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ABSTRACT

PcrAfrom Bacillus stearothermophilus  is a DNA helicase
for which, despite the availability of a crystal structure,
there is very little biochemical information. We show that

the enzyme has a broad nucleotide specificity, even
being able to hydrolyse ethenonucleotides, and is able

to couple the hydrolysis to unwinding of DNA sub-
strates. In common withthe  Escherichia coli helicases
Rep and UvrD, PcrA is a 3 '-5' helicase but at high
protein concentrations it can also displace a substrate
with a 5’ tail. However, in contrast to Rep and UvrD, we
do not see any evidence for dimerisation of the protein
even in the presence of DNA. The enzyme shows a
specificity for the DNA substrate in gel mobility
assays, with the preferred substrate being one with
both single and double stranded regions of DNA. We
propose that these data, together with existing structural
evidence, support an inchworm rather than a rolling
model for 3 '-5' helicase activity.

INTRODUCTION

(J.Branniganet al, unpublished data). PcrA is.aureusis
essential for cell viabilityg) and has been suggested to play a role
in rolling circle replication of the plasmid pT181 similar to that
proposed foE.coli Rep in replication of a number of bacteriophages
including@X174 (8-10). PcrA fromS.aureusvas inferred to be

a helicase through sequence homology. (More recently,
B.stearothermophiluBcrA has been cloned and overexpressed
(J.Brannigaret al, unpublished data). We have also determined
the structure of PcrA by X-ray crystallograptiyl)( However,
compared witte.coli Rep and UvrD helicases, the biochemical
properties of PcrA helicase are characterised poorly.

In this paper we describe the preliminary biochemical
characterisation and crystallisation @&.stearothermophilus
PcrA. PcrA was shown to be &8 helicase with a broad
specificity for nucleotides. In contrast to both Rep and UvrD, the
protein appears to be monomeric under all the conditions tested.
In addition we have obtained two crystal forms of PcrA, both of
which contain monomeric protein. One crystal form was used
previously to determine the structure of PciA)( The alternative
crystal form should allow the structural determination of the
C-terminal domain that was disordered in the original structure.

MATERIALS AND METHODS

Helicases utilise the energy of nucleotide hydrolysis to unwind . ) )
nucleic acid duplexes. They are involved in many aspects of DNMaterials, proteins, DNA and nucleotides

and RNA metabolism, such as replication, recombination, rep
and transcription1-3). A large number of putative helicases

aé‘aringle stranded M13mp18 was purified as described previously

12). Oligonucleotides were synthesised using an Applied

have been identified through sequence homology in bo
prokaryotes and eukaryoted.(There are five families based on
sequence composition. In addition, where helicase activity h
been demonstrated, they can be classified further according
substrate specificity. 53 helicases require a covalently attache
flanking 5 single-stranded (ss) region of nucleic acid, where e
3'-5 helicases require 4$s flanking region. However, althoughalgurnclCatlon of PerA
some proteins, such as DnaB and bacteriophage T7 genéllde following procedure is for 2 | of induced cells. Sonication
proteins, unwind DNA with a'53 directionality, they show was carried out on ice, centrifugation &G4 and all other steps
preference for substrates that have bothnsl 3 sSDNA at the were at room temperature. One litre cultures of Luria-broth
unwinding junction %,6). Moreover, at high protein to duplex containing 10Qug/ml ampicillin and 34ug/ml chloramphenicol
ratios, theEscherichia coli3—5 DNA helicases, helicase 1l were each inoculated with a 5 ml culture of B834(DE3) pLysS
(UvrD) and Rep, will unwind blunt duplexes)( pBSHII (the overexpressing cell line). The cultures were grown
The PcrA helicase fronBacillus stearothermophiluss a  with shaking at 37C until the Agggreached 0.5-0.6. The cultures
homologue of the PcrA protein fro8taphylococcus aureud  were induced by the addition of 1 mM IPTG. Growth was
also shows considerable homology to Bitoli UvrD and Rep  continued for 3 h before the cells were harvested by centrifugation

iosystems 381A DNA synthesiser. p(@Bnd p(dT)o were

urchased from Sigma. Nucleotides, nucleotide analogues and
ethylsuberimidate.HCI (DMSI) were purchased from Sigma.
diolabelled nucleotides were purchased from Amersham.
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at 5000g. The cell pellets were resuspended in 20 ml of buffer A , 1 2 34 5 6
[50 mM Tris pH 7.5, 2 mM EDTA, 1 mM dithiothreitol (DTT)], i

+ 200 mM NaCl and 10% sucrose, and frozen at €80ntil 205 e

required. The cells were thawed and lysed by sonication in the 116 =

presence of 10QuM phenylmethylsulphonyl fluoride. The I8 " ‘ -
supernatant was clarified by centrifugation at 20 §a@d then 66 - B-_-
precipitated by the addition of 0.7 vol of saturated ammonium =

sulphate. The precipitate was harvested by centrifugation at 20 45 -

000g. The pellet was resuspended in buffer A in a volume such

that the conductivity of the solution was equal to the conductivity 20 —

of buffer A + 300 mM NacCl. This was applied to a 20 ml
heparin—Sepharose column (Pharmacia) pre-equilibrated with

buffer A + 100 -mM NaCl. Since the prOtein s less SO'Ub-le- at low ure 1. Purification of PcrA. Lane 1, Dalton VII low molecular weight
salt concentrations, the Sa”.‘p'e Wa.‘s dIIUte(.j toa COI’](;IUCtIVIty equggrkers; lane 2, clarified sonicated supernatant; lane 3, ammonium sulphate
to buffer A + 100 mM NaClimmediately prior to loading onto the precipated crude extract resuspended in buffer A + 300 mM NaCl; lane4,
column, by using a gradient mixer valve. The column was washegboled protein from heparin-Sepharose column; lane 5, pooled protein from
with 2 column volumes of buffer A + 100 mM NaCl and the Blue-sepharose column; lane 6, pooled protein from gel-filtration column.
protein eluted with a 160 ml gradient of 100-600 mM NacCl in

buffer A. The peak fractions were pooled and applied to a 50 ml

Blue-sepharose column pre-equilibrated with buffer A + 100 mM

NaCl. The sample was again diluted while loading to &NA helicase assay

conductivity equal to buffer A + 100 mM NacCl. The column wasr

washed with 2 column volumes of buffer A + 100 mM NaCl an%he assay conditions were essentially as described previously

the protein was eluted with a 250 ml gradient of 100-700 m xcept that a range of nucleotides was employed at a concentration

) ; - 1 mM (14). A 68mer oligonucleotide, with 22 bases
,k:latil n 33_?erA+The pealk fria\ctlonsf W‘?{re p:ogled and prempllta; omologous to M13mp18 anddnd 3tails of sSSDNA, annealed
y the addition of an equal volume of saturated ammonium sulphate.
The precipitate was harvested by centrifugation at 2@ 60@d was 6{8 ss M13mp18 DNA was used as a substrip (
resuspended in 5 ml of buffer A + 200 mM NaCl. The trace ) o .
protein contaminants were removed by gel filtration using #NA helicase directionality assay
Superdex S200 column (Pharmacia). The column was equilibratgd

with buffer A + 200 mM NaCl. Prior to storage of the p“’te"? a 13mp18 which includes thganHI site of the polylinker) was
—80°C, glycerol was added o the protein pool to a _fma nealed to ss M13mp18 DNA, which was then linearised by
concentration of 10% v/v. The purity of the sample was monitore tting withBarHI (Gibco-BRL). The linearisation of the DNA
by SDS-PAGE on a 10% gel (FD. was checked by agarose gel electrophoresis. The linearised
ssDNA was separated from the digested oligonucleotide by
heating the reaction mix to 96 and passing it through a
S400 microspin column (Pharmacia). 22mer oligonucleotides

The protein was concentrated to 10 mg/ml using CentricofPmplementary to bases 62306251 or 6252-6273 WenredS

concentrators (Amicon) and exchanged into 50 mM Tris pH 7.2abelled using T4 polynucleotide kinase (New England Biolabs), the

300 mM NaCl during this process. Crystals of the PcrA withougnreacted \>2PJATP was removed by centrifugation through a
ligands were obtained by vapour diffusion af@Qn hanging 5200 microspin column. The oligonucleotides were annealed to the

drops (4ul) over a 1 ml well solution of 100 mM MES pH 6.4, linearised M13mp18 DNA to give substrates flanked with either 5

1.0 M sodium acetate. An alternative crystal form of PcrA wa8' 3 SSDNA, respectively. _

obtained in the presence of ssDNA and MgADP by vapour The reactions (1Q) contained 20 mM Tris pH 7.5, 100 mM
diffusion at 20C in hanging drops (l) over a 1 ml well solution Sodium chloride, 3 mM Mg@) 5 mM DTT, 10% glycerol,

of 100 mM Tris pH 9.0 and polyethylene glycol of molecular Weigh§ubstrate, enzyme and 3.0 mM ATP. Each reaction was incubated
8000 at a concentration of 2% (wiv). The protein was buffeft 37 C and stopped using 0.2 vol of 2% SDS, 200 mM EDTA
exchanged as described previously and was diluted to 7 mg/ml withd 50% glycerol. The mixture was electrophoresed through a
50 mM Tris pH 7.5, 300 mM NaCl. ADP to 3 mM, oligo-dT (of non-denaturing 6% polyacrylamide gel containing TBE. After

defined lengths) to 84M and MgCh to 10 mM were also added electrophoresis the gel was fixed, dried under vacuum and
at this point. auto-radiographed overnight at <8Dwith Fuji RX X-ray film.

12mer oligonucleotide (complementary to nt 6248-6259 of

Crystallisation of PcrA

) Nucleotide hydrolysis assay
X-ray data collection

NTP hydrolysis was monitored by following the production of
X-ray data for the apo-crystals were collected using synchrotranorganic phosphate using acidic ammonium molybdate with
radiation (Daresbury, UK) and a MAR image plate detector. Dataalachite greenl@). The reaction mixtures (50) contained
for the crystals grown in the presence of MgADP and DNA wer80 mM Tris-acetate pH 7.5, 50 mM sodium acetate, 0.1 mM
collected using a Rigaku rotating anode X-ray generator andeDTA, 10 mM MgCp, 0.1 mg/ml BSA, 1.51g ss M13mp18
MAR image plate detector. The data were processed usiliNA, NTP and enzyme. The reactions and phosphate determination
DENZO and scaled together with SCALEPACK3), were carried out as described previoush) (
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Alternatively, ATP hydrolysis was monitored using a coupledg
assay (7). The reaction mixtures (1 ml) were as for the malachite
green assay, but utilised (d§)ssDNA. The reactions were
initiated by the addition of PcrA and the rate of ATP hydrolysis
was monitored by following NADH oxidation at 340 nm.

Analytical gel filtration

Gel filtration was performed at 2€ in the absence of nucleotide
using a Superdex 200 HR 10/30 column. The column was
equilibrated with 50 mM Tris pH 7.5, 2 mM EDTA, 2 mM DTT,
200 mM NaCl. The protein samples were concentrated using a
Centricon 30 (Amicon). Protein sample (3@pwas applied to

the column. The apparent molecular weighgg§/was calculated
from an interpolation of a semi-log plot of partition co-efficient
(Kay) of the protein markers versus molecular weights.

Chemical cross-linking of PcrA

PcrA, in the presence and absence of ligands, was treated with
DMSI (18). A DMSI stock solution (50 mg/ml) was prepared in
0.5 M triethanolamine (TEA) pH 8.5 immediately prior to use.
Cross-linking reactions were carried out in the following manner.
PcrA (2uM) in 50 mM TEA pH 8.5 + 40 mM NacCl, was mixed
with the required ligands [combinations of M (dT);6, 5 MM
MgCl,, 1 mM ADPNP, 1 mM ADP] and incubated at room
temperature for 15 min. DMSI was added to a final concentration
of 5 mg/ml and incubated at room temperature for 30 min. The
reaction products were analysed using 7.5% SDS—PAGE.

SDS gel electrophoresis

Protein samples were analysed by SDS—PAGE in 7.5, 10, 12 and
15% gels with 4% stacking gels9). Gels were stained with

Coomassie Brilliant Blue and destained in 10% acetic acid angigure 2.Crystals of PcrA.4) Hexagonal bi-pyramids grown in the presence
25% methanol. of 100 mM MES pH 6.4, 1.0 M sodium acetate. The largest crystals were 0.6 mm
in their greatest dimensior)(Parallelepiped crystals grown in the presence of
100 mM Tris pH 9.0, 2% (w/v) PEG8K, 3 mM ADP, @il (dT)1pand 10 mM
MgCly,. The largest crystals were 0.4 mm in their longest dimension.

DNA mobility shift assays

The following oligonucleotides were used to make substrates for the

binding reactions: 45mer (450) and 22mer (220) oligonuclectides as

described by Crutet al. (15) and a 22mer (22c) oligonucleotide RESULTS AND DISCUSSION
complementary to 220, &5CAGTGCTCGTTTT-3 (LEB1), P
5-TTTTCGAGCACTGC-3 (LEB2), B-GCAGTGCTCG-3 Crystallisation of PerA
(LEB3), 53-CGAGCACTGC-3(LEB4). Fifty pmol of LEB1 and PcrA apo-crystals grew as hexagonal bipyramids which appeared
22¢ were end-labelled by incubation withjB0i of [y-32P]JATP  overnight and grew to a maximum size of 00t4x 0.6 mm over
(3000 Ci/mmol) and 20 U T4 polynucleotide kinase for 90 mirthe course of a few days (Fi2n). The crystals were stable on

at 35°C followed by 10 min at 70C. The unincorporated label exposure to X-rays and native data were collected to 2.5 A
was removed by centrifugation through a S-200 micro spiresolution using synchrotron radiation and an image plate
column (Pharmacia). Labelled oligonucleotide (5 pmol) wasdetector. The crystals belong to the space-grogpihé unit cell
added to 45 pmol of unlabelled oligonucleotide and was eitheimensions were a=b = 138.5 A, ¢ = 111.1 A with one molecule
used as ssDNA substrate or was annealed to 50 pmol ér asymmetric unit and a solvent content of 65%. The model of
complementary oligonucleotide. Binding reactions were carrieBcrA built using these data has been described previdusly (

out in 10ul of 20 mM Tris pH 7.5, 120 mM NacCl, 3 mM Mg&l PcrA crystals grown in the presence of MgGADP and ssDNA
5 mM DTT, 10% glycerol. Reaction mixtures were incubated agrew as parallelepipeds, appeared overnight, and grew to a
room temperature for 20 min and run at 10 V/cm on 4%naximum size of 0.4 0.15x% 0.15 mm (Fig2b). The crystals
polyacrylamide gels in 0:5TBE. After electrophoresis the gel were also stable to X-rays and a 2.8 A data setul&ssted. The

was dried under vacuum and auto-radiographed overnight etystals belong to the space group C2 with unit cell dimensions
—80°C with Fuji RX X-ray film. a=130.2A b=90.1A ¢c=82.6A=116.7, and contain one
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molecule in the asymmetric unit. Preliminary analysis of the Table 1. Steady-state kinetic parameters for the ATPase
electron density map obtained by molecular replacement (data  activity of PcrA
not shown) revealed that although ADP was bound, DNA was

not. However, the structure obtained around the nucleotide Nucleotide Km (MM) Keat ()
binding site showed an identical conformation and contacts with ATP 0.35 19
ADP as those seen for the ADP soak in the original structural dATP 0.29 20
determination 11). In addition, the electron density for the CcTP 0.18 25
C-terminal amino acids can be seen, a region that is disordered in ~~ GTP 0.30 17
the Pg crystals. The structure determination of this domain is dGTP 0.25 19
underway. dTTP 0.68 3
Despite the high protein concentrations employed in the crystal- eATP 0.11 40
lisation of both crystal forms, the protein is monomeric with no eCTP 0.29 42

obvious dimerisation interface. Furthermore, the crystallisation _ _
conditions (with regard to ionic strength, presence of ligands, etc.) ¥catis expressed in terms of monomer.

were very different, suggesting that the monomeric state of the . . . I

prote!n is Iike_Iy to be representative of the p_rotein in solution. Th Lueir?lt?lcehsetrntjlgi:rga;ist;%r é?r? dlﬁgksﬁésﬁ:?glfglt%'ﬁfe?;gi(r;lgn be
protein:protein contacts observed were typical of crystal qontacgﬁe is very open and the principal Ik Fi0. 3). The binding e
(i.e., involving just a few side chains) and were different in eaq ith the protein is through a stacking interaction of the adenine

case. Interestingly, since the determination of the PcrA structu ; . : e :
two other structures of helicases in Superfamilies I and Il havease with the side chain of Tyr286. The nature of this interaction

; o . : : explains why PcrA is able to bind and hydrolyse ethenonucleotides
been published, hepatitis C NS3 helicasetandli Rep helicase . . .
(2021). The proteins were also monomeric in both of th esgt least as well as other ribo- and deoxyribonucleotides.

structures. PcrA can couple the hydrolysis of a range of
nucleotides to helicase activity
Nucleotide specificity of PcrA The ability of a range of nucleotides to support the helicase reaction

was also tested. PcrA can couple the hydrolysis of all the natural

Many DNA helicases have broad nucleotide specificites. Fdpucleotides tested to catalyse displacement of the oligonucleotide
example the bacteriophage T7 gene 4A and 4B proteins hydroly$dd- 4)- dTTP caused displacement of significantly less oligo-
all naturally occurring nucleotides except CTP, with dTTP bein@qcleoude, reflecting less efficient hydrolysis of dTTP compared
the preferred substrated). Escherichia colRep hydrolyses ATP  With the other NTPs.

and dATP efficiently, with GTP and dGTP hydrolysed about one

third less rapidly, while the remaining nucleotides are hydrolyseidelicase substrate specificity of PcrA

poorly (23). In contrast, UvrD hydrolyses only ATP and dATP (;,/p and Rep unwind duplex DNA with an attachégsDNA

efficiently (24). In order to examine the nucleotide specificity of.; ; ; : ;
. X preferentially 25-27). In order to investigate the polarity of
PcrA, a DNA-dependent hydrolysis assay for a range of nucleotid winding by PcrA, we used directionality substrates prepared

e ) ! ; . 'Specificity for substrates with d &il, since the difference in
kinetic parameters were determined by plotting velocity againglyncentration between the highest and lowest concentration is

velocity/[NTP] and are shown in TaldeAll the nucleotides utilised 50 tq14 and even at the highest concentration of protein all the
in this study were hydrolysed by PcrA. The kinetic parameters fo

: _ X ligonucleotide is not displaced for thet&iled substrate. Thus,
all nucleotides were very similar, demonstrating that PcrA has;a common with Rep and UvrD, PcrA has a preference fails.

broad nucleotide substrate specificity. The kinetic parameters f@fi, 4, ; i ; ;

X . gh UvrD can unwind duplexes with & @il at high
the hydrolysis of ATP by PcrA in the absence of DNA were alsg,ein-pNA ratios, it has been shown that this was due to
determined. Thiegifor hydrolysis of ATP in the absence of DNA unwinding from the blunt end of duplexed).(Rep can also
was 400-fold lower bukm was decreased only by 5-fold. Thus ;,vind blunt duplexes but is less active than UVED In our

the major affect of binding of sSDNA is on rate of turnover ratheéssay system we cannot distinguish whether PcrA is unwinding
thar_1Km. h ifici . . tﬁt the blunt end or is utilising theé il of the substrate. The
Since PcrA has a broad substrate specificity we investigated f)&yinding of the Stailed substrate is incomplete even at a 5-fold

ability of the enzyme to hydrolyse ethenoNTP analogues. Thg cass of ; ; :
) . protein over DNA (nucleotides) suggesting that the
kinetic parameters for DNA-dependent hydrolysis bF&theno- activity of PcrA is more like that of Rep than of UvrD
cytidine S-triphosphate §CTP) and I\-ethenoadenosine’-5 y P '

triphosphategATP), using dTgas an effector, were determined and : -

are shown in Tablé. eCTP has two heterocyclic rings that are Eﬁgﬁ? gt;zrg)c'\? AO F'SSDNA stimulated ATPase activity on
similar to the size of the rings in ATP but are arranged differently,
while eATP has three heterocyclic rings. The enzyme is able tdhe standard NTPase assay utilises bacteriophage M13 ssDNA
hydrolyse both analogues efficiently with similar valueskfgg  as an effector of nucleotide hydrolysis. We have examined
In fact,eATP is a better substrate for the NTPase activity than anyhether oligonucleotides can also stimulate the ATPase activity,
of the naturally occurring NTPs tested. since we wanted to define short oligonucleotides that were
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Figure 3. Structure of the nucleotide binding site of PcrA, showing residues that contact the ADP.

suitable for structural studies. The dependence of ATP hydrolydENA binding specificity of PcrA
on oligonucleotide concentration was measured using a coupled

assay system. The concentration of DNA required for half-maximal,q 5 cive rolling model of helicase action proposed by Wong and
stimulation of ATPase activity was determined and the results ¥®hman 08) necessitates the binding of helicase subunits

(sjhown in T‘.";EI?Z' In a_II c?sestr:h(_erhvaluels s are simlilar but alternately to ss and dsDNA. The alternating affinity is coupled
ecrease with increasing length. The valuesdgivere also very to ATP binding and hydrolysis. However, it is unclear whether

similar to each other and fo that obtained with M13. Rep is able to recognise the junction between ss and dsDNA.

The results show that PcrA is able to use oligonucleotides - . : . -
short as 4 bases to stimulate its NTPase activity but IOnggjerestmgly, it appears that both PriA and RecG helicases bind

oligonucleotides do bind more tightly. From these data we cann eferentially to D-loops and branched structures with no

determi hether PerA is binding t th lecul servable binding to ss or dsDN2gJ. We decided to examine
eterminé whether FCrA IS binding to more than oné Molecule gy 5ty of PerA to bind to ss (22¢),Ss tailed (450 + 22¢) and

DNA or if more than one _molecule of PcrA is binding 10 oneyspNA (220 + 22c¢; Figh). The helicase binds equally effectively
molecule of DNA. Indeed, in the Rep structure, two mdepende%ss and‘3ailed DNA but less effectively to dsDNA. For binding
molecules are bound to a 16 base oligonucleotide, with €381 pcrA to the tailed substrate we cannot determine where the
monomer covering 8 basexl]. helicase is binding: it could be binding to the ds or the ss tail or
at the junction between the ss and dsDNA. Examination of the
electrostatic surface potential of PcrA using the program GRASP
(30) showed that most of the protein is highly negative, with only

Table 2.Kq for differing lengths of oligo-dT

ssDNA Kg (nM) . . .
@ =90 the central cavity pf the protein and_ a groove at the interface
@ 380 between subdomains 1A and 1B being positively char_ged (

10 We therefore suggested that either or both of these regions could
(dTh2 250 bind DNA (11). This proposal was confirmed by the structure of
(M6 160 Rep complexed with ssDNA, in which theehd of the DNA is

Kq was determined by analysing the dependence of the ATPase bound across 'ghe centra_l cavity formed by aI_I four subdomains
activity on DNA concentration at 3 mM ATP for a range of and the 3end is bound in the groove at the interface between
oligonucleotides. The data were analysed by plotting subdomains 1A and 1&:0 In addltlon, in the PcrA structure

1/(AINADH]s~ against 1/[DNA]. there are basic residues that are on the front face of domain 1A
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Figure 4. Dependence of the helicase activity of PcrA upon nucleotide. In all
cases, the nucleotide concentration was 1 mM.

suggesting that this region of the protein may also bind DN/ sees ow e
Thus, a PcrA monomer could bind to a forked duplex structur. ¢ 1 2 1 4 5 6 7

Since oligonucleotides as short as 4 bases stimulate the ATP

activity we designed and made a small, forked substrate | N BEERE oo

annealing the oligonucleotides LEB1 and LEB2, that has one tu

of a DNA duplex and two 4 base tails. We also made th

comparable substrate, by annealing LEB3 and LEB4 to make

10 bp duplex. The ratio of protein:DNA required to shift the DNA

suggests that PcrA binds the small substrate with tails better tr

the 22mer ssDNA (Fig.7). Moreover, under comparable

conditions, there is little or no binding to the 10 bp duplex the

lacks the 4 base tails (data not shown). Thus, since PcrA binds

forked structure with higher affinity than the ss 22mer, it i B onme oo

unlikely that binding to the 4 base ssDNA alone could account fc.

the increase in affinity for the forked structure. This suggests that,

In Cqmmon with .PrIA and RecG, PcrA shows DNA blndlng Figure 5. Substrate specificity of the helicase reactigx). 8 and 5 tailed
specificity for defined structures and that the presence of 4 bas§pstratesR) 3 tailed substrateq) 5 tailed substrate. In (B) and (C), reactions
unpaired nucleotide tails is sufficient to stabilise binding to a 10 bpvere carried out at 3T, the DNA substrate concentration was [ (in
duplex. The specific binding of PcrA to this synthetic fork nlucleottidsglsc): fn}gr(]iez 21l\élugtl‘r’a\;\éa;gﬁ:ifé&glngggrgg lSZOt_:Jl\rACE-C lr-AanlgrS]els, iubstrate
suggests this may be a closer analogue of the physiologic&Pne atsrt; : : N d '
suggtrate. This would be consistent with '[?16 suggestio% gya]in ’ azsum PerA;lanes 5, 0.BM Peri; lanes 6, 1.0M PerA; lanes 7, 2.M PerA

(31 that PcrA is loaded onto a forked substrate in the initiation
of replication of plasmid pT181. It will be interesting to see whay,
other structures are recognised by PcrA as this may give an insigvl%
into its rolein vivo.

dimerisation. In order to distinguish between these possibilities
investigated the oligomeric state of PcrA.

Oligomerisation of PcrA
Dependence of the ATPase activity on the concentration of . _
PcrA Rep helicase and UvrD are both reported to form din3&3J).

UvrD in solution is in a monomer:dimer equilibrium, dimerisation

It has been shown by Runyehal.(32) that the ATPase activity being stimulated by ssDNAP). In contrast, Rep is monomeric
of UvrD is dependent upon protein concentration. Below 1 nhh solution and only forms dimers in the presence of SSCHSA (
monomerkq4tiS constant and then increases between 1 and 10 iMe have used gel-filtration and chemical cross-linking to
where a second plateau is reached. It was suggested that sexémine the oligomeric state of PcrA in the presence and absence
behaviour is a result of dimerisation which stimulates the ATPas# a variety of ligands.
activity. In order to investigate the oligomeric state of PcrA in the

We have analysdd,:between 0.1 and 200 nM PcrA and find absence of ligands, PcrA was applied to a Superdex 200 HR 10/30
no dependence on protein concentration. This could be due te@umn (Pharmacia) which had been calibrated using proteins of
number of reasons, including that PcrA is already a dimer at 0.1 nikhown molecular weight. A range of protein concentrations from
that it does not dimerise in this concentration range, it is & (12pM) to 10 mg/ml (120uM) was tested. In all cases, the
monomeric protein or that there is no change in ATPase activityrotein eluted from the column with an apparent molecular weight
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-
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Figure 8. Chemical cross-linking of PcrA with DMSI. The reaction conditions
were as described in Materials and Methods. The additives to the protein are
indicated above each lane. Lane 1 contains molecular weight markers. The
positions of monomer, internally cross-linked monomer and other oligomers

Figure 6. DNA binding specificity of PcrA. The oligonucleotide used in each
9 gsp vy g are indicated.

group of lanes is shown above, and in all cases the concentration \u&& 0.2
Lanes 1-3, 22mer ssDNA; lanes 4-@aBed duplex; lanes 7-9, 22mer duplex.
The concentration of PcrA was 0, 0.7 andV®, respectively, in each set of three
lanes. of higher order oligomers that are observed. Since gel filtration
of PcrA in the absence of ligands shows only monomeric protein,
and the degree of cross-linking is unaltered by the presence of

¥ ligands, it is most likely that the small amount of cross-linking
) -y that is observed is non-specific. The linearity of the dependence
] 4 of the ATPase activity upon protein concentration also points to

the protein being monomeric under these conditions, since both
Rep and UvrD show a stimulation of rate as the protein dimerises.
Thus, under a wide range of experimental conditions we fail to
1 2 3 4 5 6 demonstrate any significant dimerisation of PcrA.
The lack of observable dimerisation for PcrA is inconsistent
with the active rolling model of helicase acti@®); This model
“ . Oligo+Pera has two fundamental requirements: (i) the enzyme must have an
oligomeric structure in which pairs of subunits act cooperatively,
and (ii) each subunit binds either ss or dsDNA at any instant, but
not simultaneously. This model has been popularised by its
proponents and a large amount of kinetic and biochemical data
have been published in its support (reviewed inljefHowever,
there is a growing body of evidence that is difficult to reconcile
. “. R with this model. Despite considerable efforts, we have failed to
: demonstrate any dimerisation of PcrA. As discussed previously,
all three published structures are of monomeric proteins even
when DNA is bound. The structure of Rep bound to ssDNA
Figure 7. Band shift analysis of forked substrate. The structure of the forkedreévealed two monomers of Rep bound to the 16 base oligonucleotide
substrate is indicated on the diagram. The duplex is 10 bp and the single strand¢@1). The observation of monomeric Rep in the crystal was
tails are (dn The Oligonucleotide concentration Wa,SM Lane 1, no PcrA; partlcularly Suranlng Slnce the Ollgonucleotlde used was the
?23\-2];}2&'\/' e lane 3, 0.HM PerA; lane 4, 1.gM PerA;lane 5, 20M - same as that used to demonstrate dimerisation ofRpyét the
; , 4.QuM PcrA.
structure shows clearly how two Rep monomers could be
accomodated adjacent to each other on a single DNA molecule,
of 81 kDa, close to the predicted molecular weight of 82 kDa. Thigith each monomer covering 8 bases of ssDNA. Moreover, the
is in contrast to UvrD for which, even at considerably lowestep size of 4-5 bp demonstrated recently for the closely related
concentrations, the apparent molecular weight increases witielicase, UvrD 34) also appears incompatible with the rolling
increasing protein concentration until it reaches a plateau at theodel, since this step size is considerably smaller than the region
molecular weight equivalent to a dimer, indicating a monomegdf DNA covered by the Rep monomer. If one assumes that
dimer equilibrium in rapid exchangéd). Since the dimerisation hexameric helicases operate via a similar mechanism it is unclear
of both Rep and UvrD are stimulated by binding to ssDNAow they might roll, since the DNA passes through the centre of
(32,33), the oligomeric state of PcrA in the presence of ligandthe ring 85,36), again questioning whether the rolling model can
was examined by chemical cross-linking (Rj.In all cases a be a general mechanism for helicases. With regard to the binding
small amount of higher order oligomers was observed as well aghelicases to either ds or ssDNA, our data suggest not only that
an internal cross-link which is diminished in the presence d®crA can bind both ss and dsDNA simultaneously but that the
DNA. However, binding of DNA does not increase the amountsnzyme actually has a higher affinity for these substrates (i.e., forks)

Oligonucleotide Substrate
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than for either ds or ssDNA, an observation that is also at odd& Matson,S.W., Tabor,S. and Richardson,C.C. (198Bjol. Chem 258

with the rolling model. ;

An alternative mechanism is the inchworm modé),(in which 8
the enzyme travels along the dsDNA unwinding the duplex as i
goes. Although in the original model it was proposed that two ATP®

14017-14024.

Runyon,G.T. and Lohman,T.M. (198R)Biol. Chem.264, 17502-17512.
lordanescu,S. (1998)ol. Gen. Genet241, 185-192.

Denhardt,DT. (1975FRC Crit. Rev. Microbiol4, 161-223.
Eisenberg,S., Scott,J.F and Kornberg,A. (1976¢. Natl. Acad. Sci. USA

were hydrolysed per base pair unwound, and therefore that the step?3 3151-3155.

size for each cycle was one, this was based on an assumption a%qfl

ubramanya,H.S., Bird,L.E., Brannigan,J.A. and Wigley,D.B. (1996)
ature 384 379-383.

the efficiency of coupling of the helicase to ATPase activities that i  sambrook,J., Fritsch,E.F. and Maniatis,T. (1988lecular Cloning:

likely to be an overestimate. Consequently, a small variation of this

A Laboratory Manual2nd Edition. Cold Spring Harbour Laboratory

model could accomodate a number of base pairs being unwound forPress, Cold Spring Harbor, NY. _
each ATP hydrolysed and could thus be compatible with the step stZe Otwinowski,Z. (1993) In Sawyer.L., Isaacs,N. and Bailey,S. (Bds),

of 4-5 bp observed for UvrD. Perhaps the most important differen

Collection and ProcessingERC Laboratory, Daresbury, UK, pp. 56-62.
Bird,L.E., Hakansson,K., Pan,H. and Wigley,D.B. (199Tleic Acids Res

between the two models is that, in the inchworm model, the enzyme 25 2620-2626.

need not be oligomeric. The multifunctional enzyme complexs
RecBCD has a'35 helicase activity amongst its functions, and a
monomeric heterotrimer has been shown to be the active3ait ( 16
It is the RecB protein that confers the helicase activity upon thg
complex B8), while the other components of the complex stimulate
this activity 39). The active complex therefore contains a single.8

Crute,J.J., Mocarski,E.S. and Lehman,|.R. (188&)eic Acids Resl6,
6585-6596.

Lanzetta,P.A., Alvarez,L.J., Reinach,P.S. and Candia,O.A. (1979)
Anal. Biochem 100, 95-97.

Pullman,M.E., Penefsky,A., Datta,A. and Racker,E. (196Bjol. Chem
235 3322-3329.

Davies,G.E. and Stark,G.R. (19P®c. Natl. Acad. Sci. USA6, 651-656.

helicase molecule. Consequently, it has been suggested that tH&se-aemilli,U.K. (1970)Nature 227, 680-68S.

observations of the oligomeric state of the active complex a

inconsistent with the rolling modeBT,39). Moreover, the oligo- 5
meric state in both crystal forms of PcrA, as well as those of NS3
helicase and Rep, the lack of observable dimerisation &2
cooperativity in ATPase kinetics for PcrA, and the step size
4-5 bp unwound per cycle for UvrD are all consistent with ap
inchworm model. It may be that the dimerisation and kinetics afs
ATP hydrolysis for Rep and UvrD are of biological rather thareé
mechanistic importance. We therefore believe it to be premature
to discredit alternatives to the rolling model and we must awa
further structural and kinetic data to resolve the mechanism e§
helicase action. 29
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