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Site-directed mutagenesis of motif Il in PcrA helicase
reveals a role in coupling ATP hydrolysis to strand
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ABSTRACT

Motif 11l is one of the seven protein motifs that are
characteristic of superfamily | helicases. To investi-
gate its role in the helicase mechanism we have
introduced a variety of mutations at three of the most
conserved amino acid residues (Q254, W259 and
R260). Biochemical characterisation of the resulting
proteins shows that mutation of motif IIl affects both
ATP hydrolysis and single-stranded DNA binding.
We propose that amino acid residue Q254 acts as a
y-phosphate sensor at the nucleotide binding pocket
transmitting conformational changes to the DNA
binding site, since the nature of the charge on this
residue appears to control the degree of coupling
between ATPase and helicase activities. Residues
W259 and R260 both participate in direct DNA bind-
ing interactions that are critical for helicase activity.

INTRODUCTION

positioning of the sulphate ion in the PcrA—-DNA-Somplex
mimicks the inorganic phosphate ion after hydrolysis, to represent
a ‘product’ complex. These ‘substrate’ and ‘product’ complexes
have been solved at 3.3 and 2.9 A, respectively (7; Fig. 1).
Together, the four structures provide clues as to how the free
energy associated with ATP hydrolysis may be coupled to DNA
strand separation.

Motif Il is one of seven conserved ‘helicase signature
motifs’ in superfamily | DNA helicases which are all found
clustered around the nucleotide binding pocket (6). Previous
mutagenesis studies on motif 11l B.coli UvrD helicase have
produced proteins displaying low processivity (8) and an
inability to initiate unwinding from a nick (9), suggesting that
motif Il forms an interface between the ATPase and DNA
binding domains. Analysis of the crystal structures of PcrA
reveals that motif 11l forms a loop that connects the nucleotide
binding pocket and the single-stranded DNA (ssDNA) binding
site (Fig. 1). In the structures of the ‘substrate’ and ‘product’
complexes of PcrA (7) a conserved glutamine residue from
motif 11l (Q254) directly contacts thg-phosphate of AMP-

DNA helicases are ubiquitous enzymes involved in almost alPNP and the sulphate ion, respectively (Fig. 1), implying that
aspects of DNA metabolism. They hydrolyse ATP and use th&is residue contacts thephosphate of ATP before and after
associated free energy change to translocate along the DNvdrolysis. This contact would be lost ojrélease. The structures
duplex and separate the annealed strands (for reviews see 1,240 show that conserved tryptophan and arginine residues from
A central question in the enzymology of DNA helicases ismotif lll (W259 and R260) make direct ssDNA contacts (Fig. 1).
understanding the manner in which the energy produced bjhe equivalent residues in tkecoli Rep helicase make similar
ATP hydrolysis is coupled to the helicase function. Wong andSDNA contacts in the structure of this enzyme in complex
Lohman (3) have demonstrated that the Rep helicase &¥ith SSDNA (10)
Escherichia coliis an allosteric enzyme, whose DNA binding  Further evidence that motif [l may couple ATP hydrolysis to
properties are modulated by the binding and hydrolysis othe DNA binding properties of PcrA comes from structural com-
ATP. More recently, structural studies on PcrA helicase hav@arison with the RecA protein &.coli, which plays a central role
provided further insight into the coupling mechanism. in the process of homologous recombination. The 1A and 2A
TheBacillus stearothermophilu8crA helicase is a member of domains of PcrA have the same protein fold as the ATP binding
helicase superfamily | and is highly homologous to the Rep andomain of RecA protein (6,11). Importantly, this similarity
UwrD helicases oE.coli (4). The enzyme has been cloned andextends to the nucleotide binding pocket, where amino acids are
biochemically characterised in our laboratory (5). The crystalound to be highly spatially conserved (Fig. 2A), despite the fact
structures of this helicase alone and in complex with ADP havéhat the two proteins display no apparent sequence homology.
been solved at 2.5 and 2.9 A, respectively (6). More recently, th&his observation raises the possibility that PcrA and RecA may
enzyme has been co-crystallised with a tailed duplex DNA anémploy similar mechanisms in aspects of their enzyme function.
either adenylylimido diphosphate (AMP-PNP) or a sulphate ion (7)n the light of the crystal structure of the RecA—ADP complex,
AMP-PNP is a non-hydrolysable analogue of ATP and therefor&tory and Steitz (11) proposed a switch-like coupling mechanism
the PcrA—-DNA-AMP-PNP complex mimicks the nucleotide-between ATP binding and alterations in the ssDNA binding
bound state of PcrA before hydrolysis, a ‘substrate’ complex. Theffinity of RecA. In their model, the disordered loop region L2
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Figure 1. Crystal structures of ‘product’ and ‘substrate’ complexes of PcrA helicase (7). In both cases the conserved protein motif Ill is shown in blae, with re
dues selected for mutagenesis (Q254, W259 and R260) shown in red. The sulphate ion and AMP-PNP are shown in gold. The tailed duplex DNA is shown in blac
with the phosphodiester backbones and bases represented as ribbons and cylinders, respectively. Below each structure is a close-up oftmabtdviis Wwove

it bridges the nucleotide binding site and the ssDNA binding site. Trp259 and Arg260 make direct ssSDNA contacts in both structures. GIn254eceuattaseh

ion and they-phosphate of AMP-PNP in the ‘product’ and ‘substrate’ complexes, respectively.

played a role analogous to that of the switch Il region of the rass indicated in Fig. 1) and characterised the biochemical proper-

p21 protein (12), modulating allosteric transitions in response tties of the resulting mutant PcrA proteins. Our results indicate that

ATP binding and hydrolysis. They suggested that a conserveuotif lll plays a critical role in coupling ATPase and helicase

glutamine in the nucleotide binding pocket (Q194) would interacactivities since alterations in this protein signature lead to defects

with the y-phosphate of ATP and stabilise high affinity ssDNA in both ATP hydrolysis and ssDNA binding. It includes botix a

binding by the L2 loop. Their idea is supported by recent mutaPhosphate sensor at the nucleotide binding pocket (residue Q254)

genesis studies (13). In PcrA the motif 11l loop is the structurafnd a part of the DNA binding apparatus which is critical for

equivalent of loop L2 of RecA. Moreover, Q254 of motif I| helicase act|V|ty.(reS|dues W259 ar_1d R260). These stud|es_extend

contacts the nucleotide binding pocket at the same position as dd@4’ understanding of the mechanism of allosteric regulation of

Q194 of loop L2 (6: Fig. 2A). These observations suggested to (Ruperfamily | Dl\_lA h_ellcases and confirm the similarity between

that the DNA helicases may also employ a switch-like mechanisth¢™A @nd RecA in this respect.

to couple the free energy change of NTP hydrolysis to helicase

activity and implicated the motif 11l loop as a good candidate formATERIALS AND METHODS

such a role. A model to explain how motif Il may contribute to )

the allosteric regulation of PcrA in response to ATP binding andbite-directed mutagenesis of th@crA gene

hydrolysis is summarised in diagrammatic form in Figure 2B.  Site-directed mutagenesis was carried out by ‘splicing by over-
To test this model we used site-directed mutagenesis to altetp extension’ as described elsewhere (14). The PCR pro-

three of the conserved motif Ill residues (Q254, W259 and R26@ramme used for the first and second step reactions was: 14
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Figure 2. (A) A comparison of the nucleotide binding pockets of PcrA (left) and RecA (right), both complexed with ADP. The conserved glutamine ffesidues o
interest are shown in red. The structures reveal a high degree of spatial conservation around the bound nucleotide. The RecA figure was crématedby over
coordinates for the bound ADP (PDB accession no. 1REA) on coordinates for the apo-enzyme (PDB accession no. 2REB), since complete coordinates for tl
RecA-ADP complex are not availabl&)(Proposed mechanism for allosteric coupling of ATP binding and hydrolysis to DNA binding and helicase adivity vi

an ‘on—off’ switch in PcrA helicase moitif IIl. Transient interaction of Q254 of motif Il with tirgphosphate of ATP modifies the DNA binding site formed by

W259 and R260 of the same motif. The colour scheme of the previous two figures is maintained. The diagram is based on a similar figure which appeared in
report of the structure of the ReeAADP complex (11). The ATP binding domains of PcrA and RecA share the same structural fold and residues in their nucleotide
binding pockets are spatially conserved. The equivalent residues in RecA are shown in brackets. Residues K37 and T38 of motif | and D223 and E224 of moti
are assumed to be functionally equivalent to their RecA counterparts. This assumption is supported by mutagenesis studies in PcrA (22).

cycles of 94C for 70 s, 58C for 40 s and 72C for 80 s and a were primarily selected by detecting the appearance or aboli-
final extension step at 7€ for 4 min. The reactions were done tion of a restriction site (W259A createsSad| site, R260A
with the Expand™ high fidelity PCR system (Boehringercreates @&cn site, all Q254 mutations destroy a unigGéal
Mannheim) in a total reaction volume of 50 at 1.5 mM site). All mutants were sequenced to verify the mutations and
MgCl, using 100 ng of substrate DNA and 500 ng of eachthe absence of spurious mutations which might have been
primer. All other reaction conditions were as described by théntroduced by the PCR reactions.

manufacturer.

The final PCR reaction products carrying the appropriat
mutations were gel purified and then cut with suitable restricWild-type and mutant proteins (with the exception of Q254K
tion endonucleases\(ul and Hindlll). The restriction frag- PcrA) were purified in a similar manner to that described pre-
ments carrying the mutations were then used to replace thgously (15). Minor alterations in the purification procedure
equivalent fragments in thpcrA gene. Successful mutants were used in the case of the Q254K protein, full details of

é:’rotein purification
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which can be found in the same reference. Unexpectedly, thditrocellulose filter binding assay

Q254K mutant protein was found to be toxic Eocoli B834 Ni llul fi oo i . well
cells and had to be expressed in B834 cells containing th&Itroce ulose fiter binding assays were performed using a 96-we

X L ; - ot blot apparatus (Flowgen). Filters were prepared by soaking
pLysS plasmid, which tightly controls expression until induc-giosond NC nitrocellulose membranes (Whatman) in 0.4 M
tion. Since the mutant protein was also found to be less solublesH for 30 min followed by several washes in distilled®

than wild-type PcrA, we included 2% Triton X-100 and higher | the pH was equal to 7. Filters were then equilibrated in
salt (1 M) in our cell lysis buffer. binding buffer (20 mM Tris pH 7.5, 50 mM NaCl, 3 mM Mggl
4 mM DTT, 10% glycerol) for 1 h prior to use. Reaction mixtures
(20 ul) contained binding buffer, 0.1 pmol radiolabelled syn-
ATPase activity was assayed by linking ATP hydrolysis to thehetic oligo(dT)gand various quantities of protein. Incubations
oxidation of NADH as described previously (16). The reactionsyere performed at room temperature for 20 min. Immediately
were carried out in 20 mM Tris pH 7.5, 50 mM NacCl, 3 mM pefore filtering the samples, each well was flushed with @00
MgCl,, 4 mM DTT and contained either 24 or 120 nM protein of binding buffer. Samples were then applied to the filter under
in the presence or absence of saturating synthetic oligg{dT)suction and the wells were immediately washed with a further
(50-fold molar excess over protein or 3000-fold for the200ul binding buffer. Filters were then removed, air dried and
W259A mutant). Values for the Michaelis—Menten constantDNA retention was calculated using a phosphorimager and
k.andK, for ATP were derived by fitting data directly to the ImageQuant software (Molecular Dynamics). Background
Michaelis—Menten equation (GraphPad Prism 2.0). Severafalues for the retention of probe in the absence of PcrA were
independent experiments were performed for each mutant ialways <2% of full retention.
which ATP concentration was varied at least 5-fold above and ) . )
below the measured, . Electrophoretic mobility shift assays

The dependence of the rate of the ATPase reaction oRurther analysis of sSDNA binding was performed using the
ssDNA cofactor was examined with the method above in a buffezlectrophoretic mobility shift assay technique. Protein, at various
containing 50 mM Tris—acetate pH 7.5, 0.1 mM EDTA, 10 mM concentrations, was incubated with 2.5 nM single-stranded 45mer
MgCl, and 0.1 mg/ml BSA and using 2 mM (saturating) ATP and(the same oligonucleotide as was used to make the helicase sub-
24 nM protein in the presence of various quantities of synthetistrate) in the same buffer used for helicase assays at room
oligo(dT), The data were fitted directly to the Michaelis— temperature for 20 min. The samples were then run on a 10%
Menten equation (GraphPad Prism 2.0) and this was used ftative polyacrylamide gel to separate the protein—-DNA com-
compare the relative ability of the PcrA proteins to bindplex from the free DNA. Gels were dried and exposed to X-ray
ssDNA. The termKp,, is defined as the concentration of film.
ssDNA required to achieve half-maximal stimulation of ATP
hydrolysis under these assay conditions. RESULTS

Background values for ATP hydrolysis in the absence of protein
were <5% of the lowest experimental values determined (<0.05%/259A and R260A mutants of PcrA display ssDNA
of the highest) and were deducted as appropriate. binding defects

ATPase assays

Helicase assays The ATPase activity of PcrA is dependent upon ssDNA as a
e ) cofactor. This property was used as an indirect measure of the
A 3'-tailed substrate for helicase assays was prepared Bypjjity of the mutant enzymes to bind ssDNA. Both mutants

ann_ealing a radioactively labelled synthetic oligonucleoti.de tGequired higher levels of ssDNA than the wild-type enzyme to
a slight excess of ssM13mp18 DNA as described previouslychieve maximal stimulation of ATP hydrolysis (Fig. 3 and
(17). Helicase time course reactions were carried out@@ 87  Tgp| ). The W259A mutant displayed a severe defect requir-
a reaction buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, ing a 200-fold higher concentration of sSDNA to achieve half-
3 mM MgCl,, 2.5 mM ATP, 4 mM DTT (the same buffer as maximal ATPase stimulation (Fig. 3 and Taple 1). This ssDNA
was used for ATP hydrolysis assays) and 10% glycerol usinginding defect of the W259A mutant was Teadily detectable
0.6 uM protein and 1 nM DNA substrate. After a 2 min pre- using nitrocellulose filter binding and gel shift techniques
incubation the reactions were started with protein and latefFig. 4A and B). The R260A mutation produced a protein with
stopped by adding stop buffer (0.4% w/v SDS, 40 mM EDTA,a mild defect requiring only 3.5-fold more ssDNA to achieve
8% v/v glycerol, 0.1% w/v bromophenol blue). Protein titra- half-maximal ATPase stimulation (Fig. 3 and Table 1). The
tion experiments were performed exactly as above but usindefect was too small to be detected clearly eitheitrocellu-
various quantities of protein and 5 min at°87as the incuba- lose filter binding studies (Fig. 4A) or gel shifts (Fig. 4B).
tion time for the reaction. ) .

Displaced oligonucleotide was separated from annealed oligdY259A and R260A mutants display wild-type ATPase
nucleotide by electrophoresis through a 10% non-denaturinﬁcuvIty but are poor helicases
polyacrylamide mini-gel at constant voltage (150 V). Gels werdn the presence of saturating ssDNA, the W259A and R260A
then dried and exposed to X-ray film as appropriate. QuantitativecrA proteins displayed near wild-type, andK,, values for
analysis was performed with a phosphorimager and ImageQuaAf P hydrolysis (Tablﬁ 1).
software (Molecular Dynamics). Approximate comparisons The W259A and R260A mutations produce proteins with
between wild-type and mutant helicase rates were made by fittingoor helicase activities (Fig. 5A). The W259A protein was
initial rate lines to the first time point in each series. only capable of catalysing helicase activity marginally above
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Table 1.Kinetic analysis of steady-state ATP hydrolysis in wild-type and mutant PcrA proteins

Protein Keat (5 k..t decrease factor K (LM) K (Wt)/K, (mut) (keafKi) x 1000 Kona (M)
Wild-type 11.0 1 56 1 200 0.13
Q254E 1.24 8.9 27 2.1 40 Nd
Q254A 0.37 30 1.8 30 200 Nd
Q254N 0.15 70 18 3.1 8 Nd
Q254R 0.11 100 56 1.0 2 Nd
Q254K 0.29 38 63 0.89 5 Nd
W259A 10.4 11 54 1.0 190 28
R260A 5.2 2.1 35 1.6 150 0.46
Nd, not determined.
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) 1 2 ' ; 5
ot 8 4 5 Figure 4. DNA binding by wild-type, W259A and R260A PcrAA] Nitro-
16 (1M) cellulose filter binding assays. Wild-type (square), R260A (circle) and W259A
0 (triangle) PcrA at various concentrations were incubated with 5 nM radio-
20- labelled oligo(dT)s. All samples were then loaded onto the same filter to separate
the bound DNA which was quantified using a phosphorimager and Image-
—_ Quant software (Molecular Dynamics)B) Electrophoretic mobility shift
"o . . assays. Wild-type, R260A and W259A PcrA at the concentrations shown were
;E_ incubated with 2.5 nM radiolabelled ssDNA (45mer) in a standard buffer. The
2 10 samples were then run on a 10% native polyacrylamide gel to separate the
~ / protein—~DNA complex from the free DNA. Further details of both experiments
R are described in Materials and Methods.
) = A = 1 activity, this was still substantially (~90-fold) below that of
dT+g (uM) wild-type PcrA. Since both of these mutations resulted in

Figure 3. Single-stranded DNA stimulation of ATPase activity in)(wild-

ssDNA binding defects we decided to investigate whether it is
possible to ‘recover’ wild-type helicase rates simply by work-

type, B) R260A and C) W259A PcrA. Rates of ATP hydrolysis were deter- ing at higher protein concentrations. In the case of the R260A
mined at various ssDNA concentrations in the presence of saturating quantitighytant, the magnitude of oligonucleotide displacement after

of ATP as described in Materials and Methods. ValuesKgy, (defined in
Materials and Methods) were derived by fitting these data directly to th

Michaelis—Menten equation and are shown in Table 1.

» min remained at <50%, even at protein concentrations two

orders of magnitude above that required for >90% displace-
ment in wild-type PcrA (Fig. 5B). In the case of the W259A

background levels. The rate of oligonucleotide displacemenmutant, helicase activity is very low and is not increased
by W259A was around 300-fold slower than that of wild-type noticeably by the addition of larger amounts of protein to the
PcrA. Although the R260A PcrA was able to produce somgeaction mixture (Fig. 5B).
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Figure 6. Electrophoretic mobility shift assays for wild-type PcrA and all

b O W Q254 mutants. Protein at various concentrations (indicated above each lane)
a b f&sﬁ@éf B g Pt ‘?@{p\ §$@$§°‘$ was incubated with 2.5 nM single-stranded 45mer. Bound and free DNA were

separated by electrophoresis through a 10% non-denaturing polyacrylamide
gel. Experimental details are described in Materials and Methods.

The helicase activities of Q254 mutants are related to charge

All mutations at the Q254 residue reduced helicase activity
substantially with respect to wild-type (Fig. 7). The magnitude
of the decrease in activity was again related to the nature of the
mutant residue. However, this time the trend we observed was
opposite to that for the ATPase assays. Least affected were the
Figure 5. Comparative helicase assays for wild-type, W259A and R260Aposmvely Charge_d Q254K and Q254R mutants and then the
PcrA. (A) Helicase time course assays for wild-type (open square), w2s9A20lar Q254N residue. Most affected were the neutral and neg-

(triangle) and R260A (circle) PcrA. A control assay for wild-type PcrA in the atively charged Q254A and Q254E mutants, which both dis-
absence of ATP is also shown (filled square). Reactions were performed witb|ayed very low helicase activity.

0.6uM protein and 1 nM DNA substrate. Annealed and displaced oligonucleotides

were separated by electrophoresis through a 10% non-denaturing polyacrylamide

gel and quantified using a phosphorimager and ImageQuant software (Molecul'tlflscu SSION

Dynamics). B) Single time point protein titration helicase assays. Lane a

shows oligonucleotide annealed to ssM13mp18 after incubatiorf@tfd7 5 min Itis a general requirement in all helicases. as well as in members
and represents a no protein control. Lane b shows oligonucleotide displaned fro '

ssM13mp18 by boiling for 10 min prior to loading. Helicase assays were pen‘ormeQ_f diverse gro_ups of NTPase_s, to COUpIe the free en_ergy of nucleo-
for 5 min using 1 nM DNA substrate and various protein concentrations (indicatetide hydrolysis to conformational changes essential for enzyme
above each lane) as described in Materials and Methods. function. We have studied how this is achieved in PcrA helicase
by mutagenesis of motif l1l. Our results demonstrate that the motif
[l loop fulfils the dual role of both interacting with the nucleotide
binding pocket and forming part of the DNA binding apparatus,
which is responsible for separating DNA duplexes.

All mutations at Q254 in PcrA reduce ATPase activity but

do not affect ssDNA binding . vedin d hich
. . . . Motif Ill is involved in direct DNA interaction ich are
The ability of the Q254 mutants to bind ssDNA was 'nvesu'criti::al f(ﬁ Ih(\ellic\élse Iactilvity I fons wh

gated using the electrophoretic mobility shift assay technique. ) )
The wild-type and all of the mutant proteins had a similarThe crystal structures d.coli Rep helicase bound to SSDNA
affinity (within a 2-fold difference) for sSDNA (Fig. 6). and ADP (10) and the "substrate’ and ‘product’ complexes of
Despite binding ssDNA normally, the ssDNA—dependemP crA (7) reveal that the neighbouring tryptophan and arginine
ATPase activity of all of the Q254 mutants was impaired b esidues _of mot!f i make_ d|_rect contacts W'th. the bpund
between 9- and 100-fold relative to wild-type (Tafjle 1). The mag-SSDNA' The motif Il DNA binding site is involved in forming

) X . ““one of several ‘pockets’ which form a channel across the top of
nitude of thek, reduction was related to the nature of the residugy,,1ins 1A ang 2A. Here. bases of sSDNA are bound via gro-
at position 254. Pooredt.,, values were associated with the : ’

- matic stacking interactions and it is suggested that ssDNA
positively charged and polar Q254R, Q254N and Q254K mutantgansiocation is the result of coordinated base flipping between

then the neutral Q254A mutant, and the highegtvalue was  these pockets (7). Biochemical evidence that the conserved
displayed by the negatively charged Q254E mutant. tryptophan is involved in DNA binding comes from fluores-
With the exception of Q254K and Q254R, all Q254 mutantscence quenching experiments in Rep (18) and now also from
displayed reduced,, values, most notably Q254A (30-fold the W259A PcrA mutant. This mutation severely decreases the
decrease). DNA binding affinity of the protein which now requires a 200-fold
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1007 _ separation. Nonetheless, even at very high concentrations of
Wild Type protein, the W259A mutant shows no significant helicase
Q254R activity (Fig. 5B), highlighting the critical importance of the
conserved tryptophan in wild-type PcrA.
- Q254K
" The role of Q254 of motif Ill at the nucleotide binding
pocket
The crystal structure of thB.stearothermophilu®NA heli-
50 Q254N case PcrA, with and without ADP (6), gave us insights into the

possible coupling mechanism of the ATPase and helicase func-
tions. Subdomains 1A and 2A of PcrA were found to be struc-
turally homologous to the ATP binding domain of the
recombination protein RecA. The structural homology is
extended into the ATP binding pocket, where important amino

oligonucleotide displaced (%)

259

Qzoan acid residues involved in the binding and hydrolysis of ATP

Wild Type (no ATP) show a high degree of spatial conservation (Fig. 2A). This

0 i . implies that PcrA and RecA may share similarities in their
0 > 10 15 2 » 30 reaction mechanisms. The structures of both enzymes reveal
Time (mins) the projection of the side chain of a conserved glutamine resi-

due (Q194 and Q254 in RecA and PcrA, respectively) towards
Figure 7. Helicase time course assays for wild-type PcrA (open circle) the space which is “kely to be occupied by thhOSphate of
Q254K (open triangle), Q254R (open diamond), Q254N (open square,)gound ATP (6’11; Fig. ZA)' GIn194 of RecA and G.|n254 of
Q254A (filled triangle) and Q254E (filled square). A control assay for wild- PCrA are Iocatec_l at the end of loop L2 and the mOt_'f [11'loop,
type PcrA in the absence of ATP is also shown (filled circle). Reactions wergespectively, which are themselves structurally equivalent and
performed with 0.6uM protein and 1 nM DNA substrate. Annealed and gre both involved in DNA binding interactions (discussed
displaced oligonucleotides were separated by electrophoresis through a 1O%bove' see also 11.19 20) On the basis of structural compari-
non-denaturing polyacrylamide gel and quantified using a phosphorimager an ,'th th it f,I I s N 21 St d Steitz (11
ImageQuant software (Molecular Dynamics). sons wi € switc reg[on ofras p , otory an eitz (11)
have suggested that Q194 is responsible for coupling ATP hydro-
lysis and DNA binding by interacting with thgphosphate of
ATP and stabilising a high affinity binding state for sSDNA in
. . ; . . " “loop L2. This proposal is supported by recent mutagenesis
protein in order to achieve half-maximal stimulation of its stugies on nga, orf) RecA (13)‘?%\ Whichymutations at p%sition

ATPase activity (Fig. 3 and Tab'} 1). In addition, the DNA ;94 o oninited the formation of the high affinity binding state
binding defect of the mutant protein was readily detectable b\fvhen ATRS is bound. A similar role for Q254 in PcrA is

dot blot and gel shift assays (Fig. 4A an_d B)' Howeverkifs suggested by recent structural studies. The ‘substrate’ and
andK, values for ATP_hydrolysis are similar to those of the ‘oroduct’ complexes of PcrA show how the Q254 residue does

W”d.' type prot.ein (Tabl .1.)' It appears, ther(_efore, that W259 iNpgeeq contact thg-phosphate before and after ATP hydrolysis
motif 11l contributes significantly to the binding of ssDNA but (7: Fig. 1).

plays no direct role in ATP hydrolysis. In contrast, mutation of

the neighboqring _arginine to alanine (R260A) re_sulted in_aF’crA (shown in Fig. 2B) in which Q254 plays a key role in
mutant protein which apparently showed only a mild defect in,gpjing ATPase and helicase activities. To test the model we
DNA binding (Figs 3 and 4). This defect was insufficient to be 5 yeted this residue by site-directed mutagenesis and intro-
detected clearly by dot blot or gel shift assays (Fig. 4A and By ,ced a wide range of alterations in order to study the effects
but could be observed by the effect of varying the concentragt residue size and charge on ATPase and helicase activities.
tion of the ssDNA cofactor in the ATPase assays (Fig. 3). Thisy| mutations at the Q254 position had deleterious effects on
method suggests that the R260A mutation has decreased tgth ATPase and helicase rates, signalling the important role
ssDNA binding affinity of the protein only marginally (3.5-fold; of residue 254 in both activities. None of the mutations at the
Table|l). R260A mutark., andK, values for ATP hydrolysis 254 position affected ssDNA binding significantly (Fig. 6).
are alSo similar to those of the wild-type protein (both 2-fold|n our ATPase assays, although we generally observed severe
decreased). However, the helicase activity of the R260A prog_ reductions, some of the mutations at Q254 (notably
tein (Fig. 5A) is reduced disproportionately (i.e. uncoupled)Q254A) also produced enzymes wih, decreases (Tabjé 1).
from the ATPase and DNA binding activities (around 90-fold). However, since the kinetic mechanism of ATP hydrolysis in
This observation could be explained if the conserved arginin@crA is unknown, it is impossible to assess the significance of
of motif IIl is involved in stabilising energetically unfavour- theseK,, decreases. They may be related to an increased affin-
able DNA conformations during the strand separation reactionty for ATP or, more likely, are linked to changes in rate con-
Since the helicase activity of the W259A mutant (Fig. 5A) wasstants associated with conformational changes or product
also extremely low (despite normal ATPase kinetics) theelease. It may be of significance then that the only two muta-
tryptophan residue is clearly essential for the function of theions for whichK, was maintained at wild-type levels (Q254K/
enzyme. However, in this case it is more difficult to distinguishR) were also those for which helicase activity was highest (see
whether it is involved purely in binding DNA or whether it below). On measuring,,, we observed a trend between the
plays a more crucial role in the actual mechanism of strandature of the residue at position 254 and the magnitude of the

higher concentration of ssDNA cofactor than the wild-type

These considerations suggest an allosteric mechanism for
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decrease relative to wild-type. Introducing a positive charge at This energy coupling mechanism appears to be conserved
this position (Q254K/R) seems to have a more severe effect dmetween PcrA helicase and RecA, but analogous ‘switches’
ATPase activity than introducing a negative charge (Q254Ejlso exist in other NTP-hydrolysing enzymes. For instance, ras
(Tablg 1). Interestingly, the opposite is true with respect to th@21 and Ef-tu, the archetypal molecular switch proteins, con-
helicase activities, where the introduction of negative chargéin switches that are structurally similar to that found in RecA
affects the helicase activity more severely than the introductioil1), but which employ backbone amides rather than a con-
of positive charge (Fig. 7). This observation implies that thereserved glutamine as thgphosphate sensor (12,23,24). It
are altered levels of coupling between ATPase and helicaseems likely that this theme will extend to further members of
activities depending on the nature of the residue at the Q25¢4he diverse groups of NTP-utilising enzymes.

position. An amino acid residue with a positively charged side

chain (which could interact with thgphosphate of the bound
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