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Background: A mutation within the 2B subdomain of UvrD increases helicase activity and impacts phenotype.
Results: The unwinding processivity is increased in the UvrD303 mutant.

Conclusion: The 2B subdomain of UvrD plays an integral role in regulating helicase activity.

Significance: Intramolecular interactions mediate proper activity for UvrD in DNA repair processes.

DNA helicases use energy derived from nucleoside 5'-
triphosphate hydrolysis to catalyze the separation of double-
stranded DNA into single-stranded intermediates for replica-
tion, recombination, and repair. Escherichia coli helicase II
(UvrD) functions in methyl-directed mismatch repair, nucleo-
tide excision repair, and homologous recombination. A previ-
ously discovered 2-amino acid substitution of residues 403 and
404 (both Asp — Ala) in the 2B subdomain of UvrD (uvrD303)
confers an antimutator and UV-sensitive phenotype on cells
expressing this allele. The purified protein exhibits a “hyper-
helicase” unwinding activity in vitro. Using rapid quench, pre-
steady state kinetic experiments we show the increased helicase
activity of UvrD303 is due to an increase in the processivity of
the unwinding reaction. We suggest that this mutation in the 2B
subdomain results in a weakened interaction with the 1B sub-
domain, allowing the helicase to adopt a more open conforma-
tion. This is consistent with the idea that the 2B subdomain may
have an autoregulatory role. The UvrD303 mutation may enable
the helicase to unwind DNA via a “strand displacement” mech-
anism, which is similar to the mechanism used to processively
translocate along single-stranded DNA, and the increased
unwinding processivity may contribute directly to the antimu-
tator phenotype.

DNA helicases are ubiquitous motor proteins that tran-
siently convert duplex DNA into single-stranded DNA
(ssDNA)? using energy derived from nucleoside 5’-triphos-
phate (NTP) hydrolysis for a wide variety of biological pro-
cesses including DNA replication, repair, and recombination
(1-5). Thus, helicases are vital for the maintenance of the
genome and mutations within helicase-encoding genes in
humans have been linked to both cancer and aging disorders
(6-28).

In Escherichia coli, the product of the uvrD gene, DNA heli-
case II (UvrD), has been shown to function in two fundamental
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DNA repair processes: nucleotide excision repair (NER) (9) and
methyl-directed mismatch repair (MMR) (10, 11). In NER,
UvrD acts in conjunction with the UvrABC excision nuclease
and DNA polymerase I to remove short 12—13-base oligonu-
cleotides containing a wide variety of bulky lesions including
pyrimidine dimers (9). UvrD also participates in the MMR
pathway by initiating unwinding at the nicked d(GATC) site
created by MutH and displacing the nascent error-containing
strand of DNA, which is degraded by exonucleases and subse-
quently resynthesized by DNA polymerase III (10, 12). UvrD
has been suggested to have a role in other cellular processes,
such as displacement of the RecA protein from ssDNA during
conjugative recombination (13). However, this role for UvrD is
not as well understood. The uvrD gene encodes a 720-amino
acid, 82-kDa Superfamily 1A (SF1A) helicase with well charac-
terized 3’ to 5’ unwinding and translocase directionality. Con-
sistent with other SF1 helicases, UvrD contains seven con-
served motifs and two structural domains (1 and 2) each with
two subdomains (A and B) (14-21).

Crystal structures for both UvrD (14, 22) and the structurally
related (38% amino acid identity) Rep helicase (20) have been
reported (see Fig. 1 for UvrD). Each protein is capable of adopt-
ing two conformations, open and closed, with the major differ-
ence between the two conformations being the orientation of
the 2B subdomain. In the “open” form the 2B subdomain is
stacked above the 2A subdomain and no contacts are made
between the 2B and 1B subdomains. To adopt the alternate
“closed” structure, the 2B subdomain rotates about a flexible
hinge connected to the 2A subdomain and “closes” onto the 1B
subdomain. The magnitude of the 2B subdomain rotation as
the helicases modulate between the open and closed conforma-
tions has been reported to be 130° in Rep and 160° in UvrD.
Although it is known that these SF1 helicases can adopt these
alternate conformations, it is not clear why there are two alter-
nate conformations. The related SF2 helicases (e.g. the hepatitis
NS3 helicase) lack the equivalent of the 2B subdomain (23, 24).
Consequently, the role of the 2B subdomain in SF1 helicases is
not well understood.

Previous studies (25, 26) have examined what role, if any, the
2B subdomain of Rep plays in the activity of this protein. It was
concluded that the 2B subdomain is most likely a regulatory
domain because deletion of this subdomain stimulates the
unwinding and translocase activity of the protein in addition to
activating the helicase activity of a RepA2B monomer. How-
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FIGURE 1. Models of E. coli UvrD and the mutant UvrD303 helicase in open and closed conformations. A, upper panel, ribbon diagram of the apo-structure
of UvrD in the open conformation (Protein Data Bank code 3LFU) and ribbon diagram of UvrD bound to partial duplex DNA in the closed conformation. Lower
panel, ribbon diagram of UvrD bound to partial duplex DNA in the closed conformation (left side) and rotated 180° (right side) (Protein Data Bank code 2IS2)
(33, 14). The 1A subdomain is shown in yellow, the 1B subdomain is shown in green, the 2A subdomain is shown in red, the 2B subdomain is shown in blue.
Mutated residues are denoted in orange and by stick representation. For amino acid substitution in UvrD303 (Asp to Ala), rotamers were selected for minimum
steric hindrance. Molecular images were generated with the PyMOL Molecular Graphics System, version 1.3, Schrodinger, LLC. B, top panel, a schematic
representation of the seven conserved helicase motifs (15) of UvrD. The hashed box represents the placement of the 303 mutation. Bottom panel, a schematic
representation of the four structural subdomains of UvrD. The two graphics are aligned such that the placement of the 303 mutation within the 2B subdomain

can be seen.

ever, the role of the 2B subdomain in UvrD continues to be
debated (14). The two prevailing hypotheses suggest that either
the 2B subdomain is required to make direct double-stranded
DNA interactions, which allow the helicase to bind various sub-
strates, or that the 2B subdomain functions in a regulatory role,
modulating helicase activity. Direct studies of a corresponding
deletion of the 2B subdomain in UvrD have not been reported
due to the apparent lethality of the expression of UvrDA2B (25).

Previous work by Zhang et al. (27) isolated an allele of uvrD
that contained two point mutations within the 2B subdomain.
In this mutant form of UvrD, named UvrD303, the native
amino acids at positions 403 and 404 (both aspartic acids) were
mutated to alanines (Fig. 1). When UvrD303 was expressed in
place of the wild-type protein, from either the chromosome or
a high copy number plasmid, cells exhibited antimutator, UV-
sensitive and hypo-recombinant phenotypes (27, 28). When
purified and analyzed in vitro, UvrD303 exhibited a 10-fold
increase in unwinding activity compared with its wild-type
counterpart. This increased activity led to UvrD303 being
referred to as a “hyper-helicase.” Interestingly, neither D403A
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nor D404A alone were sufficient to convey this hyper-helicase
activity (27).

This article presents a biochemical characterization of the
UvrD303 mutant including a possible explanation for how the
2B subdomain mutation increases the unwinding activity of
the helicase. Using single turnover rapid quench helicase
assays, we have shown that the processivity of UvrD303, as a
DNA helicase, is ~10-fold higher than that of wild-type UvrD.
We speculate that the mutation alters the ability of the 2B sub-
domain to properly adopt a closed conformation, as referred to
above. The closed conformation appears to be important for
normal endogenous helicase activity of wild-type UvrD as evi-
denced by the phenotype of cells expressing UvrD303.

MATERIALS AND METHODS

Helicase Purification—The uvrD gene was amplified via
polymerase chain reaction from genomic K12 A F* DNA
using the following primers: forward primer, 5'-CGGCGGTG-
CCATGGACG-3' and reverse primer, 5'-TACCGACTCCAG-
CCGGGC-3'. The 5’ terminus of the reverse primer was
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phosphorylated with T4 polynucleotide kinase to facilitate
blunt end ligation. The pTYB4-His vector was digested using
the restriction enzymes Ncol and Smal (New England Biolabs)
and the resulting 7.5-kb DNA fragment was purified via agarose
gel electrophoresis and excision of the DNA followed by use of
a Qiagen quick spin purification column. The purified digested
vector was treated with shrimp alkaline phosphatase to reduce
the likelihood of vector re-ligation in subsequent cloning reac-
tions. The uvrD containing PCR product was digested with the
restriction enzyme Ncol and purified in a manner similar to the
vector. The resultant digested vector and PCR insert were li-
gated using T4 ligase. Using this cloning technique, the Smal site
in pTYB4-His is destroyed, but will ensure that only a C-
terminal glycine will be added to the protein after purification,
yielding essentially native protein. This construct enabled the
rapid purification of the helicase as previously described (29).
The uvrD303 allele was constructed using site-directed muta-
genesis. A QuikChange PCR was performed using primers of
the following sequence: forward, 5'-CTGATTGCCAACCGC-
AACGACGACGCGGCCTTTGAGCGTGTG-3" and reverse,
5'-CACACGCTCAAAGGCCGCGTCGTCGTTGCGGTTG-
GCAATCAG-3' to change the codons 403 and 404 from
-GACGAC- to -GCGGCC-, converting both the aspartic acids
to alanines. This mutagenesis also introduced a silent NotI re-
striction site that was used to screen potential clones for the
uvrD303 allele. The resulting plasmid was sequenced to ensure
no additional mutations had been introduced.

The construct, pTYB4-UvrD303-His, was transformed into
E. coli strain BL21DE3uvrD:: Tn5mutL::'Tn10 and a 20-ml cul-
ture was grown overnight at 37 °C in ZY media (30). The over-
night culture was introduced to 1 liters of ZYM5052 autoinduc-
tion media (30) and grown at 16 °C for 48 h. The cells were
harvested by centrifugation, washed once with 25 ml of STE
buffer (10 mm Tris-HCI (pH 8.0), 1 mm EDTA, and 100 mm
NaCl), and harvested again by centrifugation. The cells were
stored at —80 °C until use. The cells were lysed and the protein
was purified as previously described using a combination of
Talon (Clontech) and Chitin (New England Biolabs) resins to
take advantage of the two affinity tags present on the overex-
pressed fusion protein (29). Protein that eluted from the Chitin
column was dialyzed against UvrD storage buffer (31) and
stored at —20 °C. The purified protein was greater than 95%
homogeneous as determined by polyacrylamide gel electropho-
resis in the presence of SDS. Wild-type UvrD was purified as
previously described (31).

DNA Substrates—Partial duplex substrates were prepared
by radiolabeling the 5'-end of oligonucleotides obtained
from Integrated DNA Technologies (Coralville, lowa) using
[y-**P]ATP and T4 polynucleotide kinase (see Table 1 for
sequences). A 1.1-fold excess of an unlabeled complementary
oligonucleotide was annealed to the labeled strand by heating
the two strands to 95 °C for 5 min and allowing them to slow
cool to 25 °C overnight. The partial duplex substrate was puri-
fied from free nucleotide using a Sephadex G50 spin column
and dialyzed into TEN buffer (10 mm Tris-HCl (pH 7.5), 1 mm
EDTA, 50 mm NaCl). This process was used to generate the
24/64 and 90/130 partial duplex substrates. In each case the
shorter DNA strand was radioactively labeled. The longer DNA
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strand contains a 40-base 3'-ssDNA tail to facilitate loading of
UvrD.

The 243-bp partial duplex substrate was generated from a
modified version of pUC19, pUC19-TS. The pUC19-TS con-
struct was created by digesting pUC19 DNA (New England
Biolabs) with BamHI and EcoRI. The insert was created by
annealing the following synthetic oligonucleotides: 5'-AATT-
CCTCAGCAATCCTCAGCCAGGCCTCAGCTGGCCTCA-
GCG-3' and 5'-GATCCGCTGAGGCCAGCTGAGGCCTG-
GCTGAGGATTGCTGAGG-3'. The annealing reaction cre-
ated compatible ends with the BamHI- and EcoRI-digested
pUC19 vector. This elongated version of pUC19 was then used
in a site-directed mutagenic PCR (with the following primers:
forward, 5'-GGATCCTCAGCAGTCGACCTCAGCGCA-
TGC-3' and reverse, 5'-GCATGCGCTGAGGTCGACTGCT-
GAGGATCC-3' to create pUC19-TS, which contains a 67-bp
stretch of DNA between the EcoRI and HindllII restriction sites
(5'-CCTCAGCAATCCTCAGCCAGGCCTCAGCTGGCCT-
CAGCGGATCCTCAGCAGTCGACCTCAGCGCATG-3")
containing multiple Nt.BbvC1 nicking sites.

To produce the 243-bp partial duplex substrate 50 pmol of
plasmid DNA were digested with EcoRI and SapI to completion
to produce a 297-bp DNA fragment. The enzymes were heat
killed at 65 °C for 20 min and the resulting DNA was purified by
gel extraction using a 1.5% (w/v) (0.75% (w/v) agarose, 0.75%
(w/v) low melting agarose) agarose gel. The three-nucleotide
overhang generated by the Sapl digest was filled in using
Klenow fragment polymerase and [a-**P]dCTP, dGTP, and
dTTP. The fill-in reaction was incubated at 37 °C for 30 min.
The purified DNA fragment, which contains seven Nt.BbvCl
nickase sites (CCTCAGC), was nicked with Nt.BbvCI followed
by heating to 80 °C for 20 min to denature the on average 11
nucleotide fragments generated by the nicking reaction. The
resulting DNA molecule contains a 45-base 3'-ssDNA tail pre-
ceding a 243-bp duplex region. The nicked DNA was immedi-
ately applied to Qiagen QIAquick PCR Purification spin col-
umns for purification (1 column used per 8 pmol of DNA) and
eluted in TEN buffer. The final DNA concentration was deter-
mined by scintillation counting.

DNA-dependent ATPase Assays—The standard reaction
mixture (40 pl) contained 25 mm Tris-HCl (pH 7.5), 3 mm
MgCl,, 20 mm NaCl, 5 mm 2-mercaptoethanol, 50 pg/ml of
bovine serum albumin, 10 ng/ul of M13 ssDNA, [a->*P]ATP
(~60 nCi/ul), and 10 nm UvrD or UvrD303 helicase. For k_,,
determinations the ATP concentration was 400 um. For K,
determinations the ATP concentration ranged from 50 to 500
M. All reagents except ATP were mixed and allowed to incu-
bate onice for 5 min. Then ATP was added and the reaction was
incubated at 37 °C for 10 min. Aliquots (5 ul) were removed
every 2 min and 2 pl of 5 M formic acid was added to stop the
reaction. 2.5 ul of this mixture was spotted onto a thin layer
chromatography plate and developed in a 0.45 M ammonium
sulfate solution. Results were visualized by PhosphorImaging
(GE Healthcare).

Helicase Assays—Helicase reaction mixtures (16 pl) for
steady-state experiments contained 25 mm Tris-HCI (pH 7.5), 3
mm MgCl,, 20 mm NaCl, 5 mm 2-mercaptoethanol, 50 pg/ml of
bovine serum albumin, 3 mm ATP, helicase concentration as
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SCHEME 1. The sequential n-step kinetic model. Preformed UvrD-DNA complexes undergo a conversion to partially unwound intermediates (see inside
brackets) as the pathway progresses until a fully unwound ssDNA product is generated. At each intermediate step the helicase may dissociate from the
unwinding complex, k4, or proceed with further unwinding, k. The processivity calculated using this model is representative of the probability that the helicase

will proceed in the unwinding pathway. The model also predicts a slow, rate-limiting step, k

complexes into active unwinding complexes (39).

described, and ~0.2 nm radiolabeled partial duplex DNA sub-
strate. The reactions were assembled on ice, and the helicase
was allowed to preincubate with the DNA substrate for several
minutes. The reactions were initiated by the addition of ATP
and incubated at 37 °C for 5 min before addition of 8 ul of
stop solution, 37.5% (v/v) glycerol, 50 mm EDTA, 0.3% (w/v)
SDS, 0.5X TBE and dyes. The reactions were resolved on 12%
(w/v) or 8% (w/v) non-denaturing polyacrylamide gels (19:1
cross-linking ratio), or 3% (w/v) NuSieve'™ agarose gels de-
pending on substrate size and visualized by PhosphorImaging
(GE Healthcare).

Rapid Quench Singe Turnover Assays and Modeling—Rapid
quench single turnover assays were performed essentially as
previously described (32), with minor modifications, at room
temperature (~19 °C) using a computer controlled quenched-
flow apparatus (KinTek RQF-3, University Park, PA). Helicase
was allowed to incubate with the partial duplex substrate (100
nM helicase, 2 nm DNA substrate) in buffer L (25 mm Tris-HCI
(pH 7.5), 200 ng/ml of bovine serum albumin, 200 um EDTA,
10% (v/v) glycerol, 5 mm 2-mercaptoethanol) plus 3mM ATP on
ice for 15 min and then loaded into the D loop. The opposite E
loop was loaded with 6 mm MgCl, and 3 um DNA hairpin trap
in buffer M (25 mm Tris-HCI (pH 7.5), 25 mm NaCl, 10% (v/v)
glycerol, 5 mMm 2-mercaptoethanol). Reactions were initiated by
rapidly mixing equal volume aliquots of the solutions from
loops D and E, and were quenched with 200 mm EDTA and 0.2%
(w/v) SDS. Samples were resolved on non-denaturing poly-
acrylamide gels or 3% (w/v) NuSieve-agarose gels as described
above and visualized by PhosphorImaging (GE Healthcare).

The modeled unwinding curves were fit to the data collected
with each partial duplex DNA substrate using a linear regres-
sion model and the kinetic simulator Tenua (Bililite). Using the
previously published step size as a starting reference, the pre-
steady state kinetics were modeled using the n-step kinetic
scheme (see Scheme 1). The modeled data were compared with
the collected data by calculating the residuals for each collected
data point at the corresponding point generated by the model.
The number of steps, &,,,, k,, and k,, were manually adjusted

np’
until a best fit was obtained. The fits that produced the smallest
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»» Which describes the conversion of nonproductive UvrD-DNA

residuals compared with model were defined as best fits. The
modeled curves were visually inspected to ensure the quality of
the fit. The data for each substrate length was analyzed in this
manner and best fits were calculated (see Fig. 5).

DNA Binding Assays—Affinities of the helicases for DNA
were determined using electrophoretic mobility shift assays
and fluorescence anisotropy as previously described (33-35).

RESULTS

The uvrD303 allele, containing amino acid substitutions at
positions 403 and 404 (D403A, D404A), was originally isolated
by Kushner and colleagues (27) in a screen for mutations in
regions outside the conserved helicase motifs that impact bio-
logical function. Cells expressing this mutant form of UvrD
from a plasmid exhibit increased sensitivity to ultraviolet light
and methyl methanesulfonate as do cells containing a deletion
of the uvrD gene. Interestingly, cells expressing uvrD303 also
exhibit an antimutator phenotype (27), whereas a uvrDA strain
has a mutator phenotype (36). A strain containing zvrD303 in
the chromosome exhibits similar phenotypes (28) indicating
that the phenotypes observed are not simply due to increased
expression of the mutant protein. Importantly, the purified
UvrD303 protein was characterized as having a slightly
increased specific activity as an ATPase and unwinds partial
duplex substrates 10-fold better than the wild-type enzyme (27)
leading to its designation as a hyper-helicase. We have used
biochemical assays, including pre-steady state, single turnover
kinetic experiments, to further understand the mechanistic
basis of the increased helicase activity associated with this
mutant protein.

The uvrD303 allele was constructed in an expression plasmid
as described under “Materials and Methods” and the protein
was purified to apparent homogeneity using a rapid two-step
purification procedure (29). To confirm the results presented
previously (27), unwinding assays were performed using partial
duplex substrates under multiple turnover conditions. Al DNA
substrates used for these experiments contained a 40-nucleo-
tide poly(dT) 3'-tail and a duplex region of varying length
(Table 1). Previous studies have shown that a 40-nucleotide
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TABLE 1
Oligonucleotides

Oligonucleotide sequence

RQ24: 5'-GCCCTGCTGCCGACCAACGAAGGT -3’
RQ64: 5'-ACCTTCGTTGGTCGGCAGCAGGGC (T,,) -3’

RQ90: 5'-GCCCTGCTGCCGACCAACGAAGGTTACATTCCCCGTGCTGGCCGT TTG CGGTTGTCCTGTACCACTCGAAGTAGGAGGGGTGCTCACCGA-3'
RQ130: 5'-TCGGTGAGCACCCCTCCTACTTCGAGTGGTACAGGACAACCGCAA ACGGCCAGCACGGGGAATGTAACCTTCGTTGGTCGGCAGCAGGGC (T,,) -3’

Hairpin trap: 5'-CCTCGCTGCTTTTTGCAGCGAGGC (T,,) -3’
Fluorescence anisotropy labeled: 5'-TATCGGCACGTCTCGAGATG-Cy5-3’
Fluorescence anisotropy 40b tail: 5'-CATCTCGAGACGTGCCGATA (T,,) -3’
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FIGURE 2. UvrD303 exhibits hyper-helicase activity compared with wild-type UvrD. Panel A, DNA helicase reactions were performed as described under
“Materials and Methods” using the 24-bp partial duplex substrate and increasing concentrations of UvrD or UvrD303. The first two lanes are controls for no
protein and heat-denatured substrate DNA. The remaining lanes depict a protein titration of increasing concentration from 0.4 to 33 nm UvrD or UvrD303.
Quantitative data from 2 experiments at the indicated concentrations of UvrD (open circles) and UvrD303 (closed squares) were plotted as the average at each
protein concentration. Error bars represent the mean =+ S.D. Panel B, DNA helicase reactions were as described under “Materials and Methods” using the 90-bp
partial duplex substrate and increasing concentrations of UvrD or UvrD303. The first two lanes are controls for no protein and heat denatured substrate DNA.
The remaining lanes show a protein titration of increasing concentration from 0.2 to 25 nm UvrD or UvrD303. Quantitative data from 2 experiments at the
indicated concentrations of UvrD (open circles) and UvrD303 (closed squares) were plotted as the average at each protein concentration. Error bars represent the

mean = S.D.

ssDNA tail is optimal for UvrD-catalyzed helicase activity (32).
Either UvrD or UvrD303 was incubated with the DNA sub-
strate and unwinding was initiated by the addition of ATP.
Using a 24-bp partial duplex, the wild-type helicase unwound
~6% of the substrate at a concentration of 3.7 nM as compared
with unwinding of 77% of the substrate at an equal concentra-
tion of UvrD303 (Fig. 24). This represents nearly a 13-fold
increase in unwinding activity. The significant increase in
unwinding activity observed with UvrD303 was also demon-
strated using a 90-bp partial duplex substrate. On this longer
substrate only about 4% of the DNA was unwound by the wild-
type helicase at a concentration of 5 nm as compared with 59%
unwound by UvrD303 at the same concentration (Fig. 2B).
These data support previous work showing that UvrD303
exhibits a marked increase in helicase activity under multiple
turnover conditions (27).

The multiple turnover unwinding experiments, whereas
informative, do not yield significant new information about the
mechanism by which the helicase activity is increased. The
observed increase could be due to one or more of any number of
properties being altered in the mutant including binding affin-
ity for the substrate, an increase in the rate of unwinding, or an
increase in the processivity of the unwinding reaction.

The previous study (27) suggested that the increased helicase
activity observed in multiple turnover experiments was not due
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to an increased affinity of UvrD303 for the DNA substrate. To
confirm and extend this observation we measured the DNA
binding activity of UvrD303, as compared with that of the wild-
type UvrD, using both electrophoretic mobility shift assays
(EMSA) and fluorescence anisotropy in the presence and
absence of nucleotide. EMSA experiments using the 24-bp par-
tial duplex ligand indicated that UvrD and UvrD303 both
bound DNA, in the presence and absence of nucleotide, with
very similar affinity (Fig. 3, A and C—F). Fluorescence anisot-
ropy experiments were performed using a fluorescently labeled
ligand with 20 bp of duplex DNA and a 40-nucleotide 3'-ssDNA
tail to mimic the substrate used in unwinding experiments. Ten
individual measurements were made at each protein concen-
tration and the average was plotted as a function of protein
concentration (Fig. 3B). These experiments yielded a K, for
UvrD of 23.5 * 1.4 nMm in the absence of nucleotide and 14.6 *
1.4 nM in the presence of the poorly hydrolyzed ATP analog,
ATPyS. These values are somewhat higher than previously
reported K, values for UvrD (37), which were determined using
a different technique and a different DNA ligand. The K, mea-
sured for UvrD303 was 15.7 + 2.3 nm in the absence of nucleotide
and 3.9 * 0.6 nm in the presence of ATP+S. These data suggest
that UvrD303 has a somewhat higher initial binding affinity for
the partial duplex substrate than UvrD. However, this differ-
ence in initial DNA binding affinity alone is not likely to
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FIGURE 3. UvrD303 exhibits similar DNA binding properties to that of wild-type UvrD. Panel A, electrophoretic mobility shift assays were performed
as described under “Materials and Methods.” Increasing concentrations of UvrD (open circles), UvrD + ATPvS (open squares), UvrD303 (closed circles), and
UvrD303 + ATP+S (closed squares) were incubated with the 24-bp partial duplex substrate for 5 min prior to electrophoresis. Data represent the average of 3
experiments. Error bars represent the mean = S.D. Panel B, fluorescence anisotropy was performed as described under “Materials and Methods.” Each data
point is an average of 10 reads at each indicated protein concentration. The data were collected using a SPEX Fluorolog-3 spectrofluorometer. UvrD303 (red
cross); UvrD303 + ATPS (blue circles); wild-type UvrD (purple triangles); wild-type UvrD + ATP+S (black squares). Panels C-F, representative EMSA gels with UvrD
in the absence of ATP (panel C), UvrD303 in the absence of ATP (panel D), UvrD in the presence of 3 mm ATPvS (panel E), and UvrD303 in the presence of 3 mm
ATPyS (panel F). Lane 1, no protein; lane 2, 0.1 nm UvrD/UvrD303; lane 3, 0.2 nm UvrD/UvrD303; lane 4, 0.5 nm UvrD/UvrD303; lane 5, 0.9 nm UvrD/UvrD303; lane

6, 1.9 nm UvrD/UvrD303; lane 7, 3.8 nm UvrD/UvrD303; lane 8, 7.5 nm uvrD/UvrD303; lane 9, 15 nm UvrD/UvrD303; lane 10, 30 nm UvrD/UvrD303.

account for the dramatic increase in unwinding observed using
UvrD303.

To investigate further the increase in UvrD303-catalzyed
unwinding, single turnover pre-steady state kinetic experi-
ments were performed. Using a rapid chemical quenched flow
protocol, excess helicase (50 nM final concentration), the partial
duplex substrate (1 n™ final concentration), and ATP were pre-
incubated to allow formation of the enzyme-substrate complex,
and then rapidly mixed with MgCl, and a 1500-fold excess of a
DNA hairpin trap to initiate unwinding. The excess trap
ensures the sequestering of any free or dissociated helicase and
prevents any reinitiation of unwinding. Control experiments
have demonstrated that the hairpin trap at this concentration is
effective in trapping all excess UvrD (data not shown). The time
of incubation was varied from 0.075 to 65 s and the fraction of
DNA unwound was determined at each time point. Rapid
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quench flow experiments were performed using the 24- and
90-bp partial duplex substrates described above and a 243-bp
partial duplex substrate generated by digestion of pUC19-TS
plasmid as described under “Materials and Methods.” It is
important to note that these unwinding assays are “all or none”
and do not detect partially unwound DNA molecules.

Using the 24-bp partial duplex DNA, both UvrD and
UvrD303 were capable of converting the duplex substrate to
ssDNA (Fig. 4A). Under these conditions UvrD unwound
~50% of the substrate, whereas UvrD303 unwound nearly 95%
of the substrate. It also appears that the exponential rise trends
generated by the unwinding reactions level off at very similar
time points. If these trends are compared with respect to the
total amount of partial duplex substrate, a simple rate describ-
ing the approximate number of base pairs unwound per second
per UvrD molecule can be estimated. These rates on this 24-bp
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FIGURE 4. UvrD303 exhibits a stimulated helicase activity in single turnover rapid quench reactions. Panel A, DNA helicase single turnover rapid quench
reactions were performed as described under “Materials and Methods” using a 24-bp partial duplex substrate and increasing time. The first two lanes are
controls for heat denatured substrate and for no magnesium chloride (MgCl,). The remaining lanes depict a time course from 0.25 to 64 s for both UvrD and
UvrD303. Quantitative data from 3 experiments for UvrD (open circles) and UvrD303 (filled squares) were plotted as an average. Error bars represent the
mean = S.D. Panel B, DNA helicase single turnover rapid quench reactions were performed as described under “Materials and Methods” using a 90-bp partial
duplex substrate and increasing time. The first two lanes are controls for heat-denatured substrate and no magnesium chloride (MgCl,). The remaining lanes
depictatime course from 0.075 to 65 s for UvrD303. Quantitative data represent the average of 3 experiments using UvrD303. Error bars represent mean = S.D.
Panel C, DNA helicase single turnover rapid quench reactions were performed as described under “Materials and Methods” using a 243-bp partial duplex
substrate and increasing time. The first two lanes are controls for heat-denatured substrate and no magnesium chloride (MgCl,). The remaining lanes depict a
time course from 2 to 90 s for UvrD303. Quantitative results from 4 experiments were averaged and plotted for UvrD303. Error bars represent the mean = S.D.

TABLE 2

DNA-stimulated ATPase activity of UvrD and UvrD303

All ATPase assays were performed as described under “Materials and Methods” and
measured the production of [**P]JADP as a function of time and helicase (monomer)
concentration.

Enzyme ATPase activity K,
pmol ADP/UvrD/s M

UvrD 28.5 + 8.1 64.3 £2.7

UvrD303 68.9 + 27.2 711 %14

partial duplex substrate are estimated to be 0.13 bp unwound
per second per UvrD and 0.19 bp unwound per second per
UvrD303. These data suggest that the unwinding reaction cat-
alyzed by UvrD and UvrD303 occurs at a similar rate but
UvrD303 is able to unwind a much larger fraction of the
substrate.

The similarity of the rates of unwinding prompted us to also
measure the rate of ATP hydrolysis by the wild-type and
mutant protein. Previous data (27) suggested there was a mod-
est increase in ATP hydrolysis activity conveyed by the 303
mutation. However, the K, for ATP was nearly identical for
each helicase. We performed similar ATPase assays and
observed the same result. UvrD303 does have a somewhat
higher ATPase activity and the K, of the protein for ATP is
essentially identical to that of the wild-type enzyme (Table 2).

When rapid quench flow experiments were performed using
the 90-bp partial duplex no detectable unwinding by UvrD was
observed. This result was expected as previous work indicates
the processivity of UvrD is 40 —50 base pairs unwound per bind-
ing event (39). Therefore, UvrD is not expected to unwind a
90-bp partial duplex substrate in a single turnover experiment.
UvrD303, however, was able to unwind nearly 70% of the 90-bp
substrate (Fig. 4B).
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Because UvrD303 unwound a significant fraction of the
90-bp partial duplex substrate in a single turnover we designed
a longer 243-bp partial duplex molecule to begin to test the
processivity limits of the mutant helicase. Wild-type UvrD was
not tested on this longer substrate because it failed to unwind
the 90-bp substrate under single turnover conditions. Signifi-
cant unwinding activity under single turnover conditions was
also observed using the 243-bp partial duplex where UvrD303
was able to unwind ~30% of the substrate (Fig. 4C). Taken
together, these data suggest that UvrD and UvrD303 unwind
duplex DNA with similar rates but the processivity of the
unwinding reaction catalyzed by UvrD303 is significantly
higher than that of wild-type UvrD.

The augmented helicase activity observed in the single turn-
over experiments reported above could indicate a change in the
kinetic mechanism of unwinding by the helicase. Alternatively,
these data may indicate that the kinetic mechanism is essen-
tially the same as that of wild-type UvrD but the processivity
of the unwinding reaction has been significantly increased due
to the mutation in the 2B subdomain. The unwinding kinetics
of UvrD were previously modeled by Ali and Lohman (39) and
conform to the well documented #-step model of unwinding
applied to many DNA helicases (39, 40). In this model, wild-
type UvrD has been shown to have a kinetic step size of approx-
imately 4 bp and takes about 10 steps before dissociating from
the DNA. Thus, the average processivity of UvrD is 40-50 bp
unwound per binding event.

The n-step model is shown in Scheme 1. UvrD bound to the
partial duplex DNA undergoes a poorly understood conversion
from a non-productive complex to an active unwinding com-
plex (k,,,). It should be noted that k,,, represents not only the
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A. UvrD UvrD303
Duplex Size  24bp 24bp 90bp 243bp
Amplitude 0.48 0.93 0.71 0.28
Processivity ~ 0.88 0.98 0.97 0.97
Step Size 5bp 8 bp 7 bp 6 bp
ko 1.09s! 1.85s! 0.23s! 0.05s!
k, 6.70s! 5.80s! 5.55s7! 6.30s!
ky 0.41s! 0.65s! 0.58s! 0.54s!
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FIGURE 5. Modeled kinetics of UvrD303 helicase activity. Panel A, compiled data for kinetic parameters of the n-step model for UvrD303 on the 24-bp partial
duplex, 90-bp partial duplex, or 243-bp partial duplex. Panel B, graphical fit of modeled data versus collected data. The hashed lines represent the unwinding
predicted by the model, whereas the markers depict the average data collected from single turnover rapid quench experiments for the 24-bp partial duplex
(closed circles), the 90-bp partial duplex (open circles), and the 243-bp partial duplex (closed triangles). Error bars represent the mean = S.D.

conversion to a productive unwinding complex, but the lag
from the initiation of unwinding to the point at which com-
pletely unwound ssDNA is detectable. Using these parameters,
k,, “slows” with increasing substrate length (Fig. 54). Once
unwinding is initiated, the unwinding scheme assumes that
UvrD has a chance to dissociate at each intermediate step (k)
and a chance to continue unwinding (k,,). The mechanism con-
tinues with the helicase taking a size-defined “kinetic step”
between each intermediate until either the duplex is unwound
or the helicase dissociates from the substrate. The probability of
the helicase taking another unwinding step as opposed to dis-
sociating from the substrate is defined as the processivity.
Wild-type UvrD was previously modeled to have an average step
size of 4.4-bp and a processivity of 0.9. We applied this model to our
data using the kinetic simulator Tenua (Bililite). The resulting best
fits for the data (Fig. 5B) were used to calculate the processivity of
the helicases. Using the data reported here for wild-type UvrD
unwinding of the 24-bp partial duplex we observed a step size of
4.0 and a processivity of 0.87. These values are in excellent agree-
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TABLE 3

The 303 mutation confers an increased processivity and step size com-
pared to wild-type

The modeled data were used in conjunction with the following equations: A; =
P™ and p = (N-1)/N to calculate step size, processivity, and number of bases
unwound where A, is the extent of unwinding, P is processivity, L is duplex length,
m is the average step size, and N is the average number of steps taken in a single
turnover (39).

UvrD UvrD303
Processivity 0.87 = 0.008 0.973 = 0.003
Step size 4 bases 7 bases
Steps taken 8.9 = 0.97 37.4 + 4.8
Bases unwound 349 * 39 261 * 33.5

ment with those reported previously (39) and suggest that UvrD
can unwind ~35 bp in a single turnover.

When the model is applied to the single turnover data
obtained using UvrD303 for the three partial duplex substrates
studied here, two striking differences are observed. The average
kinetic step size and processivity of UvrD303 increase to an
average of 7.0 and 0.973, respectively, as shown in Table 3. This
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correlates to an average of 37 steps taken or 261 bp unwound
before dissociation. The observed increase in the number of
base pairs unwound per binding event is an approximate 8-fold
increase and accounts for the previously reported 10-fold
increase in helicase activity.

DISCUSSION

The uvrD303 allele was discovered in a screen for mutations
outside the conserved helicase motifs of UvrD that had a clear
impact on the activity of the protein as measured in genetic
assays (27). UvrD303 contains two amino acid substitutions
(D403A, D404A) in the 2B subdomain of the protein between
conserved motifs IV and V (see Fig. 1B). The impact of this
mutation is remarkable both for its alteration of the biochem-
istry of the protein and the significantly different phenotype of
cells harboring this mutation. The purified protein has been
described as a hyper-helicase based on a steady state analysis of
helicase activity. This has been confirmed in our studies (see
Fig. 2). Expression from a plasmid or the chromosome confers
an antimutator phenotype on cells suggesting an altered, but
still functional, role in MMR. Curiously, cells harboring the
uvrD303 mutation are UV-sensitive as are uvrD null mutants.
Sandler and colleagues (28) have traced this phenotype to a defect
in recombinational repair of UV-induced lesions rather than a
defect in NER and conclude that UvrD303 is likely functional in
NER. This is consistent with the fact that UvrD303 is active as a
helicase and with the hypo-recombination phenotype associated
with the uvrD303 allele (27). uvrD null mutants exhibit a hyper-
recombination phenotype that has been ascribed to the ability of
wild-type UvrD to strip RecA protein from potential recombina-
tion intermediates (38). Thus, wild-type UvrD prevents unwanted
recombination events from occurring and, in the absence of UvrD,
there is more recombination than in wild-type cells. The hypo-
recombination phenotype associated with zvrD303 may be due to
an increased ability to disrupt RecA-DNA filaments poised to
undergo recombination. The experiments reported here have
shed light on the altered properties of UvrD303 and provide some
insight into why cells harboring UvrD303 exhibit antimutator and
hypo-Rec phenotypes.

The pre-steady state, single turnover experiments shown in
Fig. 4 indicate that UvrD303 has an increased processivity and
an increased kinetic step size. In fact, the processivity of the
mutant protein is increased by a factor of 8 from ~40 bp per
unwinding event to nearly 300 bp unwound per unwinding
event. This result is sufficient to explain the increased helicase
activity observed in steady state experiments (27) (Fig. 2) and,
coupled with the fact that the rate of unwinding catalyzed by
UvrD303 is essentially the same as for the wild-type protein,
suggests that the primary biochemical alteration in the enzyme
is an increase in processivity. However, we also note there is an
increase in the affinity of UvrD303, as compared with wild-type
UvrD, for initial binding to a DNA substrate as measured using
fluorescence anisotropy. Because the single turnover experi-
ments demonstrating an increase in the processivity of the
unwinding reaction are done under conditions of excess
enzyme this is not likely to be a significant factor in determining
the processivity of unwinding. Nonetheless, this may contrib-
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ute to the observed hyper-helicase activity measured in multi-
ple turnover experiments and could have an impact in vivo.

How might the 2-amino acid mutation within the 2B sub-
domain of UvrD increase the processivity of the enzyme? It has
been shown that the 2B subdomain of SF1 helicases has a role in
regulating the helicase activity of the enzyme (41). Deletion of
the 2B subdomain in the very closely related Rep helicase has
been shown to activate the helicase activity of a Rep monomer
(26) consistent with the 2B subdomain having a role in regulat-
ing helicase activity. Efforts to delete the 2B subdomain of UvrD
have not been successful and it has been suggested that perhaps
the unregulated activity of UvrD is lethal (25).

A possible explanation for the increase in processivity is that
UvrD303 forms dimers more efficiently than the wild-type pro-
tein. The impact of more efficient dimer formation is not likely
to be reflected in single turnover experiments done with an
excess of enzyme because the substrate is prebound with pro-
tein prior to initiating the unwinding reaction. Alternatively,
the dimers might be more stable during the course of the
unwinding reaction serving to increase the processivity. We
cannot formally discount this possibility.

The explanation for the increased processivity that we pro-
pose takes into account the mechanistic insights derived from
various co-crystal structures and the proposal that the 2B
domain plays a regulatory role. The crystal structure of UvrD
with the 2B subdomain in the open conformation has been
reported (22). This open conformation of UvrD differs from its
closed counterpart by a 160° rotation of the 2B subdomain
around the 2A subdomain. The closed conformation, as cap-
tured by Lee and Yang (14), showed that the 2B subdomain
makes contacts with the duplex DNA and the newly unwound
ssDNA as well as having contacts with the 1B subdomain. The
two conformations of UvrD (open and closed) differ only
slightly from the two conformations of Rep protein reported
earlier (20). Recently it has been shown that the 2B subdomain
of UvrD exists in many intermediate positions between com-
pletely open and completely closed depending on factors such
as salt concentration, DNA, and nucleotide binding (22). We spec-
ulate that the UvrD303 mutation prevents the helicase from
adopting a fully closed conformation with respect to the 2B sub-
domain perhaps because the mutant 2B subdomain is unable to
make or maintain contacts with the 1B subdomain. Although our
current attempts at localizing the “contact points” of the 2B and 1B
subdomains have not been successful (data not shown), it may be
possible to construct a helicase that exhibits UvrD303-like hyper-
helicase activity via mutations in the 1B subdomain.

Lee and Yang (14) have proposed an alternative mode of
unwinding based on the translocation of the protein along one
strand with the helicase acting to “plow through” and displace
the partner strand as contrasted with the wrench-and-inch-
worm model for unwinding proposed based on structural stud-
ies of UvrD bound to varying DNA substrates and nucleotides.
In the latter model, the 2B subdomain engages the duplex DNA
via the so called GIG motif and, along with the ssDNA anchor of
motif III, holds the DNA substrate, whereas the separation pin
and ssDNA gateway remain flexible allowing for unwinding. As
the helicase cycles through the process of ATP hydrolysis these
four contact points invert their roles allowing the helicase to act
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as a sort of “molecular ratchet” in the course of the unwinding
reaction. We speculate that UvrD303 utilizes the strand dis-
placement mode of unwinding exclusively due to the mutations
in the 2B subdomain. This interpretation is consistent with the
increased processivity we have measured with the mutant pro-
tein and, remarkably, the increased processivity reported here
mirrors the processivity reported for UvrD as a translocase (42).
In addition, an alternate mode of unwinding may account for
the near doubling in kinetic step size observed for UvrD303. It is
reasonable to expect a different unwinding mechanism to
exhibit a different kinetic step size.

It is possible that opening and closing of the 2B subdomain
modulates the unwinding activity of UvrD and this, in turn,
directs its function in some of its intracellular roles. It was
reported that UvrD303 removes RecA from sites of DNA dam-
age to a greater extent than wild-type UvrD when expressed
from the chromosome (28). These data would suggest that the
303 mutation alters the function of UvrD in its role in RecA-
mediated DNA repair. Wild-type UvrD has been shown to
remove RecA from RecA-ssDNA filaments (38) and presum-
ably this is regulated such that UvrD destroys unwanted recom-
bination intermediates, while not interfering with those inter-
mediates that are required for appropriate recombinational
repair. How this activity of UvrD is regulated is unknown. It is
tempting to speculate that UvrD303 is hyperactive in this func-
tion and this leads to the hypo-Rec phenotype associated with
the mutant. Indeed, if UvrD303 simply translocates along
ssDNA acting as a helicase by plowing through the duplex then
this mechanism might also remove bound protein, like RecA.

In addition, it has been shown that when UvrD303 is
expressed from the chromosome there is a decrease in the rate
of spontaneous mutation by 50 —80% (27, 28). UvrD has a well
described role in MMR as the helicase that unwinds the duplex
DNA between the nick that initiates this repair reaction and the
mismatched base pair that must be repaired. As the DNA is
unwound the nascent ssDNA is removed by ssDNA exonu-
cleases providing a gap that is filled by DNA polymerase III to
complete the repair reaction. The nick that initiates MMR is
located on the unmethylated strand at a hemi-methylated
d(GATC) site. This site may be located at a significant distance
from the mismatched base pair that must be replaced to com-
plete repair. The efficiency of this repair reaction decreases as
the distance between the hemi-methylated d(GATC) and the
mismatch increases (43), perhaps due to the limited processiv-
ity of UvrD. A UvrD mutant with an increased processivity
could be envisioned to improve the efficiency of mismatch
repair over long distances and this may account for the antimu-
tator phenotype associated with the uvrD303 mutation. This
hypothesis has not been directly tested.
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