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ABSTRACT Escherichia coli UvrD is an SF1A DNA helicase/translocase that functions in chromosomal DNA repair and repli-
cation of some plasmids. UvrD can also displace proteins such as RecA from DNA in its capacity as an anti-recombinase. Cen-
tral to all of these activities is its ATP-driven 30–50 single-stranded (ss) DNA translocation activity. Previous ensemble transient
kinetic studies have estimated the average translocation rate of a UvrD monomer on ssDNA composed solely of deoxythymi-
dylates. Here we show that the rate of UvrD monomer translocation along ssDNA is influenced by DNA base composition,
with UvrD having the fastest rate along polypyrimidines although decreasing nearly twofold on ssDNA containing equal amounts
of the four bases. Experiments with DNA containing abasic sites and polyethylene glycol spacers show that the ssDNA base also
influences translocation processivity. These results indicate that changes in base composition and backbone insertions influ-
ence the translocation rates, with increased ssDNA base stacking correlated with decreased translocation rates, supporting
the proposal that base-stacking interactions are involved in the translocation mechanism.
INTRODUCTION
Escherichia coli UvrD is an SF1A DNA helicase (1–8)
that translocates along single-stranded (ss) DNA with 30–50

directionality (9–11) and can catalyze the unwinding of
duplex DNA to produce the ssDNA intermediates required
for methyl-directed mismatch repair (12) and nucleotide
excision repair (13). E. coli UvrD also is involved in
replication restart (14–16) and plasmid replication (17).
UvrD monomers can rapidly and processively translocate
along ssDNA in an ATP-dependent manner (6,9,10,18,19),
although the monomer has no detectable helicase activity
in vitro (6,9,11,20), unless tension is applied to the
DNA (21). In fact, UvrD must self-assemble to form at least
a dimeric complex to activate its processive helicase activity
in vitro (6,11,20,22). In addition to its helicase activity,
UvrD facilitates displacement of RecA protein filaments
on ssDNA, presumably by utilizing its ssDNA translocase
activity (23,24). UvrD can also push E. coli single-stranded
DNA binding protein along ssDNA (25) and alter RNAP
transcription elongation complexes blocked by DNA
damage by working in conjunction with DinG and Rep to
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displace RNAP from the DNA ahead of a stalled replisome
(26,27) or by pulling RNAP into a back-tracked state to
expose damaged DNA to DNA repair enzymes (28).

Because ssDNA translocation is central to all activities of
UvrD, it is important to understand the role of translocation
in the more complex processes of DNA unwinding and pro-
tein displacement. Theoretical models of DNA unwinding
predict that the ratio of the DNA unwinding rate to ssDNA
translocation rate can indicate whether the helicase unwinds
DNA using a passive mechanism in which the helicase sta-
bilizes ssDNA upon thermal fraying of the double-stranded
(ds) DNA end, or an active mechanism in which the heli-
case plays a direct role in dsDNA melting (29–32). DNA
unwinding and ssDNA translocation rates have been deter-
mined for a number of DNA helicases (RecBCD (33,34),
RecBC (35,36), PcrA (37), RepD2B (38), Dda (39), and
UvrD (6,9)), under identical solution conditions; how-
ever, the ssDNA translocation studies have generally used
ssDNA substrates comprised solely of oligodeoxythymidy-
lates (oligo dT) to avoid internal basepairing. Furthermore,
for Rep, UvrD, and PcrA, the active oligomeric forms of the
helicase (dimers) are different from the ssDNA translocases
(monomers) (40).

The effect of ssDNAbase composition on the ssDNA trans-
location rate has been studied for only a few translocating
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motors. These earlier studies showed an effect of ssDNA
base composition on ssDNA translocation (41,42), as in-
ferred from changes in the observed steady-state ATP hy-
drolysis rate. In some cases, the translocation rate varied
a fewfold with faster translocation observed along pyrimi-
dines than along purines. Studies with the SF1 DNA heli-
case PcrA from Bacillus stearothermophilus have yielded
mixed results where no effect on ssDNA translocation
was reported on a short oligodeoxynucleotide of mixed
base composition when translocation was monitored indi-
rectly via pre-steady-state ATP hydrolysis (43), whereas
studies using a fluorescently labeled PcrA inferred base
composition-dependent translocation rates (44). Recently,
a study of the ss nucleic acid (ssNA) translocation kinetics
of the SF2A NS3h helicase of Hepatitis C virus showed a
large effect of translocation rate on base and sugar compo-
sition (45). Here we show that the ssDNA translocation rate
and processivity of E. coli UvrD monomer are affected by
ssDNA base composition. Our findings indicate that ssDNA
base composition needs to be considered when comparing
ssDNA translocation and DNA unwinding rates and that
base-stacking interactions play a central role in the UvrD
translocation mechanism.
MATERIALS AND METHODS

Buffers and reagents

Buffers were prepared with reagent grade chemicals using distilled water,

further deionized with a Milli-Q purification system (Millipore,

Bedford, MA), and then filtered through 0.2 mm filters. Buffer T20 is

10 mM Tris-HCl (pH 8.3 at 25�C), 20 mM NaCl, and 20% (v/v) glycerol

(enzyme grade). Other buffers are described in Supporting Material.
Enzymes and DNA

E. coli UvrD was purified and its concentration determined as described (5)

and was stored at �20�C in minimal storage buffer for up to six months

without loss of translocation activity. The ssDNA substrates used to

construct the 50-ss/dsDNA junction were labeled with fluorescein during

synthesis, purified, dialyzed versus 10 mM Tris-HCl, pH 8.3, then stored

at –20�C, and concentrations determined spectrophotometrically as previ-

ously described (9). Purified DNA substrates migrated as single species

on a native PAGE gel. The base composition and annealing of the 50-ss/
dsDNA junction substrates is described in Supporting Material.
Stopped-flow experiments

Experiments were performed in buffer T20 at 25�C using an SX18MV

stopped-flow (Applied Photophysics, Leatherhead, UK) as described (18).

In translocation experiments, UvrD was preincubated with DNA in one

syringe and reactions initiated by 1:1 mixing with buffer T20 plus

0.5 mMATP, 2 mMMgCl2, and 4 mg/mL heparin. All concentrations given

are the final concentrations after mixing in the stopped-flow. UvrD mono-

mer translocation kinetics were measured under single-round conditions

(no rebinding of UvrD to ssDNA) using a fluorescent stopped-flow assay

to monitor the arrival of UvrD at the 50-end of the ssDNA region of

the DNA substrates, which were labeled with fluorescein as described

(18). UvrD monomer dissociation kinetics during translocation along
1406 Biophysical Journal 113, 1405–1415, October 3, 2017
50-ss/dsDNA substrates were monitored by the increase in UvrD tryptophan

fluorescence as described (18).
Analysis of translocation time courses

As shown previously (18,46), if a translocase initiates at a unique site, the

translocation rates along the variable region of ssDNA can be estimated by

measuring the time to reach the minimum in the fluorescence time courses,

referred to as the ‘‘time to trough’’, for a series of DNA molecules differing

in ssDNA length, as follows (see Fig. 3 A). The time to trough ðtobstroughÞ is the
average time for UvrD to translocate from the ss/dsDNA junction to the

fluorescein label at the 50-end. This can be decomposed into the average

time to translocate along the stretch of (dT)L ssDNA and ssDNA of

variable base composition (dvr) ðtobstroughðsÞ ¼ tdTðsÞ þ tdvrðsÞ ¼ ðLdTðntsÞ=
kdTt ðnts=sÞÞ þ ðLdvrðntsÞ=kdvrt ðnts=sÞÞÞ. Because we know the translocation

rate along a stretch of dT ðkdTt ¼ 191 nts=sÞ (9,10,18) and the length (L)

of the dT regions, we can determine the time it takes to translocate along

the ssDNA of variable composition as ðtdvrðsÞ ¼ tobstroughðsÞ � ðLdTðntsÞ=
kdTt ðnts=sÞÞÞ. A plot of tdvr(s) versus the length of variable composition

ssDNA will be linear with a zero y intercept ðtdvrðsÞ ¼ ðLdvrðntsÞ=
kdvrt ðnts=sÞÞÞ, with the inverse of the slope yielding the average transloca-

tion rate along the variable composition ssDNA. An estimate of the

average translocation rate can also be determined from a single length of

variable composition ssDNA by dividing the length of dvr by tdvr(s)

ðkdvrðsingle LÞ
t ¼ LdvrðntsÞ=tdvrðsÞÞ.
The percentage of UvrD reaching the 50-end was estimated from the ratio

of the total area under the translocation curve for a given 50-F-ss/dsDNA
containing variable base composition, abasic, or PEG modification to

the total area under the translocation curve for the appropriate control

50-F-ss/dsDNA substrate containing only (dT)L.
RESULTS

Experimental approach and DNA substrate
design

The translocation kinetics of a nucleic acid motor can be
examined using ensemble stopped-flow approaches by
monitoring the fluorescence change of a fluorophore cova-
lently attached to one end of a nucleic acid (NA)
(9,33,36,45–50), as depicted in Fig. 1 A. The ssNA is labeled
covalently at one end with a fluorophore that undergoes a
change in fluorescence intensity when the enzyme arrives
at the fluorophore. A molar excess of DNA over the translo-
case is used to ensure no more than one translocase is bound
to a NA. Because UvrD binds nonspecifically to the ssNA,
it will initially bind randomly along the ssNA. Upon addi-
tion of ATP, the translocase moves with biased directionality
(30–50 for UvrD) along the ssNA. When the translocase rea-
ches the fluorophore at the end of the ssNA, the fluorophore
fluorescence is enhanced or quenched. A trap for free
enzyme (e.g., heparin) is added with ATP so that the enzyme
that dissociates from the NA is prevented from rebinding,
resulting in kinetic time courses reflecting a single round
of translocation along the ssNA.

Because UvrD undergoes 30–50 directional translocation,
we designed a series of ssDNA of varying length, L,
labeled at the 50 end with fluorescein, the fluorescence of
which is quenched when UvrD monomer reaches it as
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FIGURE 1 UvrD translocation time courses along ssDNA homopoly-

deoxynucleotides. (A) Depiction of the ssDNA translocation assay is given.

UvrD (triangle) binds nonspecifically and randomly along the ssDNA. In a

reaction coupled to ATP binding and hydrolysis, UvrD translocates along

the ssDNA in a 30–50 direction. As UvrD reaches the 50-end, it quenches
the fluorescein fluorescence. Any UvrD that dissociates from the ssDNA

is rapidly bound by a trap (heparin) that prevents rebinding to the ssDNA.

(B) Given here are stopped-flow time courses monitoring fluorescein fluo-

rescence during UvrDmonomer translocation along two different lengths of

either oligodeoxythymidylates or oligodeoxycytidylates. To see this figure

in color, go online.

UvrD Translocation along ssDNA
depicted in Fig. 1 B (9,10). To investigate the effect of base
composition on translocation, we initially used ssDNA
homo-oligodeoxynucleotides composed of a single base
(e.g., oligodeoxycytidylate). However, with 50-fluorescein
(F)-labeled (dC)L, we observed qualitatively different
time courses than with 50-F-(dT)L (Fig. 1 B). Furthermore,
the simple n-step sequential model (51) that provides an
excellent description of the time courses for UvrD translo-
cation along 50-F-(dT)L (9,10) does not adequately describe
the time courses with 50-F-(dC)L. This could result from
several causes, including the possibility that UvrD shows
a preference for binding to either end of the (dC)L or
that the interaction of UvrD with fluorescein attached to
(dC)L is significantly different.

To circumvent these complications, we made two
changes to our DNA substrates (Fig. 2 A): 1) we placed
a ss/dsDNA partial duplex (-dT25-DP18) at the 30-end,
and 2) we added a 15-nt dT region at the fluorescein-labeled
50-end. We have shown previously that UvrD monomers
have high specificity for binding to 50-ss/dsDNA junctions
and will translocate away from the junction (in a 30–50 direc-
tion) along the 50-ssDNA tail (18) as depicted schematically
(Fig. 2 B). This modification results in a significant fraction
of UvrD being initially bound at the 50-ss/dsDNA junction,
which simplifies determination of the translocation rate as
discussed below. By placing regions of oligo dT at the
50-end and the ss/dsDNA junction, we maintain the same
interactions of UvrD with the ss/dsDNA junction and the
50-end, avoiding any fluorophore-specific ssDNA base inter-
actions. We then systematically varied the base composition
of an internal portion of the 50-ssDNA tail as depicted
in Fig. 2 A.

UvrD monomer translocation along ssDNA possessing a
50-ss/dsDNA partial duplex displays a characteristic time
course that reflects the preference of UvrD to bind at the
ss/dsDNA junction (17–20-fold higher specificity for junc-
tion than ssDNA) (18). The time course results from two
populations of UvrD translocating with the same rate, but
initially bound to the DNA substrate either randomly along
the ssDNA tail or specifically at the ss/dsDNA junction
(18). To illustrate this, we show simulated translocation
time courses for three cases. Fig. 2 C shows translocation
time courses for the case in which the DNA molecules
have UvrD initially bound randomly to the ssDNA tails.
Fig. 2 D shows translocation time courses for the case in
which all UvrD is initially bound to the ss/dsDNA junction,
and Fig. 2 E shows translocation time courses for the case
in which there is a mixture of random UvrD binding to
the ssDNA tail and UvrD binding to the ss/dsDNA junc-
tion. All three simulated time courses for each case change
with ssDNA length, indicating that one can estimate rates
of ssDNA translocation from these time courses as
described previously (9,18,46,48,51,52). The simulated
time courses in Fig. 2 E are a superposition of the time
courses shown in Fig. 2, C and D, and thus show two
phases. For the cases in which either all or some of the
UvrD initiate at a unique site (Fig. 2, D and E), in this
case the ss/ds DNA junction, we have shown that one
can obtain an accurate estimate of the ssDNA translocation
rate by determining the time to reach the trough of the fluo-
rescence change for a series of DNA molecules differing in
ssDNA length (18,46).

The experimental time courses show two phases similar
to the simulations shown in Fig. 2 E. The initial phase
(shaded gray, Fig. 3 A) reflects translocation to the 50 labeled
fluorescein by UvrD that was initially bound randomly
along the ssDNA tail, whereas the second phase (boxed
region, Fig. 3 A) reflects translocation to the 50 labeled fluo-
rescein by UvrD that initiated at the ss/dsDNA junction.
A semiquantitative time-to-trough analysis in which the
time to reach the minimum in the fluorescence signal, the
trough, is plotted as a function of 50-ssDNA-tail length
(Fig. 3, C and D), can be used to determine the average
translocation rate of UvrD initially bound at the ss/dsDNA
junction (46). The time-to-trough is the average time
for the UvrD population initially bound at the ss/dsDNA
Biophysical Journal 113, 1405–1415, October 3, 2017 1407
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junctions to translocate the entire length of the ssDNA tail.
From this one can readily determine the rate of translocation
given the length of the ssDNA tail (nucleotides (nts))
(Fig. 3 A). Furthermore, for different lengths of ssDNA tails
of the same base composition, the time-to-trough will in-
crease linearly with ssDNA length such that the inverse of
the slope of a plot of time-to-trough versus ssDNA length
is equal to the average translocation rate (nts/s) (Fig. 3, C
and D). Thus, on 50-ss/dsDNA substrates with different
ssDNA base composition, any effect of base composition
can be readily determined as a change in the time-to-trough
relative to the time-to-trough of a control DNA substrate
containing only (dT)L.

Our substrate design also enables a qualitative determina-
tion of translocation processivity to be assessed from the
total area under the translocation signal (Fig. 3 B), because
the area is directly proportional to the amount of UvrD that
reaches the 50-end (9). By maintaining a constant dT base
composition at the 50-end, UvrD dissociation from the
50-end should remain the same regardless of changes in
base composition at an internal region of the ssDNA tail.
Thus, changes in the total area under the translocation signal
for substrates with different base composition relative to the
1408 Biophysical Journal 113, 1405–1415, October 3, 2017
control substrate will reflect the relative amounts of UvrD
that reach the 50-end.
UvrD translocation along pyrimidines is faster
than along ssDNA containing purines

The UvrD translocation rate along ssDNA comprised of de-
oxythymidylates is 191 5 10 nts/s (T20 buffer, 0.5 mM
ATP, 2.0 mM MgCl2, and 4 mg/mL heparin at 25�C;
Fig. 3 D) (10). To examine the effects of ssDNA base
composition, we varied the base composition over an
internal 40 nt stretch of the 50-ssDNA-tail (total tail
length ¼ 79 nts). The ssDNA base compositions tested
were (dC40), d(CT)20, d(CA)20, and d(AGTC)10. Base
compositions were selected to minimize potential base-
pairing interactions under our experimental conditions us-
ing UNAfold (PrimerQuest program, IDT, Coralville, IA;
retrieved 12 December, 2012; http://www.idtdna.com/
Scitools). Because our substrates were constrained to
have stretches of dT flanking the variable ssDNA region
as mentioned above, we were not able to test a poly
dA composition due to basepairing. DNA sequences rich
in guanosine were also avoided because these resulted

http://www.idtdna.com/Scitools
http://www.idtdna.com/Scitools
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in substrates that slowly aggregated over time under the
experimental solution conditions.

UvrD (25 nM, postmix) was preincubated with a two-fold
molar excess DNA substrate (50 nM, postmix), ensuring that
no more than a UvrD monomer is bound to any DNA
substrate, in T20 buffer at 25

�C (18). The UvrD:DNA com-
plex was then mixed rapidly with ATP, MgCl2, and hep-
arin (0.5 mM, 2.0 mM, and 4 mg/mL, respectively) in a
stopped-flow instrument to initiate translocation. Heparin
was used as a trap for free UvrD, thus preventing free
UvrD from reinitiating translocation (9,10). Fig. 4 A shows
the time courses of UvrD monomer arrival at the 50-end of
the 50-ss/dsDNA substrates containing different ssDNA
base compositions compared to the control substrate, 50-F-
dT79-DP18. The translocation time courses for the DNA
with different base composition show a shift in the fluores-
cence signal minimum to longer times, suggesting that
translocation rates become slower as the base composition
is changed (dT> d(CT)20> dC40> d(AGTC)10). The ampli-
tude of the initial phase of the time course also changes
with different base compositions (increasing for dC and
decreasing for d(AGTC)), suggesting different affinities for
UvrD binding to different ssDNA base compositions.

Comparison of the areas of the translocation signal indi-
cates a decrease in the amount of UvrD that reaches the
50-end of ssDNA as the purine composition increases, sug-
gesting translocation along purines reduces translocation
processivity (Fig. 4 B). To confirm that the shifts in trough
time are due to the differences in base composition, we
changed the length of the variable region of the ssDNA
(10–40 nts). Fig. 4, C and D, shows translocation time
courses obtained on 50-ss/dsDNA substrates with dC and
d(CA), respectively. As the length of the ssDNA with
different base composition increases, the time to trough
shifts to longer times. The average time to transverse the
variable base composition region (tdvr) was determined
from the trough time as described in Materials and Methods
and plotted as a function of the length of the DNAwith var-
iable base composition. Plots of tdvr(s) versus length of the
variable base composition (Fig. 4 E) are linear, yielding
translocation rate estimates of 141 5 3 and 135 5 1 nts/s
for the dC and d(CA) sequences, respectively. The translo-
cation rate over a given sequence can also be estimated
using time courses for a single DNA length as in Fig. 4 A
(see Materials and Methods). The translocation rates deter-
mined using DNA of a single length are in good agreement
with the translocation rate determined using a series of
DNA of different lengths. Table 1 summarizes the results.
The UvrD monomer translocation rate is highest along dT
ssDNA. The translocation rate decreases to 141 5 3 nts/s
along deoxycytidylates, whereas translocation rates along
the dinucleotide repeat d(CT) decrease only slightly to
Biophysical Journal 113, 1405–1415, October 3, 2017 1409
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169 nts/s. The incorporation of deoxyadenosine and de-
oxyguanosine within the tetra-nucleotide repeat (dAGTC)
further decreases the translocation rate to 107 nts/s.
A single abasic site or polyethylene glycol spacer
in the ssDNA backbone increases UvrD
dissociation from ssDNA during translocation

A crystal structure of UvrD in complex with a 30-ss/dsDNA
junction (7) shows stacking interactions between the ssDNA
bases and aromatic residues of the protein in the ssDNAbind-
1410 Biophysical Journal 113, 1405–1415, October 3, 2017
ing cleft, suggesting UvrD interaction with the ssDNA bases
may be important for translocation. Similar interactions were
also observed in crystal structures of PcrA bound to a 30-ss/
dsDNA junction (53), and E. coli Rep bound to ssDNA
(54). To investigate the effects of such stacking interactions
on ssDNA translocation of UvrD, we examined ssDNA con-
taining abasic sites. For this, we designed 50-ss/dsDNA par-
tial duplex substrates with a 50-(dT)60 ssDNA tail labeled
with fluorescein at the 50-end with a variable number of
abasic sites (1, 3, or 5 nts) inserted in the middle of the
(dT)60 as shown in Fig. 5 A.



TABLE 1 Effect of ssDNA Base Composition on UvrD

Monomer Translocation Rate

Variable Region

Composition

Translocation Rate (nts/s)

Determined with Single

Length (40 nts)

Translocation Rate (nts/s)

Determined with Multiple

Lengths (10–40 nts)

dT 190 191 5 2.0

d(CT) 169 N.D.

dC 138 141 5 3.0

d(CA) 135 135 5 1.0

d(AGTC) 107 ND

Error represents the SD of three measurements. ND, not determined; nts,

nucleotides.

UvrD Translocation along ssDNA
Fig. 5 B shows the translocation time courses for three
control substrates, (50-F-dT60-DP18), 5

0-F-dT30, and 50-F-
dT30-AB1-dT29, along with 50-ss/dsDNA partial duplex
substrates containing 1, 3, and 5 consecutive abasic sites.
As with 50-ss/dsDNA partial duplex substrates, the partial
duplex substrates containing the abasic sites show two
phases. The first phase shows a decrease in fluorescence
and is similar to the time-course profile for UvrD transloca-
tion along the entire ssDNA tail, rather than just the dT30

region upstream of the abasic site (compare 50-F-dT30 and
50-F-dT30-AB1-dT29 in Fig. 5 B). We note that in Fig. 5, B
and E, the fluorescence time course for the dT30-only
DNA has been rescaled to be similar in magnitude to the
initial phase of the partial duplex substrates. This was
done because more UvrD is initially bound to the dT30-only
substrate as compared to the dT30 region of the partial
duplex substrate, and because UvrD has higher affinity for
the ss/dsDNA junction (18). The second phase shows a
larger decrease in fluorescence and corresponds to the
arrival at the 50�end of UvrD that was initially bound at
the ss/dsDNA junction. The time-to-trough for the abasic
substrates and the control partial duplex substrate are very
similar, with only a slight shift to earlier times for the sub-
strates containing three and five abasic sites. This suggests
that the translocation rate for UvrD monomers is not greatly
affected by the presence of the abasic sites; however, the
amplitude of the second phase decreases as the number
of abasic sites increases, indicating less UvrD is able to tra-
verse the abasic sites and reach the 50-end.

Analysis of the translocation signal suggests that�80% of
UvrD reaches the 50-end when there is a single abasic site but
this decreases to 40 and 30%when there is a stretch of three or
five abasic sites, respectively (Fig. 5 F). We next monitored
UvrD dissociation kinetics during translocation to see if
the decrease in amplitude is due to increased UvrD dissocia-
tion from the ssDNA at the abasic sites. UvrD dissociation
from the ssDNA during translocation was monitored by
the increase in intrinsic tryptophan fluorescence of UvrD
(Fig. 5 C). Indeed, a faster dissociation phase is observed
for the DNA containing the abasic sites and this increases
as the number of abasic sites increase. Thus, UvrD has a
higher probability of dissociating from the ssDNA when it
encounters an abasic site under our solution conditions.
Because some fraction of UvrD was able to translocate
past the abasic sites, we also examined the effect of incorpo-
rating a polyethylene glycol (PEG) spacer (55). PEG spacers
are uncharged and lack a phosphodiester backbone structure.
Three PEG spacers have the equivalent contour length of
�1.5 nts (55,56). We tested UvrD translocation on four par-
tial duplex substrates containing PEG spacers with contour
length equivalents of 1.5 nts (PEG3), 3 nts (PEG6), 4.5 nts
(PEG9), and 15 nts (PEG30). Fig. 5D shows that the amount
of UvrD that reaches the 50-end decreases as the PEG spacer
length increases. None of the UvrD is able to bypass the
longest PEG insert (PEG30), with a contour length equiva-
lent to 15 nts. The only UvrD that reaches the 50-end on
this DNA substrate is the UvrD that was initially bound to
the dT30 region upstream of the PEG spacers as the time
course for this substrate overlays exactlywith the time course
for dT30, scaled to match the fluorescence of the PEG30 sub-
strate (Fig. 5D). This indicates that UvrD is not able to trans-
locate past stretches of PEG greater than its contact size on
the DNA (�8–10 nts (5)). However, a surprising amount of
UvrD is able to bypass the shorter PEG spacers (Fig. 5 F).

The UvrD monomer dissociation time courses from the
PEG spacer substrates (Fig. 5 E) also show a faster dissoci-
ation phase compared to the control substrate and the abasic
site substrates, suggesting a faster UvrD dissociation rate
upon encountering the PEG spacers. Comparisons of the
translocation time courses obtained with the abasic site
DNA substrates (Fig. 5, B and C) and PEG spacer substrates
(Fig. 5, D and E) suggest that the PEG spacers lower trans-
location processivity more than the abasic sites, especially
for longer stretches of PEG (compare five abasic sites to
PEG 4.5 nt equivalent; Fig. 5 F).
DISCUSSION

We show here that UvrDmonomer translocation rate depends
on the ssDNA base composition, even in the absence of any
predicted basepairing within the nucleic acid. Translocation
is faster on ssDNA-containing pyrimidines and slower on
ssDNA-containing purines. This trend is very different than
that reported for PcrA translocation, which was concluded
to be fastest along dC followed by dA � dT using a different
analysis of a fluorescence assay monitoring dissociation of
PcrA during translocation (57). However, the method of anal-
ysis used in that study has been shown to overestimate the
rates of ssDNA translocation (51). Furthermore, those authors
note that their analysis may be complicated by nonuniform
binding of PcrA to the DNA. We avoided such complications
by utilizing ssDNA substrates with a 50-ssDNA tail labeled
at the 50-end with fluorescein and a DNA partial duplex at
the opposite end.UvrDmonomers show a preference for bind-
ing to a ss/ds DNA junction, although UvrD does not exclu-
sively bind to the junction (18). However, the resulting time
courses can be readily analyzed by measuring the change in
the time-to-trough as a function of ssDNA length to obtain
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the translocation rate without requiring information about the
translocation processivity (46). The base composition also
affects UvrD translocation processivity, such that incorpora-
tion of purines reduces processivity (Fig. 4 B). Significantly,
the incorporation of an abasic site increases the probability
of UvrD dissociation from the ssDNA. Hence the nucleic
acid bases have a direct impact on translocation of UvrD
and possibly other UvrD-like SF1 DNA helicases.
Mechanistic implications for SF1 DNA helicase
ssDNA translocation

In crystal structures of UvrD (7), Rep (54), and PcrA (53) in
complex with DNA, the ssDNA binding cleft along the top
1412 Biophysical Journal 113, 1405–1415, October 3, 2017
of the 2A and 1A subdomains forms two pockets, each of
which bind two consecutive nucleotides of the ssDNA. Be-
tween the two pockets, a portion of the 1A subdomain pro-
trudes upward, causing one nucleotide residue to be flipped
out of plane with the ssDNA residues bound in the pockets
(7). These observations for PcrA, which are similar to those
for UvrD (7), led to the proposal of an inchworm transloca-
tion mechanism where the relative movements of the 1A
and 2A subdomains, modulated by ATP binding and hydro-
lysis, are coordinated with stacking interactions between
aromatic side chains and the ssDNA bases (53,58).

Because these proteins contact the aromatic bases of the
ssDNA, it was hypothesized that nucleotide base composi-
tion would have a larger impact on translocation than
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changes to the sugar-phosphate backbone (59). Our results
show that the UvrD monomer translocation rate is affected
by base composition, consistent with this hypothesis.
Furthermore, our results with substrates containing abasic
sites or PEG spacers reveal that the organic base itself
affects translocation processivity, because removal of the
organic base results in an increased UvrD dissociation
rate. We note that although heparin can actively displace
UvrD from ssDNA during translocation, this does not affect
the translocation rate, but only the apparent processivity (9).

Interestingly, the base-dependent reduction in transloca-
tion rate follows the stacking propensity for nucleotide
bases, such that the fastest translocation is observed on
stretches of dT (190 nts/s), which shows little stacking,
and the slowest translocation is observed on ssDNA-con-
taining purines (dCA ¼ 135 nts/s, dAGTC ¼ 107 nts/s),
which favor base stacking (60–67). This observation sug-
gests that translocation rate is slower when stacking interac-
tions need to be disrupted. Interestingly, a recent single
molecule study of UvrD monomer translocation on a mixed
sequence ssDNA from l-DNA reported a translocation rate
similar to that observed in ensemble studies with poly(dT)
(11). In the single molecule study, the ssDNA was held at
an �10 pN force that is sufficient to disrupt base-stacking
interactions (11,68). Moreover, as the force was reduced a
slower translocation rate was observed (11), suggesting
either base-stacking and or internal basepair formation
was slowing translocation. In another single molecule study
using magnetic tweezers (69), large applied forces to the
DNA (>30 pN) facilitated DNA unwinding by UvrD, result-
ing in higher DNA unwinding processivity and an unwind-
ing rate similar to the ssDNA translocation rate measured on
poly(dT) (9,10,19). Such forces can disrupt base-stacking
interactions, obscuring any potential base-stacking effect
on translocation. In light of our observations, one needs to
consider the effect of applied force and other conditions
that affect base stacking on the mechanisms of nucleic
acid motors.

Mechanistically, ssDNA base stacking may stabilize
interactions between UvrD amino acid side chains and
the ssDNA, possibly hindering flipping of the nucleotide
between the two pockets observed in the crystal structure
and thus slowing translocation. Alternatively, base stacking
might result in less flexibility of the ssDNA backbone
that may hinder translocation. Indeed, DNA substrates con-
taining a torsionally constrained ssDNA backbone on the
tracking strand have been shown to inhibit DNA unwinding
by PcrA, suggesting backbone flexibility facilitates translo-
cation (70).

Studies of ssDNA/ssRNA translocation of the SF2 DNA/
RNA helicase NS3h from Hepatitis C virus have suggested
that higher affinity of the enzyme for the nucleic acid results
in slower translocation rates (45). Our work with UvrD
reveals that ssDNA base composition affects translocation
along the ssDNA, likely as a result of effects on base stack-
ing. Regardless of origin, such effects of base composition
need to be considered when comparing rates of ssDNA
translocation with rates of DNA unwinding.
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