metabolism. The RecQ5a and RECQ5y
which are lack of this domain stay in the cytoplasm, and the functions of these two smaller
isoforms remain to be clarified.

At present, only RECQS5B has been biochemical characterized completely. RECQS5p
exists as a monomer manner. Patrick described human RECQS5f not only functions as an
ssDNA or dsDNA-dependent ATPase, an ATP-dependent DNA helicase with 3° to 5’
polarity, but also has an annealing activity which can be restrained by ATP binding (244). It
suggested that RECQS5 may mediate DNA transactions that require a coordinated action of
helicase and strand-annealing activities such as replication fork regression. The biochemical
and structure studies revealed that RECQS5p unwind only the lagging strand arm of the fork
and this reaction can be enhanced in the presence of hRPA protein (244). It was proposed
that a mechanism in which RECQ5p binds to the fork junction and translocates along the
lagging strand duplex from 3’ to 5° direction to unwind this fork substrate (243). At the
same time, RECQS5p also has the ability to promote strand exchange ability. So when the
moving junction meets the leading strand, RECQ5f carried out strand exchange ability
resulting in the displacement of the leading strand and its annealing to the displaced lagging
strand to form a four-way junction. The mechanism of RECQ5p solves the DNA forked
structure during DNA replication and repair is complicated because of its multiple helicase
capabilities including unwinding, annealing and exchange of forked substrates. Some
results indicate that the C-terminal sequence is important for the annealing and unwinding

activities of RECQ5P (68). How this enzyme balances its different functions during DNA
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metabolisms remain to be solved. In our research, we found out the relationship between
annealing and unwind abilities of RECQ5p, and it is also the first time to put insight into
the functions of RECQa. We used human RECQ5a and RECQS5p to reveal the relationship
between unwinding and annealing abilities and brought forward a cooperative model which
is different from previous results.

The co-immunoprecipitation results indicated that RECQS5B interacts with
topoisomerases 3a and 3B which are important factors during DNA replication (242). Then,
it was found that RECQ5[ also can associate with DNA replication factories in S phase
nuclei and persists at the sites of stalled replication forks after exposure of cells to UV
irradiation (243). Moreover, it can interact physically with the polymerase processivity
factor proliferating cell nuclear antigen (PCNA) in vitro and in vivo. All these findings

suggest that RECQS5P plays important roles in DNA replication and repair pathways.
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Fig. 13 Spontaneous SCEs in mouse embryonic stem cells (ES cells)

The chromosomes of wild type of ES cells are normal. Either Recq5'/' or BLM"
cells has an elevated frequency of SCEs. The higer SCEs can be found in both
Recq5" and BLM" cells than single mutation of these two genes. (Adapted
from Reference 246)
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Figure 14
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Fig. 14 A mechanism presumably of RECQS5 in suppressing on overcorss

During DNA replication, when a DNA lesion on the leading strand causes replication fork

stalling, RECQS5p promotes regression of stalled replication forks, which allows template

switching to the undamaged chromatid. This prevents fork breakage and subsequent

recombinational repair of DSBs that can result in SCEs.
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RECQS5 and SCEs

It is known that cells from Bloom syndrome exhibit a high frequency of sister chromatid
exchanges (SCEs). In contrast, cells from Werner and Rothmund-Thomson syndrome
patients do not exhibit the SCEs phenotype. Wang and colleagues deleted the chicken
RECQS5 homologue in DT40 cells. The authors found that no effect of RECQS5 deletion on
the frequency of SCEs (245). However, the RECQ5 deletion on the BLM™ background can
increase SCEs. This result led the authors conclude that RECQ5 suppresses SCEs but only
under BLM function-impaired conditions. Recently, a significant increase of SCEs has been
found initiated by only inactivation of the Recq5 genes in mouse embryonic stem cells (ES
cells) and cells from Drosophia (240;246) (Fig. 13). Moreover, mutant of both B/m and
RecQ5p in mouse ES cells will show much higher levels of SCEs than mutating either one
of these two genes alone. This indicates that RECQ5f may serve as a partner for BLM to
regulate DNA homologous recombination which is an essential step in replications
intermediate processing (246). Radhakrishnan supposed that RECQS5B may suppress
crossover products of HR mediated repair of broken replication forks. RECQ5f binds to the
fork junction and subsequently translocates along the lagging-strand template to unwind the
lagging-strand duplex (Fig. 14). Crossover and SCEs resulting from repair events can lead
to DNA rearrangements and increase the risk of developing cancer. So it is shown that the
potential roles of RECQS5 in maintaining of genomic stability and reducing the probability

of cancer.

4. Propose

The aim of our research is to understand, at molecular level, the mechanisms of action of
RecQ family helicases, especially, human RecQ family helicases, with special emphasis on

the structural elements implicated in enzymatic regulation.

4.1 The enzymatic regulation role of zinc finger motif in RecQ family
helicase

Our laboratory has previously identified a zinc finger motif which plays an essential role
in protein folding and DNA binding (54;114). In order to further study its role in human
RecQ family helicase, we analyzed the human RecQ5 helicase. In this study, we take the
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advantage that RECQS5 exists in three different isoforms, namely RECQ5a, RECQS5B and
RECQS5y, which result from alternative splicing of the RECQS5 transcript. RECQS5a is the
shortest variant including only the helicase domain (410 amino acids). RECQS5 contains
the helicase domain and a putative RecQ-Ct domain, which is followed by a long C-
terminal region that shows no homology with the other RecQ helicases. RECQS5y includes
the helicase domain followed by a C-terminal extension of 25 amino acids that is not
present in RECQ5p.

The RECQ5a and RECQS5p proteins offer attractive model systems to characterize the
enzymatic activities of a RecQ helicase domain in isolation and in association with other
sub-domains on the same polypeptide. This unique property allows us to address some
interesting and important questions that have not yet been resolved with any DNA helicase,
especially, the regulation effect between the zinc finger motif and helicase core domain in

RecQ family helicase.

4.2 The functional aspects of HRDC domain in RecQ helicase family

As we have discussed above, most unicellular organisms have only one RecQ family
gene. However, we found that bacillus subtilis possesses two potential RecQ helicases,
identified by BLAST analysis. In addition, the great differences between the two proteins
are that one potential RecQ helicase is shorter in the C-terminal region motif although the
both proteins display very high sequence homology with E. coli RecQ helicase in helicase
core domain. We therefore analyzed the two helicases of Bacillus subtilis, with emphasis on
the roles of zinc finger motif and HRDC domain in helicase activity. Moreover, the
conserved cysteine residues that constitute the zinc finger motif are different from their sites

locating in the amino acid sequence between these two helicases in bacillus subtilis.

4.3 The special structural feature of arginine finger in RecQ family
helicase

It is well documented that deficiency of RecQ helicases in human lead to autosomal
recessive genetic diseases. The clinical observations demonstrated that only homozygote
displays disease phenotypes while the heterozygote appears healthy. Moreover, the
biochemical and biophysical studies revealed that both purified BLM and WRN proteins are

hexamers or oligomers in solution. If the BLM functions as a hexamer in cell, the
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possibility that BLM protein to be assembled into active hexamer in heterozygote is as low
as 7-8%. This is in contradictory with the fact that the heterozygote does not display disease
phenotype. A previous study indicated that oligomeric WRN protein dissociate into
monomer during catalysis. This leads us to investigate if BLM could function as a monomer.
Towards this end, we analyzed the structural feature of an essential arginine residue, which
is implicated in ATP binding and hydrolysis. More importantly, this residue, named
“arginine finger” is usually localized in the interface of subunits of oligomeric helicases.
Therefore, the isolated monomer from such hexamer could not hydrolyse ATP and is
inactive. We found that the arginine finger of BLM is localized between the two domains of
one monomer, not the interface between the subunits of molecule. This special feature of
the arginine finger provides a structural proof that RecQ family helicase could function as a

monomer.
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The abbreviations used are: dsDNA, double-stranded DNA; ssDNA, single-stranded DNA;
EMSA, electrophoretic mobility shift assay; FRET, fluorescence resonance energy transfer;
HRDC, helicase-and-ribonuclease D-C-terminal domain; mantATP, 2'(3")-O-(N-
methlanthraniloyl) adenosine-5"-triphosphate; PAR, 4-(2-pyridylazo)resorcinol; RPA,
replication protein A; RQC, RecQ carboxy-terminal conserved; WH, winged helix-turn-

helix.
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SUMMARY

RecQ family helicases, functioning as caretakers of genomic integrity, contain a zinc
binding motif which is highly conserved among these helicases, but does not have
substantial structural similarity with any other known zinc finger folds. In the present study,
we show that a truncated variant of the human RECQS5P helicase comprised of the
conserved helicase core domain only, a splice variant named RECQ5a, possesses neither
ATPase nor DNA-unwinding activities, but surprisingly displays a strong strand-annealing
activity. In contrast, fragments of RECQS5p including the intact zinc-binding motif, which is
located immediately down-stream of the helicase domain, exhibit much reduced strand-
annealing activity but are proficient in DNA unwinding interacting with helicase core
domain. Quantitative measurements indicate that the regulatory role of the zinc-binding
motif to helicase core domain achieved by enhancing the DNA-binding affinity of the
enzyme. The novel intramolecular modulation of RECQS5p catalytic activity mediated by
the zinc-binding motif may represent a universal regulation mode for all RecQ family

helicases.
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INTRODUCTION

DNA helicases are molecular motors that transduce the chemical energy derived from
NTP hydrolysis into mechanical force to unwind dsDNA (double-stranded DNA) (1; 2).
Therefore helicases display both DNA-stimulated ATPase and ATP-dependent helicase
activities. Structural studies revealed that helicases from SF1 and SF2 (superfamily 1 and 2)
contain a structural module that consists of two RecA-related domains (3;4). Residues
involved in ATP binding/hydrolysis and DNA binding are located in the cleft separating the
two RecA-like domains. It is postulated that theses domains serve as a DNA translocation
motor (4).

The RecQ family DNA helices are highly conserved from bacteria to man and play
essential roles in the maintenance of genomic stability (5-8). In human, five family
members, named RECQ1 (9;10), BLM (11), WRN (12), RECQ4 (13) and RECQS5 (14),
have been identified. Defects in BLM, WRN and RECQ4 lead to human hereditary
disorders: BS (Bloom syndrome), WRN (Werner syndrome) and RTS (Rothumund-
Thompson syndrome), respectively, that are characterized by genome instability and cancer
predisposition (15). In addition to the highly conserved DexH helicase domain containing
seven helicase motifs, most RecQ family helicases contain a unique RQC (RecQ conserved)
domain which is composed of a conserved zinc binding motif and a WH (winged helix-
turn-helix) motif (16;17). RecQ helicase activity is highly regulated not only through inter-
molecular protein-protein interactions (18), but also through intramolecular interactions
between the different domains (19). In the present study, we have chosen human RecQ5
protein as a model to study the function modulation of the DexH-helicase core by the zinc-
binding domain. The striking feature of human RecQS5 is that it exists in three isoforms,
namely RECQ5a, RECQ5B and RECQ5y, which result from alternative splicing of the
RECQS5 transcript (14;20). The three proteins are identical within the N-terminal regions of
410 residues which constitutes the helicase motifs (Fig. 1). RecQ5a is the shortest variant
including only the helicase domain (410 amino acids). RECQS5f contains the helicase
domain and a putative RecQ-Ct domain, which is followed by a long C-terminal region that
shows no homology with the other RecQ helicases. RecQ5y includes the helicase domain
followed by a C-terminal extension of 25 amino acids that is not present in RECQS5p. At
present, only RECQS5p has been biochemically characterized (21). It possesses both DNA-

unwinding and DNA strand-annealing activities (21). However, the molecular mechanism



that underlies the co-ordination of DNA unwinding and strand-annealing activities of
RECQS5p remains largely elusive.

The RECQ5a and RECQ5p proteins offer an attractive model system to characterize the
enzymatic activities of a RecQ helicase domain in isolation and in association with other
sub-domains on the same polypeptide. This unique property allows us to address some
interesting and important questions that have not yet been resolved with any DNA helicase.
These questions include: (i) is the DNA helicase domain sufficient to catalyze dsDNA
separation; (ii) does the helicase domain have an intrinsic strand-annealing activity as
suggested by its structural similarity to the stand-exchange protein RecA; (iii) what is the
role of the accessory domain, namely the zinc-binding domain, in the helicase activity of
the enzyme. In the present study, we found that the helicase domain of RECQ5 does not
possess DNA-unwinding capability, but exhibits an intrinsic strand-annealing activity.
More importantly, the zinc-binding motif is found to act as a molecular switch that
suppresses the strand-annealing activity of the helicase domain and triggers DNA-

unwinding activity through modulating DNA binding.
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Figure 1

C-terminal

Isoforms DExH Helicase Zn Finger
extension

RECQ5a 410 aa

RECQSB 991 aa

dmRECQSc 468 aa

dmRECQ5b 470 aa

dmRECQS5a 1057 aa

Hil

Fig. 1 The determination of DNA binding affinity of the RECQS isoforms and their derived protein fragments under equilibrium conditions
The anisotropy based binding isotherms were obtained by varying protein concentration in the presence of 5SnM 3'-fluorescent labelled (A and C) ssDNA

(BA) and (B and D) dsDNA (BA/BB) (Table 1), and then were fitted to Michaelis-Mentens or Hill equation. The apparent K4 values are summarized in
Table 2.
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MATERIALS AND METHODS

Proteins and DNA substrates

The human RECQ5a and RECQS5[ protein were produced as C-terminal fusion with
a self-cleaving chitin-binding domain and purified as described previously (21). The
truncation mutants of RECQ5B were amplified by PCR and cloned into pET15b as N-
terminal fusions with a hexahistidine tag. The resulting plasmids were transformed into the
Escherichia coli strain BL21-codonPlus (Stratagene). 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
0.25mM IPTG (isopropyl B-D-thiogalactoside) at 15°C for 18 h. The cells were lysed in
buffer containing 50mM Tris/HCI (pH 7.5), 500mM NaCl, 0.1% Triton X-100, 0.1uM
PMSF and 10% ethylene glycerol). The cell lysate was clarified by centrifugation (23 000 g
for 45 min at 4°C) and the supernatant was applied to a 20 ml Ni*"-column connected to an
AKTA FPLC system. The bound proteins were eluted with a linear gradient of imidazole
(0.02-0.4M, 300 ml. Fractions containing the proteins of interest were identified by SDS-
PAGE (Fig. 2). Protein was further purified using size-exclusion chromatography
(Superdex 200, Amersham). Human RPA (replication protein A) was produced and prified
according to a procedure described previously (23).

PAGE-purified DNA oligonucleotides (Table 1) were purchased from Proligo. The
DNA duplex substrates were prepared as described previously (24). Briefly, 250uM
component oligonucleotides were denatured in the 1 X TE buffer [10mM Tris/HCI(pH7.5)
and lmM EDTA] containing 1M NaCl or KCI by heating at 95°C for 10 min. The
denatured DNA was then annealing at 37°C for 48h. The annealed products were separated
on native-PAGE (8% gel) containing 10mM KCl run at 4°C for 12 h with a constant current
of 20mA.
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Figure 2

kDa MW
175 -
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Fig. 2 Coomassie-Blue-stained SDS/PAGE (10% gel) of purified RECQ5a and RECQS5p

The molecular-mass (MW) standards (in kDa) are shown on the left-hand side.
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Table 1 DNA oligonucleotides used in the present study

F and H represent fluorescein and hexachlorofluoresein groups respectively.

Oligonucleotide name Length (nucleotides)

Sequence (5'-3")

BA

BB

UA

UB

UFA

UFB

SPA

SPB

SPFA

SPFB

SPC

36

36

44

44

56

16

50

50

45

45

23

AATCCGTCGAGCAGAGTTAGGGTTAGGGTTAGGGTT

AACCCTAACCCTAACCCGAAGTCTGCTCGACGGATT

GCACTGGCCGTCGTTTTACTTGG TGACTGGGAAAACCCTGGCG

ITTTTTTTTTTTTTTTTTTTTTCCAAGTAAAACGACGGCCAGTGC
H-AATCCGTCGAGCAGAG (dT4o)

CTCTGCTCGACGGATT-F
TCAAAGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACCTC
GAGGTCACTCCAGTGAATTCGAGCTCGCAGTGTCTAGGTCGTGACTTTGA
AGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-F
H-ACTGCTAGAGATTTTCCACACTGACTAAAAGGGTCTGAGGGATCT

GCACTGGCCGTCGTTTTACTTGG
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Quantification of the protein-bound Zn*" ions

Protein-bound Zn** ion was measured using PAR [4-(2-pyridyl-azo) resorcinol], 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 resins (Bio-Rad). 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 (approx.1 nmol
in 40 pl) was first denatured with Chelex®-treated 7 M guanidine/HC, and then transferred
to a 1 ml curvette. PAR was added to the cuvette to a final concentration of 100 uM and the
volume was adjusted to 1 ml with the containing 20mM Tris/HCI (pH 8.0) and 150mM
NaCl. The absorbance was recorded from 300 to 600 nm on a UVIKON spectrophotometer
941 (Kontron) at 25°C. The quantity of Zn*" was determined using the absorbance
coefficient for the Zn(PAR), complex (€500 = 6.6x10" M'ecm™). As a control, 20nmol of

the pure ZnCl, was quantified under the identical conditions.

ATP binding assay

mantATP [2°(37)-O-(N-methylanthraniloyl) adenosine-5’-triphosphate], a fluorescent
nucleotide analogue of ATP, was used to determine the apparent dissociation constant of
ATP binding by RECQ5 proteins. For that purpose, fluorescence spectra of the proteins at a
concentration of 0.5 uM were first measured using a FluoroMax-2 spectrofluorimeter
(Jobin Yvon, Spex Instruments S.A.) at 25°C. In a 10mm x 10mm X 40mm quartz cuvette,
the protein was excited at 280nm and their intrinsic fluorescence emission near 350nm was
montiored. This measurement was useful for confirming the overlap of the fluorescence
emission spectra of the protein and the excitation spectrum of mantATP near 350nm. When
exctied at 280nm, this overlap would result in an enhancement of the emission of mantATP
at 440nm after its binding to the proteins due to FRET (fluorescence resonance energy
transfer).

The mantATP-binding assay was performed using a Bio-Logic auto-titrator (TCU-250)
and a Bio-Logic optical system (MOS450/AF-CD) in fluorescence mode. Various amounts
of mantATP were added to Iml of binding buffer [20mM Tris/HCI, 50mM NaCl, 1mM
MgCl, and 0.1mM DTT (dithiothreitol)] containing 0.5uM protein. After 1 min incubation,

fluorescence at 440nm was measured. Titrations were performed in a temperature-
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controlled cuvette at 25°C. The solution was stirred continuously using a magnetic stir bar
during the whole titration process. The apparent dissociation constant K,; was determined by

fitting the fluorescence intensity at 440nm (corrected for the inner filter effect) with eqn (1):

F=Fc,+ fx+f (x+0.5¢, +Kd)—\/(x+02.50d+Kd)2_4x0.50d><x ’ 0

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

is the total concentration of mantATP. ¢, =V / (V, +V;)=1—x/[mantATP] is included to

correct accurately for the sample dilution effect, where V) is the initial sample volume, V; is

the volume of titrant added, and [mantATP] is the mantATP concentration of the titrant.

ATPase assay

The ATPase activity of the RECQS5 proteins was detected by measuring the concentration
of Pi produced by ATP hydrolysis (25). The reaction was carried out in ATPase reaction
buffer [SOmM Tris/HCI (pH 8.0), 3mM MgCl,, and 0.5mM DTT] at 37°C in a volume of
100 pl. The reactions were initiated by the addition of enzyme into a reaction mixture
containing 1.5uM heat-denatured Hind I1I-cut pGEM-7Zf linear DNA and the mixture of
ATP and [y-** P]JATP. The reaction was stopped by adding 0.2ml of stopping buffer
consisting of 8.lmM ammonium molybdate and 0.8 M HCL. The liberated **Pi was
extracted with a solution of 2-butanol/benzene/acetone/ammonium molybdate
(750:750:15:1) saturated with water. An aliquot of 60ul was removed from the organic

phase and the radioactivity was quantified using a liquid-scinitillation counter.

DNA binding assay

DNA binding of RECQS5 proteins was analysed using a fluorescence polarization
anisotropy assay as described previously (24). The DNA-binding assay was performed
using the Bio-Logic auto-titrator (TCU-250) and the Bio-Logic optical system
(MoS450/AF-CD) in fluorescence anisotropy mode. Various amounts of proteins were
added to 1ml of binding buffer (as above) containing 1nM DNA substrate. After 1 min
incubation, the fluorescence polarization anisotropy was measured. The temperature was

controlled at 25°C and the solution was stirred continuously during the whole titration
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process. The equilibrium dissociation constant was determined by fitting the data to the

Michaelis-Menten or Hill equation using the program KaleidaGraphy (Synergy Software).

DNA helicase activity assay

DNA-unwinding reactions were carried out at 37°C in 20 ul of the mixture containing 25
mM Hepes/NaOH (pH7.5), 25mM NAOAc, 7.5mM Mg(OAc),, 2mM ATP, ImM DTT and
0.lmg/ml BSA, and indicated **P-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 the addition of the indicated concentration of the RECQS5 protein and
incubated at 37°C for 30 min. Reactions were terminated by the addition of 5Sul of 5 X
loading buffer (50mM EDTA, 0.5% SDS, 0.1% xylene cyanol, 0.1% Bromophenol Blue
and 50 % glycerol.) The reaction producs were resolved on PAGE [12% (w/v) gel] run in 1
X TBE buffer (89mM Tris-Base, 89mM Boric acid, 2mM EDTA, pH8.0) at 100V for 2h at

4°C. Radiolabelled species were visualized using a Storm 860 Phosphoimager (Amersham
Biosciences).

A stopping —flow DNA-unwinding assay was performed according to Zhang et al. (26).
Briefly, the experiment was carried out using a Bio-logic SFM-400 mixer with a 1.5mmX
1.5mm cell (Bio-Logic, FC-15) and a Bio-Logic MOS450/AF-CD optical system equipped
with a 150W mercury-xenon lamp. Fluorescein was excited at 492nm, and its emission was
monitored at 525nm. The unwinding assay was performed in a two-syringe- mixing bated in
syringe # 1for 5 min, while ATP was present in syringe # 4. Both syringe contained the
unwinding reaction buffer [25mM Tris/HCI (pH7, 5), 50mM NaCl, 1mM MgCl, and 0.1
mM DTT]. The unwinding reaction was initiated by a rapid mixing of the contents of the
two syringes. The dsDNA substrates had both strands labelled with fluorescein and
hexachlorofluorescein respectively, and their sequences are listed in Supplementary Table
S1. During the unwinding process, the fluorescein emission signal at 525nm was enhanced
due to the loss of FRET, i.e. the separation of the two dye molecules on the two ssDNA
(single-stranded DNA). For converting the output signal change from volts into performed
in a four-syringe-mixing mode, where there was the helicase in syringe #I,
hexachlorofluorescein-labelled ssDNA in syinge #2, fluorescein-labelled ssDNA in syringe
#3 and ATP in syringe #4, all incubated in unwinding reaction buffer. The fluorescent
signal of the mixed solution from the four syringe corresponded to 100% unwinding. The

standard reaction was carried out at 25°C.
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DNA strand-annealing assay

The DNA annealing activity of the RECQS5 isoforms was assayed using complementary
synthetic oligonucleotides (0.5nM) with one strand 5’-end labelled using [y-"P] ATP and
T4 polynucleotide kinase. In this assay, the labelled oligonuclotide was added to reaction
buffer (20ul) containing 20 mM Tris/acetate, (pH 7.9), 50 mM KOAc, 10 mM Mg(OAc),, 1
mM DTT and 50 pg/ml BSA and the indicated protein concentration. Where required, ATP,
ATP[S] (adenosine  5’-[y-thio] triphosphate), p[NH]ppA (adenosine 5’-[B,y-
imido]triphophate) or ADP were also added to a final concentration of 2mM. The reaction
was initiated by adding the unlabelled oligonuclotide and incubated at 37°C for 30 min. The
resulting DNA products were analysed as described for the helicase reactions.

The stopped-flow DNA strand-annealing assay was carried out under similar conditions
as the helicase assay. The reaction was performed in a three-syringe-mixing mode, where
the helicase was in syringe #l while fluorescein- and hexachlorofluorescein-labeled
complementary ssDNA were in syringe #2 and syringe #3 respectively, in buffer containing
25mM Tris/HCI (pH 7.5), 50mM NaCl, ImM MgCl, and 0.1mM 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 contents of the three syringes. During the annealing
process, the fluorescein emission signal at 525nm was reduced due to FRET from
fluorescein to hexachlorofluorescein on the two ssDNA. For converting the output signal
change from volts into percentage of annealing, we performed another experiment in a two-
syringe-mixing mode, where the helicase was in the syringe #1, and the annealed dsDNA in
the syringe #4, both in the same buffer as indicated above. The fluorescent signal of the
mixed solution from the two syringes corresponded to 100% annealing. The reaction was

carried out 25°C.
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RESULTS AND DISSCUSSION

RECQS5 helicase domain alone catalyzes strand annealing, but not strand
separation

To analyse the function of an isolated helicase domain of RecQ DNA helicases, we
investigated the biochemical properties of the human RECQS5a protein. We first compared
the unwinding activities of RECQ5a and RECQS5p using a gel-shift-based helicase assay.
The results showed that RECQS5p efficiently unwound a partial DNA duplex in a dose-
dependent manner, whereas RECQS5a displayed hardly any detectable helicase activity (Fig.
3A), even in the presence of human RPA (results not shown), which was reported to
stimulate RECQ5B-mediated DNA unwinding (21). To confirm this result, we employed a
FRET-based helicase assay, which allowed the helicase-mediated DNA unwinding to be
monitored in real-time in a stop-flow experiment (26). Consistent with earlier studies,
RECQ5a displayed non-detectable helicase activity, whereas RECQ5f unwound the DNA
substrate efficiently (Fig. 3B). Under multiple turn over conditions, the unwinding kinetics
of RECQ5P 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 (Fig. 3B and
Table 2).

Next, we tested RECQS5a and RECQS5 for the ability to promote strand-annealing using
two complementary 50-mer oligonucleotides. Remarkably, RECQS5a was found to promote
strand annealing as efficiently as RECQS5P (Fig. 4A). This result was rather surprising,
since the strand-annealing activity of RECQS5 was previously shown to reside in the C-
terminal portion of the RECQS5p polypeptide (21). We then examined the effect of ATP on
the annealing activities of the RECQS5 proteins. Consistent with previously published results
(21), we found that ATP had no effect on the annealing activity of RECQ5f, whereas
ATP[S], a poorly hydrolysable analogue of ATP, dramatically suppressed this reaction (Fig.
4B, lanes 2 and 3). In contrast, ATP dramatically inhibited the annealing activity of
RECQS5a as it did ATP[S] (Fig. 4B, lanes 8 and 9).We also examined the effect of ADP on
the strand-annealing activities ofRECQ5a andRECQ5B. We found that ADP partially
inhibited the annealing activity of RECQS5p, but had no effect on the annealing activity of
RECQ5a (Fig. 4B, lanes 4 and 10). Since previous studies showed that RPA efficiently
inhibited the strand-annealing activities of RECQ5p and RECQI1 (21;27), we also tested the
effect of this single-strand binding protein on the strand-annealing activity of RECQ5a.
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Figure 3
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Fig. 3 Helicase assays of RECQSa and RECQS5p

(A) Gel-based assay of DNA unwinding using 0.5 nM 5°-’P-labelled 23-base DNA duplex
(UA/UB). Reactions were carried out at 37°C for 30 min under conditions as described in the
Materials and methods section. The reaction products were analysed by non-denaturing PAGE (12%
gels). (B) Stopped-flow DNA-unwinding assay. As described in the Materials and methods section,
1 nM 56:16-mer DNA substrate (UFA/UFB) was pre-incubated with 20 nM helicase for 5 min at
25°C. The unwinding reaction was initiated by mixing with 1 mM ATP. The increase of the
fluorescence signal of fluorescein at 525 nm (excited at 492 nm) during unwinding was monitored.
The fraction of DNA unwound was obtained by normalization of the fluorescence signal F using the
value F . as obtained from the calibration measurement that corresponded to 100% unwinding
(see the Materials and methods section), i.e. fraction unwound=(F — Fy)/(F m.x — Fs), where F is the

fluorescence signal at the start of unwinding.
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Table 2 Summary of the measured parameters for RECQS5 isoforms and mutants

Helicase activity DNA binding

Protein [Zn2+]/ [P] ATP binding Ky  Annealing ATPase keoe % Kobs (min_l) Kq for ssDNA K4 for dsDNA

(M) (%) s (nM) (nM)
RECQ5a 0.03£0.02  48.442.5 95.248.6 ND ND ND 1.0x10°4219%  1.8x10%+267*
RECQ5P 0.98+0.18  51.0+4.9 57.3+5.6  15.6+1.4 84.1+3.5 4.54and 0.84' 46.6+2.5 59.3+2.0
RECQ5B“*'S  0.35+0.12 78.6+3.5  4.840.6 58.3+2.8  0.50and 0.03'  67.5+12.1 201+23.4
RECQ5B'™”  0.96+0.11 25.546.5  14.8+1.1 90.3+4.9  5.03and 0.87' 64.2+5.4 79.842.4
RECQ5p'**  1.02+0.15 55.3+10.5  16.3+1.3 92.5+5.6  5.65and 0.92'  55.842.5 70.3+3.2
RECQ5B> %% 1.01+0.14 680+63 149+6.7
RECQ5p** 06 1308+116 1539+32

'Values corresponding to the fast-rate constant and the slow-rate constant respectively.

? DNA-binding affinity is determined with Ky (app)=218.2+7.8nM and Hn=2.68+0.18 for dsDNA and K4 (app)=149.8nM and Hn=2.76 for
ssDNA using the equation Ks=[Kq (app)]™™.
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Fig. 4 RECQ5-mediated ssDNA annealing

(A) Annealing of the 5°-*’P-labelled SPA (0.5nM) and SPB ssDNA substrates by RECQ5a and
RECQ5B. Reactions were incubated with the indicated protein concentrations for 30 min at 37°C.
The reaction products were separated by non-denaturing PAGE (12% gels) and visualized by a
Phospholmager. (B) Effect of nucleotides on the RECQS5-mediated ssDNA annealing. The reactions
contained 50nM RECQ5a or RECQ5p and were carried out under the same conditions as in (A).
Preformed 50bp duplex and 50-mer ss-oligonucleotide were loaded as markers (C1 and C2
respectively). The indicated nucleotides were present at a concentration of 2mM. (C) Strand-
annealing activity of RECQ5a (black dot) and RECQS5p (black square) in the presence of the
increasing concentration of RPA. The complementary 50-mer oligonucleotides (0.5nM) were
incubated with or without RPA for 5 min at room temperature (25°C). The RECQS5 proteins were
added to a final concentration of 40nM and incubation was continued at 37°C for 20 min. Reaction
products were analysed as in (A) and quantified using ImageQuant software. The results are the
average of three independent experiments. (D) FRET-based ssDNA-annealing assay. The annealing
was measured by monitoring the decrease in fluorescence at 525nm caused by FRET between
fluorescein and hexachlorofluorescein labels on the oligonuclotide substrates as indicated. The
reaction mixture contained 0.5 nM fluorescein-labelled SPFA DNA, 0.5nM hexachlorofluorescein-
labelled complementary SPFB DNA and 30nM RECQ5p. (E) Time course of ssDNA annealing by
RECQS5a and RECQS5B proteins measured by the assay in (C). Proteins were present at a
concentration of 30nM. The fraction of annealed DNA (Table 2) was obtained by normalization of
fluorescence signal F using the value F.;, as obtained from the calibration measurement that
corresponded to 100% annealing (see the Materials and methods section), i.e. fraction annealed=(F;

—F)/(Fs —Fuin), where Fj is the fluorescence signal at the start of annealing.

109



Table 3 Summary of gel-filtration experiments

The experiments were performed using a Superdex75™ gel-filtration column run on an AKTA
Purifier system (GE Healthcare). The column was equilibrated at a flow rate of 0.5ml/min with 20
mM Tris (pH 7.5), 150mM KCI and ImM DTT. When required, 2mM MgCl,, ImM ATP or ATP[S]
was added to the elution buffer. Approx. 30ug of recombinant RECQ5a was loaded. Proteins were
detected at Aygns0. The experiments in the presence of ssDNA were performed by pre-incubating
RECQ5a (2uM) with 2-fold molar excess of oligo SPC (see Supplementary Table 1) with or
without ImM nucleotide and 2mM MgCl, for 20 min at 25°C. Calibration of the column was

performed with the pre-mixed standard proteins of known molecular masses (Sigma).

Sample Apparent molecular mass (kDa)
23-mer 29.84£3.5

RECQ5a 42.6+£6.4

RECQS0+23-mer 93.9+16.9

RECQ50+Mg* +ATP[S] 45.9+9.2

RECQ50+Mg” +ATP[S]+23-mer 102.5+19.5
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We found that, similar to RECQS5B, RECQ5a- mediated strand-annealing activity was
inhibited by RPA in a dose-dependent manner (Fig. 4C). To quantitatively compare the
DNA-annealing kinetics of the RECQS5 isoforms, a FRET based assay was used, which was
essentially identical with the stop-flow helicase assay described above. The only difference
was that the annealing assay monitored the decrease, instead of the increase, in the
fluorescence emission due to FRET (Fig. 4D). The measured annealing reaction rates were
0.95 min"' and 0.14 min' for RECQ5P and RECQS5a respectively. Thus RECQS5p
promoted strand annealing approx. 7-fold faster than RECQS5a (Figure 2E). However, when
evaluated by the extent of annealing, RECQ5a was more active than RECQ5p (Fig. 4E and
Table 2).

In order to understand the molecular basis of the RECQ5a- mediated strand annealing,
we studied the quaternary structure of RECQ5a in the absence and in the presence of ATP
and/or ssDNA by means of size-exclusion chromatography on a Superdex'™ 75 column.
These experiments (Table 3) revealed an apparent molecular mass of 40~70kDa at all
conditions tested, indicating that RECQ5a promotes strand annealing as a monomer (the

predicted molecular mass of monomeric RECQ5a is 46.3kDa).

The RECQS5 helicase domain binds ATP efficiently, but displays a poor
ATPase activity

To understand why RECQ5a does not catalyse DNA unwinding, we analysed its ATP-
binding and ATPase activities relative to RECQ5f. To quantify ATP-binding of RECQ5a
and RECQ5B, mantATP, a fluorescent analogue of ATP, was used. The apparent
dissociation constants (Kd) measured were 48.4+2.5 and 51.0+4.9uM for RECQ5a and
RECQS5P respectively (Fig. SA and Table 2), indicating that the two isoforms bind ATP
with a similar affinity.

The ATPase activities of the RECQS5 proteins were determined by measuring the release
of inorganic **Pi from ATP in the presence of denatured dsDNA (2.9 kb) (Fig. 5B). In
agreement with previously published results (21), RECQS5B was found to exhibit a robust
ATPase activity, with a kg, of 15.6+1.4s ", However, under identical conditions, RECQ5a
had no measurable ATPase activity (Fig. 5B and Table 2). These data indicate that the
inability of RECQ5a to unwind DNA is caused by its failure to hydrolyse ATP. Moreover,
these results provide an explanation for the differential effect of ATP on the strand-

annealing activities of RECQ5a and RECQ5B (Fig. 5B). As RECQS5a cannot hydrolyse
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ATP, it would persist in ATP-bound form, which is not proficient in strand annealing (21).
In the case of RECQS5p, this inhibitory effect can be seen only with poorly hydrolysable
ATPI[S].

A zinc-binding motif is essential for the helicase activity of RECQSp

The observation that the isolated helicase domain of RECQ5p failed to unwind dsDNA
suggested a role for a C-terminal part of RECQ5f in performing its helicase function.
Therefore C-terminal truncation mutants of RECQS5p, including RECQSBI_475 and
RECQ5B' %% were assayed to identify the C-terminal region responsible for the
intramolecular stimulation of the helicase activity of RECQS5B. We found that these two
mutants had essentially identical ATPase and DNA-unwinding activities with respect to the
full-length RECQS5p protein (Fig. 5B and Table 2). Together, these observations suggest
that the region of RECQS5f spanning amino acid residues 410475 that constitute the
putative zinc-binding domain (Fig. 6A) play an essential role in the ATPase and helicase
activities of the enzyme. Molecular modelling of the zinc-binding motif of RECQ5f
revealed the distances between the cysteine side-chain sulfur groups and the zinc atom for
Cys*"'' [2.46 A (1 A=0.1 nm)], Cys*’ (2.36 A), Cys*' (2.42 A) and Cys** (2.39 A)] are
close to the ideal distance (2.35+ 0.09 A) for structural metal zinc-co-ordination sites (28)
(Fig. 6B). In agreement with this prediction, using a PAR assay, we found that RECQ5f3
contains 0.98+ 0.18mol of Zn*" ion (Fig. 6C and Table 2). Similar results were obtained for
RECQ5B' ™" and RECQ5B'® deletion mutants (Table 2). In contrast, the PAR assay
indicated that RECQ5a did not contain any Zn”" ion, with a measured Zn”" value of 0.03+
0.02 (Table 2). To evaluate further the role of the zinc-binding motif in the helicase
function of RECQS5p, we generated a panel of mutants in which one or more of the four
conserved cysteine residues were replaced by serine residues. However, these mutant
proteins either formed aggregates or were degraded except for the C431S mutant, which
was subjected to biochemical analysis. We found that the replacement of Cys™' with serine
reduced the protein bound Zn>" to 0.35+0.12mol (Table 2). Accordingly, this mutant had
significantly reduced ATPase and helicase activities relative to wild-type RECQ5p (Fig. 3B
and 5B, and Table 2). Taken together, these results suggest that the zinc-binding motif
modulates the enzymatic activity of RECQS5p: it suppresses the strand-annealing function of

the helicase domain and promotes strand separation.
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Fig. 5 ATP-binding affinity and ATPase activity of RECQS proteins

(A) Changes in fluorescence intensity at 440nm as 0.5uM RECQ5a and RECQ5p were titrated with
an increasing concentration of mantATP. Solid lines represent the best fit of the data to eqn (1).
Apparent K d values are summarized in Table 1. (B) ATPase activities of wild-type and mutant
RECQ5 proteins. The initial rate of ATP hydrolysis by RECQ5 proteins is plotted as a function of
the ATP concentration. Reactions contained 250nM RECQ5 proteins and 1.5uM heated dsDNA and
were carried out as described in the Materials and methods section. The lines in the graph
correspond to the best fits by Michaelis—Menten equation: V =V,,,x [ATP]/(K,, +[ATP]), where V' is
the initial reaction rate, [ATP] is the concentration of ATP and k m is the Michaelis—Menten

constant. Each value represents the mean of at least three independent measurements.
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Fig. 6 Identification of the zinc-binding motif of RECQS5p helicase

(A) Amino-acid-sequence alignment of the zinc-binding domains of RecQ family helicases. The multiple sequence alignment was performed using
ClustalW software and refined manually. The conserved cysteine residue and other residues are highlighted. (B) Ribbon diagram showing the zinc-binding
domain of the RECQS5p helicase as revealed by molecular modelling based on the crystal structure of E. coli RecQ. The zinc ion is shown as a sphere. The
positions of the four conserved cysteine residues are labelled as C1-C4. The conserved arginine, aspartic acid and aromatic residues, involved in three very
important hydrogen bonds (broken lines) that stabilize the conformation of the zinc-binding domain, are shown in ball and stick representation. (C) Plot of
the concentration of protein-bound Zn*" against RECQ5 protein concentration as determined using the PAR assay. The absorption spectra were scanned
from 300 to 600 nm at 25°C. As a control, 20 nmol of ZnCl, complexed with PAR was scanned under identical conditions.
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Molecular mechanism of intramolecular stimulation of catalytic activity
mediated by the zinc binding motif

In order to understand the molecular mechanism underlying the essential role of the zinc-
binding motif in the helicase activity of RECQ5B, we compared the DNA-binding
properties of RECQ5a and RECQS5B using a fluorescence polarization assay with
fluorescently labelled oligonucleotide substrates (24). This method allows direct
measurement of DNA binding in solution under equilibrium conditions. K4 values for
RECQ5a and RECQS5p determined from protein titration curves indicated that RECQ5a
displayed much lower binding affinities for ssDNA and dsDNA than RECQS5 (Fig. 7 and
Table 2).

It has been shown that ATP binding stimulates DNA binding of some helicases, which in
turn triggers ATP hydrolysis (29-32). Therefore we measured the DNA-binding activities
of RECQ5 proteins in the presence of a non-hydrolysable ATP analogue, p[NH]ppA and/or
ATP[S]. We found that the ssDNA-binding affinity of RECQ5p was enhanced approx. 2—3-
fold in the presence of 2mM Mp[NH]ppA, whereas no noticeable effect could be observed
with RECQS5a, even in the presence of ATP (ATP cannot be hydrolysed by RECQ5a;
results not shown). These results imply that in RECQ5a there is no co-operativity between
the ATP and DNA-binding sites.

To further explore the role of the zinc-binding motif in DNA binding by RECQS5, the
RECQ5B' ™" and RECQ5B'** truncation mutants were assayed for their DNA-binding
activities. We found that these two mutants had similar DNA-binding affinities to the wild-
type RECQS5p protein, suggesting that the non-conserved C-terminal region of RECQS5[
does not play a role in DNA binding by the enzyme and that the zinc-binding motif confers
the DNA-binding proficiency to the RECQS5p helicase core (Fig. 7A and 7B, and Table 2).

To determine whether the zinc-binding motif of RECQS5 is directly involved in DNA
binding, we sought to examine the DNA-binding properties of the isolated zinc-binding
domain. Our first attempts to generate a fragment including only the zinc-binding fold
(RECQ5P*"™*) failed because this protein was found to be rapidly degraded. We then
performed DNA binding experiments with RECQ5B" "% and RECQ5B** % that could be
purified to homogeneity. We found that RECQ5B°" ", which contains the intact zinc-
binding motif, was bound to DNA showing a preference for dsSDNA (K4 values of 149+ 6.7
nM and 680+ 63nM for dsDNA and ssDNA respectively). In contrast, RECQ5p*** ™% with
a truncated zinc-binding motif displayed hardly any detectable DNA-binding activity
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(Figures 7C and 7D). Together, these experiments revealed that the zinc-binding domain
enhances the DNA-binding affinity of the RECQS5p helicase core through direct DNA
binding.

Model for the role of the zinc-binding motif in the function of RecQ
helicases

Based on the results presented above, in combination with structural information for SF2
helicases, we proposed a model for the function of the zinc-binding motif of RecQ DNA
helicases in DNA unwinding (Fig. 8). Crystal structures of several DNA helicases including
the E. coli RecQ helicase core suggested that ATP is bound at the top of domain 1A, while
the ssDNA substrate is bound at the bottom of domains 1A and 2A (Fig. 8). Since more
residues in domain 1A are implicated in DNA binding than in domain 2A, as revealed by
the crystal structures of NS3 helicase (33) and DEAD-Box helicase Vasa (34), it is likely
that DNA may be bound more tightly to domain 1A than to domain 2A. Consequently, the
portion of DNA that is bound to domain 2A may undergo large conformational fluctuation.
In this case, the distance between the two helicase domains is too far to interact with each
other to form the functional ATPase site that is essential for DNA unwinding. However, it
is conceivable that while domain 1Abinds ssDNA tightly; domain 2A can capture another
ssDNA molecule. Thus RECQ5a would function as a ‘molecular crowding agent’ (35) that
increases the effective concentrations of ssDNA substrates, thereby promoting the
hybridization between complementary ssDNA molecules (Fig. 8). However, in the presence
of the zinc-binding motif, the double-stranded part of the DNA substrate would be tightly
bound to the enzyme, enhancing the ssDNA binding to domain 2A (Fig. 8). The tight
binding of DNA to domains 1A and 2A, in collaboration with ATP binding, brings the
domains into the closed form. In this structure, ATP is efficiently hydrolysed and the energy
is coupled to DNA unwinding.
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Fig. 7 DNA-binding activities of wild-type and mutant RECQS proteins

The anisotropy-based binding isotherms were obtained by varying the protein concentration in the
presence of SnM 3’-fluorescently labelled (A and C) ssDNA (BA) and (B and D) dsDNA (BA/BB).
The data were fitted by Michaelis—Menten or Hill equations. The apparent Ky values are

summarized in Table 2.
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Figure 8

-0

Annealing

Unwinding

Fig. 8 Model for the role of the zinc-binding motif in the function of a RecQ helicase

In the absence of the zinc-binding motif (left-hand side), the helicase domains bind ssDNA with low
affinity. Although one part of the ssDNA binds relatively tightly to domain 1A, the other part of the
ssDNA may dissociate from domain 2A due to thermal fluctuation, providing an opportunity for
domain 2A to capture a complementary ssDNA. In this situation, RECQ5a brings the two
complementary strands into close proximity, promoting the hybridization of the complementary
ssDNA. In this state, although ATP is bound tightly to domain 1A, the distance between domains
1A and 2A is too long to form a functional ATPase site. In the presence of the zinc-binding motif
(ZBM,; right-hand side), the DNA substrate is tightly bound to the enzyme through an additional
interaction between the zinc-binding motif and the duplex region of the substrate, which stabilizes
ssDNA binding to the domains 1A and 2A. This tight DNA binding induces conformational changes
in the protein that bring the two helicase sub-domains into a closed form, allowing ATP hydrolysis,

a prerequisite for helicase function.
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CONCLUDING REMARKS

The zinc-binding motif conserved among the RecQ family helicases does not have
substantial structural similarity with any other known zinc-finger folds. It is therefore
important to determine its specific function in the RecQ helicase family. We have
previously shown that the zinc-binding motifs of E. coli RecQ and human BLM are
important for DNA binding and protein folding of these helicases (25, 36). Thus there is a
clear correlation between the presence of the zinc-binding motif and the helicase activity of
RecQ helicases. Interestingly, the human RECQ4 protein, the only RecQ family member
without a zinc-binding motif, fails to unwind DNA, but catalyses DNA annealing, which is
in agreement with our results obtained with RECQ5a (37). Thus all of these studies
establish the RecQ-specific zinc-binding motif as an essential DNA-binding module

required for RecQ family helicase activity.
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SUMMARY

RecQ DNA helicases function during DNA replication and are essential for the
maintenance of genome stability. The Bacteria Bacillus subtilis SubL and SubS proteins are
two members of the RecQ DNA helicase family which includes the Escherichia coli. RecQ,
BLM, WRN and RECQ4. Here we report biochemical characterizations of these two RecQ
helicases from Bacillus subtilis. To study the enzymatic characteristics of the proteins, the
recombinant SubL and SubS proteins have been over expressed in E.coli and purified to
near homogeneity. These two recombinant SubL and SubS protein possessed ATPase
activity in the presence of single- or double-stranded DNA, but single-stranded DNA is
more effective cofactor. Moreover, they exhibit ATP- and Mg”'-dependent DNA helicase
activity that occur in the in the 3’ to 5” direction with respect to the single-stranded DNA to
which the SubRecQ binds. The efficiency of unwinding was found to correlate inversely
with the length of the duplex region of DNA. In addition, the recombinant SubRecQ
helicases were found to bind more tightly to a forked double DNA substrate than to single-
stranded DNA and SubS can bind more tightly with single-stranded DNA than SubL. The
SubRecQ helicases are not capable of unwinding duplex DNA from a blunt-ended terminus,
but SubL was found to possess an intrinsic DNA strand-annealing activity. However, it’s
the SubL not SubS that can unwind the same blunt-ended duplex containing a synthetic X-
structure (a model for the Holliday junction recombination intermediate) and an internal
nick DNA structure. SubL can recognize the fork structure and unwind two important

intermediates of replication/repair, a 5’-ssDNA flap substrate and a synthetic replication

fork.
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INTRODUCTON

The RecQ helicase family plays an important role in nearly all DNA metabolic processes,
including DNA replication, recombination and repair (1). These family members are found
in diverse organisms, such as bacteria (1;4;5), yeast (1;6-8), fungi (1;9), flies (1;10), frogs
(1;11), and humans (1;12-16). RecQ helicases are highly conserved from bacteria to
humans. Proteins belonging to the RecQ family contain an about 450 amino acids core
sequence harbouring the seven helicase motifs: I, Ia, II, III, IV and VI. The motifs I and II
are the highly conserved Walker A and B sequences characteristic of ATPase activities.
RecQ helicase family also contains a C-terminal extension that is divided into two domains
called the RecQ-Ct (RecQ C-terminal) domain and the HRDC (helicase and RNase D-C
terminal) domain. The proximal domain, RecQ-Ct domain, appears to be unique to RecQ
family helicases and contains a Zn>*-binding site and a poorly conserved winged helix-trun-
helix (WH) motif (17). The distal domain, HRDC domain, is similar to domains in RNase D
and eukaryotic homologues.

In all organisms, defective 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 (18), WRN (19) and RecQ4
(20) will give rise to the hereditary disorders Bloom’s syndrome, Werner’s syndrome and
Rothmund-Thomson syndrome, respectively (21). These diseases are associated with cancer
predisposition and variable signs of premature aging. Although the precise DNA
metabolism mediated by RecQ helicase remains elusive, the enzyme has been implicated in
DNA replication, recombination and repair (22).

The RecQ helicases BLM, WRN and RECQ5f have the strand-annealing activity and
catalyze strand exchange by combining DNA-unwinding and strand-annealing activities
(23;24). However, we couldn’t find this phenomenon in E.coli RecQ helicase. Unliked
E.coli containing only one RecQ protein with DNA helicase activity, higher species could
possess more than one such putative helicase (25;26). It’s similar with the fact that human
cells contain five RecQ helicases (RecQl, BLM, WRN, RecQ4 and RecQS5) (27;28).
Although the amino acids sequence of Bacillus subtilis has not yet been tested, it seems to
be nonessential for cell viability (28;29).

Bacillus subtilis is a Gram-positive, spore-forming bacterium. BLAST analysis identifies
a sequence in the chromosome of B. subtilis RecQL encoding a 591-amino-acid protein that
shares 61% identity and 76% similarity with the E. coli RecQ helicase (Fig.1) that may be a
RecQ homologue. The protein sequence of SubS is 496 amino acids long which 46%
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consistent and 66% similar with the RecQ helicase of E.coli (Fig.1). We studied whether
this putative B. subtilis RecQ helicases have biochemical activities similar to those of E.
coli RecQ helicase. We overproduced and purified these two proteins as a fusion with a
histidine tag (Hise) and investigated their biochemical activities. The putative B. subtilis
RecQL and RecQS helicases appear to be DNA-dependent ATPases and 3’to 5° DNA
helicases, and B. subtilis RecQL has many of the biochemical characteristics of a RecQ
family helicase. But B. subtilis RecQS does not show these biochemical activities as E.coli
RecQ helicase. So the protein probably makes an essential contribution to maintaining
chromosome stability. According to the amino acid sequence of these two B. subtilis RecQ
helicases, there is both a RecQ-Ct motif containing zinc finger domain and HRDC motif in
SubL protein. This phenomenon is homologous to the structures of most SF2 helicases such
as E.coli RecQ (30-32). But interestingly we found that SubS helicase doesn’t have the
HRDC motif. The previous studies indicated that the zinc binding site of RecQ-Ct and
HRDC motif are very important for the protein structure and the enzyme function of the
RecQ helicases (3;33). In this part, we will discover some important helicase characters and
functions of SubL and SubS. Moreover we want to indicate the roles of zinc finger domain

and HRDC motif in the Bacillus subtilis RecQ family.
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MATERIALS AND METHODS

Reagents

Chemicals were reagent grade and all solutions were prepared using ELGA pure water.
[y-*P] ATP was purchased from PerkinElmer. EDTA, 2-mercaptoethanol, nucleotides,
deoxynucleotides, AMPPNP and E.coli single strand DNA binding protein (ESSB) were
obtained from Sigma. T4 polynucleotide kinase was from New England Biolabs. TE:
10mM Tris-HC1 (pH8.0), ImM EDTA (pHS8.0). Unstained protein Molecular Weight
Marker (#SM0431) was purchased from Fermentas. TBE buffer: 89mM Tris-Base, 89mM
Boric acid, 2mM EDTA, pHS.0.

Nucleic Acid Substrates

Oligonucleotides were purchased from Eurogentec and further purified by
polyacrylamide gel electrophoresis. The phiX174 virion circle ssDNA was obtained from
Biolabs. The sequences and the structures of the oligonucleotides used for helicase activity
measurement in this study are listed in Tables 1 and 2, respectively. A single
oligonucleotide was 5’-end-labbelled with [y->>P] ATP using T4 polynucleotide kinase and
purified with Sephadex-G25-TE column. The labelled oligonucleotide was annealed to their

unlabelled complementary strands at a 1:1-2 molar ratios by incubation at 95 “C 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. The DNA or RNA used for a cofactor of ATPase
activity of Bacillus subtilis helicase are: 53nt ssDNA, 7kb PN6 DNA linear, 5.5kb GC70-
plasmid DNA, 5.5kb GC70-plasmid DNA denatured, 678nt RNA.

Template selection and amino acid sequence alignment

A template search was performed by comparing the sequences of interest in B. subtilis
RecQ helicases with the E.coli RecQ using NCBI Blast (34). The sequence of E.coli RecQ
could be aligned with 39% identity and 58% similarity with the sequence of B. subtilis
putative RecQL helicase. And it showed 42% identity and 66% similarity to the sequence of
SubS.

128



Table 1 Oligonucleotides used for helicase measurement in this chapter

Sequence (57-3”)

O o0 N N W kA W

[ S T N T N R N R N N R N S e T T e T = T e e
N N R WD = OO0 0NN R W~ O

28
29
30
31

5386
20
35
35

GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG
TTTTTTTTTTTTITTTTTTTITTTCCAAGTAAAACGACGGCCAGTGC
GTAAAACGACGGCCAGTGC

AGTAAAACGACGGCCAGTGC
TCCAAGTAAAACGACGGCCAGTGC
TTTTTTCCAAGTAAAACGACGGCCAGTGC
GCACTGGCCGTCGTTTTACG

GCACTGGCCGTCGTTTTACGGTCG
GCACTGGCCGTCGTTTTACGGTCGTGACT
GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG
CGCCAGGGTTTTCCCAGTCACGACC
CGCCAGGGTTTTCCCAGTCACGACCAACCCCTTTTTTTTTTCAA

TTGGAAAAAAAAAAAAAAAAAAAAAA

TGCAGTAGCGCCAATATGAGAAGAGCCATACCGCTGATTCTGCGTTTGCTGATGAACTAAGTCAACCTCA
GCACTGGCCGTCGTTTTACG

GCACTGGCCGTCGTTTTACGGTCG
ACGTGGGCAAAGGTTCGTCAATGGACTGACAGCTGCATGG

GACGAACCTTTGCCCACGT
CCATGCAGCTGTCAGTCCATT

CCATGCAGCTGTCAGTCCA
CCATGCAGCTGTCAGT

TCAAAGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACCTC

GAGGTCACTCCAGTGAATTCGAGCTCGCAGTGTCTAGGTCGTGACTTTGA
GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT
GACGTGGGCAAAGGTTCGTCAATGGACTGACAGCTGCATGG
GCCATGCAGCTGTCAGTCCATTGTCATGCTAGGCCTACTGC
GGCAGTAGGCCTAGCATGACAATCTGCATTGGTGATCACGG

PhiX 174 circle ssDNA

TCAGCACCAGCACGCTCCCA
TCAGCACCAGCACGCTCCCATTTTTTTTTTTTTTT
AAAAAAAAAAAAAAATCAGCACCAGCACGCTCCCA
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Table 2 Structures of substrates

Name Structure Oligos
A — e 1742
B com— 143
C — 1744
D — 1%+5
E —_ 1746
F = 347
G < 3*+8
H *=/ 3*+9

| — 35410
J —47 1*4+2+11

Name Structure Oligos
K *_L-i 1542412
L *—\\\\ 1*4+2+11+14
M *— 14*415
N * — 14*+16
O * 17*+18+19
P e 17*+18+20
Q * 175+18+21
R * 224423
S *.

24* 425426427
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Protein Expression

The full coding region of Bacillus subtilis RecQL and RecQS helicases DNA were
prepared by PCR using Bacillus subtilis strain QST713 chromosome DNA as template. A
1.8-kb PCR product and 1.5-kb PCR product were cloned into pGEM®-T easy vector
respectively, and the sequences of these inserts were shown to be identical to the published
Bacillus subtilis RecQ helicase gene sequence (Genebank No: F69901 and No: L47648).

The DNA corresponding to the coding sequence of the Bacillus subtilis RecQL 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 Bacillus
subtilis RecQL helicase bearing a hexahistidine tag at the N-terminal end. The DNA
corresponding to the 5’- and 3’-ends of gene. These primers had additional bases at each
end for creation of restriction sites: Ndel at 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 SubS
helicase bearing a hexahistidine tag at the NH,-terminal end. The amplified products were
digested with Ndel and Xhol enzymes, and the appropriate size fragments (1776 bp and
1488bp, respectively) were gel-purified and then subcloned into Ndel/Xhol sites of the
vector pET-15b. The pET-15b vector encodes a hexa-histidine 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 plasmids were transformed
in E. coli strain Rosetta and BL21 (DE3)/TrxB, respectively. The bacteria containing SubL
protein were grown at 37°C in terrific broth supplemented with 100pug/mL ampicillin and
34pg/mL chloramphenicol. However, the bacteria which contain SubS helicase were grown
at 37°C in terrific broth supplemented with 50pg/mL ampicillin and 15ug/mL kanamycin.
Before inducing the SubS helicase expression, we hot shock the bacteria at 42°C for 1 hour.
The expressions of these two proteins were induced by adding isopropylthio-D-galactoside
to 0.3mM at low log phase (A600 = 0.6). The cultures were 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.
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Protein Purification

His-tagged Bacillus subtilis RecQL and RecQS helicases were overexpressed in E. coli
Rosetta and BL21 (DE3)/TrxB purified under native conditions. Briefly, harvested cells
were suspended in 30 ml of suspension buffer (20mM Tris-HCI, pH 8.0, 5SmM imidazole,
500mM NaCl) per 1 L culture 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 7,000 xg 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 8.0) buffer containing 500mM NaCl, SmM imidazole. The proteins bound to the
column were eluted stepwise using 20mM Tris-HCI1 (pH 8.0) buffer containing 5, 60, 80,
200, or 500mM imidazole. The Bacillus subtilis RecQ helicase-containing fractions,
identified by both DNA-dependent ATP hydrolysis and helicase activity assays, were
pooled. The Bacillus subtilis RecQ helicases were further purified by HPLC size exclusion
chromatography (Superdex 200; Amersham Biosciences). The active fractions were pooled,
dialyzed against storage buffer (20mM Tris-HCI, pH 8.0, 500mM NaCl, 1mM dithiothreitol,
10% glycerol), and stored at —80°C. The proteins were pure as judged by Coomassie
staining and electrospray mass spectrometry. Proteins concentrations were determined

spectrophotometrically using a Bio-Rad Protein Assay.

Quantification of Zinc Ion Bound to SubL and SubS helicases

We measured the zinc content of SubL and SubS helicases by the PAR (4-(2-Pyridylazo)
resorcinol) assay according to Hunt et al. PAR has a low absorbance at 490nm in the
absence of zinc ion due to the formation of the (PAR,)-Zn*" complex. To facilitate zinc
release; the volume of zinc was adjusted to 0.5ml with buffer A (20mM Tris-HCI at pH8.0,
500mM NaCl). PAR was added into the cuvette for a final concentration of 100uM. The
absorbance at 500 nm was measured. The quantity of zinc was determined from a standard
curve of ZnCl, samples in a range of concentrations using the sample preparation procedure
as described above with the B. Subtilis helicase omitted. Then we measured the zinc ion

concentration using the absorbance coefficient for the (PARz)-Zn2+ compleX. (€490nm=0.6 X

10* M em™)
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Size Exclusion Chromatography of SubL

Size exclusion chromatography was performed at 18°C using an HPLC system (AKTA
Purifier, GE Healthcare) on a Superdex 200 (analytical grade) column equilibrated with
elution buffer. Fractions of 0.5 ml were collected at a flow rate of 0.4ml/min, and
absorbance was measured at 280 and 260 nm. The partition coefficient K,, was calculated
using the formula K,, = (Ve-Vo)/ (Vi-Vo), where V. is the elution volume of the sample, Vj is
the excluded volume of the column; V; is the total volume of the column. The excluded
volume, V), (7.52ml) and the total volume, V; (23.5ml) were measured by calibration with
Dextran blue and thymidine. The calibration graph of log Rs versus K,, was constructed
using a high and low molecular weight calibration kit from Sigma : cytochrome c
(Mw=12.4 kDa; Rs=12 A), carbonic anhydrase (Mw=29 kDa; Rs=22.5 A), albumin
(Mw=67 kDa; Rs=35.5 A), phosphorylase b (Mw=97.4 kDa; Rs=38.75 A), thyroglobulin
(Mw=669 kDa; Rs=85 A). Assuming similar shape factors, the plot calibration of log Mw
versus K,, allowed the determination in first approximation of the molecular weight of
helicase. Gel filtration chromatography was performed using a standard elution buffer

(50mM Tris-Cl (pH 7.5), 400mM NaCl, and 0.1mM EDTA).

ATPase Assay

The ATPase activity was determined in an assay by measuring the radioactive >°Pi
liberated during hydrolysis. The measurement was carried out at 37°C for 30 min in a 40ul
reaction mixture (50mM Tris-HCI pH8.0, 25mM NaCl, 5SmM MgCl,, 50pg/ml BSA and
ImM DTT) containing the indicated concentration of DNA or RNA. The reactions were
initiated by the addition of an appropriate concentration of RecQ helicase into 40ul of
reaction mixture and stopped by transferring 35ul of aliquots from the reaction mixture
every 20s into a hydrochloric solution of ammonium molybdate. The liberated radioactive
32pi 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 20ul reaction mixture contained S0mM Tris—HCI pH 8.0,
ImM DTT, 6mM NaCl, 5mM MgCl,, 2.5mM ATP, 50pug/ml BSA and *’P-labeled helicase
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substrate (~0.45nM). The recombinant Bacillus subtilis RecQ proteins at the indicated
concentrations were added to the mixture and incubated at 37°C for 30 min. The reaction
was terminated by the addition of 0.5%SDS, 20mM EDTA, 50% glycerol and 0.05%
bromphenol blue (unwinding-stopping buffer). The products of the reaction were
fractionated by electrophoresis on a 12% non-denaturing polyacrylamide gel (acrylamide to
bis-acrylamide, 19:1 (w/w)) and ran in 1 x TBE buffer for 2 hours at 200V at 10°C. The gel
was dried and exposed using a phosphorimager and analysed with ImageQuant softwave

(Molecular Dynamics).

Protein-DNA Binding Assay by EMSA

0.45nM 5°-32P-lablled DNA substrate and appropriate concentration of the protein were
incubated at 37°C for 20 minutes in DNA binding buffer (50mM Tris—HCI (pH 8,0), ImM
DTT, 20mM NaCl, and 10% (v/v) glycerol). Samples were subsequently subjected to
electrophoresis through a non-denaturing 6% polyacrylamide gel (acrylamide to bis-
acrylamide, 19:1 (w/w)) run in 1 X TBE buffer at 200V at 10°C for 2 hours to separate
protein—-DNA complex from free DNA substrates. Gels were dried and visualized using a

phosphorimager and analysed with ImageQuant softwave (Molecular Dynamics).

DNA strand-annealing and strand-exchange assay

The DNA strand-annealing activity of the Bacillus subtilis RecQL and RecQS were
assayed using complementary synthetic oligonucleotides (each at a concentration of 0.2nM)
of which one was labelled at the 5'-end using [y->"P]JATP and T4 polynucleotide kinase. In a
standard strand-annealing assay, the labelled oligonucleotide (oligonucleotide 22) was
added to a reaction buffer (20ul) containing 5S0mM Tris-HCI (pHS,0), SmM MgCl,, 20mM
NaCl, ImM DTT, 50ug/ml BSA and the indicated protein concentration. The reaction was
initiated by adding the unlabelled oligonucleotide (oligonucleotide 23), immediately
followed by incubation at 37°C for 10 min. The resulting DNA products were analysed as
described for the helicase reactions. The strand-exchange assays were performed essentially
as described by Machwe et al. with some modifications (35). Briefly, the labelled forked
substrate (oligonucleotides 1 and 2) and ssDNA (oligonucleotide 11) (1nM) were incubated

with 400nM protein in a 20ul helicase reaction buffer for increasing time from 5 min to 30
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min. After addition of 2.5mM ATP, the DNA products were subsequently monitored over

time.
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RESULTS

Molecular modelling

We constructed a homology model for the B. subtilis RecQ helicases for which a
template structure was available. The models was for the putative SubL and based on the
crystal structures of the E. coli helicase (36). The relatively high homology between the
three amino acid sequences of (39% of identity and 58% of similarity over the whole
sequence length between E.coli RecQ and SubL; 42% of identity and 66% of similarty
between E.coli RecQ and SubS, see Fig. 1) allowed us to obtain reasonable models, with
the same overall features as the E. coli RecQ helicase template (Fig. 1).

This homology modelling predicted the existence of a zinc-binding domain in the SubL
and SubS. Indeed, the crystal structure of the template helicase and RecQ-Ct domains of E.
coli RecQ (Fig. 2A) reveals a zinc-binding domain formed by a platform of four a-helices
that bind a zinc ion via the side chains of four highly conserved cysteine residues (3;37).
The four cysteine residues are all conserved in the SubL (Cys-374, Cys-391, Cys-394 and
Cys-397) (Fig. 2B) and in SubS (Cys-431, Cys-453, Cys-454 and Cys-457) (date not
shown), and our three-dimensional model suggests that the platform of four a-helices is
probably also conserved. Therefore, it is likely that the proteins bind a zinc ion via the SH
group of the four conserved cysteine residues, conforming to the classical C4 zinc-binding
domain topology observed in the template (Fig. 2). Quantitative analysis by the PAR (4-(2-
Pyridylazo) resorcinol) assay method indicated that B. subtilis RecQ helicases both harbour
zinc ions with about a 1:1 stoichiometry (Fig. 2). This is consistent with the putative that

each molecule of SubL or SubS contains one zinc ion.

Fig. 1 Sequence alignment of the putative SubL (591 residues, second row), SubS (496
residues, third row) with the E. coli RecQ helicase (610 residues, first row) by software
VectorNTI8

Identical residues shadowed in yellow are highly similar residues and in green shadowed are
lower similar among the three sequences. The conservative sequences are shadowed in blue.
The sign ‘-’presents gaps between the sequences. The HRDC domains are labelled from the
sign arrow. The pentacles mean the conserved residues cysteines which form the zinc fingers
of E.coli RecQ and SubL. The black triangles present the putative cysteines that form the zinc
finger of SubS.
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Figure 1
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Figure 2

[Zinc**, nmol]/
[protein, nmol]

B.subtilis RecQL | 1.096 + 0.068

A Protein sample

B.subtilis RecQS | 1.084 +0.061

Zinc ion

Fig. 2 Three-dimensional model of the zinc-binding motif of E.coli RecQ and B. subtilis
RecQL helicase

Detail of the zinc-binding domain in the models of E.coli RecQ (A) and B. subtilis RecQL
helicase (B). The four conserved cysteine residues coordinate a zinc ion. From the figure 2A,
we can see that Cys®™ (labeled as C1), Cys®’ (labeled as C2), Cys*” (labeled as C3), and
Cys*” (labelled as C4), are drawn in grey as they appear in the structure of the E. coli RecQ
core (2;3). The homologous cysteines of Cys®”*, Cys*', Cys***and Cys*” are formed the zinc
binding motif of subtilis RecQL helicase. Quantitative analysis of the amounts of zinc atom
associated with the purified B. subtilis RecQL and B. subtilis RECQS indicated that the zinc
atom binds to them in a stoichiometric ratio. The values of 1.096 + 0.068 and 1.084 + 0.061
indicate that each molecule of B. subtilis RecQL or B. subtilis RecQL contain one zinc ion.

Cloning, Production and Purification of RecQ Helicase from Bacillus

subtilis

To obtain the B. subtilis recQ gene, the 1.8 kb DNA fragment and 1.5 kb DNA carrying
the open reading frame was amplified by PCR from genomic DNA of B. subtilis strain QST
713. These genes were fused to a sequence encoding the His tag, and the resulting construct
was expressed in E.coli strain Rosetta and BL21 (DE3)/TrxB, respectively. A about 68 kDa
(consistent with the value determined the amion acid sequence 66783Da) and about 56 kDa
(56048Da) polypeptides were produced consistent with the calculated molecular weight of

the His-tagged gene product (Fig. 3A). Immunoblotting with an anti-His monoclonal
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antibody confirmed that the overexpressed proteins were the desired products (data not
shown). Large quantities of the recombinant proteins were then purified to near
homogeneity. The proteins were purified using a His-tag affinity matrix to near

homogeneity and further purified on a Superdex-200 chromatography column (Fig. 3A).

Figure 3
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Fig. 3 Purification and gel filtration analysis of B. subtilis RecQ helicases

(A) 10% Commassie Blue-strained SDS-PAGE analysis of the purified B. subtilis RecQL (left)
and B. subtilis RecQS (right). From left to right: lanel, protein molecular weight marker (116,
66.2, 45, 35, 25, 18 kDa); lane2: lysates from the cells before inducing SubL protein expression;
line3: protein SubL purified by nickel affinity column chromatography; line4: protein SubL
further purified by Superdex-200 chromatography (about 10pg); line5: lysates from the cells
before inducing SubS protein expression; line6: protein SubS purified by nickel affinity column
chromatography; line7: protein SubS further purified by Superdex-200 chromatography (about
2ug). (B) Calibration curve of the gel filtration column; the standard proteins used in this
experiment are indicated in the figure. (C) Elution profile of the purified helicase from the
chromatographic column. B. subtilis RecQ at two concentrations (Img/ml and 15 mg/ml) was
loaded on a Superdex-200 column and eluted as described in “Experimental procedures”.
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We used gel filtration to estimate the assembly state of the purified B. subtilis RecQL
helicase in solution. Irrespective of the protein concentration used (1mg/ml and 15mg/ml),
the B. subtilis RecQL eluted as a globular protein with a molecular mass of 69-72 kDa (Fig.
3B, C), indicating that this helicase behaved as a monomer in solution which is the same as

E.coli RecQ (38; 39).

DNA-dependent ATPase Activity

In our laboratory, we have testified that B. subtilis RecQ helicases are the ATP dependent
DNA helicases but not RNA helicases. The ATPase activity of E.coli RecQ helicase is more
strongly stimulated by single-stranded DNA than double-stranded DNA, but the ATPase
activities of B. subtilis RecQ helicases were similarly stimulated by both ssDNA and
dsDNA.

The data not shown in our laboratory indicated that the ATPase activities of B. subtilis
RecQ were influenced of pH, divalent cations and some compounds. Maximal ATP hydrolysises
of these helicases were observed between pH 7.5 and pH 8.4 and much lower at pH 5.0 and
at pH10. Mg*" ions supported the activity most effectively and other divalent cations, in
particular Mn?", Ca®’, Zn*", were insufficient for activity. Most helicase shows its maximal
function at 37°C as an enzyme, such as E.coli RecQ, PcrA, UvrD et al. Here we further
found that B. subtilis RecQ helicases also show this characteristic (Fig. 4A). From the
figure we can see that the ATP hydrolysis increased with the incubating temperature
increasing and it reached to the maximum at 37°C, then it decreased obviously when the
temperature increased continuously. When the temperature reached to 55°C, B. subtilis RecQ
helicases almost lost its ability of ATP hydrolysis. Since ATP chelates magnesium ion, we want
to confirm whether the concentration of ATP and Mg*" effect on the ATP hydrolysis of
helicase. The data clearly demonstrated that the ATPase activities of B. subtilis RecQ
helicases are influenced with different ratio of the magnesium ion to ATP concentration. At
both ATP concentration (ImM and 3mM), the helicase activity increased with ratio of
[Mg”']: [ATP] increasing and it reached to its peak at about ratio of 2. Beyond this point, it
decreased although the ratio increased continuously (Fig.4B). Thus, the concentration of
magnesium ion and ATP are both appeared influence the ATP hydrolysis of B. subtilis

RecQ helicases which was discovered formerly in E.coli RecQ helicase (40).
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Fig. 4 Characterization of the B. subtilis RecQ ATPase activity

(A) ATPase activity at different temperature. The reactions were processed at the different
temperature indicated in the figure using 0.5uM SubL or SubS for 10 min and containing
2.5mM ATP, 5mM Mg*, 200nM ssDNA (nucleotide 32 in Table 1, 53-mer
oligonucleotide). (B) ATPase activity in the different ratio of concentration of free Mg*"
and ATP indicated at the X-axes. The reactions were held at 37°C for 30 min containing
ImM or 3mM ATP, 0.5uM SubL or SubS, and 200nM 53nt-ssDNA.

141



Figure S

SubL (nM) SubS (nM)
R - ]
A A 0 01 025 05 1 s 10 20nM A ] 10 20 40 30 120 240 480 niv
LR "
— Bl bt e b S%J -Huubﬂ
e el B | et ot o | - Ll

Sub SubS
Fig. 5 Characterization of the B. subtilis RecQ-mediated DNA unwinding activity

(A) DNA unwinding in the presence of various concentrations of SubL (left) and SubS (left). DNA unwinding assays were as described in "Methods" using
forked duplex DNA substrate (Substrate A in Table 2, 0.45nM) and 2,5mM ATP, incubate at 37°C for 30 min. The concentrations of the enzymes used are
indicated at the top of the panel. The pentacle means labelled y->"P at 5’ terminal of the oligo. (B) Effects of different nucleotides on the B. subtilis helicase-
catalyzed DNA unwinding activity. DNA unwinding assays were performed as described in "Methods" using DNA substrate (Substrate A in Table 2, 0.45nM);
each reaction contained 0.2uM helicase and one of the listed nucleotides at a final concentration of 2.5mM. Each nucleotide was noted at the each top of the

panel.
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DNA Unwinding Activities Assay versus B. subtilis RecQ Helicases
Concentration

To determine the optimal amount of the RecQ protein required to unwind dsDNA, SubL
concentrations of 0.1nM to 20nM and SubS concentrations of 10nM to 480nM were tested
(Fig. 5A). Forked DNA (Substrate 1 in Table 1) unwinding increased with increasing the
concentrations of helicase, 70~80% dsDNA substrate was unwound at 1nM SubL enzyme
and 50% dsDNA was unwound at 120nM SubS. This indicates that B. subtilis RecQ protein
is an ATP-dependent DNA helicase. The unwinding activity of SubL is stronger than that of
SubS helicase. To determine the nucleotide preference of RecQ helicase, all eight kinds of
nucleotides were tested for their ability to support unwinding of the 20bp forked duplex
substrate (Fig. 5B). Under the reaction conditions used, only ATP and dATP allowed the
helicase reaction, with ATP being preferred (100%) over dATP (90%) of SubL and (70%)
over dATP (30%) of SubS. Except ATP and dATP, UTP,GTP, CTP, dTTP, dGTP and
dCTP could not be used by the SubL and SubS helicases as the energy source to catalyze
DNA unwinding. When AMP-PNP was included in the reaction mixture instead of ATP, no
any ATPase activity was detected. Thus, ATP was preferred over other nucleotides as the
nucleotide cofactor and nucleotide triphosphate hydrolysis is required for the B. subtilis

RecQ-mediated DNA unwinding reaction.

Polarity and processivity of the B. subtilis RecQ Helicases

Most RecQ family helicases characterized exhibit 3° to 5’ polarity. The polarity of
unwinding by a helicase is defined by the strand to which the enzyme binds and the
direction it moves along that strand. To test the polarity of B. subtilis RecQ helicase action,
partial duplex DNA substrates with 5” or 3’-single-stranded tails (oligos M and N in Table 2)
were used. Both SubL and SubS could only unwind the substrate with a 3’-single-stranded
tail (Fig. 6A and 6B), demonstrating that the B. subtilis helicase is a unidirectional helicase
with 3’ to 5’ polarity which is the same as E coli. RecQ.

There different substrates composed of y-""P-labelled 20-mer and 35-mer
oliogonucleotide annealed to phiX174 circle ssDNA was used to assay the DNA unwinding
activity of the putative B. subtilis RecQ helicase (Fig. 6C and 6D). One of these partial
duplex substrates doesn’t have any short 5’ or 3’ tail, the other two has 5’ or 3’-single-

stranded tails. As some RecQ helicases, including the Werner syndrome and Bloom
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syndrome proteins, display stronger helicase activity towards DNA substrates containing a
forked duplex, substrates containing 5’ or 3’-end tails dsDNA were also tested. The B.
subtilis RecQL and RecQS helicases unwound 20-mer and 3’-end-tail phiX174 partial
duplex DNA substrates with similar efficiencies at 50nM SubL and 500nM SubS. However,
the phiX174 partial duplex DNA substrate containing 5’-end tail couldn’t be unwound by
these two B. subtilis RecQ helicases even at high concentration of protein.

The processivity is another important characteristic of helicase-mediated DNA
unwinding. Most RecQ family helicases display lower processivity than those of helicases
involved in DNA replication. Two phiX174 partial duplex DNA substrates of 20 and 70bp
were prepared to study the effect of duplex length on the helicase activity of B. subtilis
RecQ helicases. A time course of the B. subtilis RecQ helicase-mediated strand unwinding
reaction is shown in Figure 7. The labelled DNA fragment with the short partial duplex
(20bp) hybridized to PhiX174 virion ssDNA was unwound within 5 min (Fig. 7A and 7C)
and the amount of fragment unwound in the reaction was increased with the time by SubL.
However, this substrate was unwound by the SubS weakly from 5 min. In contrast, no
DNA unwinding was detected with the long partial duplex (70bp) substrate within 50 min
by both two B. subtilis RecQ helicases (Fig. 7B and 7D). Therefore, B. subtilis RecQ
helicase alone can unwind only short DNA substrates in vitro. It was reported that E. coli
SSB protein (ESSB) stimulates E. coli RecQ helicase-promoted unwinding by trapping
individual strands of the ssDNA product to prevent their reannealing. Therefore, we
examined the effect of E. coli SSB protein on B. subtilis RecQ helicase-mediated
unwinding of the 70bp duplex substrate. In control reactions, we verified that ESSB alone
did not denature the 70bp DNA duplex. Then, 400nM helicases were incubated with the 70
bp duplex DNA in the presence of various concentrations of ESSB up to 4uM. The results
showed that ESSB could not stimulate the unwinding activities of B. subtilis RecQ because

of their too low processivity (data not shown).
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Fig. 6 Polarity of DNA unwinding by the B. subtilis RecQ

(A, B) Reaction mixtures (20ul each) containing about 0.45nM DNA substrate and 0.4uM
protein (A: SubL and B: SubS) were incubated at 37°C for 30 min. The products of the
reaction were analyzed by electrophoresis in a 12% polyacrylamide gel and autoradiography.
The substrate structures are shown at the top of the figures. Left lane (A): with heat-denatured
substrate; middle lane (+/-): unwinding reaction with the enzyme; right lane (C): the control
assays without enzyme. Thereinto, “+” presents DNA unwinding and “—” presents no DNA
unwinding. (C, D) Helicase activity with three different substrates (virion Phi X174 circle
ssDNA hybridized with **P-labelled oligos 29, 30, 31 respectively in Table 2) . The panel
shows the structure of the substrate used and an autoradiogram of the gel. The lanes (A), (+/-)
and (C) represent the boiled DNA substrate, the complete reaction and the DNA substrate
alone (control), respectively. A reaction mixture (20ul) containing 0.45nM of the indicated
substrate in the helicase assay buffer was incubated for 30min at 37°C with B. subtilis RecQ
helicases (Fig.C: 50nM SubL and Fig.D: 0.4uM SubS). The products were analyzed by 12%
nondenaturing polyacrylamide gel electrophoresis and exposed using a phosphorimager and
analysed with ImageQuant softwave (Molecular Dynamics).

146



Figure 7 ]

A e e A 0 5 10 20 30 40 SOmin
20 nt
A 0 5 10 20 30 40 50min Sy
20 nt Ny g otRw omEmp oSEe GSEo mEND
Sy ——
O .1 X X X X J
Sk
S b <
e e e e -

SubL SubS
e
B : ]
A 0 b 10 20 30 40 50 min -
/ﬂ)_nl\ FaY 0 5 10 20 30 40 50 min
70 nt
s
Q A o g — — g g M@ P ————

SubL SubS

Fig. 7 Processivity of the B. subtilis RecQ helicases

In order to detect the processivity of the B. subtilis RecQ-mediated DNA unwinding, DNA substrates (0.45nM) containing virion Phi X174 circle ssDNA
hybridized with **P-labelled fragments 20 (Oligo 28 hybridated with Oligo 29 in Table 1, Fig. 7A) or **P-labelled fragments 70 (Oligo 28 hybridated with
Oligo 14 in Table 1, Fig. 7B) nucleotides long were incubated with 0.4uM protein in unwinding reaction buffer at 37°C. The reaction was stopped at the
indicated time in the figures and the products were analyzed by electrophoresis in a 12% polyacrylamide gel and autoradiography.
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B. subtilis RecQ Helicase Activity on Blunt-ended and Gapped DNA
Substrates

We investigated the DNA substrate specificity of B. subtilis RecQ helicases. High
concentrations of E. coli RecQ helicase can efficiently unwind a blunt-ended duplex DNA.
However, the B. subtilis RecQ helicases, even at a high concentration of 1uM, were unable
to unwind a 21bp blunt-ended DNA (Fig. 8A left and 8B left). To test whether 3” or 5° end
itself might affect the unwinding activity, a series of gapped DNA molecules were
constructed. When nicked DNA (gap size 0) was used as the substrates, the SubL. unwound
the duplex DNA with a very low efficiency (Fig. 8 A right). When the DNA molecules
contain a gap of 2 and 4, the DNA substrates were efficiently unwound by it. Thus, the 3’
tail length is determinant for efficient DNA unwinding. However, the SubS couldn’t

unwind the gapped DNA substrates (Fig. 8B).
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Fig. 8 Unwinding activity on the blunt substrate and nick substrates of the B. subtilis RecQ helicases

A reaction mixture (20uL) containing 0.45nM blunt-end substrate (substrate R in Table 2) in the unwinding reaction buffer was incubated at 37°C
with the addition of the 0.4uM SubL (Fig.8A left) or SubS (Fig.8B left). Other three kinds of nick substrate (from left to right is the substrate Q, P, O
in Table 2) were also analyzed in the same reaction condition discribled in “Methods” (The right two figures). Lane (A): with heat-denatured
substrate; lane (+/—): unwinding reaction with the enzyme; lane (C): the control assays without enzyme. Thereinto, “+” presents DNA unwinding and

(T34

presents no DNA unwinding. The products were analyzed by 12% nondenaturing polyacrylamide gel electrophoresis and autoradiography.
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B. subtilis RecQ Helicase Activity on Forked Duplex DNA with Increasing
3’ and 5’- Tail Length

We have found that B. subtilis RecQ helicases could unwind the forked DNA duplexes,
and then we were interested in the importance of the length of the no complementary 5°-
ssDNA tail of the forked dsDNA substrate for the efficiency of unwinding by B. subtilis
RecQ helicase. We tested the DNA substrate related to the forked duplex with 0, 1, 5, 10
and 26 nucleotides. As respected, all the forked substrates have been unwound by the SubL
and SubS even if the 0-nucleotide forked DNA duplex used (Fig. 9A and 9B). However, the
results didn’t indicate that the unwinding activity of the B. subtilis RecQ helicases on the
forked dsDNA became stronger obviously when the length of 5’-ssDNA tail increased.

On the other hand, we constructed a series of linear double substrates with 3'-ssDNA tails
of 1, 5, 10, and 25 nucleotides to study the effect of 3’-tail length on the unwinding activity
of the B. subtilis RecQ helicases. It was clearly showed from the figure that except single-
nucleotide all the substrates with 3’-tails could be efficiently unwound by the SubL helicase
(Fig. 10A). The DNA substrate with only a 1, 5, 10 nucleotides of 3’-tail were essentially
not acted upon by the SubS (Fig. 10B); and the apparent unwinding extent of the duplex
DNA was approximately 50% for the substrates with 25-nucleotides 3’-tails.

B. subtilis RecQ Helicases target DNA replication and repair
intermediates

We demonstrated (above) that B. subtilis RecQ helicases preferentially unwind forked
DNA duplexes with noncomplementary 3’- and 5’-ssDNA tails. Next, we tested whether it
could unwind DNA structures resembling the DNA replication/repair intermediates, for
example 5’-ssDNA flap DNA, Kappa joint molecules and synthetic replication fork DNA
substrates.

5’-Flap substrates are proposed intermediates in the process of Okazaki fragment
processing during lagging-strand DNA replication and also in DNA repair pathways such as
base excision repair. To assess whether B. subtilis RecQ helicases are able to unwind a 5’-
flap substrate, we tested a duplex DNA substrate containing an upstream 25-mer hybridized
to the upstream ssDNA region that resides below the flap (Substrate J in Table 2; Fig. 11A,
left pane 3). Only SubL helicase efficiently unwound the 5’-flap substrate (Fig. 11A, left
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Fig. 9 3’-forked tail length dependence studies
DNA unwinding assays were performed as described in “Methods” using DNA substrates with different length of 3’-forked tail at 0.45uM (From left to right:
substrate B, C, D, E and A in Table 2). Each reaction contained 50nM SubL (A) or 500nM SubS (B) helicases respectively. Lane (A): with heat-denatured

substrate; lane (+): unwinding reaction with the enzyme; lane (C): the control assays without enzyme. The products were also analyzed by 12% nondenaturing
polyacrylamide gel electrophoresis and autoradiography.
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Fig. 10 3’- single tail length denpedence studies

Unwinding of the substrates which has different length of 3’-single tail (Substrate F, G
and H, I in Table 2) catalyzed by SubL (Fig. 10A) and SubS (Fig. 10B). Lane (A): with
heat-denatured substrate; lane (+): enzyme unwind dsDNA; lane (-): enzyme doesn’t
unwind the DNA substrate; lane (C): the control assays without enzyme. All reactions
were incubated for 30 min at 37°C with 0.4puM helicase and analysed by 12%
nondenaturing polyacrylamide gel electrophoresis
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pane 2) and released the labelled partial duplex containing 5’-end tail, the SubS could not
affected on this kind of substrate (Fig. 11B left pane 2).

The properties of the Kappa joint molecule suggest that it may be composed of a linear
dsDNA molecule that has been invaded by homologous ssDNA; the resultant joint molecule
would resemble the letter K and, hence, is referred to as a Kappa intermediate. Such DNA
substrates are particularly relevant to DNA recombination and repair processes. To test the
unwinding of a Kappa intermediate by the B. subtilis RecQ helicases, we prepared a
substrate (Substrate K in Table 2) which mimics the Kappa joint molecule. The SubL
helicase unwound the Kappa molecule (Fig. 11A middle panel) and SubS also didn’t
unwind the Kappa fragment synchronously (Fig. 11B middle panel).

We also tested a forked duplex in which both the 5'- and 3'-tails were double-stranded
(Substrate L in Table 2). This substrate mimics a synthetic DNA replication fork with
double-stranded leading and lagging strands. The duplex forked DNA substrate was
unwound by the SubL not the SubS helicase at the concentration tested (0.4uM), but the
duplex DNA with a labelled 5'-tail was released (Fig. 11A and 11B right panel). This is also
consistent with the 3’ to 5” polarity of the B. subtilis RecQ helicase. Hence SubL is able to
unwind a synthetic replication fork.

Several RecQ homologues including BLM, WRN and E.coli RecQ helicase disrupt
synthetic immobile four-way DNA junctions, which resemble Holliday junctions (HJ or X
structure). To determine whether B. subtilis RecQ helicase could catalyze similar reactions,
we analyzed its activity with a synthetic HJ substrate containing a 26-bp core of
homologous sequences flanked by heterologous arm sequences (Substrate S in Table 2; Fig.
11 C). The result showed that SubL was able to disrupt these four-way junctions to release
the component single strands, as is evident from the appearance of the free radio labelled
oligonucleotide. Meanwhile, the SubS helicase could not unwind the four-way junction

DNA substrate that mimics a Holliday junction.
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Fig. 11 (A) The SubL unwinds the 5’-flap, Kappa joint and replication fork DNA substrate
(Substrate J, K and L in Table 2). (B) The SubS unwinds the 5’-flap, Kappa joint and
replication fork DNA substrate. A reaction mixture (20 pl) containing 0.45nM of the indicated
substrates (at the top of the panel) and the B. subtilis RecQ protein (0.5uM) in the helicase
assay buffer was incubated for 30min at 37 °C. The products were analyzed by 12%
nondenaturing polyacrylamide gel electrophoresis and autoradiography. (C) B. subtilis RecQ
helicase unwind the four-way junction DNA substrate (recombinant Holliday junction,
substrate S in Table 2). The experimental conditions are essentially identical to those
described in Fig. 11 A and B. Lane (A): with heat-denatured substrate; lane (+/-): unwinding
reaction with the enzyme; lane (C): the control assays without enzyme. Thereinto, “+”
presents DNA unwinding and “—” presents no DNA unwinding.

Binding of the putative B. subtilis RecQ to DNA substrates

We used electrophoretic mobility shift assays (EMSA) to investigate the molecular
mechanism by which the B. subtilis RecQ helicase preferentially unwinds the duplex DNA.
The experiments were carried out using the purified protein and y->*P-labelled synthetic
oligonucleotides in single-, forked double-stranded, as described under “Experimental
Procedures.” The B. subtilis RecQ helicases were able to bind ssDNA and dsDNA, but the
apparent binding affinities towards these substrates were low, judged from the extent of the
DNA-protein complex formation. The SubL helicases formed a more stable protein-DNA
complex with forked duplex DNA than with the ssDNA (Fig. 12A). From the figure, we can
see the protein-dsDNA complex clearly when SubL at 200nM. When the concentration of
SubL reached to 400nM, the protein-ssDNA complex appeared. But for SubS, no visible
difference can be found between binding to ssDNA and dsDNA (Fig. 12B). In addition, the
SubL was found to have stronger DNA binding ability than SubS whatever in the presence
of single strand or forked duplex strand. Thus, recognition of particular DNA structures by
the B. subtilis RecQ helicases may determine the polarity and the efficiency of their

helicase activities.
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Fig. 12 DNA binding by the B. subtilis RecQ helicase

Electrophoretic mobility shift assays to determine the binding of the B. subtilis RecQ to ssDNA (Fig.12 A left and B left) and forked duplex DNA
(Fig.12 A right and B right). Reaction mixtures (20ul each) contained DNA (0.45nM) and one of various concentrations of the B. subtilis RecQ as
indicated in the figure. The binding assays were performed in binding buffer as described in "Methods." Reactions were incubated for 20 min at 37°C
and then loaded onto a 6% nondenaturing polyacrylamide gel to separate the protein-DNA complexes electrophoretically. The results were visualized
by autoradiography.
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B. subtilis RecQ helicases possess DNA strand-annealing activity and
promote DNA exchange weakly

Several human RecQ homologues, including WRN, BLM, RECQL and RECQS5, possess
strand-annealing activity, and can catalyzing strand exchange by combining DNA-
unwinding and strand-annealing activities. We investigated whether the B. subtilis RecQ
might also perform this activity. To test for putative B. subtilis RecQ strand annealing
activity, we incubated two partially complementary single stranded oligonucleotides (oligos
22 and 23 in Table 1, 0.1nM each) with a series of concentrations of the purified B. subtilis
RecQ helicase for 15 min and analyzed the products on non-denaturing polyacrylamide gels
(Fig. 13). If strand annealing occurred, a duplex strand would be formed. The B. subtilis
RecQ indeed promoted annealing of the two complementary strands to form a duplex which
co-migrated with the intact duplex control. We found that annealing was dependent on
protein concentration. The SubL promoted an efficient annealing reaction at low
concentration, but the SubS exhibited very low annealing activity at 160nM (Fig. 13 A and
B). Meanwhile, B. subtilis RecQ—mediated DNA strand-annealing activity could be
inhibited by ATP (data not shown), a same phenomenon observed with other RecQ family
helicases. Furthermore, we studied whether the B. subtilis RecQ promote strand exchange.
The forked double-strands (Substrate A in Table 2) and single stranded oligonucleotide
(oligo 11 in Table 1) which is complementary with one of the double-strands were
incubated together with SubL or SubS from increasing time up to 30 min. From the gel we
could find out that the new recombinant double-strand formed when SubL was added into
the reaction system and its exchange activity was increasing when the time was prolonged.

Meanwhile, the SubS helicase didn’t show the exchange activity.
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Fig. 13 B. subtilis RecQ helicase-mediated ssDNA strand annealing

(A, B) Effect of the concentration of the B. subtilis RecQ protein on the annealing of the [5'-
32p]-labelled oligonucleotide 23 and unlabelled oligonucleotide 24 ssDNA substrates (1nM)
which are indicated in Table 2 to generate duplex DNA. The reactions were incubated for 10
min at 37°C. The different concentrations of helicases were indicated at top of each panel. The
reaction products were separated by 12% nondenaturing PAGE and revealed by
autoradiography. (C) The exchange stimulated by B. subtilis RecQ helicase. Mix the fork
substrate (substrate A in Table 2), single substrate (oligo 11 in Table 1) and 0.5uM helicases
together and incubate at 37°C for indicated times at the top of the panels. Stop the reactions by
adding the unwinding-stopping buffer. Load the reaction solution on 12% polyacrylamide gel

and autoradiography.
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DISCUSSION

In this chapter we describe structural and biochemical properties of two B. subtilis
homologues of the E. coli RecQ. The predicted B. subtilis RecQ primary structure contains
all the sequence motifs typically found in RecQ family helicases. Unlike the E.coli RecQ
helicase family which contains only single member, there are two members that we named
SubL and SubS here compose the B. subtilis RecQ family. Consistent with the sequence
similarities, the homogeneous recombinant protein displayed many structural and functional
properties found in other members of RecQ helicase family.

The gel filtration results indicate that the assembly state of the purified B. subtilis RecQL
in solution is monomer. This is consistent with the ATP saturation curve which can be best
fit by Hill equation with a Hill coefficient of 1, indicating that B. subtilis RecQL helicase
functions as a monomer during ATP hydrolysis. We used homology modelling methods to
build structural models of its 3-dimensional structure. Our models present the same overall
structural features as the E. coli RecQ helicase. In particular, the B. subtilis RecQL helicase
is similarly folded into four distinct domains, interestingly including a characteristic zinc
binding domain. Biochemical analyses confirmed that the protein indeed contains a Zn*" at
a stoichiometry of 1:1 zinc/RecQ molecule. For the E. coli RecQ helicase and for the
Bloom’s syndrome helicase, the zinc finger motif of RecQ-Ct is necessary for enzymatic
activity (3;41). Similarly, the probable zinc finger motif of the B. subtilis RecQ helicase
may well be important for its function.

We have found that pH, temperature, divalent cations and some compounds can affect the
ATPase ability of helicase. As most RecQ helicase, the best reaction temperature of ATP
hydrolysis for B. subtilis RecQ helicases is 37°C. The concentration of magnesium ion and
ATP both influence the ATPase activity of helicase. Generally, this ability increases with
the concentration of magnesium ion or ATP increasing. Here we integrated these two
factors and found that the ratio of magnesium and ATP affect the ATPase activity of B.
subtilis RecQ helciase obviously. The optimal initial process occurred at a ratio of 2-fold
magnesium than ATP. Both excess free magnesium and ATP would inhibit RecQ helicase
ATPase ability. It is possible that Mg”*-ATP binds to B. subtilis RecQ helicase as a
complex to carry out the process of ATP hydrolysis. Either one of these cofactors are in the
free form will inhibit this function of B. subtilis RecQ helicase. Frank G. Harmon and his

colleagues found that the ratio of magnesium and ATP affected the unwinding activity of
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E.coli RecQ helicase obviously (42). The trend of affection is similar with our findings, but
the optimal condition for RecQ helicase function is very different.

We showed that the purified SubL and SubS helicases possess DNA stimulated ATPase
activity and ATP-dependent helicase activities. DNA unwinding by B. subtilis RecQ
activity is dependent on the presence of ATP or dATP which is hydrolyzed to provide the
energy for the unwinding. The polarity of unwinding by the B. subtilis RecQ helicases is 3'
to 5' with respect to the overhanging single-stranded DNA to which they bind. Consistent
with this directionality, the B. subtilis RecQ unwind a duplex DNA substrate with a 3'-
ssDNA tail but not a substrate with a 5'-ssDNA tail and they require a free 3’-ssDNA tail to
initiate unwinding of duplex DNA substrates. E.coli RecQ protein, like several other
helicases including RecBCD, can initiate duplex DNA unwinding from a blunt-ended
terminus (43-45) . In contrast, unwinding of blunt-ended double-stranded DNA substrates
by the B. subtilis RecQ helicases were undetectable under the assay conditions employed
indicating that B. subtilis RecQ helicases cannot unwind duplex DNA with double blunt
ends. The addition of a single-stranded tail (a 3'-tail for 3' to 5' helicase or a 5'-tail for a 5' to
3' helicase) to a duplex DNA is sufficient for many helicases to use the substrate, including
those incapable of unwinding from blunt ends. Bennett et al. concluded that Sgslp, the
Saccharomyces cerevisiae homologue of the B. subtilis RecQ, had a requirement for a 3'-tail
of at least 3nt and that the enzyme used the junction between single-stranded and double-
stranded DNA in the substrate recognition process (46). In our studies, as expected, the B.
subtilis RecQ helicases were unable to use a 5'-tailed duplex DNA but did unwind a 3’-
tailed duplex. The SubL helicase needs at least 5-nt long 3’-tail and the SubS requires 10-nt
long single strand. Further substrate specificity analyses showed that the B. subtilis RecQ
helicases, like other RecQ family helicases including BLM and WRN, display intense
helicase activity toward to a forked duplex DNA.

The efficiency of strand unwinding by the B. subtilis RecQ decreases sharply with
increasing length of the strand to be unwound. The unwinding assay we used, however,
detects only complete unwinding, and partially unwound fragments would not be scored. It
is therefore plausible that the longer DNA strands re-anneal behind the translocating B.
subtilis RecQ and thereby reduce the observed efficiency of unwinding. Alternatively, the B.
subtilis RecQ helicases might exhibit a low processivity and might fall off the DNA before
completing the unwinding action. Maybe this reason is also for why their unwinding
activities cannot be increased when the length of the single tail of the forked double-strand

increasing. Presumably, the SSB binds ssDNA during strand displacement reactions, and
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prevent the displaced ssDNA from re-hybridizing with the DNA template, thereby
increasing the processivity of the enzymes and stimulate their unwinding activities, for
example, E coli. RecQ, NS3, UvrD et al (47;48). But we found that the presence of E. coli
SSB couldn’t significantly increase the extent of unwinding of the 70-bp partial duplex
substrate by B. subtilis RecQ because ESSB cannot interact with these two helicases
potentially and help them bind and process along the forked junction. Alternatively, the B.
subtilis RecQ may fall off the DNA substrate before the complete the unwinding action.

Studies of RecQ helicases from human and yeast implicate these enzymes are involved in
diverse DNA transaction processes ranging from DNA replication to DNA repair. A wide
variety of DNA structures that resemble the DNA replication intermediates, including four-
way Holliday-junctions at stalled replication forks, are substrates for RecQ family helicase.
In accordance with previous observations, the B. subtilis RecQL unwind efficiently several
replication and repair intermediates. The ability of SubL to unwind efficiently 5'-flap and
synthetic replication fork substrates suggests that it can load onto duplex DNA due to a
junction recognition property. The synthetic replication fork substrate was significantly
unwound by SubL. Thus, it may initiate unwinding of DNA duplex substrates by a
mechanism that requires an interaction between the protein and the forked duplex substrate.
Indeed, the electrophoretic mobility shift assays indicated that the B. subtilis RecQ helicases
have a higher affinity for a forked DNA substrate than for single-stranded DNA. This may
have implications for the mechanism of DNA unwinding by the B. subtilis RecQ, and it has
been suggested that preferential binding of the enzyme to such a junction might be
important for helicase action (49). The action of the B. subtilis RecQ helicase on the 5’-flap
substrate is interesting from a genetic viewpoint because this structure is a key DNA
intermediate for lagging strand synthesis during DNA replication. The average size of an
Okazaki fragment (100-150 nucleotides) (50) may be influenced by the action of the B.
subtilis RecQ helicase on the flap structure. Here, we have demonstrated that the SubL can
displace the 5°-ssDNA flap. The ability of SubL 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 pauses. Precisely how the B.
subtilis RecQ helicase acts in vivo to maintain genome stability remains to be described, but
it is likely to involve helicase function and a structural intermediate of an important DNA
metabolic pathway.

The SubL also acts as a helicase on a synthetic X structure (a model for the Holliday

junction recombination intermediate). This structure forms a stacked X structure in the
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presence of Mg”" (present during the helicase assay) and therefore lacks ssDNA, even at its
four arm ends. The SubL displayed no helicase activity on blunt-ended DNA, so it is at first
sight surprising that it can unwind the X structure. Indeed, SubL helicase activity in the
absence of a free 3'-ssDNA tail or any pre-existing ssDNA tracts in the substrate is
contradictory with its substrate specificity. Possibly, this helicase initiates X-structure
unwinding from the core of molecule. It has not been reported whether RecQ family
helicases unwind the Holliday junction molecule from the four arm ends or from the core.

For the other RecQ helicase in B. subtilis, the SubS, we demonstrated that it cannot
unwind these intermediate-substrates including 5’-ssDNA flap strand, Kappa structure and
a model for the Holliday junction even the nicked duplex DNA. Moreover, its ATPase
activity and unwinding ability are visibly lower than those of SubL. The difference between
the SubL and SubS is that the latter one lack of the HRDC domain not the zinc domain in
its RecQ-Ct domain. The previous study indicated that the HRDC is required for stable
DNA binding and take role in the unwinding activity of helicase (51). For example, it is
necessary for BLM to unwind the double Holliday junctions (52). Here, we approved again
that the HRDC is one of the pivotal domain to unwind the several replication and repair
intermediate substrates and Holliday function for B. subtilis RecQ helicases. At the same
time, this important domain will also help RecQ helicase to hydrolyze ATP.

Our study revealed that the SubL protein exhibits an efficient DNA strand-annealing
activity and exchange activity. This biological significance cannot be easily assessed
because the phenotypic consequences of a RecQ deficiency in Bacillus subtilis cells are still
unknown. The biochemical activities of the SubL implicate it takes role in a DNA
replication and repair processes that involves cooperation between DNA unwinding and
DNA strand-annealing. This action can facilitate regression of the replication fork while the
annealing activity promotes base pairing of the newly synthesized strands during the fork
regression (24;53). However, the SubS only has low DNA strand annealing activity and no
effect on strands exchange. One reason is perhaps that there is no HRDC domain in the C
terminal. Most DNA RecQ helicases such as WRN and BLM, the annealing activity were
carried out using the C-terminal region of protein (24;54). Our results indicated that SubS
helicase with shorten C-terminal cannot exhibit strong annealing activity like SubL. We
conclude that the C-terminal region of B. subtilis RecQ helicase is required for its annealing
ability and even contributes to single strands exchange. However, which C-terminal amino

acids region determines these functions are still unknown in detail.
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All the evidences in our laboratory indicated that B. subtilis RecQ helicases have typical
biochemical functions of RecQ helicase family. They are essential in DNA metabolisms of
B. subtilis species. But we have no idea to explain why there are two isoforms of RecQ
helicase exist in B. Subtilis in native. Maybe they participate in different DNA metabolism
processes in vivo. Further analysis of the roles of the B. subtilis RecQ in vitro and in vivo
should be taken in order to understand their functions in maintaining genome integrity and

stability deeply.
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lll. The arginine finger of the Bloom syndrome
protein: its structural organization and its role

in energy coupling



The abbreviations used are: BS, Bloom syndrome; BLM, Bloom syndrome protein; BSA,
bovine serum albumin; ssDNA, single-stranded DNA; dsDNA, double-stranded DNA;
EMSA, electrophoretic mobility shift assay; FRET, fluorescence resonance energy transfer;
HRDC, helicase-and-ribonuclease D-C-terminal domain; mantATP, 2'(3")-O-(N-

methlanthraniloyl) adenosine-5 -triphosphate.
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SUMMARY

RecQ family helicases are essential in maintaining chromosomal DNA stability and
integrity. Despite extensive studies, the mechanisms of these enzymes and interactions
between different functional domains are still poorly understood. Crystal structures of many
helicases reveal that there are highly conserved arginine residues of helicase core domain
are located near the y-phosphate of ATP. This kind of residue is widely recognized as an
arginine finger, and may sense ATP binding and hydrolysis, and transmit conformational
changes. We investigated the existence and role of the arginine finger in the Bloom
syndrome protein (BLM), a RecQ family helicase, in ATP hydrolysis and energy coupling.
Our studies by combination of structural modelling, site-directed mutagenesis, and
biochemical and biophysical approaches, demonstrate that mutations of residues interacting
with the y-phosphate of ATP or surrounding the ATP binding sites result in severe
impairment in the ATPase activity of BLM. These mutations also impair BLM’s DNA
unwinding activities, but do not affect its ATP and DNA binding abilities. These data allow
us to identify R982 as the residue that functions as a BLM arginine finger. Our findings
further indicate how the arginine finger is precisely positioned with respect to the y-
phosphate by the conserved motifs and the relationship between this finger with other

special residues of helicase core domain.
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INTRODUCTION

DNA helicases play essential roles in nucleic acid metabolism by facilitating cellular
processes including genome replication, DNA repair, recombination, transcription and
telomere maintenance (1;2). Helicases function as molecular motors. They use the free
energy of nucleotide triphosphate (NTP) binding and/or hydrolysis to translocate along and
separate the two complementary strands of a nucleic acid duplex (3). A central question
remaining is the manner in which energy produced by ATP binding and/or hydrolysis is
coupled to helicase function.

Most SF1 and SF2 helicases are folded into two prominent domains, labelled domain 1
and domain 2, that are separated by a deep cleft. Each domain contains two sub-domains,
referred as A and B (4;5). While the domains 1A and 2A are structurally similar, the
domains 1B and 2B show no significant similarity to each other (4;6). Domain 1A and 2A
constitute the helicase core, and share a common folding pattern and arrangement of
secondary structures with RecA, the E.coli recombination strand exchange enzyme (Fig. 1C)
(7). Domain 1A contains the ATP binding motifs 0, I, Ia, and II (the Walker A and B
motifs), and the ATP hydrolysis motif III. Domain 2A contains motifs IV and V, which are
believed to be involved in DNA binding. Domain 2A also contains motif VI, which may
coordinate ATPase and helicase activities. These conserved motifs are present at the
interface of the two domains, or at the interface with the oligonucleotide and/or ATP. ATP-
and oligonucleotide-binding sites are spatially segregated, but the conserved motifs must
function together to couple the ATPase cycle and the intra-molecular conformational
changes that drive the processive strand displacement or duplex unwinding activity. Indeed,
a comparison of the structures of PcrA helicase in apo-state and in complex with the same
DNA, but different nucleotide factors revealed a significant movement of domains 1B and
2B relative to each other and a closure of the cleft between domains 1A and 2A after the
binding of DNA and ATP (8). These observations have established the structural basis for
ligand-induced conformational changes that are very important for the overall mechanism
of helicases.

Several crystal structures of helicases have revealed that a conserved arginine residue,
usually termed “arginine finger”, may be involved in the communication between the two
RecA-like domains of helicases (7-10). An arginine residue that interacts the y-phosphate of

a bound nucleotide, and that is located distal to the nucleotide-binding site is known as an
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arginine finger (11;12). Arginine fingers contribute to NTP hydrolysis through stabilization
of the transition state of the reaction, and functions as a trigger for conformational changes
after NTP hydrolysis (11-13). Depending on the enzyme, the arginine finger may be located
in a separate activator protein, for example GAP-Ras (14), or it may also be located in an
adjacent subunit of an oligomeric protein: F1-ATPase (15), AAV2 Rep40 (16), the
bacteriophage T7 gene 4 helicase (17), the replication factor C (18) and the SV40 LTag
helicase (19). The arginine finger may also be found in a distinct domain within the protein,
as in most SF1 and SF2 helicases. In the structure of PcrA complexed with AMP-PNP, the
guanidium groups of residue R287, located between motif III and IV, and of R610, located
in motif VI, form a salt bridge with the y-phosphate of the nucleotide. Mutation analysis has
confirmed that both R287 and R610 are involved in ATP hydrolysis (20). Two arginine
residues in motif VI are highly conserved in RecQ family helicases and are spatially located
close to the ATP y-phosphate (Fig. 1). In the E. coli RecQ atomic resolution structure, both
highly conserved Arg326 and Arg329 in motif VI (equivalent to Arg979 and Arg982 in
BLM) are near the y-phosphate of the nucleotide (10;21) (Fig. 1B). Comparing the
crystallographic structures, the position of Arg326 relative to the ATP binding sites in RecQ
is similar to that of R610 in PcrA; however, it remains to be determined which residue is an
arginine finger or whether both residues are involved in stabilizing the y-phosphate of the
nucleotide. In addition, inspection of the crystal structure of the E£. coli RecQ helicase and
the molecular modelling model of BLM protein indicated that the spatial position of the
putative arginine finger residues may be further positioned by several residues at/or near the
interface between the two domains. As shown in Fig. 1C, the interactions between H798
and Q975 may help to stabilize the position of R979. Similarly, the D983-R959 salt bridge
could keep R982 at an appropriate spatial position to permit the interactions between the
oxygen atom of the y-phosphate of a bound nucleotide and the guanidinium amine group of
R982.

Here, we describe studies of the Bloom syndrome protein (BLM) to investigate the
role of the postulated “arginine finger” of RecQ family helicases in ATP hydrolysis and
energy coupling. Although both arginine residues, R979 and R982, in BLM may be
involved in ATP hydrolysis, R982 appears to be crucial in stabilizing the transition state
and may act as an arginine finger. Our data provides new insights into how the conserved
helicase motifs are spatially organized into a network monitoring the presence or absence of
a y-phosphate on the nucleotide, and how this allows communication between the two

domains.
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Figure 1
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BLM ARFVIDERHCVS FGMGIDEPDVREFVIHASLPESVEGYYQESGRAGRDG
WEN TLIAVDEAHCIS FGMGINEADIRGVIHYGAPKDMESY YQEIGRAGRDG
RecQl TRIAVDEVHCCS FEGMGIDEPDVEFVIHHEMSKESMENY YQESGRAGRDD
RecQ4 AFACIDEAHCLS FGMGLDRPDVEAVLHLGLPPSFESYVQEVGRAGRDG
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Fig. 1 (A) Schematic presentation of the conserved residues mutated in this study. BLM protein
domain/motif organisations are shown above the BLM protein schema. Conserved residues are
highlighted in red and the mutated residues are shown at the bottom of the figure. Alignment was
performed using CLUSTALW and refined manually. (B) Superposition of the BLM modeled
structure (in grey) with the PcrA crystal structure (in cream) showing the side chains of R979 and
R982 from BLM (residues highlighted in grey) spatially equivalent to R610 and R287 respectively
in PCRA (residues highlighted in cream). The least-squares superposition gave a RMSD of 1.25 A.
Residue numbering for PCRA is indicated besides the label PCRA. In blue and in brackets are the
one letter codes of the analogous residues in RecQ from E. coli. (C) Detailed view of the
environment of the R982 arginine finger and the ATP-binding site of the BLM-ATP modelled
structure. The molecular structure of BLM in complex with ATP was modelled according Guo ef al.
(22). The conserved helicase motifs are coloured as follows: motif 0 is drawn in gold, motif I in
green, motif II in blue and motif VI in purple. The conserved aromatic-rich loop is in magenta and
the rest of the structure is coloured grey. ATP is drawn in cream with a ball-and-stick representation
and the manganese ion is in cyan. Residues thought to be involved in ATP binding or hydrolysis are
indicated. H798, H805 and Q975, possibly participating in interactions between domains II and VI,
are also indicated. The salt bridge linking conserved residues R959 and D983 is indicated in dashed
lines. The one letter codes and positions of the analogous residues in RecQ from E. coli are coloured
blue and are in brackets. The red double arrow suggests a motion for R979 side chain. Highlighted
in grey are the labels of subdomains 1A and 1B.
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Table 1 Sequences of oligonucleotides used for site-directed mutagenesis and DNA substrates

BLM Recombinant or mutagenic PCR primer (5°-3")
WT F- GGAATTCATATGGAGCGTTTCCAAAGTCTTAGTTTTCCT
R- CCGCTCGAGTTACGATGTCCATTCAGAGTATTTCTGTAA
H798A F- ATTGATGAAGCAATTTGTGTCAGTCAG
R- CTGACTGACACAAATTGCTTCATCAAT
ROSOA F- GTACAGAAGGACACCCTGACTCAGCTG
R- CAGCTGAGTCAGGGTGTCCTTCTGTAC
Q975V F- GAGGGTTACTACGTAGAATCTGGCAGA
R- TCTGCCAGATTCTACGTAGTAACCCTC
ROTOA F- TACCAAGAATCTGGCGCAGCTGGAAGAGATGGG
R- CCCATCTCTTCCAGCTGCGCCAGATTCTTGGTA
RORIA F- TCTGGCAGAGCTGGAGCAGATGGGGAAATATCT
R- AGATATTTCCCCATCTGCTCCAGCTCTGCCAGA
RO79/982 A F- TACCAAGAATCTGGCGCAGCTGGAGCAGATGGGGAAATA
R- TATTTCCCCATCTGCTCCAGCTGCGCCAGATTCTTGGTA
DNA
length DNA substrate sequence (5°-3")
substrate
A 44 GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG
B 25 CGCCAGGGTTTTCCCAGTCACGACC
C 36 ACGTGGGCAAAGTTCGTCAATGGACTGACAGCTGCA
E 19 GTAAAACGACGGCCAGTGC
F 44 CGCCAGGGTTTTCCCAGTCACGACCAACCCCTTTTTTTTTTCAA
G 50 TCAAAGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACCTC-
H 50 GAGGTCACTCCAGTGAATTCGAGCTCGCAGTGTCTAGGTCGTGACTTTGA
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MATERIALS AND METHODS

Plasmid construction and site-directed mutagenesis

We created a plasmid for over-producing the BLM helicase core protein, consisting of
amino acid residues 642-1290. To produce a recombinant protein bearing six tandem
histidine tag at N-terminus, the gene encoding BLM (642-1290) was inserted between the
Ndel and Xhol cloning sites and expression of the His-tagged protein is driven by a T7
RNA polymerase promoter of the expression plasmid pET15b (Novagen). The resulting
plasmid, referred to as pET-BLM®***'*" was used as the target plasmid for site-directed
mutagenesis. All point mutations were constructed by PCR with primers carrying the
desired mutations (Table 1). To verify that there were no undesired mutations, the PCR
products were sequenced at MWG (MWG Biotech, Germany) by the fluorescent DNA

sequencing method.

Protein expression and purification

All proteins (BLM**?'#° and its corresponding variant) were purified as described
(22). Briefly, a single colony of the E. coli strain (BL21-CodonPlus, Stratagene) producing
the corresponding protein was grown overnight in 10ml of LB containing 80pg/ml
ampicillin and 34pug/ml chloramphenicol at 37°C with shaking at 200rpm.. We diluted 0.1
ml of this culture with 1 litre of pre-warmed LB. The cells were grown to mid-exponential
phase (Agoo of 0.5-0.6) at 37°C. Over-production of proteins was induced by the addition of
isopropyl-1-thio-a-D-galctopyranoside to a final concentration of 0.25mM, and the culture
was further shaken at 18°C for 18h. The cells were harvested by centrifugation and
suspended in a final volume of 25 ml of the lysis buffer (50mM Tris-HCI, pH 7.5, 500mM
NaCl, 0.1% Triton X-100, PMSF 0.1uM and 10% ethylene glycerol). Cells were lysed with
a French press and the lysates were sonicated to reduce viscosity. To remove insoluble
materials, the cell lysates were centrifuged twice at 15,000 g for 45 min. The soluble extract
was applied to a column containing 20ml nickel-coated resin (Novagen) and the subsequent
purification procedures were performed with a FPLC system (AKTA Purifier) at low
temperature. The column was washed with lysis buffer until the UV absorbance at 280nm

stabilized. Bound proteins were eluted with a 300ml linear gradient of imidazole (0.02-0.4
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M). Fractions containing the proteins were identified by SDS-polyacrylamide gel
electrophoresis. Pooled fractions were concentrated and further purified by FPLC size
exclusion chromatography (Superdex 200, Amersham Bioscience). The collected fractions
were analyzed on 10% SDS-PAGE and confirmed the aimed protein fractions. If necessary,
the pooled fractions containing the aimed protein were concentrated with Amicon Ultra
Centrifugal filter Devices. The purified proteins were run on SDS-polyacrylamide gels and
stained with Commassie brilliant blue. The concentrations of the purified proteins were

determined by the Bio-Rad dye method using bovine serum albumin as the standard.

DNA substrates preparation

PAGE-purified DNA substrates were purchased from Proligo (France) (Table 1).
Duplex DNA substrates were prepared as described previously (23). Briefly, 250 uM
oligonucleotides were denatured in 1xTE, containing 1 M NaCl or 1 M KClI, by incubating
at 95°C for 10 min. Denatured oligonucleotide was annealed at 37°C for 48 h. The DNA
substrate was further purified using 8% native PAGE containing 10mM KCIl at 4°C for 12 h
with constant current of 20mA. The purified duplex DNA was excised from the gel and
incubated with the elution buffer (0.1% SDS, ImM EDTA, 0.3M sodium acetate, pH=5.2)
at room temperate over night. The eluted duplex DNA was concentrated with ethanol

precipitation.

ATPase assay

The ATPase activity was detected by measuring the release of free phosphate during
ATP hydrolysis (24;25). The reaction was carried out in ATPase reaction buffer (50mM
Tris-HCI, pH 8.0, 3mM MgCl,, 0.5mM DTT) at 37°C in a volume of 100ul. The reactions
were initiated by the addition of enzymes into the reaction mixture contained 0.5uM
ssDNA (nt, 60 mer oligonucleotide) and the indicated concentration of ATP. Eighty pl
aliquots were transferred from the reaction mixture every 30s into a hydrochloric solution
of ammonium molybdate, stopping the reaction. The liberated radioactive y*’Pi was
extracted with a solution of 2-butanol-benzene-acetoneammonium molybdate
(750:750:15:1) saturated with water. An aliquot (60ul) was removed from the organic phase

and the radioactivity was quantified using a liquid scintillation counter.
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DNA unwinding activity assay
a) Radiometric assay.

DNA helicase reactions were incubated at 37°C. The reaction mixtures contained 25
mM HEPES-NaOH, pH 7.5, 25mM CH3CO;Na, 7.5mM (CH3CO,),Mg, ImM ATP, ImM
DTT, 0.1mg/ml BSA, and the indicated **P-labelled partial duplex DNA substrate (10fmol,
3000c.p.m/fmol). Reactions were initiated by adding various concentrations of BLM
proteins at 37°C. Reactions were terminated after 30 minutes by adding 7ul of 3x
unwinding reaction stop-loading buffer (50% Glycerol, 20mM EDTA, 0.5%SDS and
0.05% Bromophenol Blue). The products of the helicase reactions were run on a 12% (w/v)
polyacrylamide gel (acylamide to bis-acrylamide ratio 19:1) in TBE buffer (89mM Tris-
boric acid and 2mM EDTA, pH 8) at 100V for 2 h at 4°C.

b) Fluorometric assay.

Stopped-flow DNA-unwinding assays were performed as described (26). Briefly, the
experiments were performed using a Bio-logic SFM-400 mixer with a 1.5 mmx1.5 mm cell
(Bio-Logic, FC-15) and a Bio-Logic MOS450/AF-CD optical system equipped with a 150-
W mercury-xenon lamp. Fluorescein was excited at 492 nm (2-nm slit width), and its
emission was monitored at 525nm using a high pass filter with 20-nm bandwidth (D525/20;
Chroma Technology Co.). The experiments were conducted in two-syringe mode, where
helicase and duplex DNA substrates were pre-incubated in syringe 1 for 5 min and ATP in
syringe 4. Each syringe contained unwinding reaction buffer (25mM Tris-HCI, pH 7.5 at
25°C, 50mM NaCl, ImM MgCl, and 0.1mM DTT) and the unwinding reaction was
initiated by rapid mixing of the two syringes. The sequences of the two strands of the
56:16-mer DNA substrate are 5'H-AATCCGTCGAGCAGAG(dT40)-3', labelled with
hexachlorofluorescein (H), and 3'F-TTAGGCAGCTCGTCTC-5', labelled with fluorescein
(F). Due to the unwinding and thus the separation of the two DNA strands, the FRET
(Fluorescence resonance energy transfer) between the two fluorescent molecules was
reduced. As a result, the fluorescence emission, F(t), of the donor fluorescein was increased
from an initial (Fini) value to a saturating value (26). Control experiment has shown that in

the absence of ATP, no emission change was observed, the same as in the case of RecQ
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(26). To convert the output data from volts to unwinding amplitude, we performed a
calibration experiment in a four-syringe mode where the helicase was in syringe 1, H-
labelled ss oligonucleotides in syringe 2, F-labelled ss oligonucleotides in syringe 3 and
ATP in syringe 4. Each syringe contained unwinding reaction buffer. After mixing the
solutions from the four syringes, the fluorescent signal of the mixed solution was measured,
giving a value (F100%) that corresponded to 100% unwinding. The time-courses of DNA
unwinding was then obtained using A(#) =[F(¢)—F,,,1/(F,o0, — F,,;) - The standard reaction

temperature was 25°C and all concentrations listed were after mixing unless noted

otherwise. Data were fitted with Equation 1

Aty = A (1= )5 4y (1= ), (Eq. 1)
Where: 4, (42) and kops,1 (kons,2) TEpresent, respectively, the unwinding amplitude and rate of
the fast (slow) phase.
DNA binding assay

a) Electrophoretic mobility shift assay.

Single-strand substrate was labelled with 5’—[7—32P]ATP (oligonucleotide G in Table 1)
and hybirdized with the unlabelled complementary substrate (oligonucleotide H in Table 1).
Binding reactions (20 ul) were performed with 1nm single-strand substrate or double-strand
substrate in standard binding buffer (40mM Tris-HCI, pH 7.0, ImM EDTA, 20mM NacCl,
8% glycerol and 20pg/ml bovine serum albumin). Protein and DNA substrate
concentrations are indicated in the figure legends. DNA-protein binding reaction mixtures
were incubated at 37°C for 20 min. After adding 7ul of native loading dye (0.25%
bromophenol blue in 30% glycerol), reaction mixtures were loaded on a 6% non-denaturing
polyacrylamide gel (19:1). Electrophoresis was carried out at a constant voltage of 14V/cm
at 10°C in 1xTBE (8mM Tris-Base, 89mM Boric acid, 2mM EDTA, pH8.0 and 1mM
EDTA) for 2 h. The gel was dried and processed for autoradiography.

b) Fluorescence polarization assay.

DNA binding was further analyzed by fluorescence polarization as described previously
(23). The assays were performed using a Bio-logic auto-titrator (TCU-250) and a Bio-Logic

optical system (MOS450/AF-CD) in fluorescence anisotropy mode. Various amounts of
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protein were added to 1ml of binding buffer containing 2 or 5nM DNA substrate. Each
sample was allowed to equilibrate in solution for 1.5 min, after which fluorescence
polarization was measured. Titrations were performed in a temperature-controlled cuvette at
25°C. The solution was stirred continuously by a small magnetic stir bar during the entire
titration process. The binding isotherms were determined and fit to Equation 2.

2
)A—«/A —4D.NP, (Eq. 2)

min 2 D

T

A=A +(4,,—4

Where: A4 is the fluorescence anisotropy at a given concentration of RecQ, 4 is the

anisotropy at saturation, and A

min

is the initial anisotropy. A=D, + NP, +K,, Dr is the

total concentration of DNA, Pris the concentration of the enzyme in the binding solution.

DNA annealing activity by EMSA

The DNA strand-annealing activity of the wild-type and arginine residues mutants were
assayed using complementary synthetic oligonucleotides, one of the oligonucleotide of
0.2nM was labelled at the 5'-end using [y-"*PJATP and T4 polynucleotide kinase and the
other unlabelled complementary oligonucleotide was at a concentration of 0.4nM. In a
standard strand-annealing assay, the labelled oligonucleotide (oligonucleotide G) was added
to a reaction buffer (20ul) containing 50 mM Tris-HCI (pH8,0), 5SmM MgCl,, 20mM NacCl,
ImM DTT, 50pg/ml BSA and the indicated protein concentration. The reaction was
initiated by adding the unlabelled oligonucleotide (oligonucleotide F) and helicases which
were at different concentrations, then immediately followed by incubation at 37°C for 10
min. Stop the reaction by adding 1/3 vol of 3x annealing reaction stop-loading buffer. .
Analysis the result on a 12% (w/v) polyacrylamide gel (acylamide to bis-acrylamide ratio
19:1) in 1xXTBE buffer and run the electrophoresis at 200V for 2 hours at 10°C. The gel was
dried at 80°C for 1 hour and exposed by autoradiography.

ATP-binding assays
a) Nitrocellulose filter binding assay.

The ATP binding affinities of BLM®*'*° and the mutants were measured by
nitrocellulose filter binding as previously described (17). The assays were performed at

4 °C. A constant amount of ATP and various concentrations of the proteins were used in
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the nitrocellulose assays. Nitrocellulose filters (25 mm) were washed with 0.5M NaOH for
10 min, rinsed with double-distilled water, and then equilibrated in wash buffer (40mM
Tris-HCL, pH 7.5/10 mM MgCl,/50 mM potassium glutamate). The proteins (from 5 to 30
uM) were mixed with 200uM ATP and [y->’P]JATP in the absence of DNA in 40mM Tris-
HCI (pH 7.5)/10mM MgCl,/10mM DTT/50mM potassium glutamate/10% glycerol in a
total volume of 20 pl. The reaction mixtures were incubated for 30 min on ice or 10 min at
room temperature, and 15ul aliquots were filtered through the nitrocellulose filters. The
membranes were washed twice with 2ml of ice-cold wash buffer. The radioactivity of the
nitrocellulose membrane was quantified using a liquid scintillation counter. The ATP

binding stoichiometry was calculated from the radioactivity count.

b) Fluorometric mantATP binding assays.

We also used a fluorescent nucleotide analogue (mantATP) to determine the apparent
dissociation values for ATP binding (27). Fluorescence spectra of the proteins were
measured using FluoroMax-2 spectrofluorimeter (Jobin Yvon, Spex Instruments S.A., Inc)
at 25°C. We used 0.5uM protein in 1 ml reaction buffer (25mM Tris-HCI, pH 7.5, 50mM
NaCl and 0.ImM DTT) in a 10x10x40mm’ quartz cuvette. The fluorometric mantATP
binding assays were performed using a Bio-logic auto-titrator (TCU-250). Each protein was
titrated with various concentrations of mantATP, during which the protein was excited at
280nm and the fluorescence of mantATP at 440nm due to fluorescence resonance energy
transfer (FRET) was measured. The apparent dissociation constant K; was determined by

fitting the fluorescence intensity [corrected for the inner filter effect] to Equation 3,

(x+0.5¢, +Kd)—\/(x+0.50d +K,)* —2xc,
2 >

F=Fc,+ f,x+f. (Eq.

3)
where: F; is the starting fluorescence of the reaction mixture, f; is the fluorescence
coefficient of free mantATP, f; is the fluorescence coefficient of complex formed, and x is
the total concentration of mantATP. ¢, =V, /(V,+V;)=1-x/[mantATP] is included to

correct accurately for the sample dilution effect, where V) is the initial sample volume, V; is

the volume of titrant added, and [mantATP] is the mantATP concentration of the titrant.
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Preparation of orthovanadate solutions

To ensure formation of a transition state with Vi, the Vi stock solution was prepared
according to Ko et al. (28). Briefly, Na;VO4 powder was dissolved in water and the pH
adjusted with HCI to pH 10 (orange colour). The solution was boiled for 2 min and
consequently became clear. The pH was readjusted to pH 10 and boiling was repeated twice.
The Vi concentration was determined using a molar extinction coefficient of 2925 M'em™.

The solution was covered with aluminium foil and stored at -80°C until use.
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RESULTS

The previous studies have shown that a recombinant helicase of BLM protein that is
composed of residues 642-1290 (BLM®*'%%%) displays similar biological properties, both in
vitro and in vivo, to that of the full length BLM protein (22;29). The BLM***"° not only
exhibited comparable ATPase, helicase activities and DNA substrates specificity to the full-
length protein, but also suppresses spontaneous and UV-induced illegitimate recombination
in E. coli (29). Since no enzymatic activity can be attributed to the N-terminal region of
BLM, we used the BLM***"'%* protein fragment in this study for the sake of facilities of the

experiments.

Design, expression, and purification of BLM mutations

To better understand the role of the BLM helicase arginine finger in ATP hydrolysis
and energy coupling, we introduced two categories of mutations into the BLM®*'**
protein fragment using the structural information obtained from E. coli RecQ helicase and
our BLM molecular modelling (Fig. 1). To explore the possibility that an arginine residue
near the y-phosphate of nucleotide acts as an arginine finger, either Arg979 or Arg982
(equivalent to Arg326 and Arg329 of E. coli helicase) or both were replaced by an alanine
residue. To investigate how the ATP binding and hydrolysis signal is relayed to the second
domain (domain 2A) via the arginine finger, residues Q975 in motif VI and H798 in motif
IT were replaced by valine and alanine, respectively; in this mutant the hydrogen bonds
between Q975 and H798 are, obviously, altered. Also, R959 was replaced by an alanine
residue to disrupt the salt bridge between Asp983 and Arg959 (Fig. 1C). The six mutants
were constructed using site-directed mutagenesis. The intact BLM gene contains amino
acids residues 642-1290 (BLM®***'®%) The intact BLM gene and each mutated gene were
expressed in an E. coli pET expression system. The mutants and the wild-type BLM®***!2°
fragment were over-produced and purified using Ni-agarose affinity chromatography and
the eluting procedure was performed with FPLC system. When the concentration of
imidazole in eluting buffer reaches to 250mM, the aimed protein can be eluted from the
affinity chromatography in a great measure and the fastigium appeared at 0.3M imidazole.

For example, we can harvest most R979A mutant enzyme at 0.3M imidazole (Fig. 2 A).

Then we purified these enzymes further with the gel filtration chromatography columns
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(Superdex-200) to homogeneity and supervised the processes with FPLC system (AKTA
Purifier) at UV280. Finally, the purities of proteins reached from 90 to 95% (Fig. 2 B and

20).
Figure 2
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Fig. 2 (A) The curves under 280nm UV absorbance of R979A mutant detected with FPLC system.
The left one shows the absorbent peak of the aimed protein eluted with 300mM imidazole during
protein purification by nickelnitrilotriacetic acid—agarose. The right curve shows the progress of the
further purification with size exclusion chromatography Superdex 200 column. The second peak
presents the R979A protein. (B) SDS-PAGE analysis of R979A purification by nickel affinity
column chromatography (stained with Coomassie blue). 1, purified £. coli RecQ was used as protein
maker, 68.9kDa; 2, lysates from IPTG-induced cells overexpressing the His-R979A mutant protein;
3, indissolvable part after induced cells were broken; 4, lysate lysates from unindicted cells; 5,
R979A protein purified by nickel affinity column chromatography with 0.3M imidazole. (C) SDS-
PAGE analysis of the purified BLM**'*" and various mutants. The proteins (indicated above the
figure) were resolved on a 10% SDS-polyacrylamide gel and stained with Coomassie blue. The
concentration of the proteins used was about 15ug. The positions of the marker proteins (in kDa) are

indicated on the left.

Vi inhibits and uncouples ATPase and DNA unwinding activities of

BLM642-1290

Orthovanadate (Vi) is widely used to probe the catalytic mechanism of nucleotide-5’-
triphosphotase. Not all ATPases are inhibited by Vi (28); however, most ATPases that

possess an arginine finger at nucleotide-binding sites, for example the F1-ATPase (13),
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MutS (30) and bacteriophage T7 gene 4 helicase (17), are potentially inhibited by Vi. The
inhibition involves the formation of a Mg*"ADP.Vi transition-state-like complex. If the
ATPase activity of a protein is efficiently inhibited by Vi, it suggests, although does not
prove, that the catalytic site of the protein may shares structural features with other
ATPases that have an arginine finger. We compared several ATPases with E. coli RecQ and
the BLM molecular modelling model. BLM nucleotide-binding sites are structurally similar
to ATPases that have an arginine finger (Fig. 1B, C). This structural feature should make
BLM sensitive to Vi. As expected, the BLM ATPase activity was dose-dependently
inhibited by vanadate, and it took 45 min to reach the maximal inhibition at ImM Vi (Fig.
3A). In order to investigate whether Vi affects DNA unwinding, we measured the DNA
unwinding activity under similar experimental conditions as used for ATPase activity in the
presence of Vi. Vi inhibited the DNA unwinding activity more efficiently than the ATPase
activity (Fig. 3B). Interestingly, this result is quite similar to that observed for T7 gene 4
helicase (17). As proposed previously by Crampton et colleagues (17), it suggests that the
ATPase and DNA helicase activities are, at least partially, uncoupled in the presence of Vi.

This probably represents a common feature of helicases possessing an arginine finger.

Figure 3
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Fig. 3 (A) Time-dependent losses of ATPase activity upon incubation of BLM with Vi. ATP
hydrolysis activity was measured with the indicated concentrations of Vi in a reaction containing 0.2
uM (bp) ssDNA, ImM ATP, 0.1uCi[y-"*JATP, 200nM of BLM protein at the indicated times. (B)
Uncoupling of ATPase and helicase activities in the presence of Vi. ATPase (triangle) and helicase
(circle) activities were measured under similar conditions as indicated above (A), except that InM
of 25bp duplex DNA was used for helicase assay. Each data point represents the mean of two or

three experiments.
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Helicase and ATPase activities of the mutant enzymes

We detected no helicase activity in any of the mutant enzymes using electrophoretic
mobility shift assays. At first, we used the typical structures with 3’-tailed duplex
(hybridism of oligonucleotides A and E in Table 1) as the substrate. The results showed that
all the six mutants lose their abilities of separating the duplex strand DNA (Figs. 4A and
4B). Then we detected the unwinding abilities of arginine residues mutants using other
duplex substrates (Figs. 4C~4E). We found that wild-type BLM helicase can separate not
only 3’-tailed duplex but also the 5°-tailed ones, even the forked and the blunt terminal
DNA. However, the arginine residues mutants showed no any capability of unwinding these
different substrates. In order to confirm the results, we further measured the helicase
activity of the mutant proteins with a fluorometric stopped-flow method, which is based on
fluorescence resonance energy transfer. This method was used to exclude the possibility
that electrophoretic mobility shift assays, which measure DNA-unwinding activity,
underestimate the amount of DNA unwinding. BLM®**'?*° displayed efficient helicase
activity, but all the mutant enzymes failed to unwind DNA substrates under similar
experimental conditions (Fig. 4F). This is consistent with the results for electrophoretic
mobility shift assays, and indicates that the DNA unwinding activity was severely impaired
in mutant enzymes (Fig. 4A and B).

DNA-stimulated ATPase activities of BLM®**'*° and the various mutants were assayed
by varying the concentration of ATP substrate (Fig. 5). The resulting curves were fitted
using the Michaelis-Menten equation. The rate constant (k.), Ky, and ATPase catalytic
efficiency (kca/Kyv) were determined from results shown in Fig. 5 and are summarized in
Table 2. All mutant proteins had lower k., values for ATP hydrolysis than BLM642'1290, and
were between 5.2-fold lower for R979A to 2880-fold lower for Q975V. Mutant H798 had
only a slightly high Ky value for ATP than BLM*?'%% Mutants R959A and R982A
exhibited significantly lower ATP Ky values than BLM®*'*° The low rate of ATP
hydrolysis in Q975V made it technically impossible to determine its Ky value. These data
indicate that all of the mutated residues are important for ATP hydrolysis, but are not
directly implicated in ATP binding because the Ky values are not greatly increased. BLM is
a DNA-stimulated ATPase, and the low ATPase activity observed with the altered BLM
proteins may be due to a low affinity for either ATP or for DNA. We investigated ATP

642-1290

binding and DNA binding activities of both intact BLM and mutant proteins with

various other assays.

189



Figure 4
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Fig. 4 (A, B) DNA unwinding activity of wild-type and mutant BLM proteins revealed by
radiometric assay using duplex DNA. The DNA substrate was constructed with 5°-**P-labelled
oligonucleotides A and unlabelled oligonucleotide E (Table. 1). 1nM DNA substrate was incubated
at 37 °C with wild-type and various mutants in the helicase assay buffer. The reactions were
terminated after 30 min and the samples were analyzed by electrophoresis on a 12% non-denaturing
polyacrylamide gel. The concentrations of the proteins were between 0.25 and 60nM as indicated in
the bottom of the gel panel, where C1 and C2 represent the DNA substrate alone and the boiled
DNA substrate, respectively. (C, D, E) DNA unwinding activities of wild-type and arginine residues
mutants using the 5’-tailed duplex, forked duplex and blunt duplex strands which were constructed
of 5°-*P-labelled oligonucleotides A with unlabelled B or F, 5°-**P-labelled oligonucleotides G
with unlabelled H (Table. 1). Other conditions are same as described in the figure 4A and 4B. (F)
DNA unwinding activity measured by stopped-flow DNA unwinding assay. As described in the
"Materials and Methods", 2nM 56:16-mer DNA substrate was pre-incubated with 20nM helicase for
5 min at 25°C. The unwinding reaction was initiated by mixing with 1 mM ATP. The fluorescence
emission of fluorescein at 520nm (excited at 492nm) was monitored. The fraction of DNA unwound
was calculated by normalization of the fluorescence signal. The solid curve is the best fit of the data
to Equation 1, with 4, = 62.8£0.6 %, ko1 = 0.52£0.01s™', 4, = 3.240.6 %, and k. = 0.05£0.01

s,
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Figure 5
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Fig. 5 ATP hydrolysis activity of wild-type and mutant BLMs as a function of ATP concentration.
Experiments were performed in ATPase assay buffer at 37°C with 0.2uM ssDNA (nt, 60 mer
oligonucleotide) and 0.2uM protein for each enzyme. The ATP hydrolysis was quantified as
described in "Materials and Methods". Solid lines represent the best fit of the data to the Michaelis-

Menten equation. The apparent k... and Ky, values are summarized in Table 2.
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All mutants display normal ATP and DNA binding abilities

We investigated whether altered BLM proteins bind ATP similarly to BLM®*?'%° we
used a nitrocellulose filter binding assay to determine the stoichiometry of ATP binding. All
mutants bound ATP with similar stoichiometry to BLM®12% (Fig. 6A, Table 2). We
determined the ATP binding affinities of BLM®**"'**® and mutant proteins by fluorometric
titration assays which measure the equilibrium binding of mantATP, the ATP analogue. The
fluorescent properties of mantATP are suitable for FRET from the intrinsic protein
fluorophore (22). Our previous studies have confirmed that mantATP binds to BLM and it
is a substrate of BLM protein in the presence of DNA (22), but is not a substrate in the
absence of DNA, confirming that our mantATP binding experience is performed under
equilibrium condition. We report the titration curves obtained with a constant amount of
BLM protein and various concentrations of mantATP (Fig. 6B). The apparent Ky of
mantATP for various BLM mutants were determined from the mathematical fit to these
experimental curves (Table 2). Most mutants bound ATP with an affinity almost identical to
that of BLM®**'?°_ This is consistent with our BLM model: all mutated residues located
close to the y-phosphate of ATP or near the outer sphere of the ATP binding sites do not
affect ATP binding.

In general, a combination of efficient ATP and DNA bindings may provide the maximal
ATPase activity for ATPases. We investigated the DNA binding ability of these mutants to
see whether the observed ATPase deficiencies result from the failure of DNA binding. We
used electrophoretic mobility-shift assays to test whether BLM proteins bound DNA. All

mutants displayed migration patterns similar to that of BLM%#12%

, indicating that there
was no apparent defect in single-strand DNA binding (Fig. 7A and 7B). Moreover, all the
arginine residues mutants also show the normal double-strand DNA binding abilities
comparing with wild-type BLM helicase (Fig.7E). It is still possible that there are some
subtle differences between the mutants, but these are difficult to determine using the gel
shift method. Therefore, to determine the dissociation constant of DNA binding
quantitatively, we used a fluorescence anisotropy assay to measure the apparent K4 values
under equilibrium conditions (23). We titrated fluorescein-labelled 22 mer oligonucleotide
with various concentrations of BLM protein. The resulting binding isotherms are fitted with

Equation 2 (Fig. 7C, D). The apparent dissociation constants per binding site determined

from the titration curves are summarized in Table 2. The Kp/N values of all mutants are
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similar to those of BLM®*"'?%; this is consistent with the results from the radiometric assay,

and confirms that the altered proteins bind DNA in a similar manner to BLM®**'%°.
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Table 2 ATPase, DNA binding and ATP-binding activities of the wild-type and mutant BLM proteins

Helicases ATPase DNA binding ATP binding
4. keadecrease Keat/Knm Molar ratio
Keat (s7) Ky (mM) Kp/N (nM) . K4 (uM)
factor (s'mM™) ATP/Protein
BLM**"™ 144 1 0.81+0.1 18 1.11£0.11 0.88+0.12 0.47+0.06
H798A 0.82 17.6 1.5+£0.2 0.54 5.03+0.55 0.86+0.17 0.52+0.06
R959A 0.61 23.6 0.52+0.1 1.21 4.15+0.40 1.02+0.18 0.62+0.04
Q975v 0.005 2880 ND* ND 3.31+0.40 0.78+0.18 0.65+0.09
R982A 1.1 13.1 0.48+0.11 2.4 2.13+0.32 0.85+0.16 0.88+0.14
R979A 2.8 5.2 0.65+0.012 43 1.91+0.46 0.82+0.17 0.66+0.15
R979/982A 0.6 24 0.75+10.2 0.8 1.32+0.49 0.86+0.16 0.47+0.11

*ND: Values cannot be determined precisely
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Figure 6
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Fig. 6 ATP-binding activities as determined by nitrocellulose filter (A) and fluorometric (B) assays.

(A) The ATP binding was determined with three concentrations of BLM®*?'?** and mutants (5, 15
and 30uM) in the presence of 200uM ATP and 0.1uCi[y-*JATP. The data reported are means of

triplicate assays. (B) Changes in fluorescence intensity when 0.2uM (H798A) or 0.5uM (the others)

of the enzymes were titrated with various concentrations of mantATP. Data reported are means of

triplicate assays. Solid lines represent the best fit of the data to Equation 3 and the apparent K,

values are summarized in Table 2.
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Figure 7
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Fig. 7 (A, B) Analysis of DNA binding activity of the BLM**'*" and mutant BLMs using
electrophoretic mobility shift assay. One nanomole of 5’-*’P-labelled 36 mer ssDNA
(oligonucleotide C, Table 1) was incubated at 37°C for 20 min with various concentrations of
protein between 2.5 and 160nM in binding reaction buffer. Bound and free DNA were separated by
electrophoresis on a non-denaturing 6% polyacrylamide gel and detected by autoradiography. (C, D)
The anisotropy-based DNA-binding isotherms of wild-type and mutant BLM proteins. Fluorescence
anisotropy values were determined as a function of RecQ concentrations for 21 mer ssDNA
substrates (oligonucleotide D, Table. 2). 2nM fluorescein-labelled DNA was titrated with various
amounts of RecQ under conditions as described in "Materials and Methods". The solid lines
represent the best fits of the data to Equation 2. The determined values of dissociation constant per
binding site (Kp/N) are summarized in Table. 2. (E) Analysis of DNA binding activity of the
BLM**'® and arginine mutant BLMs using electrophoretic mobility shift assay. The blunt double-
strand DNA at 1nM was incubated at 37°C with gradient concentration proteins from 2.5 to 60nM
for 20 min. The protein-DNA complexes were separated with free substrates on a non-denaturing

6% polyacrylamide gel and detected by autoradiography.
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Arginine residues mutants display normal annealing abilities

Former research showed that BLM possesses the DNA annealing ability. To gain
further insight to the mechanism of BLM mediates DNA strand annealing process, we
tested whether the arginine residues participate in this enzymatic ability. We incubated two
partially complementary single stranded oligonucleotides with wild-type BLM and a series
of arginine residues mutants and analysed the products on non-denaturing polyacrylamide
gels (Figure 8). From the picture, we can see that all the mutants of arginine residues are
shown the same effective annealing reactions as the wild-type BLM. At even greater protein
concentration, this ability increased gradually with protein concentration. So the results
suggested that conserved arginine residues which are located in the helicase core domain
don’t play role in annealing progress. We suppose that these mutants display normal DNA
binding abilities and it increases the opportunity of two complementary single-strands to be
closer. However, the mutants lose their capabilities to hydrolyze the ATP, so they possess
DNA annealing abilities instead of unwinding activities. Moreover, the DNA binding
capability is premises for the annealing process. . Previous results showed that the

annealing ability of BLM helicase will decrease if its DNA binding domain is mutant (22).

cl 2 3 BLMaie 20 R979A R982A ROTOA/ROI82A
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Fig. 8 Analysis of annealing activities of arginine residues mutants of BLM

5’-32P-labelled ssDNA (oligonucleotide G in Table 1) and unlabelled complementary ssDNA
substrate (oligonucleotide H in Table 1) were incubated at 37°C for 10 mintues with gradient
concentrations of wild-type BLM and arginine residues mutants from 10nM to 320nM in the
annealing reaction buffer. Hybridated DNA and single DNA were separated by electrophoresis on a
non-denatruing 12% polyacrylamide gel and detected by autoradiography. The concentrations of
different proteins are indicated on the bottom of the gel. C1 presents heat-denatured substrate and

C2 is hybridized substrate. C3 presents enzyme control.
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Vi inhibition study reveals that R982 functions as an arginine finger

R979 and R982 are localized near the y-phosphate of ATP and the altered proteins
display defects in ATPase activity. However, R982A impaired ATPase activity more than
R979A (Table. 2). We determined whether R979A and R982A are inhibited by Vi in a
similar manner to identify the arginine residue involved in the transition state complex.
Residual ATPase activity of the R979A mutant was inhibited by Vi, in a similar manner to
that of BLM, and the residual ATPase activity of R982A was unaffected under similar
experimental conditions (Fig. 9A), indicating that R982A may function as an arginine
finger. We further reasoned that if the arginine residue 982 is specifically involved in the
transition state complex, the other mutants such as H798A, R959A and Q975V which are
structurally far from the y-phosphate of ATP should be still sensitive to inhibition by Vi. As
expected, H798A and R959A display very similar inhibition profile as that of R979A and
BLM®**'#" (Fig. 9A). The residual activity of Q975V is too low to be tested for Vi
inhibition. In the above experiments, inhibition of ATPase activity by Vi was determined
under turnover conditions in which ATP was present as major component. Vi inhibits
ATPase activity through formation of a MgADP.Vi-BLM transition state complex; thus, we
compared Vi-induced inhibition of BLM, mutant R979A and mutant R982A under the
condition in which the enzymes were pre-incubated with ADP. The ATPase activities of
BLM and R979A were strongly inhibited under these conditions. R982A was not inhibited
by Vi, indicating that R982A cannot form this ATP hydrolysis transition state (Fig. 9B). We
analyzed the type of inhibition caused by Vi. We measured Vi-induced inhibition of
ATPase activity of BLM and the mutant R979A at various concentrations of ATP (Figs. 9C
and D). A Lineweaver-Burk and Eadie-Hofstee analysis indicated that R979A and BLM are
inhibited similarly: Vi-inhibition of ATP hydrolysis is consistent with a non-competitive
mechanism and both proteins display similar inhibition constants (Ki = 1 and 1.5 for BLM
and R979A, respectively). The Ki for R982A was technically difficult to determine because
the variation of the residual activity of R982A was not significant in the presence of
orthovanadate. These various findings indicated that the residue R982, but not the residue

R979, is involved in the formation of MgATP.Vi-BLM transition state complex.
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Fig. 9 R982 is insensitive to orthovanadate inhibition. (A) Effects of Vi on ATPase activities of
BLM®*'®" and the mutants H798A, R959A, R979A, R982A and R979A/R982A. Hydrolysis of
ATP was measured in a reaction containing 0.2uM (bp) ssDNA, 1 mM ATP, 80nM of different
proteins, and the indicated amounts of Vi. (B) Vi-induced inhibition of BLM®**'*° mutant R982A
and mutant R979A proteins in the presence of ATP and ADP. Prior incubations were carried out
with 80nM protein and 0.6mM Vi in the presence of ADP or ATP as indicated in the figure. ATPase
activity was assayed as described in "Materials and Methods". (C, D) Determination of the vanadate
inhibition type for BLM®**'*" (C) and mutant R979A (D). The experiments were performed under
similar conditions to those described in the legend to Fig. 2, with the indicated vanadate
concentrations. The plot was constructed as 1/v; versus 1/[ATP] to obtain the Ki value from the

intercept on the abscissa.
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DISCUSSION

With the progress of helicase structure and function research, there is growing evidence
that all helicases couple the energy of ATP hydrolysis to conformational changes for DNA
unwinding and translocation along the DNA molecule. The mechanism of this coupling is not
fully understood. It may involve a process in which ATP binding and hydrolysis are detected
by the residues at the nucleotide binding pocket and the signal was transmitted to the DNA
binding site. This destabilizes the duplex DNA, making the helicase translocate along the
single strand product. Previous studies have identified several structural elements and/or
residues essential for the coupling of ATP hydrolysis and conformational changes (20;31-33).
We focused on the role of the putative arginine finger in the regulation of the RecQ family
helicase activities. We used BLM as a study model for the following reasons: I) the sequence
alignments of several RecQ family helicases, bacterial and human, show that the residues
involved in the putative arginine finger and their organization are highly conserved (Fig. 1A);
IT) our BLM molecular model is based on the crystal structure of E. coli RecQ helicase; the
root mean square deviation for 516 Ca atoms between the E. coli RecQ backbone and that of
the recombinant BLM containing residues 642-1290 (BLM®*'%%) is 0.7 A , indicating that
BLM®*'# folds very similarly to E. coli RecQ helicase (Fig. 1B); III) we have previously
used BLM*#'%%° to study the molecular consequence of several disease-causing mutations in
BS patients, and this study may help understand the mechanism underlying BLM catalysis
and interpret newly identified BLM-causing mutations in the future; IV) Previous study has
shown that the 642-1290 fragment displayed the same or very similar properties with the full
length BLM both in vitro and in vivo (22;29). The BLM®#!12%0 protein fragment exhibited the
same or very similar enzymatic properties and DNA substrates specificity in vitro as the full
length BLM. Importantly, the BLM®**'?® was able to substitute for the RecQ helicase in
suppressing illegitimate recombination in E. coli. In order to facilitate our study and get

essential information concerning the arginine finger, the BLM®*'**

was used in this study.
We have demonstrated that BLM is sensitive to Vi; this indicates that Vi can incorporate
into the catalytic sites and assist in transition-state stabilization of BLM. We mutated several
residues in the helicase signature motifs clustered around the nucleotide binding pocket. We
have shown that replacing R979 and R982, each by an alanine residue, does not significantly
affect the ATP and DNA binding abilities, but results in lower steady-state ATP hydrolysis

rates than the intact BLM®**'%°°. These observations indicate that the R979 and R982 residues
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play no major functional role in providing binding energy for ATP, but are crucial for ATP
hydrolysis. This is consistent with the atomic resolution structure of E. coli RecQ and our
molecular model: the guanidinium groups of both arginine residues are close to the y-
phosphate of ATP (Fig. 1C). ATP hydrolysis is impaired in mutant R982A, but the catalytic
efficiency of mutant R979 is only reduced to 25%. This suggests that residue R982 plays a
more crucial role in ATP hydrolysis than R979 and R982 may function as an arginine finger.
To confirm this, we studied the ATPase activity of R979A and R982A in the presence of
orthovanadate, which complexes with nucleotide 5’-diphosphate and mimics the catalytic
transition state through the formation of a Mg*"ADP-Vi-Protein complex. The residual
ATPase activity of R979A was inhibited by Vi and the inhibition was similar to that of wild
type BLM®**'*° fragment in the presence of ATP or ADP. Inhibition studies demonstrated
that Vi behaves as non-competitive inhibitor of both the wild-type BLM fragment and R979A;
Vi presumably inhibits the two proteins by similar inhibition mechanisms. By contrast,
mutant R982A was insensitive to Vi in the presence of ATP or ADP. The inability of the
mutant R982A to form the transition state analogue MgADP-Vi-Protein provides firm
evidence that a major role of the guanidinium group of R982 is to stabilize the catalytic
transition state, and failure to do so in this mutation accounts for the loss or reduction of ATP
hydrolysis. This interpretation is also consistent with the atomic resolution structures of other
SF1 and SF2 helicases such as PcrA and E. coli RecQ (8;10). Although both R287 and R610
in PcrA interact with the y-phosphate of ATP, the two arginine residues contribute differently
to stabilizing the transition state. Two guanidinium amine groups of R287 can interact with
the oxygen atoms on the y-phosphate group, but only one guanidinium amine group of R610
can interact with the oxygen atoms. The configuration of the guanidinium amine group of
R610 is not optimal for stabilizing the negative charge that develops in the transition and post-
transition state during ATP hydrolysis. Dittrich and Schulten showed that it is R287, but not
R610, that acts as an arginine finger (34). Structural comparison of the positions of R979 and
R982, relative to ATP binding sites, with the arginine residues R287 and R610 in PcrA
reveals that R979 is more structurally similar to R610 in PcrA (Fig. 1B). Therefore, this
second arginine residue, R979, does not contribute greatly to stabilizing the transition state.
Residue R979, similar to residue R610 in PcrA, may be important for the initial binding of
ATP to the catalytic site and for stabilizing the hydrolysis product state (34).

Our findings also showed new light on the question of how ATP and DNA binding activate
the ATPase activity, and on the mechanism transmitting chemical energy from ATP

hydrolysis to DNA unwinding. For most phosphoryl transferases, the intrinsic nucleotide
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hydrolysis activity is low or undetectable and needs to be activated by a separate
protein/residue or other ligand. Arginine residues are crucial for many enzyme phosphoryl-
transfer reactions. In the absence of DNA, the distances between the putative arginine finger
and the y-phosphate of ATP are more than 3.5 A, RecQ and our BLM model. Such distances
are quite far for the guanidinium groups of the arginine finger to interact with the y-phosphate
group. However, in PcrA helicase, ATP and DNA binding result in the closure of the cleft
between domains 1A and 2A. This also positions the R287 guanidinium groups to polarize the
v-phosphate group, thereby increasing the susceptibility of the phosphorus atom to a
nucleophilic attack. Although no X-ray crystal structures are available for RecQ and BLM or
other RecQ family helicases in complex with ATP and DNA, these enzymes may share these
properties with PcrA. If the helicase is unable to hydrolyze the ATP, it will lose the energy to
make itself translocate along the substrate and then unwind the double-strand DNA; although
it can bind to ATP and DNA normally. Moreover, the mutant in the domain who is charge of
the ATP hydrolysis won’t affect the annealing ability of helicase because the helicae can bind
to substrates effectively and then increase the chance of complementary strands to meet with
each other. In this case, helicase will carry out annealing progress instead of unwinding
progress.

Our studies also help form a mechanistic picture of how the arginine finger is precisely
positioned in relation to the y-phosphate through the conserved motifs that stabilize the
transition state complex. Both residues R979 and R982 of motif VI (equivalent to R326 and
R329 in E. coli RecQ) are on the loop connecting a-helix 14 and B-strand 13 (Fig. 1C). This
loop may be highly mobile and can assume multiple side chain positions due to the thermal
fluctuation of the protein. The crystal structure of E. coli RecQ helicase reveals that the
precise spatial arrangements of both residues R326 and R329, relative to y-phosphate of the
nucleotide, may be further positioned through a complex network of interactions between
motifs I, V and VI. In the BLM model, the a-helix 14 may be spatially restricted by the
interactions between Q975 of motif VI and H798 and/or H805 of motif II, thereby stabilizing
the positions of both residues R979 and R982. The spatial positions of R982 may be further
determined through the hydrogen bonds between R959 and D983. This proposed salt bridge
would further contribute to the positioning of motif VI, thereby precisely positioning residues
R979 and Q975. The importance of the interaction between R959 and D983 for enzymatic
activity has been demonstrated in an analysis of polymorphism R834C in Werner syndrome
protein (WRN). Residue R834 of WRN, which is equivalent to R959 in BLM, may form two
side chain hydrogen bonds with D858 of WRN (corresponding to D983 in BLM) (35). This
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interaction will further stabilize the residue R857, which probably acts as an arginine finger in
WRN. Substitution of the residue R834 results in lower than wild-type ATPase, helicase and
helicase-coupled exonuclease activities (35). Similarly, alteration of BLM R959 results in a
substantial reduction in ATPase and helicase activities. Both mutants Q975V and H798A
exhibit significant reduction in ATPase and helicase activities; altering Q975 leads to much
more dramatic effect in enzymatic activity than H798 (the k., decreases by 2880- and 17.6-
fold for Q975V and H798A, respectively). Possibly, alteration of H798 does not completely
abolish transit interaction between the two domains whereas alteration of Q975 does.
Hydrogen bonds between Q975-H798 and between Q975-H805 may contribute to positioning
the arginine finger upon binding ATP and DNA. It will be interesting to visualize and
compare the precise locations and orientations of the putative arginine finger, as well as Q975
in an apo-enzyme and in the transition state, once the X-ray structure of the protein-ATP-
DNA complex is elucidated.

In view of our findings, it is plausible that the arginine finger R982, coordinating with other
residues clustered around the ATP binding sites, senses ATP binding and hydrolysis and then
transmits the signal for conformational changes. The cleft between domains 1A and 2A closes
and, with the help of the various residues mentioned above, the arginine finger stabilizes the
transition state, triggering ATP hydrolysis. After hydrolysis of ATP, the interactions between
the guanidinium groups of the arginine finger and the y-phosphate of ATP are lost. In this
case, the interactions between other residues, for example Q975-H798 and Q975-H805, are
not strong enough to keep the two domains close together and the enzyme returns to the initial
state. RecQ family helicases may thereby couple ATP binding and hydrolysis to
conformational changes and translocation along DNA as PcrA does.

Whether RecQ family helicases function as a monomer or hexamer has attracted great
attention. Although BLM forms hexameric ring structure (36), the BLM%2 120 fragment is a
monomer and functions like the full length BLM both in vivo and in vitro. Similarly, a
fluorometric stopped-flow assay under optimal pre-steady state conditions indicates that the
oligomeric WRN functions as a monomer unwinding duplex DNA substrates (37). If an
arginine finger lies in the adjacent subunits of oligomeric ATPase such as T7 gene 4 helicase
(17), replication factor C (18), Adeno-associated virus type 2 helicase (16) and the structural
maintenance of chromosomes (SMC) ATPase (38), oligomerization must be absolutely
required for ATPase activity for such proteins. While most oligomeric ATPases harbour an
arginine finger in the adjacent subunits of the protein (16-18;38), the hexameric BLM protein

possesses an arginine finger that is localized within two domains of a subunit as we revealed
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in this report. This structural feature may confer BLM an intrinsic ability to hydrolyze ATP as
a monomer. Our data therefore provided a molecular structural explanation for BLM

functions potentially as a monomer.
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1 The special function of zinc binding motif in RecQ family
helicases

The term ‘zinc finger’, especially capturing the zinc atom, is derived from the original
discovery of zinc-binding mini-domains in the protein transcription factor IIIA (1). After
the first discovery of this motif, it has been found to be located in a lot of enzyme,
especially in the DNA/or RNA-binding relative protein. Many of these proteins are
transcriptional regulators of genes involved in a wide variety of cellular processes
including metabolism of compounds. There are different types of the zinc finger, such C,H,,
CsH, C4 and Cg, based on the number and position of cysteine residues and histidine
residues. This structure of a typical motif is characterized by folding of an about 30 amino
acid residue peptide into a short two-stranded antiparallel B sheet following by a a-helix
with the aid of the Zn" in a tetrahedral coordination.

Sequence analyses revealed that RecQ helicases contain the zinc finger motif which
belongs to the C4 form type. This motif is usually localized on the C-terminal extension of
protein. For example, the Cys*™, Cys®®’, Cys*™ and Cys*” form the zinc finger motif of
E.coli RecQ (2). In human, BLM, WRN, RecQ1 and RECQ5 contain the conserved zinc
finger, except RecQ4 helicase. The functions of the zinc finger motif in RecQ family
helicases can be summarized according to our study and the study of other laboratories:

1) The zinc finger motif plays an essential role in DNA binding and protein folding;
consequently assure the whole function of helicase (2;3). In an accordance with this
interpretation, a single mutation of cysteine residue in BLM zinc finger cause BLM
disease.

2) It is very well documented that RecQ family helicases play important roles at G-rich
domains of the genome, including the telomeres, rDNA, and immunoglobulin switch
region. How RecQ family helicase recognize this substrate? In accordance with our
previous observation, Maizels and co-workers has found that the RecQ-Ct domain
which contains essentially zinc finger motif functions as an independent, high affinity
and conserved G4 DNA binding domain.

3) Our analysis of the isofroms of RecQ5 helicase demonstrated that the zinc finger may
functions as a molecular switch to regulate transition between the strand annealing and
DNA unwinding. In accordance with this view, RecQ4 helicase, the only human RecQ
family helicase without the conserved zinc finger, display very strong annealing

activity. Its DNA unwinding activity only can be revealed under special condition in
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which a complementary ssDNA must be added in the reaction to prevent the strand

annealing activity.

2 The function of the HRDC domain in RecQ helicase family

Unlike the arginine finger and the zinc binding motif, the HRDC (Helicase and RNAseD
C-terminal) domain located at the C-terminal of helicases is more variational and even
more is absent in some helicases. When we researched on the structures and functions of
the RecQ helicase family, we are also interest in the HRDC domain in the C- terminal.
During our research on the zinc binding motif of Bacillus subtilis RecQ helicases, we found
the great difference on HRDC domain between two members in this species. The larger
RecQ helicase in Bacillus subtilis contains the HRDC domain while the smaller one is
absent in this domain naturally. The results showed that the Bacillus subtilis RecQ can
exhibit its helicase functions without the HRDC domain, but these abilities are somehow
faintness. The one which doesn’t contain the HRDC domain in Bacillus subtilis can only
unwind the complementary duplex strands not the forked duplex structures, the
replication/repair intermediates and even the Holliday structures. Furthermore, it also has
weaker ATPase activity correspondingly. However, the DNA binding and annealing
activities are little different between these two RecQ helicases. So we presume that the
HRDC domain increases the unwinding and ATPase activities of the helicase core domain,
maybe it is required for unwinding the Holliday junctions not for the simple partial duplex
substrates. This function of HRDC domain has been shown similar in the BLM helicase (4).
The HRDC domain of BLM is required for BLM binding and unwinding the Holliday
junctions, but not affects on the simple duplex DNA substrates. Other laboratories found
the same function of the HRDC in other members of the RecQ helicase family such as
human WRN, GcRecQ (Neisseria gonorrhoeae RecQ) and DrRecQ (Deinococcus
radiodurans RecQ) (5;6). So the HRDC domain may takes an important role in the DNA
repair process because helicase containing this domain can unwind some typical junctions
existing at the fork stalling structures during DNA replication and repair processes.
However the mechanism of the HRDC domain on DNA replication and repair is still

unclear up to now.
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3 The special structural feature of arginine finger of RecQ
family helicase

The arginine finger usually locates near the y-phosphate of ATP and it is distal to the
nucleotide-binding site. The arginine finger can reside on a distinct activator protein (for
example, GAP-Ras), an adjacent subunit of an oligomeric protein such as F1-ATPase, or a
distinct domain within the protein itself which is in most SF1 and SF2 families. It
contributes to the communication between the two RecA-like domains of helicases (domain
1A and 2A) and interacts with the y-phosphate of a bound nucleotide. The finger affects on
the NTP hydrolysis through stabilization of the transition state of the reaction and as a
trigger for conformational changes after NTP hydrolysis.

Generally, the arginine finger in oligomeric proteins is localized in the interface between
the adjacent subunits. Therefore, ATP binding and hydrolysis need the correct assembled
oligomeric proteins and an isolated subunit could not be able to hydrolysis ATP. In this
study, we showed that the arginine finger of BLM protein is localized in the interface of the
two domains of the same subunit. This discovery may shed light on the long-standing
puzzle: why heterozygote of BLM patients does not display any disease phenotype if BLM
protein is hexamer. It is possible that the hexameric BLM protein will dissociate into
monomer during catalysis. We will further confirm this possibility by combination of

different method from Stoppted-flow to the time resolved fluorescence.

4 Perspective

The human RECQ helicases seem to play an important role in resolution of aberrant
structures that arise from different repair pathways and are likely to mediate other functions
as well. The fact that there are five different RecQ family members in humans, whereas
unicellular organisms only contain a sole RecQ helicase, points to the evolutionary split-up
and extension of the RecQ-mediated processes. Many groups have contributed to
unravelling the roles of the RecQ helicases but the DNA transactions mediated by these
proteins are diverse and are not fully understood yet. In fact, a very challenging task facing
all DNA helicase research is how deficiency of a particular helicase gives rise to the
characteristic biochemical, cellular, genetic, and organismal consequences observed in
helicase mutants. The ATPase and strand displacement enzymatic activities are common to

all DNA helicases; consequently, some other physical property of the helicase must govern

217



its functional specificity. For example, the observation that BLM and RECQ5 have non-
redundant roles in suppressing crossovers is further supported by the finding that RECQ5f3
cannot perform the DHJ dissolution in conjunction with TOPOIIla which is consistent with
the finding that the HRDC domain of BLM absent in RECQ5p is essential for efficient
binding and unwinding of DHJs. As we have found that RECQ5p exhibits strand-annealing
activity in addition to its helicase activity, it may be that RECQS5 acts in the recovery of
damaged replication forks by promoting fork regression, whereas BLM suppresses
crossovers that would appear from the repair of non-meiotic DHJs that arise from HR-
dependent repair of daughter strand gaps formed during replications. To elucidate the
unique roles of the human RecQ helicases, different approaches must be combined.

It is a working hypothesis in the minds of most investigators that, by understanding the
substrate specificities of a helicase and identifying the proteins or protein complexes with
which a particular helicase interacts, the function of the helicase will become known.

The structure of RecQ helicase is basic for its biochemical functions. Although amino
acid sequences of most RecQ helicase are clearly, few of their crystal structures have been
solved up to now. Primitively, the structure of helicase was modelled according to some
typical helicases which crystal structures have been determined (7;8). Now the
bioinformatics system has became a key method using in determining of structure of
helicase. From the model of a helicase, a lot of information can be provided on its
biochemical features. But it is not the proof enough for understanding the molecular
mechanisms of helicase. In order to enhance our results on RecQ helicases, the
crystallizations of these helicases is an advantageous proof.

Recently, a new method, in-Cell NMR spectroscopy has been developed into observation
of conformations and functions of protein in living cells (9;10). The labelled aimed protein
was microinjected into living cells and the analysis protein with NMR spectroscopy. Since
most RecQ helicases were expressed in E.coli and purified, we could use this new method
to study its three-dimensional structures, dynamics, especially its interactions with nucleic
acids and other protein in vivo. This new approaches may help us to identify the

physiological substrate of RecQ helicase at different stages of cell cycle.
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I. MATERIALS AND METHODS

1. Plasmids construction

A. PCR and Gel extraction

Reagents and instruments

* Pfu DNA Polymerase 2-3U/ pL, Co.Promega
* ANTP mix, 25mM/each, Co. Fermentas
* 50xTAE buffer (1 L, pH 8.0) : 242g Tris base, 100ml 0.5 M Na, EDTA (pH 8.0), 57.1ml

glacial acetic acid, add H,O up to 1 litre. Sterilize by autoclaving

Note: To prepare 0.5M Na, EDTA (pH 8.0) add 186.1g of disodium ethylenediaminetetraacetate-2H,O to
800ml of H,O. Stir vigorously. Adjust the pH to 8.0 with NaOH (ca. 20g of NaOH). The disodium salt of
EDTA will not go into solution until the pH of the solution is adjusted to 8.0 by the addition of NaOH.

* A DNA-BstEII Digest : 117bp to 8,454bp, Co. Biolabs
* PCR clean-up Gel extraction NuCleoSpin Extract II Kit, Co. MACHEREY-NAGEL
* Termal Cyclers/ DOUCYCLER, Co. VWR

* UV Transilluminator, Co. Major Science

Protocol
1. In a sterile, nuclease-free microcentrifuge tube (0.2mL), and in ice bath, combine the

following components:

Volume (pL)
DNA template (plasmids) ~0.5ug/ul 0.5
Upstream primer 100uM 0.1
Downstream primer 100 uM 0.1
dNTP mix 25mM each 0.4
Pfu DNA polymerase 10 X buffer
with MgSO, 5
Pfu DNA polymerase 2-3U/uL 0.8
Nuclease-free water to final volume of 50

Note: 1t is critical to add the Pfu DNA polymerase lastly; otherwise, the proofreading activity of the
polymerase may degrade the primers. Assemble on ice before running the PCR program.
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2. If using a thermal cycler without a heated lid, overlay the reaction mix with 1-2 drops
(approximately 50pL) of mineral oil to prevent evaporation during thermal cycling.

Centrifuge the reaction mix in a microcentrifuge for 5 seconds.

3. Immediately place the reactions in a thermal cycler and operate the PCR program.

Step Temperature Time Number of Cycles
Initial Denaturation 95°C 1-2min 1 cycle
Denaturation 95 °C 30s
Annealing ~55°C 30s
35 cycles
approximately 1min for
Extension 72 °C
every 1kb
Final Extension 72 °C 7min 1 cycle
Soak 4°C Indefinite 1 cycle

4. Analysis the PCR fragments on a 0.7 % 1 X TAE agarose gel. The recovery was

estimated by comparison with a fragment ladder.

5. If we get the aimed PCR fragments, purify the DNA fragments from the agarose gel.

6. Load all the PCR reaction on a 0.7% agarose gel and run the electrophoresis with fresh 1

X TAE buffer and a clean groove to avoid the other nucleic acid contamination.

7. Take a clean scalpel to excise the DNA segment from the agarose gel in the 365-
wavelength ultraviolet lamp. Excise gel slic containing the fragment carefully to minimize

the gel volumne. Determine the weight of the gel slice and transfer it to a clean tube.

8. Purification the DNA extraction using NucleoSpin ExTractll kit. Generally, elte the
DNA fragment with 50uL sterile and nuclease-free water. Analyze the eluted DNA on a
0.7% 1 XTAE agarose gel and keep at -20°C.

B. Plasmid construction

Reagents and instruments

* Endonucleases (Nedl, Xhol), Co. Biolabs
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* pET-15b vector (5708bp), Co. Novagen

* Sxtransformation buffer(KCM buffer): 0.5M KCI, 0.15M CaCl,, 0.25M MgCl,, 0.22uM
filter and sterilize. Keep at -20°C.

* LB medium: 10g/L bacto-tryptone, 5g/L. bacto-yeast extract, 10g/L NaCl, adjust pH to
7.0 with NaOH. Sterilize using autoclave.

* LB agar plate: Prepare LB medium as described above, before autoclaving, add agar
(15g/L).

* LB agar plate with antibiotics: After sterilized LB agar medium, cool down at room
temperature till it is cool enough to hold, and then add additional appropriate antibiotics at
the concentration needed. Mix and pour the liquid agar medium into the plates to a depth of
4 or 5 mm. Let plates set under the super-clean bench until the agars solidify. Store the
plates upside down in the fridge (4°C) or cold room until needed.

* Ampicillin sodium salt’(AMP), Co. Sigma

* SURE® 2 Supercompetent Cells, Co. STRATAGENE

* TSS Solution: 85% LB medium, 10%PEG (wt/vol; mw 8000, Sigma), 5%DMSO
(vol/vol, sigma) and 50mM MgCl,, pH6.5, autoclaved or 0.22uM filter sterilized

* Tag DNA Polymerase (5U/uL), Co. STRATAGENE

* MF disc MCE philic 0.025pm 25mm, Co. Millipore

* DNA ligation Kit (T4 DNA ligase), Co. STRATAGENE

* Plasmid purification Kit, Co. STRATAGENE

Protocol
1. Microdialysis of the PCR purified products with 0.025uM membrane filter:

Fill the bottom of a Petri dish with sterile water, float the membrane filter disc on the
surface of the buffered solution, then deposit SOuL of the PCR products solutions on the
center of the membrane and place a tight-fitting lid on the Petri dish to prevent evaporation.

After 30 ~60 min recover the desalted sample.

Note: Endonucleases and T4 ligase is strongly inhibited by high NaCl concentration. This step is in order to
remove NaCl, so Endonucleases and T4 ligase can work in the best salt condition.

2. Digest the insert DNA with endonuclease:
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In a sterile, nuclease-free microcentrifuge tube (0.5mL), and in ice bath, combine the
following components to digest the desalted PCR products with Ndel and Xhol
endonucleases.

Mix and incubate at 37°C for about 5 hours.

Volume (uL)
PCR products 20
Ndel (20U/uL)
Xhol (20U/ puL) 3
10x NEBuffer 4
Nuclease-free water to final volume of 40

3. Digest the vector with endonuclease:
Digest the pET15b vector with Ndel and Xhol endonucleases at 37°C for at least 5 hours.
Analysis on the 0.7% agarose gel and purified the linearized vector from the gel using the

NucleoSpin ExTract II kit. Keep the digested vector at -20°C.

4. Estimate the concentration between the vector and the target by DNA by loading them
ona 0.7 % 1xTAE agarose gel.

5. Ligation system:

Add the following components to a clear microcentrifuge tube:

Volume (uL)

Insert DNA  (digested by Ndel and Xhol) X
Vector (pET15b digested by Ndel and Xhol) X
Nuclease-free water to final volume of 7.5

Mix and incubate at 75°C for 1~3min to break undesired ligations intra-vector or intra-
target DNA. After cooling in ice bath for several minutes, centrifuge the reaction mix for 5
seconds. Add the rest ligation components, 10 X ligase buffers 1 uL, rATP (10mM) 0.5uL
and T4 ligase (4U/uL) 0.5uL which are from the ligation kit. Mix gently and incubate the

ligation reaction system at 4°C overnight.

Note: To obtain optimum results, it recommends using various vector-to-insert ratios from 2/1 to 10:1 to
ensure the highest ligation efficiency.
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6. Competent cells preparation:

Take out about 5 pL stock of competent cells or purchased cells and incubate in SmL LB
at 37°C with shaking at 200rpm overnight. Transfer ImL of the saturated overnight culture
of cells to a fresh, sterile 500mL flask containing 100mL LB medium (do not add any
antibiotic in this step). Incubate the cells at 37°C with shaking at 200rpm, until ODggo
reaches 0.5+0.03, Check the OD frequently when it gets beyond 0.4 to avoid overgrowth.
When the culture reaches the exponential phase, chill the flask on ice for 20min and then
collect the cells by centrifugation at 1,200xg for 30min at 4°C. During the centrifugation,
prepare 10mL fresh TSS Solution under the super-clean bench and keep on ice. After
centrifugation, decant the LB medium supernatant carefully and completely. Resuspend the
cells with 10mL of ice-cold TSS solution gently. The prepared competent cells are stored at

-80°C at volume of 100uL in each microtube.

Note: When pre-incubate the cells in SmL LB medium overnight, don’t add any antibiotic into medium for
Sure-2 cells. But for Rosetta cells and Codonplus cells, we should add 50pg/mL Chloramphenicol into the
pre-incubation system. We should use the fresh TSS Solution.

7. Chemical transformation

Mix the components as following in ice bath and incubate the reactions on ice for 30min:

ligation reaction system 10uL
5xKCM buffer 20uL
Sterile water 80uL
Sure-2 competent cells  100uL

Note: It’s better to swirling transformation reactions gently every several minutes during the ice incubation to
let the transformation more efficiently. Store the competent cells on ice at all times during the whole operation.

Heat-pulse the reaction in a 42°C water bath for 1 minute, then incubate on ice for 2
minutes. Add 0.8mL LB medium to the reaction and incubate at 37°C for 1 hour with
shaking at 200~220rpm. Centrifuge the reaction at 14,000rpm for 2 minutes to collect all
the cells. Decant a majority of LB medium supernatants and resuspend the cells gently with
the rest LB medium (about 200uL). Using a sterile spreader or glass beads, spread of the
cells transformed with experimental DNA onto LB agar plate which contain the appropriate
antibiotic (80png/mL Ampicillin). Transformation will appear as colonies following

overnight incubation at 37°C.
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Note: The duration of the heat pulse is critical for optimal transformation efficiencies. When adding LB
medium and spreading the cells onto plate, it is better operate under the super-clean bench to avoiding
contamination.

8. Colony screening by PCR
(1) DNA extracts
Pick out several colonies from the plate and incubate in 500 pL LB containing

100pg/mL AMP at 37°C for with shaking at 220rpm until the medium appears turbid about
5 hours). Take out half volume of the incubating medium, centrifuge at 14,000rpm for Smin
to collect the cells. Decant the supernatant and resuspend the cells with about 50 pL sterile
water. Heat the cells at 95°C for 10min to destroy the cells and let all DNA release.
Centrifuge at 14,000rpm at 4°C for 20min to remove the fragments of cells. Transfer out the
supernatant containing the DNA extraction with pipette carefully.
(2) PCR screening

In a sterile, nuclease-free microcentrifuge tube (0.2mL), and in ice bath, mix the

following components:

Volume (pL)

DNA extraction solution 2

Upstream primer 100uM 0.1
Downstream primer 100 uM 0.1
dNTP mix 25mM each 0.2
10X Taq polymerase buffer with MgSO, 2.5
Taq DNA polymerase 5U/uL 0.5
Nuclease-free water to final volume of 25

Immediately place the reactions in a thermal cycler and operate the PCR program.

Step Temperature Time Number of Cycles
Initial Denaturation 95 °C 1-2min 1 cycle
Denaturation 95 °C 30s
Annealing ~55°C 30s
25 cycles
approximately 1min for
Extension 72 °C
every lkb
Final Extension 72 °C 7min 1 cycle
Soak 4°C Indefinite 1 cycle

Analysis the PCR segments on a 0.7 % 1 X TAE agarose gel. The recovery was

estimated by comparison with the purified target DNA obtained on step A-3. If the sizes of

them are same, we can make sure that we get the correct plasmid primary.
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9. Plasmids purification and screening by digestion

Transfer the rest half volume of the incubating medium into 5SmL LB medium
containing 100pg/mL AMP and incubate at 37°C overnight with shaking at 200rpm. Collect
the cells with centrifugation and purify the plasmid using Plasmid Purification Kit. Finally
elute the plasmid with 50uL sterile water. After analysis the eluted plasmid on a 0.7%
IXTAE agarose gel, digest the plasmid at 37°C for 2 hours with Ndel and Xhol
endonucleases to check whether the target DNA has inserted into the vector. Mix the

following components on ice:

Volume (pL)
plasmid 8
Ndel (20U/ pL) 0.5
Xhol (20U/ uL) 0.3
10x NEBuffer4 1
Nuclease-free water to final volume of 10

Compare the result of digested plasmid with the purified target DNA obtained on step
A-3 on a 0.7 % 1xTAE agarose gel. If the target DNA is released by digesting, it testifies

that we obtain the aim constructed plasmid.

Note: If necessary, analysis the recombined plasmid sequence and then compare with the original sequence of
cDNA.

2. Protein expression and purification

Reagents and instruments

* Chloramphenicol (CAM), Co. VWR (34mg/mL in absolute ethanol)

« Rosetta "(DE3) Competent cells, Co. Novagen

* Phenylmethanesulfon (PMSF), Co. Sigma

* Isopropyl-pB-D-thiogalactopyranoside (IPTG), Co. EUROMEDEX

* Hisetag affinity Resin Co. Novagen

* 1xBinding Buffer: 0.5M NaCl, 20mM Tris-HCI, 5mM imidazole, 10% Glycerol, pH 7.9
* 1xWash Buffer: 0.5M NaCl, 20mM Tris-HCI1, 60mM imidazole, 10% Glycerol, pH 7.9
* 1xElute Buffer : 0.5M NaCl, 20mM Tris-HCI, 500mM imidazole, 10% Glycerol, pH 7.9
* 1xCharge Buffer : 50mM NiSO4

* Superdex—200 buffer: 0.5M NaCl, 20mM Tris-HCI pH 7.9, 10% Glycerol, ImMDTT
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* Acrylamide/bis-acrylamide 40%, 37.5/1, Co.EUROMEDEX

* Econo-Column Chromatography Columns, 2.5 X 10cm, Co. Biorad
* Econo-Column Flow Adaptor Instruction, Co. Biorad

* Mini-PROTEAN Tetra Electrophoresis System, Co. Biorad

« HPLC system (AKTA Purifier), Co. GE Healthcare

* Amicon Ultra Centrifugal filter Devices, Co.MILLIPORE

* Bio-Rad Protein Assay Dye Reagent Concentrate, Co. Biorad
Note: All buffers should be filtrated with 0.22uM membrane and degased additionally for Superdex-200

column. The pH value of buffer should be far away from the pl value of target protein and better higher than

pl because the protein binding capacity demonstrates in alkalescent condition.

Protocol
(1) Transformation of expression host

Using chemical transformation method (See protocol B-7), transfer the recombinant
plasmid into Rosetta competent cells and spread the cells DNA onto LB agar plate which
contain the appropriate antibiotic (80ug/mL Ampicillin + 34pg/mL Chloramphenicol).

Transformation will appear as colonies following overnight incubation at 37°C.

Note: The expression host is selective: the BL21 (DE3) needed 50~100pg/mL Ampicillin, BL21
(DE3)/TrxB (50pg/mL ampicillin + 15pg/mL kanamycin) or BL21 codonplus (80ug/mL Ampicillin +
34pg/mL Chloramphenicol). The results of expression of the aim protein in these host is variable, so we
should do small scale protein expression to choose the best condition and host to express the aim protein.

(2) Small scale protein expression

Pick out one single colon from the plate and incubate in 50mL LB (80pg/mL AMP +
34pug/mL CAM) at 37°C with shaking at 200rpm until ODggg reaches 0.6(mid-exponential
phase). Induce the protein expression in addition of 0.5mM IPTG to the growing culture at
18°C overnight with shaking of 200rpm. The cells are harvested by centrifugation at
10,000g at 4°C for 15min and suspended in a final volume of SmL of the lysis buffer (0.5M
NaCl, 20mM Tris-HCI pH 7.9, 5mM imidazole, 10% Glycerol, 0.1uM PMSF). Cells are
sonicated on ice to reduce viscosity and then centrifuged at 15,000g at 4°C for 45min to
remove insoluble materials. Transfer the soluble part; resuspend the insoluble part with
appropriate volume of 1%SDS. The insoluble part and the soluble part are run on 10%
SDS-polyacrylamide gels at 100V for about 2 hours. The gel is stained with Coomassie

brilliant blue to estimate whether the protein has been induced express.
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Note: 1t’s better to compare the crude cell extracts before inducing and after inducing on SDS-PAGE to
help us to evaluate the expression easily. The condition of expression is optional, we choose 37°C for 3 hours
or 18°C overght. The culture can be stored at -80°C.

(3) Strain storage

It’s necessary that we store the strain of target protein for further research. Pick out one
single colon from the plate and incubate in SmL LB (80ug/mL AMP + 34ug/mL CAM) at
37°C overnight with shaking of 200rpm. Mix the bacterial liquid and 100% sterile glycerol
of equivalent volume (ImL/1mL) in microtube. Store at -80°C.

(4) Protein purification using His tag resin

Incubate the conserved stain or single colon from plate in SmL LB (80pg/mL AMP +
34pg/mL CAM) medium at 37°C overnight with shaking of 200rpm. Transfer out ImL
culture into 1L LB (80pg/mL AMP + 34pug/mL. CAM) medium and incubate at 37°C until
ODygo reaches 0.6, then add 0.5mM IPTG to induce protein expression at 18°C overnight
with shaking of 200rpm.

Harvest cells by centrifugation at 10,000xg for 10min. Decant supernatant. Allow cell
pellet to drain as completely. Resuspend cells in 30mL ice-cold 1xBinding buffer contain

0.1uM PMSF per 1L culture.

Note: 1f resuspension is difficult, blender and soicator can be used to break up cell pellet well. The cells can
be stored at -80°C after centrifugation.

Frech press and sonicate the cell suspenion in tube on ice until sample is no longer
viscous. Divide sonication into bursts and allow cooling between treatments to avoid long
sonication times to prevent sample heating. Centrifuge lysate twice at 14,000xg for 45min
to remove cell debris. Filter post-centrifugation supernatant though a 0.45uM membrane
(syringe-end filters) to prevent clogging of resins.

During centrifugation, install the His-Bind column chromatography charged with Ni*'
(10mL resin per 1L culture volume). Equilibrate the column with at least 3 times volume 1%
Binding buffer. Load the filtrated supernatant onto the column. Apply vacuum and adjust
flow rate to about 1mL/min.

Note: Passing flow-through over the same column to cartridge a second time can increase yields.

Wash the column with 10 volumes of 1xBinding buffer, at flow rate of 1~2mL/min.

Wash the column with 6 volumes of 1xWash buffer, at1~2mL/min.

Elute the bound protein with at lease 3 volumes of 1xElute buffer, at ImL/min.

Analysis the protein solution pooled on each step on SDS-PAGE using standard methods.

Note: The whole process can be manipulated using HPLC system and monitored at UV280. Manipulations
are done on ice or in 4°C cold room. A obvious peak appears at UV280 on each step, at the end of eluting, the
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UV280 curve won’t be back to the base level because imidazole has the absorption value related to its
concentration. The binding capacity to His*Bind resin is various for different protein. It’s better to wash and
elute the sample with gradient concentration of imidazole monitored at UV280. Analyze all the collected
solution of each peak on SDS-PAGE to estimate the eluting concentration of imidazole for the aim protein.

(5) Protein purification further with Superdex-200 column Chromatography

Harvest eluted protein sample and concentrate using Centrifugal Filter Devices at 4000xg
at 4°C to final volume of about 2mL (>2mg/mL). Centrifuge the concentrated protein
sample at 14,000xg at 4°C for 30min to remove denatured pellet, or filtrate with 0.22uM
filter before loading onto Superdex-200 column Chromatography.

Note: The molecular weight limit of concentrate device is chosen according to that of aim protein. Remove

concentrated sample immediately after centrifugation.

Load the filtrated protein sample onto Superdex-200 equilibrated with at least 1vol of
Superdex-200 buffer monitoring on UV280 using HPLC system (AKTA Purifier).
General program of Superdex-200:

Sample volume: 2mL (< 1/100 of column volume)
Superdex-200 column volume: 350mL
Equilibrate Volume: 80mL

Flow rate: 0.3~0.5mL/min, 4°C

Fraction Size: 4mL/tube

End volume: 400mL

(6) Protein concentration detection and storage

Collect fractions of each peak and check on SDS-PAGE. Pool and concentrate the aim
protein solution with Centrifugal Filter Devices. Determination of the concentration of the
aim protein using Bio-Rad Protein Assay Dye Reagent at ODs9s comparing with the
standard linear of BSA (0.5 pg/uL) from 0 pg to 10 pg. Allot the protein to 10 or 20uL per

microtube and store at -80°C. Make sure that there is 5~10% glycerol in protein storage.

Note: Before store the protein into -80°C refrigerator, the sample should be freeze quickly by Liquid
Nitrogen to avoid form the ice crystal during temperature decreasing.

3. Western blot

Reagents and instruments

* 10xPBS(pH7.4): NaCl 80g, KCI 2g, Na2HPO4.7H20 26.8g, KH2PO4 2.4g, add H,O to
1L and adjust pH to 7.4 with HCI
* PBST: 1xPBS+ 0.1% Tween20

* Blocking solution: 1xPBS, 0.1% Tween20, 10% degreased milk powder
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* Primary Antibody solution: 1xPBS, 0.05% Tween20, 1%BSA, His-tag monoclonal
antibody (1:2500)

* Secondary Antibody solution: 1xPBS, 0.05% Tween20, 5% degreased milk powder,
Peroxidase labelled secondary antibody (1:2000)

* Ponceau Staining Solution: 0.25% ponceau S, 3.5% TCA

* Transfer buffer: 25mM Tris Base, 192mM Glycine, 20% Methanol (v/v), 0.01% SDS
* Trans-blot SD SEMI-DRY TRANSFER CELL, Co.Biorad

* Inrocellulose membrane, Co.Sigma

* His-Tag monoclonal Mouse IgG (100 pg/uL), Co.ONCOGENE

* Peroxidase labelled anti-rabbit antibody,Co.GE Healthcare

* ECL Western blotting detection reagents and analysis system, Co.GE Healthcare

* Hyperfilm ECL 18%x24cm film, Co. GE Healthcare

* Amersham Hypercassette™ Autoradiography Cassettes, Co. GE Healthcare

Protocol

We estimate the quality of target protein during each step of purification process using
Western blot assay.
(1) Run the SDS-PAGE using standard methods. When the electrophoresis is finished, take

out the gel and remove the stacking gel and cut the gel in about 7cmx8cm large.

(2) Sock the SDS gel, inrocellulose membrane and whatman papers in transfer buffer for
Smin. Remove the demi-dry transfer apparatus, place 9 sheets of pre-soaked whatman
papers one by one onto the platinum anode. Roll a pipette or test tube over the surface of
the whatman paper (like a rolling pin) when adding each paper to exclude all air bubbles.
Place the pre-wetted inrocellulose membrane on top of the whatman paper and roll out all
air bubbles. Carefully place the equilibrated gel on top of the transfer membrane, aligning
the gel on the center of the membrane. Transfer will be incomplete if any portion of the gel
is outside the blotting media. Roll out all air bubbles. Place another 9 sheets of whatman
papers on top of the gel, carefully removing air bubbles from between the gel and filter
papers (Fig 1). Install the transfer apparatus carefully and transfer at 25V for 1h30. The

transfer efficiency can be monitored by staining the membrane with ponceau stain.

Note: Do not reverse polarity. Put the transfer membrane on the anode polarity.
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Fig 1: Install the western system in
demi-dry transfer apparatus

cover
stainless steel cathode assembly
whatman paper (9 sheets)

gel

transfer membrane

whatman paper (9 sheets)
anode assembly

pluge

base

VoAb W=

(3) Wash the membrane with 1xPBST for 5Smin at room temperature with shaking of
120rpm/min. Block non-specific binding sites by immersing the membrane in the Block
Solution at room temperature for 1~3 hours or at 4°C overnight with shaking of

120rpm/min.

(4) Rinse the membrane in 1XPBST for 4x5min with shaking of 120rpm/min. Incubate the
membrane in fresh Primary Antibody solution at 4°C overnight with shaking of

120rpm/min.

(5) Rinse the membrane in 1XPBST for 4x5min with shaking of 120rpm/min. Incubate the
membrane in fresh Secondary Antibody solution at room temperature for 1~3 hours with

shaking of 120rpm/min. Rinse the membrane as the above method.

(6) Mix an equal volume of detection solution 1 with detection solution 2 of ECL kit
allowing sufficient total volume to cover the membranes. The final volume required is
0.125 ml/cm”* membrane. (7mL solution 1 with 7mL solution 2 for each 7cmx8cm

membrane in this protocol)
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(7) Drain the excess PBST buffer from the washed membranes and place them, protein side

up, incubate in the detection solution at room temperature for 1~5min in the dark room.

(8) In the dark room, place the wrapped blots, protein side up, in an X-ray film cassette.
Place a sheet of autoradiography film (for example, Hyperfilm ECL) on top of the
membrane. Close the cassette and expose for 15 seconds. Remove the film and replace with
a second sheet of unexposed film. Develop the first piece of film immediately, and on the
basis of its appearance estimate how long to continue the exposure of the second piece of

film. Second exposures can vary from 1 minute to 1 hour, even overnight.

Note: The Block Solution, Primary Antibody solution and Secondary Antibody solution should be prepared
freshly. The membrane is immersed in all the solutions completely.

4. ATPase activity

Reagents and instruments

* [y-"*P]-ADENOSINE 5’-TRIPHOSPHATE (6000Ci/mmol), Co. PerkinElmer

* Solution A : Ammonium molybdate (NH4),Mo0O4 5g, HCI 37% 40mL, add H,O to
500mL

* Solution B: cyclohexane 250mL, butanol-2 250mL, Acetone 50mL, Solution A 10mL

* ATPase reaction buffer: 50mM Tris-HCl pH7.5, 50ug/mL BSA, 20mM NaCl, 5SmM
MgCl,, ImM DTT (usually prepared as 5xATPase reaction buffer)

* Phosphoric acid solution, Co. Fluka

* 1414 Liquid scintillation counter WALLAC WINSPECTRAL, Co. CMI

Protocol

Note: All operations should be done in the radiation laboratory and observe the safty rules.

(1) Prepare ATP solution contains ATP, y**-Pi, reaction buffer, substrate (DNA or RNA),
detect CPM value of 1uL solution, usually ImM  ATP possesses 3000~10000 CPMA.

(2) Add the helicase to ATP solution in final volume of 40uL, mix and incubate at 37°C for
desired time (from 10min to 30min), Transfer out 35uL reaction system into a 2mL
microtube containing 600uL Solution A to terminate the reaction and then add 6uL
Phosphate acid. Agitate vigorously for 30s, centrifuge at 14,000xg for 30s. Add 1mL Buffer
B to extract the hydrolyte Pi, agitate vigorously for 30s, centrifuge at 14,000xg for 1 min to
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distribute the organic phase and the aqueous phase. Take out 400uL of organic solution on

the upper into a fresh microtube.
(3) Count the CPM value of radioactivity with Liquid scintillaton counter.

(4) Determine hydrolysis rate by following equation:

- CPM control) X CATP
xCPM ., xT

(CPM
V =

V

sample

sample

Where V' is the hydrolysis rate (uM ATP/min), CPMgmplc 1s the radioactive value of
sample, CPM ool 18 the radioactive value of blank control without protein, Catp is the
concentration of ATP (UM), Vsample 18 the final relative volume taken out from total reaction
system to count the radioactive value multiplying with the percentage of volume taken from
the 40puL reaction to add into Solution A, Cpmartp presents the radioactive value of 1uL ATP,
and T is the reaction time (min). Measure the data with Microsoft Office Excel and Soft

KaleidaGraph4.0.

5. Helicase activity examination

Reagents and instruments

« Sephadex™-G25 resin (superfine), Co. GE Healthcare

* Whatman glass microfiber filter, Co. Millipore

* T4 Polynucleotide Kinase(10U/uL) with reaction buffer, Co. Biolabs

* 1xTE buffer: 10mM Tris-HCI, pH7.5, ImM EDTA

* 10xTBE buffer (1L): Tris base 108g, Boric acid 55g, 0.5M EDTA (pH 8.0) 40mL

* 5xHybridation buffer: 5% (95mM NaCl, 5SmM MgCl,, 50mMTris-HCI pH7.5)

* Sxunwinding reaction buffer: 5x (50mM Tris-HCI pH7.5, SmM MgCl,, 6mM NacCl,

50pg/mL BSA, 5% Glycerol, ImM DTT)
* 5xbinding reaction buffer: 5x (50mM Tris-HCI pH7.5, 6mM NaCl, 5% Glycerol, ImM

DTT)

* 5xannealing reaction buffer: 5x unwinding reaction buffer
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* 3xunwinding reaction stop-loading buffer: 50% Glycerol, 20mM EDTA, 0.5%SDS,
0.05% Bromophenol Blue

* 3xbinding reaction stop-loading buffer: 50% Glycerol, 0.05% Bromophenol Blue

* 3xannealing reaction stop-loading buffer: 3xunwinding reaction stop-loading buffer

* Gel fixing solution: 6% acetic acid, 10% ethanol

* Acrylamide/bis-acrylamide 40%, 19.5/1, Co. EUROMEDEX

« Hoefer™ SE 600 electrophoresis Series, Co. Hoefer

* Storage Phosphor Screens and Cassettes 35 x 43 cm, Co. GE Healthcare

* Storm® gel and blot imaging system, Co. GE Healthcare

* GD 2000 Vacuum Gel Dryer System 115 VAC, Co. GE Healthcare

Protocol

Note: All operations should be done in the radiation laboratory and observe the safty rules.

(1) Labeled-DNA substrates preparation
A. Label the oligos

Mix the following components in a microtube and incubate at 37°C for 1 hour:

Oligonucleotide (50uM) 1.5uL
10xT4 kinase reaction buffer 1.5uL
T4 polynucleotide Kinase 1.5uL
[y-*PJATP (6000ci/mmol) 3uL

Add sterile H20 to final volume of 15 pL

Note: 1t is better to heat the oligos at 95°C for 2min before adding T4 kinase and radio material to let the
DNA structure be open, then chill on ice for Smin.

B. Prepare the purification column
Install the Sephadex-G25 resin equilibrated
with 1xTE buffer into 1mL-style syringe column

using two sheets of Whatman Glass Microfiber
< Sephadex-G25 filter paper (Fig 2). Finally we get about

0.8~ImL free settling and centrifuge it at

4 Whatman Glass Microfiber filter paper  1400%g at room temperature for Smin in order to

remove TE buffer and make the resin tight.
Figue 2 : Self-install Sephadex-G25
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C. Labeled- oligo purification

Load the radioactive labeling reaction onto the Sephadex-G25 column, centrifuge at
1400%g at room temperature for Smin. Collect the flow-through solution. Wash the column
with another 4x15uL H,O and centrifuge to collect the flow-through. Count the CPM value
of each fraction and pool the fractions at highest CPM values, usually we collect the first

three fractions, then calculate the proximate concentration of labelled-oligo as following

CPM
CoxVyx %PM .
Clahel = %
P

Where the Ciupe is the concentration of labeled oligo; Cj is the original concentration of

expressions:

oligo; ¥y presents the original volume of oligo before add into reaction system; CPMp is
thetotal count of CPM of pooled fractions; CPMr is the total count of CPM of all fractions;
V'p is the volume of oligo pooled.

The labelled oligo can be store at -20°C for two weeks.
D. Hybridation

Mix the labeled and unlabelled ssDNA at ratio of 1:5 (umol/ pmol). After heated at 95°C
for 5Smin and chilled on ice for 2min, add 1/5 volume of 5xhybridation buffer and incubate
at 37°C for lhour. Detect the count of CPM value and calculate the CPM value per pL of
hybridized DNA and check whether the hybridation is complete using electrophoresis
mobility shift assay (EMSA). Store at -20°C.

Note: We find that repeated freezing and thawing is helpful to single DNA hybridation.

(2) DNA binding assays by electrophoresis mobility shift assay (EMSA)

Mix the labeled substrates, binding reaction buffer and enzyme of needed concentration
to final volume of 20uL on ice. Incubate at 37°C for 20min, add 7uL 3xbinding reaction
stop-loading buffer. Mix completely and centrifuge for 5 seconds. Load the reaction
samples onto 1xTBE 6% nondenaturing polyacrylamide gel (19:1, 18cmx18cm) to separate
the protein-DNA complexes electrophoretically and run at 200V for about 90~120min at
10°C. Fix the gel in 6% acetic acid and 10% ethanol for 10min, and then dry it at 80°C for
1h. Exposure of the gel in the cassette with the storage phosphor screens at room
temperature overnight or even for longer time. The image is visible by scanning the screen

with Storm system.
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Note: When mix the all the reaction components, it is better operate on ice and add the enzyme lastly.
Amount of labelled substrates are determined according to its CPM value in each reaction sample. Usually we
add the substrates of 1000~2000 CPM value per reaction. Before loading the sample, the gel should be run
without any sample at 200V for 30min at 8°C. To estimate the results more believably, the blank control
without enzyme and labelled ssDNA, labelled hybridized DNA are necessary for EMSA assay.

(3) DNA unwinding activity assays by EMSA

The unwinding reaction system (20puL) contains the labeled substrates of 1000~2000
CPM value, appropriate ATP (usually 2 or 2.5 mM), unwinding reaction buffer with Mg*"
and helicase protein. The reaction processes at 37°C for 30min and is stopped by adding
7ul 3xunwinding reaction stop-loading buffer. Mix and load onto 1xTBE 12%
nondenaturing polyacrylamide gel (19:1, 18cmx18cm). The gel is run at 8°C for
90~120min at 200V. Dry the gel after fixing for 10min, the image is autoradiography by

storage phosphor screen and Strom system.

(4) DNA annealing activity assays by EMSA

For the annealing activity reaction, the labeled ssDNA and unlabeled ssDNA should be
added directly at radio of 1:2 (w/w). ATP is not necessary for annealing activity and even
sometimes it will inhibit the annealing activity of helicase. The annealing reaction buffer is
the same as unwinding reaction buffer. Incubate 20uL reaction system at 37°C for
10~15min and then add 7uL 3xunwinding reaction stop-loading buffer to stop the reaction.
Analysis the result in the same condition of unwinding activity assay by EMSA and

autoradiography.

6. Determine zinc ion concentration of helicase

Reagents and instruments

* Buffer A: 20mM Tris-HCIL, pH8.0, 500mM NaCl
* PAR, Co. Sigma, (PAR solution: PAR 0.2mM in buffer A)

* Trypsin, Co. Sigma (prepare at 20mg/ml)

Protocol

(1) Preparing gradient ZnCl, solution with buffer A. Usually, we use the ZnCl, of 1nmol/ul

for preparing the gradient solutions because it’s easy to convert to the mole number of
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ZnCl; in solutions. The gradient of ZnCl, that I used is 0, 0.1, 0.2, 0.4, 0.6, 1, 2, 3,4, 5
nmol, each in 500ul.

(2) Prepare 500ul protein solution which contains a certain mole number of protein.
(Attention: here we use “mole number” not the “mole concentration”) with buffer A from
Inmol of protein. For each mole number of protein we prepare two samples, one of them is
prepared by diluting the original protein solution directly in Buffer A; Another needs to
adding 10pl of 20mg/ml of trypsin and digests at 37°C water-bath for 2 hours.

Note: after boiling the samples, it is better to give samples a flash centrifuge and let it cool down to nearly the

room temperature.

(3) Add equal volume of PAR to samples, mixing well, detect at OD49y value from the

spectrophotometer.

Note: The PAR may break some of the structure of protein, therefore, you should measure as soon as possible

after adding it.

(4) Calculate the OD499 given out by the trapped zinc ion (ODygpped) as the following
formula:
ODtotal - ODfree=ODtrapped

Then, calculate the standard curve and convert the ODjappeqd to the mole number of Zinc ion.
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