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Direct Measurement of Single-Stranded DNA Translocation by PcrA Helicase
Using the Fluorescent Base Analogue 2-Aminopurine
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ABSTRACT. Use of the fluorescent base analogue 2-aminopurine has provided a direct demonstration of
the translocation of PcrA helicase toward theBd of single-stranded DNA. Single 2-aminopurine bases

are introduced into otherwise standard oligonucleotides and produce a fluorescence signal when PcrA
reaches their position. We demonstrate that random binding of PcrA to ssDNA is followed by translocation
in an ATP-dependent manner toward thetégminus at 80 bases per second at°@0 The data also
provide information on the kinetics of sSDNA binding to the helicase and of the protein dissociation from
the B-end of ssDNA. A full kinetic model is presented for ATP-dependent DNA translocation by PcrA
helicase.

DNA helicases are motor proteins involved in the regula- base 10). The ssDNA binding is accomplished largely by a
tion of DNA secondary structure (for reviews see r&fs3), series of individual base binding sites, each with aromatic
a process essential in many aspects of DNA function. interactions with the protein6]. A detailed molecular
Consequently, DNA helicases are ubiquitous and may mechanism for the motor was proposed in which these
account for as much as 1% of the genordg. (Strictly protein—base binding sites are modulated during the ATP
speaking, DNA helicases are nucleoside triphosphatases thaltydrolysis cycle. Sites are created and removed by confor-
catalyze the separation of duplex DNA into its component mation changes imposed by various ATPase nucleotide
single strands. However, many enzymes are identified asstates, resulting in protein movement relative to ssDNA in
helicases on the basis of conserved sequence motifs but aréhe 3- to 5-direction.

actually involved in more diverse processes such as Holliday v/arious types of proteins have been identified which may
junction progression and the processing of stalled replication pe capable of active translocation on DNA. Of these, several
forks (5). Indeed, it has been suggested that the “helicase” classes contain the helicase motifs including five groups of
prOtein motifs may be indicative of DNA translocases rather helicases, type | restriction enzymes, and chromatin remodel-
than helicases per sé)( ing enzymes§, 4). Other enzymes displaying DNA trans-
The helicase in this study is PcrA, an essential protein of |gcation activity include DNA polymerases and proteins

Gram-positive organisms where it has a role in DNA repair jnyolved in DNA transport, such as phage packaging or
and plasmid rolling circle replicatiorv(8). Itis a member  chromosome segregation2 13).

of helicase superfamily | and is closely related to the well-
studied Rep, UvrD, and RecB(CD) helicases frBscheri-
chia coli. Structural and biochemical analyses of PcrA
support a model in which the protein functions as a monomer
using an “inchworm”-type mechanism to translocate DNA
and separate the complementary stram®ls9¢11). The
protein binds and distorts the duplex DNA in an ATP-
dependent mannei6,( 11). However, processive helicase
activity requires a structurally distinct region that binds
single-stranded DNA (ssDNA)Js part of a DNA tracking
motor. This motor requires the hydrolysis of one ATP
molecule for the movement of the distance equivalent to one

Here we describe a fluorescence method to study protein
translocation on DNA. Although, in general, there are limited
methods to monitor protein motion along DNA, for particular
systems considerable progress has been made. For instance,
DNA translocation in the type | restriction enzymes has been
studied using a phage packaging techniqld),(a triplex
displacement assayl%), and by direct observation with
atomic force microscopyl@). In the DNA helicases, an
elegant demonstration of RecBCD helicase/nuclease trans-
location has recently been provided by the direct observation
of the activity of a single protein molecule drDNA (17).

With this exception, all other measurements of DNA
helicase-catalyzed DNA translocation have been indirect.
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DNA dependence of the ATPase activiiyg( 19), investigat- Previous experimentslQ, 32) have shown that this ATP
ing the effects of static blocking agent20(22), and concentration is saturating, and this was confirmed empiri-
demonstrating displacement of streptavadin from biotin- cally. For DNA chase and DNA dissociation experiments,
labeled oligonucleotide®8). Study of translocation by PriA 25 uM dTso was used to sequester PcrA molecules after
helicase has made use of its unusual property of starting fromdissociation from 2AP oligonucleotides. A 5-fold 2AP
a defined sequence on DNA&4), whereas most helicases, oligonucleotide to protein ratio was used throughout to ensure
including PcrA, are nonspecific for sequence. that most proteir DNA complexes contained a single PcrA
In this study we describe the interaction of PcrA with monomer bound to each oligonucleotide, while still allowing

ssDNA containing the fluorescent base 2-aminopurine (2AP). 900d S|gnals°du'r|ng experiments. Experiments were per-
2AP is a close analogue of adenine and is capable of formingformed at 20°C in a buffer containing 50 mM TrisiCl,
base pairs with thymine. It causes minimal distortion to a PH 7.5, 150 mM NaCl, and 3 mM MgglThe translocation
DNA duplex structure5, 26). The fluorescence properties data presented are the average of up to three traces. Kinetic
of 2AP in duplex DNA have been used previously to study da;a were f|.tted using the Hitech .software, QraﬁBX_and
many proteir-DNA interactions including base flipping by SC|ent|st (MicroMath, S‘."“t Lake City, UT). Kinetic S|mula_—
uracil DNA glycosylases27) and DNA methyltransferases tions were perfqrmgq using the program ModelMaker version
(28, 29) and promoter interaction and nucleotide incorpora- 3 (Cherwell Scientific, Oxford, U.K.).

tion by polymerases3Q). The fluorescent base has also been RESULTS

used to report the separation of duplex DNA into its

component single strands by DNA helicas@4)( In this A prerequisite of using 2AP-substituted DNA is to know
present study, the fluorescence signal is used as a reportefo what extent the modified base affects the activity of PcrA.
of the position of PcrA relative to a 2AP base incorporated There is unlikely to be a large effect, because PcrA-catalyzed
within an otherwise standard single-stranded oligonucleotide. DNA translocation is insensitive to natural base composition
This makes use of a fluorescence increase which occurs wher10). The pre-steady-state kinetics afrelease from PcrA
the 2AP moiety is bound within the ssDNA binding site of provide a sensitive measure of DNA translocation and
PcrA. Using a rapid reaction technique to follow the dissociation {0). Using this criterion, a direct comparison
fluorescence changes in real time, it is possible to measurewas made between oligo-T and equivalent oligonucleotides
protein motion on ssDNA, as well as association and with a 2AP substituted either in the middle or at theehd.
dissociation of PcrA and the DNA. The presence of 2AP in the oligonucleotide had no effect

We have previously described a kinetic model for ssDNA ©On the Prelease traces (data not shown).
translocation by PcrA helicase based on measurements of PcrA Association Kinetics Measured with 2AP Oligo-
pre-steady-state, Release from PcrAONA complexes 10). nucleotides.A fluorescence intensity change occurs on
In this model, PcrA binds randomly to DNA before trans- binding PcrA to short single-stranded 2AP oligonucleotides
locating toward the Send. Dissociation from the DNA is  in the absence of ATP. However, the fluorescence excitation
slow, resulting in the accumulation of the helicase at the spectra of 2AP and tryptophan overlap, so 313 nm was
DNA 5'-terminus. This idea provided the rationale for the chosen for excitation as relatively very little excitation of
translocation experiments reported here. If a 2-aminopurine PCrA tryptophan occurs at this wavelength. This was shown
base (2AP) is substituted suitably at tHeté&rminus of the by control experiments in the absence of 2AP, and an
ssDNA in place of a natural base, then it should provide a €xample is described later (Figure 7). Using this wavelength,
signal to observe the translocation process more directly. it was shown that essentially all fluorescence was due to the
Furthermore, data can be obtained for binding and dissocia-2AP rather than tryptophan.
tion of PcrA and 2AP-substituted DNA, using the concomi-  The binding kinetics were measured for a variety of
tant fluorescence changes. These data were used to develogynthetic oligonucleotides of different lengths, incorporating
the kinetic mechanism of the ATP-dependent translocation. a single 2AP at various positions. However, all data presented

here are for oligonucleotides containing a 2AP at the 5
EXPERIMENTAL PROCEDURES terminus as it is these oligonucleotides that are used in the
translocation experiments described below. Similar DNA

Protein and OligOﬂUCIeOtidegaCi”US Stearothermophilus b|nd|ng curves are obtained if the 2AP is incorporated at
PcrA was prepared as described previously All oligo- other positions (data not shown).
nucleotides, including those containing 2AP, were synthe- 01 the 10-base oligonucleotide A, which has 2AP as
sized and HPLC-purified by Oswel Ltd. (Southampton, e g5 terminal base, PcrA binding was accompanied by a
U.K.). Protein and DNA concentrations were determined by ¢, qrescence increase of up to 16% (Figure 1a). Given the
spectrophotometry using c;alculated extlnctlon coeff|C|e_nts. 5-fold excess of 10 over protein, the fluorescence change
The Qa_ta presented |,n th|s_paper are for oligonucleotidess,, binding one PcrA to one 1@ is 80%. Because of
containing 2AP as the'germinal base, with all other bases  5nqom binding, there are several possible binding sites on
being thymine. the DNA, but only some will give rise to this increase. So

Fluorescence Stopped-Flow Measuremeiitsese were  the fluorescence enhancement on PcrA binding the 2AP is
made with a HiTech SF61MX apparatus with excitation at severalfold, and we will return to this point later. Binding
313 nm through 5 mm slits and emission measured after akinetics were measured over a range of concentrations of
360 nm cutoff filter. All concentrations quoted are final ones 10,ap and were well fit to single exponentials. The rate
after mixing and, unless stated otherwise, were 500 nM PcrA, increased hyperbolically with concentration and did not
2.5uM 2AP-substituted oligonucleotide, and 560 ATP. change significantly at 5 uM (Figure 1b), so the data were
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116 | ably because most of the protein binds at sites along the DNA
well away from the 2AP at the'fnd. Following the rapid
binding there is a slow, small exponential decrease in
fluorescence (illustrated in Figure 6, where a binding trace
will be shown on a much slower time scale). This may be
due to a small redistribution of PcrA along the DNA, if
binding at the 5end is unfavored thermodynamically, so

that slow equilibration leads to preferred binding at sites
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: - away from the ends.
0-0 Ol fime s 0.3 The model of initial random binding is supported by the
15 data as shown in Figure 2. The fit to the data assumes that

only a few binding sites at the'fend give rise to the
fluorescence change: the modeling, described later, will
assume that binding at 3 neighboring sites gives rise to the
enhanced fluorescence. The observed change is therefore
dependent on the total number of binding sites. As assumed
in analyzing the Prelease datalQ), the number of available
binding sites im — x, wheren is the number of bases. The
fixed numberx takes into account the fact that the PcrA
0 5 ) p " 10 covers several bases but that the protein may overhang the
[2AP-oligo] (uM) end of the DNA partially without significant decrease in
FiGure 1: Association kinetics for PcrA with 2@e. Experiments b_lndlng constant: the number of available, distinct binding
were performed at 2€C as described in Experimental Procedures. SIt€S is 1ess than the number of bases. Note that the parameter
(a) Fluorescence signal for PcrA binding to,A®at the concentra- X does not give an estimate of the total width of the PcrA
tions indicated. PcrA was at 20% the concentration of DNA. The binding site because of this possible overhang. In other
data were fit to single exponentials. (b) Relationship between \yords, the span of the protein in terms of length of
%bfheévggsﬁftgf :shsy%c;?kt)lglr;;aggecglgefgtrrgg?gigplcrhe curve oligonucleotide bases is different from_the rn_inimum_ number
of bases that need to be bound for viable interaction. Note
0.20 that these numbers may be different from the shortest
oligonucleatide that can bind, since this final number depends
on an assessment of what tightness of binding is viable. The
observed fluorescence enhancement is therefore given by
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whereAFmaxis the fluorescence enhancement when all PcrA
, , , , binds only to site(s) producing enhancement (i.e., a very short
0 5 10 15 20 25 30 oligonucleotide). Figure 2 suggests thlat 4, which, given
2AP-oligo length the likely errors in Figure 2, is not statistically different from
FIGURE 2: Fluorescence increases on PcrA binding te2AP the value of 2 obtained from the Release measurements,
oligonucleotides as a function of oligonucleotide length. The data using the same definition fot (10). For 1Qap, this would
were obtained as described in the text and are plot as reciprocalmean that there are six to eight overlapping sites for PcrA
percentage increases. They are fitted to the reciprocal of eq 2. binding. However, this measurement does not give an
fit to a simple two-step binding model: estimate of the proportion of these sites that contribute to
fluorescence enhancement, although multiple fluorescent sites
PcrA + DNA L PcrADNA 2 PcrADNA* (1) would lead to the devi_ation from linearity that we observe
for short oligonucleotides. It should also be noted that
Step 1 is rapid bimolecular binding. Step 2 is accompanied because the fluorescence enhancement is very low at long
by the fluorescence change to give a high fluorescence statepligonucleotides, the error in the reciprocal is large.
indicated by the asterisk. The forward, reverse rate constants Dissociation of PcrA from 1p. Dissociation kinetics in

and equilibrium constant for any stepare designated;, the absence of ATP were measured by mixing the PcrA
k_i, andK;, respectively. The fit gives K4 as 1.7uM and 10,4p complex with a large excess of unlabeled DNA (Figure
ki + k_, as 35 s, 3). There was an exponential decrease in fluorescence at 1.3

These binding measurements were repeated with oligo-s™*, and this was followed by a very slow linear decrease.
nucleotides of different length, and the fluorescence changePresumably the exponential decrease represents dissociation
on binding was determined from the amplitudes of traces of PcrA that had been bound at theehd and is equivalent
equivalent to Figure 1. The measurements were done atto k_, in eq 1. This change has a smaller amplitude than
saturating concentrations of DNA, so that the maximum found for binding, in line with the suggestion that in the
possible fluorescence change and rate were obtained. As the@reformed complex there is time for a redistribution of PcrA
length increases, this fluorescence change becomes progresalong the DNA.
sively smaller (Figure 2). The change on binding PcrA to  The slow linear fluorescence decrease might, in principle,
50:4p is barely detectable (data not shown). This is presum- be photobleaching. However, traces from other types of
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100 fluorescence changes were not observed if ATP was absent,
and this will be presented later with other controls.

The time of the maximum fluorescence approximately
coincides with the end of the rapid Release phase in the
ATPase measurements]j. In our determination of the step
o6 | size of PcrA helicaselQ), it had previously been assumed
that this rapid phase of jPelease from PcrAssDNA
complexes was linked to translocation to thieefd. As
94 : - - discussed later, this relationship is confirmed by the 2AP

0 ! 2 3 4 fluorescence experiments. We interpret the approximately

98 |

Relative Fluorescence (%)

Time (s) linear fluorescence increase as a measure of movement of
Ficure 3: Dissociation kinetics of PcrA and 1@. This was protein molecules to the'f&nd, from their initial positions
measured by rapidly mixing PcrAQ,ap With a large excess df; randomly bound along the DNA. The fluorescence enhance-
see text for details. ment represents PcrA at thednd, such that the 2AP can
108 interact with the protein.
(a) The exponential decrease at 2:3 epresents a relaxation

of the complex at the'&end as the overall reaction reaches
steady state. This relaxation might include a component due
to dissociation, and this was investigated by a chase
experiment (Figure 4) in which a large excess of unlabeled
DNA was present with the ATP and then mixed with the
PcrA-20,4p complex. Any dissociation of this complex is
followed by association of PcrA with the unlabeled DNA,
rather than with 2AP DNA. A fluorescence signal will
accompany the dissociation. This addition of unlabeled DNA
leaves the linear increase in fluorescence largely unchanged
but causes considerable changes in the subsequent decrease
in fluorescence. This is consistent with the linear increase
being due to translocation prior to significant dissociation.
The fluorescence decrease is now clearly biphasic. To
analyze this, the two traces (chase and no chase) were
subtracted, and the resultant trace was an approximately
exponential decrease in fluorescence (Figure 4). This dif-
ference trace was fitted to a single exponential from the time

. 4 E o ated with PerA ocat of maximum fluorescence to give a rate of 1.0.sThese
IGURE4: Fluorescence changes associated with PcrA translocation gt t that. in th n f “chase” DNA. the final
along 2Qap. The translocation of 0.6M PcrA along 2.54M 20,4p data suggest that, € absence of ‘chase , the Tiha

was initiated by 50M ATP. (a) The traces are for the preformed relaxation is largely due to a process while the P(_:rA remains
PcrA-20,,0 complex mixed rapidly with ATP in the absence (T) bound at the Send and there is not much net dissociation
or presence (T R) of chase df,. Trace R is the difference  (i.e., the concentration of uncomplexed PcrA is low).
between these and represents dissociation. (b) The simulation ofDissociation is followed by rapid reassociation and trans-
these curves using the mechanism in Figure 8. See text for deta”s'location, and so the rate is limited by the dissociation itself.
measurement over a similar time scale (e.g., Figures 4a andlhe result of this is to have little effect on the fluorescence.
7) do not show this decrease. The decrease may be a furtheHowever, in the presence of chase DNA, net dissociation
relaxation, for example, involving slow movement of other from the 3-end does occur as the presence of the chase DNA
PcrA molecules along the DNA, prior to dissociation. prevents the reassociation to the fluorescent DNA. The
Alternatively, it may be due to dissociation of PcrA bound difference trace represents this net dissociation of the steady-
close to but not right at the’'fend that could still generate  state, 5-bound complex.
a fluorescence enhancement while bound. Thus the observed There is not a large lag in this difference trace, and there
rate constant may reflect the fact that binding right at the is a small decrease in amplitude of the linear phase in the
5'-end of the DNA is weaker than in the central part. This chase experiment relative to the simple translocation. These
idea would also explain the slow decrease in fluorescenceobservations may indicate that there is some dissociation of
seen in the binding traces (Figure 1). Rapid random binding PcrA from other sites along the DNA during translocation.
would be followed by slow redistribution to thermodynami- We will discuss these points later.
cally more favored sites, which are distant from the 2AP.  Translocation measurements were repeated using oligo-
DNA TranslocationThe relationship between 2AP fluo- nucleotides from 10 to 50 bases in length (Figure 5a). Note
rescence and DNA translocation was investigated by rapidly that for clarity the data are plotted as fluorescenbange
mixing PcrA with a 5-fold excess of 2AP oligonucleotide with time, and so the traces coincide at zero time. In practice,
and saturating quantities of ATP. When the preformed PcrA the absolute fluorescence of these preformed complexes
20,ap complex was mixed with ATP, the fluorescence trace differs at zero time because the fluorescence enhancement
consisted of two main phases (Figure 4). An approximately on complex formation changes with length. The rate of the
linear fluorescence increase to a maximum was followed by fluorescence rise decreases with length of DNA with
an exponential decrease to a final constant value. Theseconcomitant increase in the time to reach the maximum
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0.0 FiGure 7: Controls for measurements of ATP-coupled PcrA
01 10 translocation along 30-base oligonucleotides. Measurements were
1 ) ) ) done as for Figures 4 and 5. (a) The PdMNA complex was
0.0 0.5 1.0 15 preformed. 52AP is 3Qap in the presence of 500M ATP. Traces
Time (s) are also shown with 508M AMPPNP or no nucleotide.'2AP

is the equivalent measurement using a 30mer with 2AP at the
FicURe5: Fluorescence changes associated with PcrA translocation2-position and all other bases T. This trace is offset480%, as
along 3-2AP oligonucleotides of different lengths. Concentrations the uncomplexed oligonucleotide is less fluorescent than those with
are as in Figure 4. The numbers refer to the length of oligonucleo- 2AP right at the 5end. The measurement with gThad the
tides. (a) Preformed PcrRNA complexes were mixed rapidly with  instrument setting exactly as the others. The signal wa8% of
ATP. (b) PcrA was mixed with oligonucleotide and ATP. (c) that for 3Qap, and so the traces has been offset by 90%. The 10%
Simulations of traces in (a) using the mechanism in Figure 8. See signal was almost entirely due to scatter, as the signal without

text for details. oligonucleotide or protein was also 10%. (b) Traces from mixing
30ap With PcrA in the presence of ATP, AMPPNP, or no

0.8 nucleotide.

0.6 L complex bound at the'®nd. Using chase experiments the
- dissociation rates were measured as 2.2, 1.0, 1.0, and 0.94
5 04 L s 1, respectively, suggesting that the 10mer has more rapid
-‘E dissociation than longer oligonucleotides.

02} Fluorescence was also measured in the stopped-flow

apparatus after mixing PcrA with DNA plus ATP (Figure

0.0 : . . . . 5b). Now an additional rapid phase of small amplitude is

0 10 20 30 40 50 observed compared with the traces when the complex is

2AP-oligo length preformed. This is probably due to DNA binding. The
FiGURE 6: Relationship between the time of transient maximum subsequent fluorescence increase is now more complex, with
fluorescence and length of oligonucleotide. Data are from Figure a slow change that then accelerates. This is then followed

5a (translocation only, circles) and 5b (binding and translocation, [y 4 slow relaxation as before. The differences in the rising
squares) and were fitted globally either linearly (unidirectional

translocation) or parabolically (random walid5]. The linear fit fluorescence from thos_e Wlt.h the preformed complex may
gives a slope of 0.0123 s per base. The line for translocation of the réflect processes following binding but before translocation,
preformed complex intercepts theaxis at 4.3 bases. The parabola as described in the modeling. These data are again plotted
was of the form time= a(base— b)* and time= a(base— b)> + as changes in fluorescence, but now the values at zero time
c, \gher%b a_”%corggstztfg positive. The best fit gaee= 0.219,b are for unbound 2AP oligonucleotide and so are essentially
= P ande =0, ' unaffected by length. The final fluorescence levels are also
fluorescence, while the rate of the final relaxation is largely very similar, indicating that the final species are also not
unchanged. These observations are consistent with the ide&ffected by length. For both sets of data (Figure 5a,b) a linear
that the linear phase represents PcrA translocation towardrelationship is observed between the time taken to reach peak
the 3-end of the oligonucleotide. In that case, the time taken fluorescence and the length of oligonucleotide (Figure 6).
to reach peak fluorescence is linearly related to the distance Figure 7 shows a number of controls for the translocation
translocated by the PcrA molecules, i.e., the length of the measurements, particularly to support the idea that the
oligonucleotide (Figure 6). The rates of the final phase are fluorescence rise represents ATP-coupled translocation to the
2.3, 2.4, 2.3, and 2.9 &for 10ap, 20ap, 30ap, and 5Qap. 5'-end. In the absence of ATP (or with the nonhydrolyzable
The fact that the final phase is largely unaffected by length analogue AMPPNP instead of ATP), no fluorescence change
is consistent with it being due to a process occurring to the is observed in the time scale of the translocation if the PcrA
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DNA complex is preformed. If the complex is not preformed, fluorescence. Moreover, addition of a DNA chase to
the fluorescence change on binding is observed, followed sequester PcrA as it dissociates from the 2AP oligonucleotide
by a small decrease in fluorescence which we suggest is duenad very little effect on this early phase of the trace (Figure
to rearrangement of the “random” distribution of PcrA away 4). These observations are consistent with the proposal that
from the ends. A control was also done with 2AP near the this phase represents ATP-dependent DNA translocation and
3'-end of an oligonucleotide which otherwise has all T bases. lead to several important conclusions regarding PcrA trans-
Using the normal method of oligonucleotide synthesis bound location.

to a resin, 2AP can be incorporated at position 2 but not (1) The Translocation Signal Is Consistent with Random
position 1 of the oligonucleotide. This oligonucleotide only Binding. The linear fluorescence increase provides further
has a very small fluorescence change, which is much moreevidence that PcrA is initially bound at random positions
rapid than the time scale of translocation as measured by Palong the oligonucleotides. Because different PcrA molecules
release §4). Finally, this figure shows that the observed start from all positions along DNA, some molecules arrive
fluorescence changes are due to the 2AP, as a measuremeiat the 3-end soon after translocation is initiated with ATP.

in which the 2AP oligonucleotide is replaced with a Thereafter, they continue to arrive at the same rate until the
polythymidylate has much lower fluorescence and there is last molecules (i.e., those which started at ther® and

no fluorescence change. have travelled furthest) have reached therd. In contrast,
if the PcrA molecules were to start in a synchronized manner
DISCUSSION at the 3-end of DNA, then the trace would be expected to

. . . . start with a lag dependent on DNA length. This would be
Short oligonucleotides cqntalnmg _smgle 2AP basgs _at the followed by an exponential increase in fluorescence as the
5'-end show fluorescence intensity increases on binding t0 .\ jiecules reached the-8nd.

PcrA. Th.ere are then larger increases during the time that (2) The Fluorescence Signal Is Related to Translocation
the protein undergoes ATP-dependent translocation. PresumSpeedThe time taken to reach maximum intensity provides

ably, this signal relates to an enhancement of fluorescence, " ¢,qe estimate of translocation speed. The relationship

emission when ZAP moves to within thg SSDNA binding site between time to peak fluorescence and oligonucleotide length
of PcrA, and we discuss below how this provides evidence is linear with a gradient of 80 bases per second (Figure 6).

for urflidirectional_ tranilocatior; to tl?e‘—Efnd. The binding o The kinetics of the fluorescence increase does not in itself
site of PcrA consists of several pockets for DNA bases, with . ide information on the step size of the helicase; that

aromatic amino acids interacting with the occluded bases; t5rmation was derived from; Pelease measurements).
(6). Translocation data using oligonucleotides containing 2AP When the preformed complex was used, the linear fit in
in the middle suggest that the fluorescence level may vary riq e 6 intercepts the length axis-ad. This is equivalent
d(_ependlng on Wh'c.h pocket contains the 2AP (.M' S. to the length of oligonucleotide for which all the PcrA is
Dillingham, D. B. Wigley, and M. R. Webb, uppubllshed bound at the 5end at zero time, i.e., when there is only one
data). In work presented here, onl¢2ZAP DNA is used. binding site. This takes into account that there are less
The fluorescence change on DNA binding in the absence available binding sites than the total number of bases and is
of ATP decreases as the oligonucleotide length increases:imilar to results from the jPfmeasurement1(Q) and 2AP
oligonucleotides of greater tharB0 bases in length produce  oligonucleotide binding (Figure 2). However, using the
very little fluorescence increase on binding (Figure 2). Since intercept at zero time does not take into account the fact
the measurements are performed under conditions of excesshat, for a short oligonucleotide with a single binding site,
DNA relative to PcrA, this observation is consistent with  there might still be a fluorescence rise after mixing with ATP,
approximately random binding of the PcrA molecule along concomitant with the proposed conformation change. This
the length of the DNA. Other data described above suggestis unlikely to be a large factor and is ignored in this analysis.
that there may be minor deviations from random binding  (3) Translocation Is Unidirectional toward theé-&End. The
with complexes at DNA ends somewhat less favored |inear relationship between oligonucleotide length and the
thermodynamically. This results in a slight redistribution time taken to reach maximum fluorescence (Figure 6) implies
away from the ends after initial binding. As suggested with that translocation is unidirectional rather than occurring by
the R measurementsl(), there are between two and four g random walk. If the latter were true, then the time taken
less binding sites than the number of bases. to reach the Sterminus would be related to the square of
DNA translocation was investigated using oligonucleotides the average distance travelle2b). The fit of data in Figure
of various lengths with the 2AP at the’-énd. These 6 to this model is clearly poor. The data also indicate that
experiments were based on the idea suggested by previoushe direction of the translocation i$ ® 5 since the PcrA
work (10) that if ATP-dependent translocation is unidirec- molecules must accumulate at or near the 2AP to produce
tional to the 5-end and dissociation is slow, PcrA molecules the observed fluorescence increase. When the 2AP was one
will accumulate near this 2AP sensor base in the steady statebase from the '3end of a 30mer, no ATP-dependent
Measurements were conducted in which the PcrA was fluorescence changes were observed that lasted over the time
initially free in solution and in which the PckRNA complex scale of the translocation (Figure 7). A%’ directionality
was preformed. In all cases, introduction of ATP resulted in is also consistent with that observed in PcrA helicase assays
fluorescence increasing approximately linearly with time to (9).
a maximum and then reducing exponentially as steady state (4) Translocation Is Processe. The data from binding
was achieved (Figure 5). As the oligonucleotide length plus translocation at different oligonucleotide lengths (Figure
increased, the rate of fluorescence change decreased with &b) show that the final fluorescence intensity is largely
concomitant increase in the time taken to reach maximum unaffected by length. This suggests that most of the PcrA
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reaches the'send of DNA for all the lengths studied, i.e.,
that PcrA is processive on single-stranded DNA. This in turn
is consistent with our previous suggestion that PcrA ac-
cumulates at the's#end of ssDNA. The small difference
between maximum fluorescence intensity caused by the chase
DNA in Figure 4 may be due to a small amount of protein
dissociating during translocation. However, some difference
is expected anyway because any protein “waiting” at the 5
end will dissociate at~1 s1. In contrast, during DNA
unwinding (i.e., when PcrA has to translocate along ssDNA
and invade duplex DNA) processivity is low for PcrA alone
(8).

(5) PcrA Remains Bound at thé-Bnd. After the trans-
location phase, the fluorescence decreases exponentially to
a constant level maintained in the steady state. As described
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l 4 Step 4
repeated
—_—— —>

—3
o

in the Results, the apparent differences in steady-stateFigure 8: Cartoon showing the proposed mechanism of the
fluorescence in Figure 5a are due to the way the data aretranslocation cycle by PcrA helicase along ssDNA. The line

plotted. The fact that this fluorescence is independent of represents ssDNA, and the different shapes represent different
length is consistent with the PcrA largely remaining bound conformation states of PcrA and/or PeBNA complexes. Steps

. L 1 and 2 represent the two-step binding as in eq 1. This is followed
at the S-end and dissociating only slowly. The steady-state 1, 3 ATP-induced change in conformation (step 3). Translocation

ATPase rate is also independent of lengtf)( consistent  then occurs with single base steps (step 4), each requiring one

with this idea. There are multiple processes occurring at the molecule of ATP hydrolyzed. Finally, dissociation occurs in two

5-end during this approach o steady state. o explai. the relaxation of the fluorescence. traces. and then
: 0 explal

Two processes are uncovereq by comparing the traces 01Zlissogiation itself (step 6). The steps are described in detail in the
a translocation measurement with one in the presence of gy
large excess of chase, unlabeled DNA. In the latter case,

PcrA that dissociates from 2AP DNA binds to unlabeled DNA base length minus three. The former is likely to be a
DNA. These measurements show that dissociation occurs asimplification as previously mentioned.

~1 s1 However, there is also a process causing a In the mechanism of Figure 8, step 3 is a nucleotide-
fluorescence decrease a2 s. Both of these rates are induced conformation change invoked to explain the P
largely independent of DNA length. release datal(Q). It is apparent from the simulations (below)

On the basis of Prelease measurement$Q), it was that such a step is also required to obtain optimal fit of the
proposed that the dissociation is slow: the modeling gave fluorescence data. There is then single base step translocation
0.6 s, similar to that measured here. It was also proposed (step 4) that is repeated until the PcrA reaches theng:
that there is continuing hydrolysis of ATP (at 5.5 swhile each step involves the hydrolysis of one ATP molecu®.(
PcrA remains bound at thé-Bnd without translocation. This A further conformation change (step 5) occurs corresponding
slow hydrolysis explains the fact that steady-state hydrolysisto the exponential decrease in fluorescence during the
is independent of DNA length. The process giving rise to translocation measurements. Finally, there is slow dissocia-
the fluorescence change at 2 ¢s too slow to accompany tion (step 6), and the cycle restarts.
the multiple ATP hydrolysis at 5.5°& Estimates for most of these rate constants come from this

Kinetic MechanismWe can now add rate constants to the work and P measurementsl(), and these were used as a
gualitative mechanism described above and illustrated by thebasis for the simulations. However, these individual mea-
cartoon in Figure 8. In some cases particular rate constantssurements do not on the whole address the size of specific
vary slightly with length of oligonucleotide (e.g., dissocia- fluorescence changes during each step, nor do they address
tion). In the first instance we shall ignore these differences how the fluorescence changes as the 2AP moves between
but consider such limitations of the modeling later in the base binding pockets i.e., the changes as PcrA translocates
discussion. along the final few bases at thé-énd of the DNA.

The kinetics of binding (Figure 1) suggest that there are  The simplest assumption would be that only the complex
two steps in this process (steps 1 and 2 in Figure 8), as inwith PcrA bound at the extremé-position has an enhanced
eq 1. The maximum rate of 35%of the hyperbola in Figure  fluorescence. However, this could not produce reasonable
1b corresponds tky, + k-,. A value fork—, of 1.3 s'* comes simulations for two reasons. First, the maximum fluorescence
from measurement of the dissociation kinetics in the absenceconsistently precedes the change from fast to slow phases
of ATP (Figure 3), so thak,, is 34 s. This enables an  of P, release by a small amount of time. Simulations with
overall K4 to be calculated for the PckBNA complex, as this assumption have the maximum fluorescence that coin-
it is 1/K;K,. This has the value of 73 nM, consistent with cides with the change in;Pelease rate. Second, the
the tight binding suggested by steady-state ass2®s36). fluorescence increases during translocation as a function of
We will assume that these values are largely unaffected bylength were not modeled well. For examplep20inds to
the presence of nucleotide, although this is not yet known. PcrA with ~10% fluorescence enhancement (Figure 2).
Data from Figure 7 suggest that binding has a similar rate During the translocation phase in Figure 4a it shows a further
with ATP, ADP, or no nucleotide, although the fluorescence ~7% fluorescence enhancement. With the simple assumption
changes vary. Binding is assumed to be random along theabove and with random binding, the preformed complex at
length of DNA, with the number of sites available being zero time would have-6% of the fluorescence enhancement
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expected if all the PcrA was bound at theehd instead. As

Dillingham et al.

(10) and the fluorescence changes of 2-aminopurine at the

the maximum fluorescence in Figure 4 represents the 5'-end of a single strand of DNA during translocation of

situation when most PcrA is bound at theetid, the model
would predict a much larger increase than 7%.

This sort of consideration led to the assignment of a
fluorescence contribution from the final three binding sites
at the %-end. These positions close to thé-end are
designated, for example, as'“3”", which refers to PcrA
bound two sites in from the final'5binding site. The
following weightings of the fluorescence intensities, relative
to uncomplexed DNA, provide a reasonable fit to data
(Figures 4 and 5). No bound adenine nucleotide: F20/p
(5—2), 2; Pcr&20,,p (5—1), 2. With bound adenine
nucleotide: PcrA20,ap (5'—2), 4; PcrA20p (5'—1), 4;
PcrA-204p (5'), 2. The intermediate formed during step 5
has a relative intensity of 0.2. Because theBand 5—1
sites are only transiently occupied with rapid entry and exit,

PcrA. Following random binding and conformational changes,
PcrA translocates toward thé-&nd of ssDNA, where it
accumulates due to slow dissociation from the terminus
(Figure 7). For the Release data, the kinetic model provides
a good fit to the data, even with the slightly modified
numbers presented in this report. The situation is somewhat
more complex with the 2AP fluorescence data. The model
broadly fits the fluorescence data but is defective in several
areas. In general terms, this probably relates to the fact that
the 2AP probe is sensitive to various fine effects during
translocation which are not described by our simple model.
For instance, the shape of the rise in fluorescence during
translocation is not predicted well by our model (Figure 5a,c).
This is most likely due to the fact that the initial binding
event is not completely random but rather that different sites

the fluorescence traces overall are not very sensitive to thealong the oligonucleotides display slightly different affinities
individual fluorescence intensities at these positions, only for the PcrA molecule. Thus the distribution may differ

to the sum. This is particularly so for longer oligonucleotides.
Rate constants used in the simulation wkre 6 x 107
M-1 S_l, ki 34 S_l, kiz 10 S_l, kis 80 S_l, kis 2 S_l, and

depending on whether the proteiDNA complex is pre-
formed. If preformed, there may be time for equilibration
before ATP addition. If not preformed, the distribution will

ks 0.7 sL. It was assumed that the PcrA could not dissociate be largely determined by the kinetics at different binding

from any position on the DNA except from th&é&nd, but
in practice that had little effect on the simulations for the
lengths shown. Similarly, the value &f; had little effect.
For R release simulations, the rate constant for ATP

sites.

The relative increase in fluorescence amplitude observed
for different oligonucleotide lengths varies somewhat from
that predicted by the model, especially for the &0

hydrolysis at the 5end (not shown in Figure 7) was 5.5 oligonucleotide. Concentrations for oligonucleotides were
s, but this rate constant does not affect the simulations of calculated by spectrophotometry using theoretical extinction
2AP fluorescence. The calculated rise from fluorescence for coefficients. In practice, the absolute fluorescence of the
20,4p at zero time to the maximum value was adjusted to different oligonucleotides was similar, but not equal, for
that observed experimentally, and all other simulated curvesequal concentrations of the 2AP base. Therefore, differences
were adjusted by this same factor to give those in Figures 4in absolute fluorescence may arise as a result of inherent
and 5. These simulations reproduce the main features of thedifferences in the fluorescent properties of 2AP in oligo-
experimental traces for the time courses of translocation notnucleotides of different lengths or through inaccuracies in

only for the 2AP fluorescence but also for therBleased
(20) (simulations not shown).

concentration determination. However, the time of maximum
fluorescence and, consequently, the estimation of transloca-

As mentioned above, the set of rate constants used in thetion speed (Figure 6) are independent of such considerations.

simulations were optimized for the 2AP DNA translocation

These simulations assume that all rate constants are

from rate constants for other measurements (binding, releaseindependent of length. In practice, some rate constants do
and ). The aim was to get a set of rate constants reasonablyvary for short oligonucleotides. It has been shown Kat
consistent with all the types of measurement. One limitation values for DNA are higher for short-(10) oligonucleotides

of this approach is that the binding kinetics were measured when measuring the pre-steady-stateciease 10). Here it

in the absence of nucleotide, and it is assumed that similaris shown that the dissociation rate constant is higher by a
rate constants apply if ATP is present. Thus the modeling factor of 2 for the 10mer than longer oligonucleotides, at
hask;, as 34 s?, the same as that measured experimentally least from the Send. It is apparent that the 10mer also differs
here. Step 1 is given a value ofs6 10’ M~ s1, although slightly in the position of the transient fluorescence maximum
the shape of the simulated curves is not highly dependentduring translocation. This maximum is earlier than the
on this value. Only a value df; comes from the binding  simulation predicts and is very sharp. This is possibly due
kinetic measurements. In the previous simulations pf P to alterations in other rate constants due to its short length

release 10), a somewhat slower rate of translocation was
used (50 st as compared with 80°$ here), together with a
faster conformation change for step 3 (20, awith 10 s*

or end effects becoming significant.
Wider ImplicationsAs a member of helicase superfamily
I, PcrA is representative of a large subset of the DNA-based

here). These changes of rate constant in opposite directionsnotor proteins. By incorporating 2AP at thé-énd of
produce small changes in the shape of the fast-phase curvestandard oligonucleotides of various lengths, we have been

but, overall, compensate for each other, so that the “new”

set of rate constants still give reasonable fits to theaees.
The simulations suggest thiats is 0.7 s1, whereas direct

able to study the kinetics of sSSDNA translocation. Modeling
of these kinetic data was achieved with minor quantitative
refinements to our existing DNA translocation model based

dissociation measurements in the absence of nucleotide giveon a study of Prelease from PcrADNA complexes 10).

1.3st
Limitations of the Kinetic ModelThis mechanism gives
simulations that reproduce the main features ofdRease

The fact that both sets of data are resolved by this model
provides further confidence in a unidirectional tracking (or
inchworm) mechanism for ssDNA translocation by super-
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family | DNA helicases. However, it has been proposed that 11.

E. coliRep helicase, which is also a member of superfamily
I, translocates by DNA looping interaction82 37). This

forms the basis for an alternative general model for helicase

activity termed the “active rolling model"2j. Moreover,

although helicases of other families may translocate by 14

tracking unidirectionally 8, 39), they do not necessarily

employ the base-to-base structural mechanism suggested for15.

PcrA helicase.

Of the DNA translocases whose speed has been examined 16.

in detail, PcrA is a somewhat slow and nonprocessive
member. The type | restriction enzyme EcoR124l travels at

around 400 base pairs per second, covering distances of

thousands of base pairs before it dissociat&. Likewise,
a molecule of RecBCD is capable of unwinding about 30000

base pairs of DNA at a rate of 1000 base pairs per second 19.
(40). Since the sequence of RecB, the helicase subunit of

RecBCD, is similar to PcrA, it will be intriguing to see how

and processivity.
Progression of our understanding of helicase activities will
require the development of assays that allow the study of

the dynamics and forces associated with the protein motion

on DNA. This study has extended our understanding of the
mechanism of ssDNA translocation in superfamily | DNA

helicases. Importantly, the direct nature of the 2-aminopurine
assay will open new avenues for the study of PcrA-catalyzed

ssDNA translocation. For instance, this assay provides a

mechanism for studying the effects of lesions or static blocks
on DNA translocation which may be of important physi-
ological significance. It might also allow identification and
characterization of mutant proteins with specific defects in
DNA translocation, illuminating the mechanism of this
molecular motor in structural terms.
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