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ABSTRACT: UvsW protein from bacteriophage T4 controls the transition from origin-dependent to origin-
independent initiation of replication through the unwinding of R-loops bound to the T4 origins of replication.
UvsW has also been implicated through genetic and biochemical experiments to play a role in DNA
repair processes such as replication fork regression and Holliday junction branch migration. UvsW is
capable of unwinding a wide variety of substrates, many of which contain only duplex DNA without
single-stranded regions. Based on this observation, it has been suggested that UvsW is a dsDNA translocase.
In this work we examine the ability of UvsW to translocate on ssDNA. Kinetic analysis indicates that the
rate of ATP hydrolysis is strongly dependent on the length of the ssDNA lattice, whereas the Ky-DNA
remains relatively constant, demonstrating that UvsW translocates on ssSDNA in an ATP-dependent fashion.
Experiments using streptavidin blocks or poly dT sequences located at either end of the ssDNA substrate
indicate that UvsW translocates in a 3’ to 5" direction. Mutant competition and heparin trapping experiments
reveal that UvsW is extremely processive during ATP-driven translocation with a half-life on the order
of several minutes. Finally, functional assays provide evidence that UvsW is monomeric while translocating
on ssDNA. The ability of UvsW to unwind DNA duplexes is likely to be mechanistically linked to its

ability to processively translocate on sSDNA in a 3’ to 5" unidirectional fashion.

DNA helicases couple the energy of ATP hydrolysis to
the energetically unfavorable process of unwinding the DNA
double helix (/). UvsW protein is one of three helicases from
bacteriophage T4 and based on sequence identity is a member
of the super family 2 (SF2) helicases (2). UvsW has several
roles in T4' phage DNA replication and repair. UvsW
governs the mode of replication initiation by unwinding the
stably bound RNA transcripts (R-loops) from the T4 origins
of replication (3). The removal of R-loops eliminates origin-
dependent initiation, causing origin independent (recombi-
nogenic) initiation to become the dominant mode of initiation
(4). UvsW knockout mutations are sensitive to UV light or
hydroxyurea, indicating a role in the processing of damaged
DNA and stalled replication forks (5—7). In vitro, UvsW
unwinds branched DNA substrates, suggesting that UvsW
is responsible for the residual branch resolution activity in
the absence of gp49 (8—10). In addition to branch migration
activity, UvsW unwinds DNA substrates resembling recom-
bination intermediates and stalled replication forks (/7).
UvsW unwinds D-loops that are formed from ssDNA strand
invasion into homologous dsDNA and is able to unwind both
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the leading and lagging strand arms of a model stalled
replication fork (/7). This led to the proposal that UvsW
participates in both synthesis dependent strand annealing
(SDSA) and replication fork regression DNA repair pathways
1.

It was recently discovered that UvsW has strand annealing
activity (/7). Strand annealing activity is a common property
among eukaryotic RecQ helicases such as Werner’s and
Bloom’s syndrome helicases. It is thought that strand
annealing is physiologically important, as only RecQ heli-
cases with strand annealing activity are capable of catalyzing
replication fork regression (/2, 13). The annealing activity
of UvsW does not require ATP but is increased in its
presence. ATP hydrolysis accompanies the activation of
ssDNA annealing since nonhydrolyzable ATPyS is an
inhibitor rather than an activator of the reaction. The
proposed mechanism for strand annealing in the absence of
ATP involves the independent binding of two ssSDNA strands
at separate locations on UvsW, followed by spontaneous
annealing of the properly aligned ssDNA strands (11, /4).
To explain the ATP activation, it was proposed that ATP-
driven translocation of UvsW along one of the two ssDNA
strands is necessary in situations where annealing is prohib-
ited due to noncomplementarity or misalignment of the
ssDNA. T4 ssDNA binding protein (gp32) attenuates strand
annealing, as does UvsW.1. UvsW.1 is a small (9 kD) protein
that physically associates with UvsW (/7). A recent NMR
structure of UvsW.1 revealed a highly electronegative four-
helix bundle that resembles the HRDC domain from RecQ
helicases (/5). The precise role of UvsW.1 is not known;
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however, based on analogy to the HRDC domain, it has been
suggested that it may assist UvsW in substrate recognition
(15).

The structure of the ligand-free form of UvsW has been
determined using X-ray crystallography (15, 16). The
structure reveals two RecA-like motor domains, a variable
domain at the N-terminal region and a small subdomain
located near the C-terminus. The N-terminal variable domain
resembles a “double wing” motif and contains a putative
substrate binding site (/7). However, the structure does not
contain a DNA substrate or resemble other helicases outside
of the RecA-like domains, making predictions regarding
substrate recognition difficult. ATP is predicted to bind in
the interface between the two RecA-like domains, and a
model for the ATP and ssDNA bound form has been
generated (/5). An inchworm model of DNA unwinding has
been proposed for UvsW based on the similarity between
the UvsW structure and the structures of other monomeric
helicases, mainly the SF1 helicase PcrA (/8). The inchworm
model involves the repeated movements of the RecA-like motor
domains that are driven by the hydrolysis and release of ATP
and ADP + Pi, respectively. These movements are conforma-
tionally coupled to DNA translocation, which drive the helicase
into the DNA duplex where it acts as a “wedge” to separate
the DNA strands. The crystal structure of ligand-free form of
UvsW is monomeric; however, the oligomeric state has not been
investigated in solution.

The mechanism of DNA unwinding is likely to be closely
linked to the mechanism of DNA translocation (/8). Indeed,
most theoretical models of DNA unwinding are based
primarily on the ability of the helicase to translocate on
single-stranded (ss) or double-stranded (ds) DNA (/19—21, 18).
Consequently, a complete understanding of ssDNA translo-
cation is necessary to accurately describe the mechanism of
dsDNA unwinding at the molecular level. Here, we inves-
tigate the properties of UvsW translocation on an ssDNA
lattice. We find that UvsW translocates on ssDNA unidi-
rectionally and in an ATP-dependent fashion. UvsW is highly
processive during ssDNA translocation and is able to resist
inhibition by both an inactive mutant UvsW and a heparin
trap. We also provide functional evidence indicating that
UvsW is monomeric during ssDNA translocation. Together,
these data represent a first step toward the mechanistic
understanding of ssDNA translocation by UvsW.

EXPERIMENTAL PROCEDURES

Oligonucleotide substrates were purchased from Integrated
DNA Technologies (Coralville, IA) and used as received.
Single-stranded M13 DNA (ssM13) from the M13mpl8
vector was prepared using standard protocols (22). The
pet28a vector was purchased from Novagen. Phospho-
enolpyruvate (tricyclohexylammonium salt), ATP (disodium
salt), NADH, streptavidin and a buffered aqueous glycerol
solution of phosphoenolpyruvate kinase/lactate dehydroge-
nase were obtained from Sigma.

Mutagenesis, Expression, and Purification of Wild-Type
and KI141A UvsW Proteins. The K141 A mutant was intro-
duced into UvsW-pet28 expression vector (/7). The mutation
was made using the Quickchange mutagenesis method
(Stratagene), and the entire UvsW open reading frame was
sequenced using the dideoxy terminator method. The se-
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quence of the mutagenic primer was as follows with the bold
underlined letters indicating the mutation site (reverse primer
is the reverse complement of the forward): 5’-CTTCCAA-
CATCTGCAGGTGCGTCTTTAATTCAAGCTTTGC-3".

Expression and purification of wild-type and the K141A
mutant was performed essentially as described (/7). Briefly,
transformed BL21 (DE3) cells were grown at 37 °C to an
ODgqp of 0.8, followed by cooling to 18 °C and induction
with 0.1 mM of IPTG. The cultures were then incubated for
16 h before being pelleted by centrifugation. The cell pellet
was resuspended in 60 mL of 20 mM Tris-HCI, 500 mM
NaCl, and 5 mM imidazole (pH 8.0), lysed using sonication,
and centrifuged at 17000g for 45 min. The lysate was then
loaded onto a nickel nitrilotriacetic acid—agarose column and
washed with 50 volumes of lysis buffer containing 40 mM
imidazole and 1 M NaCl. The protein was eluted with lysis
buffer containing 100 mM imidazole. The eluted protein was
diluted 3-fold with P11-A buffer (20 mM Tris-HCl, 400 mM
NaCl, pH 7.5) and loaded onto a 20 mL P11 phosphocelluose
column. The column was washed with 10 column volumes
of the same buffer before eluting UvsW with a 0.4—1.5 M
NaCl gradient. Fractions containing UvsW were pooled and
concentrated to 22 uM using an Amicon centrifugation
device and frozen in aliquots at —80 °C. Protein concentra-
tion was calculated based on an extinction coefficient of
73920 M~ em L.

DNA Sequences. The sequences of oligonucleotides used
are as follows:

d(N)s, 5-GACAC-3";

d(N)m, 5'-ATGACACAGT-3';

d(N);5, 5-AGATGACACAGTAAG-3;

d(N)y, 5'-ACACAGTAAGAGATGACACA-3’;

d(N)zp, 5-AGATGACACAGTAAGAGATGACACAG-
TAAG-3;

d(N),s, 5-ACAGTAAGAGATGACACAGTAAGAGAT-
GACACAGTAAGAGATGAC-3;

d(N)gp, 5-AGATGACACAGTAAGAGATGACACAG-
TAAGAGATGACACAGTAAGAGATGACACAGTAAG-
3’

d(N)go, 5-AGATGACACAGTAAGAGATGACACAG-
TAAGAGATGACACAGTAAGAGATGACA-
CAGTAAGAGATGACACAGTAAGAGATGA-
CACAGTAAG-3;

d(N)1s0, 5-AGATGACACAGTAAGAGATGACACA-
GTAAGAGATGACACAGTAAGAGATGACACAGTAA-
GAGATGACACAGTAAGAGATGACACAGTAAGAGAT-
GACACAGTAAGAGATGACACAGTAAGAGATGACA-
CAGTAAGAGATGACACAGTAAG-3".

ATP Hydrolysis Assays. In most cases, UvsW ATPase
activity was monitored spectrophotometrically with the
coupled NADH oxidation assay (23). All assays were
performed at 25 °C in replication buffer [25 mM Tris-OAc,
pH 7.8, 125 mM potassium acetate, 10 mM magnesium
acetate] containing 1.0 mM ATP, 10 units/mL phospho-
enolpyruvate kinase, 5 units/mL lactate dehydrogenase, 2
mM phosphenolpyruvate, 0.2 mM NADH. ATP hydrolysis
rates were followed by measuring the conversion of NADH
to NAD" at 340 nm with an extinction coefficient of 6220
M ! cm™!. The oxidation of 1 mol of NADH corresponds
to the hydrolysis of 1 mol of ATP. In general, each time
course lasted approximately 5 min with at least 2 min of
linear activity being used to determine the initial rate.
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Where indicated, UvsW ATPase activity was monitored
using thin layer chromatography (TLC). For the TLC assay,
the reactions were carried out in replication buffer containing
1 mM ATP and 10 uCi of [a-**P] ATP in a total volume of
20 uL. At appropriate time points, 2 uL aliquots were
removed and quenched with 1 uL. of 0.5 M EDTA. Each
time point was spotted onto a PEI-cellulose TLC plate and
developed with 300 mM KPi, pH 7.0. After drying, the TLC
plate was exposed to a phosphorimager cassette for 16 h
and quantitated using the phosphorimager. Initial rate data
were fitted to the Michaelis—Menten equation using either
IgorPro or Kaleidagraph software.

RESULTS

UvsW ATPase Activity Depends on Length of ssDNA
Lattice. Tt was previously shown that UvsW is a DNA-
dependent ATPase (8, 11). We set out to determine if the
ATP hydrolysis activity of UvsW is coupled to translocation.
A formal theory has been developed to allow determination
of translocation based on the steady-state kinetics of the
ATPase activity of a given protein (24, 25). The basis of
the theory is that if a protein translocates on an ssDNA lattice,
its ATPase activity should depend on the length of that
lattice. We determined the Ky-DNA and k., parameters for
UvsW on ssDNA oligonucleotides with lengths ranging from
10 to 150 bases (Figure 1). The sequences of the d(N);-150
oligonucleotides were rationally designed to eliminate any
possible secondary structure (hairpins) or interstrand duplex
formation. The Ky-DNA, which can be thought of as a
measure of the affinity of UvsW for the ssDNA substrate,
drops sharply as the length of the oligonucleotide is increased
from 10 to 30 bases (>50-fold decrease) whereas at lengths
greater than 30 bases, the Ky-DNA remains relatively
constant (<2-fold change) (Figure 1A). This suggests that
the optimal binding site size for activating the translocation
activity of UvsW is approximately 20—30 bases. The k¢,
for UvsW increases with increasing oligonucleotide length
(Figure 1B). The k., remains relatively constant at DNA
lengths where Ky-DNA is not optimum and then increases
in a hyberbolic fashion from 20 to 150 bases, indicating that
even on oligonucleotides where the binding affinity has
reached a maximum, the velocity of ATP turnover continues
to increase with lattice length. This is highly indicative of
an ATP-driven ssDNA translocase. This data was tested
against a number of different kinetic schemes with the best
fitting shown as Scheme 1 (24).

The k., values from DNA lengths of 20—150 bases were
fitted to the following equation:

V(A —n)

kcatZKG+ (/l_l’l) (1)
where
G kg t+k_,

where V is the k., on infinitely long ssDNA, 4 is the length
of the ssDNA, 7 is the minimal length of ssDNA required
for maximal binding (the length where Ky-DNA approaches
a minimum), and ki, k—;, k, and k4 are the rate constants
shown in Scheme 1. The rate constant for UysW translocation
to the end of the ssDNA (k,) is related to the intrinsic rate of
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FIGURE 1: UvsW kinetic parameters as a function of ssDNA length.
A. The Ky-ssDNA of UvsW as a function of the ssDNA length.
B. The k., of the ATPase activity of UvsW as a function of ssDNA
length. The solid line represents a fit to the data using eq 1. The
data for the ssDNA lengths of 10 and 15 bases were not included
in the fit due to the high Ky-ssDNA. The error bars in A and B
represent the standard deviation of the fit to the Michaelis—Menten
equation.

Scheme 1
ATP ADP+Pi
k kcal
1
UvsW + ssSDNA g——= \ [UvsW =ssDNA] L [UvsW =ssDNA]*

k. n lkd

UvsW + ssDNA

translocation of a single base (k;) by the following relation-
ship:

k== 3)
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FIGURE 2: The streptavidin-block assay for translocation directionality. A. An illustration depicting the translocation of UvsW helicase on
the biotin/streptavidin bearing oligonucleotide. Translocation away from the streptavidin block leads to rapid dissociation from the end of
the DNA, whereas dissociation is prevented if translocation occurs in the direction of the streptavidin block. ATPase activity of UvsW (22
nM) as a function of the 5’-biotin-labeled 30mer (B) and 3’-biotin-labeled 30mer (C) in the presence (closed circles) and absence (open

circles) of streptavidin (1 uM).

The values for DNA lengths of 10 and 15 bases were not
included in the fit because these lengths are below the
minimum optimal length for UvsW binding (Figure 1A). The
values obtained from fitting the data shown in Figure 1B to
eq lare V=102.6 £ 16.0s!, Kg = 65.3 £ 9.5 bases, and
n = 23 £+ 4.0 bases.

Directionality of UvsW ssDNA Translocation. To deter-
mine the directionality of UvsW translocation, we placed
biotin groups at either the 3’ or 5" end of a 30 base
oligonucleotide (26). Initially, we attempted to use the
streptavidin displacement assay (27); however, no displace-
ment was observed. Evidently, UvsW does not generate as
much force as the other T4 phage helicases (Dda and gp41).
Even without displacement, streptavidin can be used to
determine directionality (28). In the presence of streptavidin,
translocation of UvsW off the blocked end should be greatly
reduced (Figure 2A) and it is assumed this will manifest itself
in altered ATPase kinetics (e.g., an increased residence time
for UvsW will decrease the Ky-DNA). The dependence of
UvsW ATPase activity as a function of the concentration of
ssDNA with biotin/streptavidin at either the 5" or 3" end is
shown in Figure 2B. When the block is at the 5" end of the
DNA substrate, the Ky-DNA decreases approximately 9-fold
and the k., remains unchanged relative to the unblocked
substrate (Table 1). A block at the 3" end results in a more
modest decrease in the Ky-DNA (3-fold) and a similar k.,
value relative to the unblocked substrate (Table 1). The

Table 1: Ky and kg, for ssDNA Substrates Used for Directionality
Assays

substrate Ky (uM) keat (s71)
5"-bio-d(N)30 45404 19.84+0.8
5’-SA-bio-d(N)3 0.5+0.1 16 £ 0.4
d(N)3y-bio-3" 54406 19.74+0.8
d(N)3)-bio-SA-3’ 1.7+£02 177407
57-d(T)30-d(N)30-3 11£0.1 165+ 1.3
57-d(N)30-d(T)30-3’ 13402 45.6 +3.9

greater difference in Ky-DNA when the block is located at
the 5’-end of the ssDNA suggests that UvsW translocates in
the 3’ to 5" direction. However, because there is a decrease
in the in Ky-DNA with the block at the 3’-end (albeit less
than a 5" block) we developed an additional assay for
directionality.

During the course of our characterization of UvsW, we
discovered that the ATPase activity of UvsW is reduced
when homopolymeric oligonucleotides are used as substrates
(Figure 3; Table 2). This reduction is not due to a decrease
in binding affinity since poly-(dT)s, effectively competes with
the d(N);, oligonucleotide for the binding of UvsW (Figure
3). This property enabled us to determine the direction of
translocation by placing d(T);o on either the 5" or 3" end of
the d(N);p ssDNA substrate (Figure 4A). The rate of ATP
hydrolysis is approximately 3-fold greater when poly d(T);o
is placed on the 3" as compared to the 5" end (Figure 4B).
The ATPase activity of UvsW as a function of oligonucle-
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FIGURE 3: UvsW ATPase activity in the presence of d(N)s;y and
d(T)s3p ssDNA substrates. ATP hydrolysis of UvsW (10 nM)
measured by the coupled spectrophotometric method as described
in Experimental Procedures. The open circles represent the rate of
ATP hydrolysis in the presence of 30 uM d(N);, alone. The closed
circles represent the rate of ATP hydrolysis in the presence of 150
uM d(T)3p, and the arrow indicates the addition of d(N); at a
concentration of 30 uM to the ongoing reaction. The open triangles
represent the rate of ATP hydrolysis in the presence of 30 uM
d(N)3g, and the arrow indicates the addition of d(T);, at a
concentration of 150 #M to the ongoing reaction.

Table 2: Ky and k., for Various ssDNA Substrates

substrate Ky (uM) keat (s71)
d(N)3o 58+ 0.5 19.7 £ 0.3
d(T)so 3.8 +£0.2° 0.47 £ 0.06°
d(A)zo nd’ 0.02 £+ 0.015¢
d(O)3 nd“ 0.05 4 0.03”¢
d(AC);s 8.7+£1.2 54+02
d(TC)5 56+ 1.5 32+02
ssM13 19+ 03 75+3

d nd“ 0.00 £ 0.02

“Not determined. ” Value obtained using TLC plate assay. “ The ke
reported is an apparent k., at saturating ATP and ssDNA concentrations.
4 No addition of ssSDNA.

otide concentration reveals that the higher activity is due to
an increase in the maximal turnover rate (k.) and not a
change in the Ky-DNA. These data are consistent with the
results from the streptavidin block assay and indicate that
UvsW translocates in a 3" to 5" direction on ssDNA
substrates.

Processivity of UvsW ssDNA Translocation. To determine
the processivity of UvsW as it translocates on ssDNA, we
utilized the ability of heparin bind UvsW in competition with
ssDNA. Heparin has been commonly used as a passive trap
for protein that bind nucleic acids (29, 30). To determine
the dissociation rate of UvsW, the enzyme is preincubated
with ssDNA for several minutes followed by the simulta-
neous addition of ATP and heparin. The dissociation of
UvsW from ssDNA is monitored by the time-dependent
decrease in ATPase activity. Figure 5 shows the results of
this experiment. Two different concentrations of heparin were
used. First, as a control, UvsW and ATP are added
simultaneously to a reaction mix containing ssDNA and
heparin (0.5 or 1 mg/mL). This experiment demonstrates the
ability of heparin to successfully outcompete ssDNA for
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UvsW binding and that the ATP hydrolysis rate of the heparin-
bound form of UvsW is negligible. A slight increase in ATPase
hydrolysis rate is observed when the heparin concentration is
lowered from 1 mg/mL (slope = 0.02 A.U./s) to 0.5 mg/mL
(slope = 0.036 A.U./s), indicating that at 0.5 mg/mL heparin
is not a 100% effective trap. When UvsW is preincubated
with ssDNA followed by the addition of ATP and heparin
(0.5 mg/mL final), an immediate reduction (slope = 2.16
A.U./s over the first minute) in the rate of ATPase hydrolysis
is seen (as compared to the reaction without heparin which
has a slope of 14.8 A.U./s) followed by a very slow decrease
in the rate of ATP hydrolysis over a period of 10 min. When
the concentration of heparin is increased to 1 mg/mL, a
further immediate reduction in ATPase activity is observed
(slope = 1.53 A.U./s over the first minute), again followed
by a slow decrease in the rate of ATP hydrolysis. The time-
dependent decrease in ATP hydrolysis rate at heparin
concentrations of 0.5 and 1.0 mg/mL can be fitted to a single
exponential equation with (dissociation) rate constants of
0.062 £ 0.001 and 0.053 + 0.009 min~!, respectively. The
immediate reduction in ATP hydrolysis rate upon addition
of heparin is likely due to the trapping of unbound and/or
nonproductively bound UvsW at the time of heparin addition.
The fact that the dissociation rate constants at both concen-
trations of heparin are similar indicates that heparin is unable
to trap UvsW that is actively translocating along the ssDNA.
The greater immediate reduction in ATPase activity at the
higher heparin concentration suggests that heparin is able to
trap nonproductively bound UvsW. In this scenario, UvsW
exists in two forms on ssDNA, one that is susceptible to
heparin and one that is resistant. It is conceivable that these
forms are able to interconvert without dissociating from the
ssDNA (see below). To ensure that UvsW was indeed
translocating on the ssDNA, as opposed to hydrolyzing ATP
while remaining stationary, we repeated the same order of
addition reaction on a 60 base oligonucleotide. With this short
linear ssDNA substrate, UvsW should very rapidly translo-
cate off the 5’-end of the DNA and be trapped by the heparin.
As shown, regardless of order of addition, no ATP hydrolysis
is observed in the presence of heparin when the d(N)g
oligonucleotide is used.

Because heparin appears to bind to a ssDNA-bound form
of UvsW, we engineered a protein trap that would compete
with the wild-type enzyme for the ssDNA substrate. An
essential lysine residue, Lys141, was mutated to Ala. This
residue is predicted to interact with the y-phosphate of
UvsW-bound ATP and has been shown to be necessary for
ATP hydrolysis (8, 15). To confirm that the trap mutant was
able to compete with the wild-type protein for ssDNA, we
added increasing amounts of the trap protein to a reaction
containing a fixed amount of wt-UvsW (0.1 uM) and a near-
limiting amount of ssDNA (4 uM) (Figure 6). K141A
effectively out-competes the wild-type protein for the avail-
able ssDNA binding sites, as seen by the decrease in ATP
hydrolysis at increasing concentrations of KI141A. This
indicates that K141A is able to bind and sequester ssDNA,
which prevents the binding of wt-UvsW. It also suggests
that, once bound, K141A is able to block the translocation
of the wild-type enzyme, since 90% inhibition is observed
when the ratio of wild-type to K141A is 1:1. KI141A was
used in a similar manner as the heparin order of addition
experiments (Figure 7). When a 10-fold molar excess of
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5’-AGATGACACAGTAAGAGATGACACAGTAAGTTTTTTTTTTTTITTTTITTTTITTTTTTTTTT-3’

S-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGATGACACAGTAAGAGATGACACAGTAAG-3’
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FIGURE 4: The poly dT assay for translocation directionality. A. An illustration depicting the 3’ to 5’ translocation of UvsW helicase on
ssDNA containing d(T)s on either the 5" or 3" end of d(N);3p. UvsW will bind at random positions throughout the ssDNA with an average
position in the center of the substrate. Because activation of ATP hydrolysis is minor with d(T);o as compared to d(N)so, translocation away
from the d(T);y segment leads to higher ATPase activity than translocation into the d(T);y segment. B. Time courses of ATP hydrolysis by
UvsW (20 nM) in the presence of 2 uM 5’-d(T)3p-d(N)3p-3" (closed circles) or 5"-d(N);o-d(T)30-3" (open circles). C. Rate of ATP hydrolysis
by UvsW as a function of 5’-d(T);0-d(N)3-3" (closed circles) or 5’-d(N)3o-d(T)30-3" (open circles) concentration. The solid lines are fits to
the data using the Michaelis—Menten equation, and these values are found in Table 2.

K142A (over wt-UvsW) is simultaneously added with wt-
UvsW to a reaction containing ATP and ssDNA, no ATP
hydrolysis is observed (slope = 0.006 A.U./s), consistent
with the data shown in Figure 6. However, when wt-UvsW
is preincubated with the ssDNA substrate and K141A and
ATP are added simultaneously, the rate of ATP hydrolysis
over the first ~60 s of the reaction is nearly equivalent to a
reaction performed without K141A (slope = 6.12 and 6.96
A.U./s, respectively). The decrease in ATP hydrolysis rate
fits well to a single-exponential equation with a dissociation
constant of 0.162 £ 0.004 min~!. It is unclear why the
dissociation constant is greater when K141A is used as a
trap; however, one likely explanation is that, because K141A
is able to block translocation of the wild-type enzyme, the
dissociation constant is overestimated. Regardless, even using
the more rapid dissociation constant, the half-life of actively
translocating UvsW is >6 min. With this dissociation
constant and assuming that ATPase hydrolysis is strictly
coupled to translocation, the average number of distance
translocated in a single binding event is 38 kb. Another
interesting difference between the heparin and K141A traps
is that only heparin causes the immediate decrease in ATP
hydrolysis rate. A likely explanation for this difference is
that, unlike heparin, K141A is not able to trap nonproduc-
tively bound UvsW. If wild-type UvsW that is bound to
ssDNA is able to interconvert between productive and
nonproductive forms, it is possible that K141A is unable to

displace or trap the nonproductive (heparin sensitive) form,
allowing time for conversion into the translocating form. It
is likely that binding of ATP would facilitate the intercon-
version. Again, as a control experiment to ensure that ATP
hydrolysis is linked to UvsW translocation, we repeated the
same order of addition experiment using a d(N)g oligo-
nucleotide and observed complete inhibition of ATP hy-
drolysis even when wt-UvsW is preincubated with the DNA
substrate. This result is expected if UvsW quickly translocates
of the ssDNA, which is then bound by the excess of K141A
in solution.

The high processivity of UvsW prompted us to determine
the oligomeric state of UvsW as it translocates along the
ssDNA substrates. Often, highly processive helicases are
oligomeric, although there are several exceptions to this rule.
We began by attempting analytical ultracentrifugation in the
presence of the d(N);o oligonucleotide and the nonhydro-
lyzable ATP analogue ATPyS. Unfortunately, we were
unable to utilize this method due to rapid precipitation of
the protein at concentrations necessary to obtain a suitable
absorbance signal (data not shown). For this reason, we
turned to functional assays which report on the oligomeric
status of the protein during active translocation on ssDNA.
We first analyzed the relationship of protein concentration
to the kc, of ATP hydrolysis (Figure 8A). Over a range of 2
to 200 nM UvsW, we observe no dependence of the rate of
ATP hydrolysis on UvsW concentration. This indicates that
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FIGURE 5: Effect of heparin trap on the ATP hydrolysis of UvsW
in the presence of circular single-stranded M13 DNA and 60mer
oligonucleotide. ATP hydrolysis of UvsW measured by the coupled
spectrophotometric method with different order of additions. A. In
control reactions, UvsW (47 nM) and ATP (1 mM) were preincu-
bated together followed by the simultaneous addition of ssM13
DNA (25 uM bases) and heparin at the indicated concentrations.
Otherwise, UvsW was preincubated with ssM13 DNA (25 uM
bases) followed by the simultaneous addition of ATP (1 mM) and
heparin at the indicated concentrations. B. Same order of addition
as A except that d(N)gy was used in place of ssM13 and only a
single concentration of heparin was used.

either UvsW is monomeric while translocating on ssDNA
or the Ky for UvsW subunit association is less than 2 nM.
To rule out the latter possibility, we examined the effect of
different K141A to wt-UvsW ratios on the ATP hydrolysis
rate under conditions of excess ssSDNA (Figure 8B). In these
experiments, wt-UvsW and K141A were preincubated in the
absence of ATP and ssDNA for 120 min prior to the initiation
of the reaction. Under these conditions, if UvsW is able to
form high-order oligomeric states, then heterooligomers
should occur between wt-UvsW and K141A subunits (31).
Since K141A cannot hydrolyze ATP, if UvsW translocates
in an oligomeric state we would expect a reduction in the
ATP hydrolysis rate as the ratio of K141A to wt-UvsW is
increased. This analysis assumes that the individual subunits
within the oligomer do not function completely independent
of each other, which is the case with all characterized
oligomeric helicases (32, 33). The activity of wt-UvsW is
unaffected by an increase in the KI141A to wt-UvsW ratio
when ssDNA is in excess of protein. This strongly suggests
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FIGURE 6: Effect of K141A on the rate of ATP hydrolysis by wt-
UvsW. A plot of normalized initial velocities of ATP hydrolysis
versus the concentration of K141A. Vi and Vn represent the rate
of ATP hydrolysis in the absence and presence of the indicated
concentration of K141A, respectively. All reactions were carried
out using the coupled spectrophotometric method with a fixed
concentration of UvsW (100 nM) and a limiting amount of ssM13
(4 uM).

that UvsW is monomeric during ATP-fueled ssDNA
translocation.

DISCUSSION

T4 phage encodes for all the proteins necessary for the
replication and maintenance of its genome. Remarkably, T4
is able to carry out these vital functions using far fewer
proteins than higher systems such as E. coli or S. cerevisiae.
For this reason, T4 phage is an ideal model system for
understanding the basic mechanisms of DNA replication and
repair. The T4 replication apparatus, the replisome, has been
extensively examined over the past three decades (34, 35).
In contrast, the activities and mechanisms of the T4 repair
proteins are relatively unknown. However, it is clear that
DNA repair processes are tightly linked with DNA replica-
tion (36). For example, it has been estimated that the E. coli
replication machinery stalls several times during each cycle
of chromosome replication (37). Restart of the stalled
replisome is dependent on several DNA repair proteins (38).
Clearly, a complete understanding of DNA replication
requires an understanding of DNA repair and how these two
processes are intertwined. One protein implicated in the
restart of the stalled T4 phage replisome is UvsW helicase.
UvsW is one of three helicases found in T4 phage and is
thought to play a variety of roles during the T4 phage
lifecycle including regulating the switch between origin-
dependent and origin-independent initiation of replication,
the processing of stalled replication forks, and Holliday
junction branch migration (4, 8, 9, 11). In this study, we
have begun our mechanistic characterization of UvsW by
determining its directionality, processivity, and oligomeric
state during ssDNA translocation. We have found that UvsW
translocates on ssDNA in an ATP-dependent fashion in a 3
to 5 direction. UvsW displays remarkably high processivity
during translocation and it does so as a monomeric protein.
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FIGURE 7: Effect of K141A trap on the ATP hydrolysis of UvsW in the presence of circular single-stranded M13 DNA and 60mer
oligonucleotide. A. ATP hydrolysis of UvsW (100 nM) measured by the coupled spectrophotometric method with ssM13 DNA (4 uM
bases) with different order of additions. UvsW was preincubated with ssM13 for 30 min prior to the initiation of the reaction with ATP
(1 mM) and either buffer (open circles) or 1 uM K141A (open triangles). As a control to confirm the effectiveness of the trap protein, all
components were added to the reaction mix simultaneously (closed circles). B. Same order of addition as A except that d(N)e was used

in place of ssM13.

Until this work, the ability of UvsW to translocate on
ssDNA was not clear. UvsW can unwind a variety of DNA
substrates, many of which do not contain any regions of
ssDNA. Additionally, several SF2 family helicases translo-
cate on dsDNA rather than ssSDNA. These two observations
led to the proposal that UvsW, like Rad54, translocates
exclusively on dsDNA (39, 40). The increase in k., as a
function of ssDNA length clearly demonstrates that UvsW
is capable of translocating on ssDNA in an ATP-dependent
manner. Using the kinetic theory for translocating ATPases
developed by Von Hippel and colleagues (24), we can discern
several properties of UvsW ssDNA translocation. First, the
data indicate that UvsW translocates in a unidirectional
fashion (as opposed to bidirectional). This property is evident
by the hyperbolic dependence of k., on ssDNA length (using
ssDNA lengths where the Ky-DNA is constant). The data
also enable us to quantitatively determine the minimal
optimal ssDNA length required for maximal binding and
translocation (approximately 24 bases). This value contrasts
with the determined optimal binding site size for ssDNA,
which is 10—12 bases (Perumal and Benkovic, unpublished
data). Clearly, the Ky-DNA does not only reflect binding
affinity, but also depends on the rates of translocation and
dissociation from the DNA end. The constant K has been
used as a measure of processivity (41, 25); however, in the
translocation mechanism given in Scheme 1, Kg is a
combination of the intrinsic translocation rate (k;), the rate
of dissociation from the end of the DNA template (k4), and
the rate of dissociation from an internal site on the DNA
template (k—;) (see eq 2). The heparin and mutant trapping
experiments indicate that k_, is extremely small, simplifying
eqgs 2 and 3 to Kg = 2ki/kq. Determination of k; from steady-
state kinetic data is not possible; however, if we assume that
ATP hydrolysis is completely coupled to the translocation
of a single base, then k; = V = 102.6 bases s~ ! and since Kg
= 65.3 bases then ks = 3.1 s™!, a value for which the k., is
approached using very short ssDNA templates (Figure 1B).

UvsW translocation is biased in the 3’ to 5” direction. Two

assays were used to determine directionality. The first was
a well-established assay using biotin-streptavidin blocks at
either the 5" or 3’ ends of the DNA template (28). Several
criteria must be fulfilled for the output of this assay to be
useful (i.e., a change in activity upon addition of streptavi-
din). First, the helicase must dissociate from the streptavidin-
blocked DNA end with a rate that is different than an
unblocked end. Second, the protein must be adequately
processive to reach the streptavidin block. Third, either
helicase binding to the DNA substrate or dissociation from
the end of the DNA must be the rate-determining step of
the overall catalytic cycle. If these criteria are not met, then
a change in ATP hydrolysis activity will not be observed.
We observe an increase in ATPase activity upon addition
of streptavidin, indicating that UvsW satisfies all three
criteria. More specifically, this result indicates that when
UvsW reaches the streptavidin block it continues to hydro-
lyze ATP. The precise mechanism for the continued ATP
hydrolysis is not clear. It is conceivable that when UvsW
reaches the impediment, translocation and ATP hydrolysis
become uncoupled so that the UvsW remains immobile but
continues to undergo ATP hydrolysis. On the other hand,
UvsW could reach the block, undergo one-dimensional
diffusion (i.e., sliding) in the reverse direction, and then
translocate toward the block in an ATP-dependent process.
This process could be repeated until UvsW dissociates from
an internal site on the DNA substrate. In addition to the
9-fold decrease in Ky-DNA when the streptavidin block was
placed on the 5-end of the DNA substrate, we observed a
3-fold decrease when the block was placed at the 3’-end.
This result could have two possible origins. The first is that
UvsW is able to translocate bidirectionally with a bias in
the 3" to 5" direction. The second is that when UvsW binds
near the 3’ end of the ssDNA, it occasionally slides off the
end before it initiates translocation in the 3" to 5 direction.
In this way, the streptavidin block at the 3’-end of the DNA
substrate would serve to increase the affinity of UvsW for
the DNA. Bidirectional translocation is extremely rare among



1044 Biochemistry, Vol. 48, No. 5, 2009

A T T T T
120 E
—"m
£80 F .
=
S 3 i ! .
o 1 * .
=
T s J
i=3
w
0 .
1 1 1 1
0 50 100 150 200
UvsW, nM
B L e e e L e i B
80 B
Tl g I
2 60 | I T 4
2 1 1
g Loy I
8
o
8 40 4
7]
20 | 4
0 USSR S NN SN SN ST TN [N SN SN SN TN N SN AT SN T NN SN ST SN S SN S S N 1

0 1 2 3 4 5 6
K141A/WT ratio

FIGURE 8: Functional assays for the determination of oligomeric
state. A. Concentration dependent DNA stimulated ATPase activity
of UvsW. ATPase activity was measured by the coupled spectro-
photometric method as described in the experimental section. 60mer
oligonucleotide was mixed with varying concentrations of UvsW
(5—210 nM). Specific activity of ATP hydrolysis is plotted as a
function of UvsW enzyme concentration. B. DNA stimulated
ATPase activity with varying ratios of K141 A mutant to wild type
UvsW. The reaction was initiated by the addition of varying ratios
of the K141A mutant and the wild-type UvsW to a mixture of 60-
mer ssDNA and ATP (1 mM) in ATPase buffer. Shown here is a
plot of the amount of ADP produced as a function of K141A
mutant/wt UvsW.

helicases and is ruled out by the hyperbolic dependence of
ke on the length ssDNA (24), suggesting that UvsW can
indeed undergo ATP-independent backward sliding to some
degree.

Our second assay for translocation directionality is analo-
gous to the streptavidin block assay, but relies on protein
translocation into a region of DNA that is known to inhibit
translocation activity (poly d(T);p). We feel this assay is
likely to be as general as the streptavidin-block assay but is
more convenient to carry out. Any polymer that supports
protein binding but not translocation can be used. For
example, most DNA helicases can bind to but not translocate
on sSRNA (42). A DNA-RNA chimeric substrate with the
RNA placed at either the 3" or 5’-end of the substrate would
be suitable for determining translocation direction. Compared
to the streptavidin-block assay, the number of ke,/Ky
determinations is reduced by half (four in the case of
streptavidin-block versus two for this assay). The results from
this assay performed with UvsW confirm the findings from
the streptavidin-block assay. The Vp,.x for ATP hydrolysis
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is approximately 3-fold higher when poly-(dT)s is placed
on the 3’-end of the ssDNA compared to the 5’-end. The
simplest explanation for this data is that UvsW translocates
in a 3’ to 5 direction.

It is not clear why UvsW cannot translocate on (dT)szo
DNA. We also observe very little ATP hydrolysis on poly-
(dA)3p and poly-(dC);p ssDNA templates. However, simple
repeats of poly-(dAC);s and poly-(dTC);s support a moderate
amount of ATPase activity (Table 2). The affinity of UvsW
for d(T);0, d(AC);5 and d(TC);5s DNA is very similar to d(N)3,
(Table 2). From these observations, it is clear that UvsW
recognizes the sugar—phosphate backbone of the ssDNA for
binding affinity but utilizes the composition of the bases for
ssDNA translocation. Consistent with this hypothesis is the
fact that etheno modification of ssDNA severely reduces the
ko for ATP hydrolysis but does not affect the Ky-DNA
(unpublished observations). Significant differences in ATPase
activity as a function of nucleotide composition are not
uncommon among helicases. The replicative helicase from
T4 phage, gp41, displays 4-fold higher activity on ssM13
as compared to poly(dA), ssDNA (25). The DnaB helicase
from E. coli is 2.5-fold more active on poly-(dA), than on
poly-(dT), (43). These differences, however, are relatively
minor when compared to UvsW. A full understanding of
the origin of the large difference between, for example, poly-
(dA);p and poly-(dAC);s will likely require structural analysis
of UvsW in the presence of DNA substrates of varying base
composition.

It had been assumed that UvsW is a 3" to 5" helicase. This
assignment was based mainly on the fact that UvsW is an
SF2 helicase and most SF2 helicases are 3’ to 5" helicases
(e.g., RecG, RecQ, Rad54). Additionally, UvsW displays
weak helicase activity on dsDNA substrates that contain
overhanging 3’ ssDNA ends (/7). However, the assignment
of UvsW as a 3’ to 5" helicase has been somewhat tenuous
because not all characterized SF2 helicases display this
directionality (/) and the weak helicase activity on dsSDNA
with 3" ssDNA overhangs is only apparent under certain
conditions (9). Based on the 3’ to 5 ssDNA translocation
determined here and its probable mechanistic linkage to
helicase activity, it is very likely that UvsW is a typical SF2
helicase that unwinds DNA with a 3’ to 5 directionality.

Of great relevance to the in vivo functioning of UvsW is
its processivity. Based on heparin and mutant trapping
experiments, UvsW is a highly processive ssDNA translo-
case. In vivo, UvsW is responsible for unwinding R-loops
that are used for the initiation of DNA replication during
origin-dependent DNA replication. An R-loop is a stably
bound mRNA transcript that is used both as a scaffold for
replisome assembly and primer for the initiation of leading
strand DNA synthesis. The length of R-loops in vivo is
variable, however in the case of uvs(Y) origin, a minimal
size has been determined to be close to 50 bp (44).
Additionally, UvsW has been proposed to participate in the
regression of stalled replication forks and in the branch
migration of Holliday junctions (9, /7). These types of DNA
structures require translocation of hundreds to thousands of
bases. Presumably, it would be advantageous for UvsW to
carry out this unwinding in a single binding event and would
thus require relatively high processivity.

UvsW also possesses ssDNA annealing activity (/7). The
proposed model for UvsW-catalyzed ssDNA annealing
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involves the ATP-driven translocation of UvsW along
ssDNA bound to the RecA-like motor domains to achieve
proper alignment to a second ssDNA bound to the variable
domain. The annealing activity was proposed to play a role
in the annealing of the unwound nascent leading and lagging
strands during fork regression. It is also possible that UvsW
participates in the formation of recombination intermediates
by virtue of its ssDNA annealing (45). These ssDNA
segments can be produced through the action of a nuclease
or incomplete replication of the ends of the T4 genome by
the replisome (45). In the latter case, the average amount of
ssDNA will be half the length of an Okazaki fragment (0.5
to 1 kb). For the purposes of strand annealing, a highly
processive enzyme would be required since the alignment
of complementary ssSDNA strands would have to restart if
UvsW were to dissociate from one of the ssDNA strands.

The high processivity of UvsW during ATP-driven
translocation on ssDNA suggests that it is a processive
helicase. This conclusion is consistent with a recent report
that calculated the rate of branch migration catalyzed by
UvsW to be 20 bp/s (9). This calculation assumed a 100%
processive enzyme. A reduction in processivity would
require the rate of branch migration to be much higher than
20 bp/s due to the fact that following each dissociation event,
the enzyme has an equal probability of performing branch
migration in either direction. A rate of 20 bp/s is very typical
of other helicases with branch migration activity, ranging
from 8 to 40 bp/s, suggesting that the assumption of 100%
processivity is valid (discussed in ref /0). It is important to
note, however, that high processivity during ssDNA trans-
location does not necessarily indicate high processivity during
dsDNA unwinding (46). PcrA helicase was determined to
be a processive ssDNA translocase but unable to unwind
duplex DNA (47). Thus, it remains to be determined if UvsW
is a processive helicase.

Given the high processivity of UvsW during ssDNA
translocation, we found it important to determine the
oligomeric state during ssDNA translocation since many
processive proteins are oligomeric. The crystal structures of
UvsW are monomeric, however these do not contain DNA
substrate or nucleotide (/5, 16). As mentioned above, our
attempts to characterize the oligomeric status of UvsW while
bound to ssDNA with and without a nonhydrolyzable ATP
analogue were unsuccessful due to precipitation of the protein
at the concentrations necessary for biophysical techniques.
For this reason, we utilized an UvsW mutant protein (K141A)
that could bind to DNA normally but was unable to
hydrolyze ATP. Under conditions of excess ssDNA, the ratio
of wt-UvsW to K141A was widely varied and no change in
the ATPase rate was observed. This strongly suggests that
UvsW does not associate with the UvsW mutant and is
therefore monomeric during ssDNA translocation. Alterna-
tively, the introduction of the active site mutation has
prevented association between the wild-type and mutant
proteins. We feel this possibility is highly unlikely as the
structure of the mutant UvsW is not perturbed, as evidenced
by its ability to bind ssSDNA normally. A second alternative
is that UvsW is oligomeric but the subunits are completely
independent of each other. If this were true, then incorpora-
tion of an inactive subunit into the oligomer would have no
effect. This possibility is also unlikely since every character-
ized oligomeric motor protein has a rather sophisticated
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mechanism for coupling the mechanical energy between its
individual subunits (48, 49).

In conclusion, we have determined the overall features of
UvsW as it translocates on ssDNA templates. We have
shown that UvsW is a 3’ to 5" ssDNA translocase that
exhibits very high processivity. We have also provided strong
evidence that UvsW is a monomeric helicase during active
ssDNA translocation. This represents a first step toward the
mechanistic understanding of UvsW ssDNA translocation,
which is necessary accurately describe its unwinding
mechanism.
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