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The helicase and primase activities of the hexameric ring-
shaped T7 gp4 protein reside in two separate domains con-
nectedby a linker region.This linker region is part of the subunit
interface between monomers, and point mutations in this
region have deleterious effects on the helicase functions. One
such linker region mutant, A257T, is analogous to the A359T
mutant of the homologous human mitochondrial DNA heli-
case Twinkle, which is linked to diseases such as progressive
external opthalmoplegia. Electron microscopy studies show
that A257T gp4 is normal in forming rings with dTTP, but the
rings do not assemble efficiently on the DNA. Therefore,
A257T, unlike the WT gp4, does not preassemble on the
unwinding DNA substrate with dTTP without Mg(II), and its
DNA unwinding activity in ensemble assays is slow and lim-
ited by the DNA loading rate. Single molecule assays mea-
sured a 45 times slower rate of A257T loading on DNA com-
pared with WT gp4. Interestingly, once loaded, A257T has
almostWT-like translocation and DNA unwinding activities.
Strikingly, A257T preassembles stably on the DNA in the
presence of T7 DNA polymerase, which restores the ensem-
ble unwinding activity of A257T to �75% of WT, and the
rescue does not require DNA synthesis. The DNA loading
rate of A257T, however, remains slow even in the presence of
the polymerase, which explains why A257T does not support
T7 phage growth. Similar types of defects in the related
human mitochondrial DNA helicase may be responsible for
inefficient DNA replication leading to the disease states.

Helicases are molecular motors that are involved in almost
all of the metabolic processes of the nucleic acids in the
living cell. Helicases catalyzing genome replication and
recombination assemble into six-membered ring-shaped
proteins around DNA (1–7). Bacteriophage T7 encodes a
ring-shaped helicase, the gp4 protein, which has served as a

model system to understand the mechanisms of this class of
helicases (3, 4, 7). The human mitochondrial DNA helicase
Twinkle is homologous to T7 gp4, showing 46% overall
sequence similarity (8).
T7 gp4 is a bifunctional helicase-primase protein with heli-

case conserved motifs in the C-terminal domain and the pri-
masemotifs in theN-terminal domain. The two domains of the
T7 gp4 are structurally independent, but each enzyme depends
on the other for optimal activity (9, 10). Crystal structures of T7
gp4 have shown that the primase and helicase domains of T7
gp4 are connected via a linker region made of a helix-loop
region (Fig. 1A) (11–13). The linker region is an important ele-
ment that forms the subunit interface for assembling the heli-
case domains into a compact ring. A helix and loop in the linker
region of one subunit interact with three helices of a neighbor-
ing subunit to connect the six subunits of the hexamer in a
head-to-tail fashion (Fig. 1B).
Genetic screening has identified helicase-deficient but pri-

mase-proficient mutants that lie in the linker region (14, 15).
Many of the disease-causing mutations in the human mito-
chondrial helicase Twinkle are also found in the highly homol-
ogous linker region (8, 16, 17). These mutations are linked to
autosomal dominant progressive external opthalmoplegia, a
human disease characterized by multiple mitochondrial DNA
deletions (8, 18, 19). Individuals carrying this mutation suffer
from early or late onset progressive external eye muscle weak-
ness, neuropathy, depression, ataxia, and deafness.
One of the linker region mutations of the T7 gp4 is A257T,

whichwas originally isolated from a genetic screen for helicase-
deficient and primase-proficient mutants of gp4 (14, 15). An
analogous mutation, A359T, is found in the human Twinkle
protein (8). Twinkle contains a C-terminal helicase and N-ter-
minal primase-like domain separated by a linker region that is
highly homologous to the linker region of T7 gp4 (20). The
similarity between T7 gp4 and human Twinkle indicates that
the detailed characterization of the linker region mutant of T7
gp4 can provide important insights into the mechanisms that
lead tomitochondrial deletions in humans. Biochemical studies
of A257T or A257V have shown that the mutant protein is
defective in DNA unwinding, and it was proposed that this
might be due to its defect in translocating along single-stranded
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DNA (ssDNA)2 (15, 21). However, the precise mechanism by
which A257T/A257V mutation causes this defect in transloca-
tion was not elucidated.
Here,we report an in-depth characterization of the biochem-

ical and structural properties of the T7 gp4 A257T mutant to
understand its helicase defect. Our studies show that A257T is
not defective in translocation on ssDNA and DNA unwinding,
but has a defect in DNA loading. We find that T7 DNA poly-
merase stabilizes the binding of A257T to the DNA. However,
the assembly rate of A257T gp4 on the DNA remains critically
slow, even in the presence of T7 DNA polymerase, which
explains why it does not support T7 phage growth.

EXPERIMENTAL PROCEDURES

Reagents and Buffers—Chemical reagents were purchased
from Sigma and JT Baker. Radionucleotides were purchased
from PerkinElmer Life Science or GE Healthcare. Oligodeoxy-
nucleotides were purchased from Integrated DNA Technology
(IDT, Coralville, IA). 5�,6�-Fluorescein carboxyamide succi-
namidyle ester was purchased fromMolecular Probes. All reac-
tionswere carried out at 25 °C in theT7 helicase buffer contain-
ing 50 mM Tris-Cl, pH 7.5, 40 mM NaCl, and 10% glycerol.
Proteins—WTgp4 (T7 gp4A�), A257T gp4, andT7 gp5 (exo-)

were purified from recombinant Escherichia coli as described
(22, 23). Protein concentrations were determined from its
absorption at 280 nm and calculated extinction coefficients in
8 M guanidine hydrochloride.

DNA Substrates—Oligodeoxynucleotides purchased from
IDT were PAGE-purified and electroeluted (Schleicher &
Schuell Elutrap). DNA concentrations were determined from
absorption at 260 nm and calculated extinction coefficients
after digestionwith snake venomphosphodiesterase I (24). The
DNA strandwas radiolabeled using [�-32P]ATP and polynucle-
otide kinase. Labeled DNA was cleaned using Sephadex G-25
spin columns. Unwinding substrates were prepared by anneal-
ing together complementary DNA strands in the T7 helicase
buffer. The 70-bp minicircle substrate was made using a DNA
splint as reported (25, 26).
Ensemble Fluorescence-based DNA Unwinding—Fluores-

cence-basedDNAunwinding experiments were performed in a
stopped-flow instrument (Kin Tek Instruments, Austin, TX)
(27). An equal volume of fluorescein-labeled 30-bp unwinding
fork (20 nM), WT or A257T gp4 (200 nM hexamer), dTTP (4
mM), EDTA (6 mM), BSA (2 �M) in T7 helicase buffer from one
syringe was rapidly mixed with MgCl2 (14 mM, and final free
concentration of 2 mM), BSA (2 �M) with and without 3 �M

dT90-DNA trap from a second syringe. The reaction mix was
excited at 480 nm through a slit width of 2mm (�8-nm spectral
bandwidth), and the increase in fluorescence was detected by
monitoring light filtered through a long pass filter with a cutoff
of 515 nm. The unwinding rates were determined from fitting
as described (27).
In the DNA unwinding experiments involving mixed WT

and A257T hexamers, the proteins were mixed in different
molar proportions (40/0, 40/20, 40/40, 40/80, 40/200) in T7
helicase buffer and incubated on ice for 30min, followed by the

2 The abbreviations used are: ssDNA, single-stranded DNA; dsDNA, double-
stranded DNA; dTMPPCP, deoxythymidine (�, �, methylene) triphosphate.

FIGURE 1. Structure of T7 gp4 and location of the A257T mutation. A, T7 gp4 hexameric ring showing the arrangement of the helicase and primase domains
(Protein Data Base ID code 1Q57). B, One subunit of the gp4 ring showing the 26-amino acid linker region between the C-terminal helicase and N-terminal
primase domains. Ala257 is present in the linker region. C, close-up view of the Ala257 residue in relationship to proximal Gln253 and Val230. D, close-up view of
A257T mutation showing clashes of Thr257 with the backbones of residues Gln253 and Val230.
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addition of EDTA, dTTP, BSA, and DNA and incubated for 10
min. The reaction was then carried out as indicated above.
SingleMoleculeDNAUnwinding—The singlemoleculeDNA

unwinding experiments were carried out as described previ-
ously (28) at 8-piconewton force using 2 mM dTTP. The raw
initiation time under single molecule conditions was measured
as the time period between rapid unzipping of �2000 bp of the
double-stranded DNA (dsDNA) and when the helicase begins
to unwind the dsDNA. This time periods were corrected for the
time it takes to translocate on an average of 1000 nucleotides to
determine the initiation time.
Electron Microscopy—WT or A257T gp4 (2.1 �M) was incu-

bated at 25 °C for 20 min in 25 mM triethanolamine buffer, pH
7.2, with the nucleotides and DNA, applied to glow discharged
grids, stained with 2% (w/v) uranyl acetate, and imaged under
minimal dose conditions in a Tecnai T12 electron microscope,
at a nominalmagnification of�30,000 and an accelerating volt-
age of 120 keV.
Minicircle Rolling Circle DNA Synthesis—The rolling circle

DNA synthesis ofWT and A257T was carried out on the 70-bp
minicircle substrate at 22 °C as reported (25).
Radiometric DNA Unwinding Assay—The rapid kinetics of

dsDNA unwinding byWT and A257T was measured using the
radiometric assay.WT or A257T (200 nM) was incubated for 30
min with 5 nM 40-bp replication fork (GC 20%), 5 mM EDTA,
and 4 mM dTTP substrate in reaction buffer on ice in one
syringe of the RQF-3 Quench-Flow apparatus (Kin Tek Instru-
ments) andmixedwith 13mMMgCl2 and 3�MdT90-DNA trap
in the same buffer from a second syringe for 0.02 to 3 s and
stopped by the addition 1.5 volume of 100 mM EDTA and 1%
SDS. T7DNApolymerasewas preassembled bymixing gp5 and
E. coli thioredoxin in 1:5 ratio at 22 °C for 5 min in reaction
buffer containing freshly made 5 mM DTT. When present, T7
DNA polymerase (200 nM) was added to WT or A257T and
DNA mix and further incubated at room temperature for 30
min. The quenched unwinding reaction with and without T7
DNA polymerase was loaded on a native 12% polyacrylamide
gel for resolving the duplex and unwound DNA substrates, and
the fraction of DNA unwound was determined and quantitated
using the PhosphorImager (Molecular Dynamics, Sunnyvale,
CA) instrument and ImageQuant5 software. The data were
analyzed as described previously (29).

RESULTS

DNA Unwinding Activity of the gp4 A257T—The DNA
unwinding activity of gp4WT and A257Twasmeasured by the
real-time fluorescence assay (27). T7 gp4WTorA257T (100nM
hexamer) was preincubated with the fluorescein-labeled fork
DNA (10 nM) in the presence of dTTP (withoutMg2�), and the
reaction was initiated by rapid mixing with MgCl2 (Fig. 2A).
A time-dependent increase in fluorescence was observed in

the WT gp4 reaction within 100 ms of reaction start (Fig. 2B).
The fast kinetics indicates that WT gp4 is preassembled on the
fork DNA and immediately initiates DNA unwinding upon
addition of Mg(II) with rates of 67 bp/s at 25 °C. In the same
time span, no fluorescence increase was observed in the A257T
reaction; however, when the reaction wasmonitored for longer
periods, we did observe a slow increase in fluorescence that

indicated�1500-fold slower rate of unwinding by A257T com-
pared with WT gp4 (Fig. 2C). As indicated previously, these
experiments show that A257T has a defect in DNA unwinding
(15, 21). However, the exact reason for the defect was not
determined.
One reason for the defect might be that the mutant does not

translocate along ssDNA. We therefore used a single molecule
assay to measure the translocation rate of T7 gp4 on ssDNA. In
this assay, one strand of a 4.1-kb length dsDNA molecule is
attached to an optically trapped microsphere and the other
strand is attached to the surface of a glass coverslip (30, 31) (Fig.
2D). By pulling on the ends of the two strands, �400 bp of
dsDNA is rapidly unzipped by mechanical movement of the
coverslip relative to the trapped microsphere, creating ssDNA
loading region for freely diffusing T7 gp4 hexamers to bind.
Following binding of the gp4 to the ssDNA loading region, sev-
eral hundred bp of dsDNA are quickly unzipped in front of the
helicase, allowing the helicase to translocate on �500 nucleo-
tides of ssDNAwithout working against the DNA fork junction
(28). The translocation rate is then determined by measuring
the time for the helicase to travel across the unzipped ssDNA
region. Using such experiments, we found that A257T can
translocate on ssDNA, and the translocation rate of A257T is
nearly the same as WT gp4 (Fig. 2E).

To determine whether A257T can unwind dsDNA, we used
the same single molecule assay described above. T7 gp4 was
allowed to reach the unwinding fork junction, and the unwind-
ing reaction was monitored by measuring the increase in the
length of ssDNA region. To our surprise, we found that the
A257T is capable of unwinding a kilobase pair length of dsDNA
with rates that are only a little slower than WT gp4 (Fig. 2F).
The only defect we observed was that we needed higher A257T
concentrations to detect enough unwinding molecules. WT
gp4 at 0.3 nM hexamer concentration initiatedDNAunwinding
with an average initiation time of �60 s. To get a comparable
initiation time (�60 s) with A257T, the concentration of
A257T had to be increased to 30 nM. These results indicate that
contrary to what was concluded from previous ensemble reac-
tions (15, 21), A257T is not defective in ssDNA translocation
and DNA unwinding. The requirement of higher A257T pro-
tein indicates a defect in initiation; hence, we designed single
molecule experiments to measure the initiation times to
unwinding.
To measure the initiation time, about 2000 bp of the dsDNA

was mechanically unzipped rapidly to create ssDNA region for
the helicase to bind. Then, the time betweenmechanical unzip-
ping of DNA and the beginning of the dsDNA unwinding reac-
tion was measured. After correcting for the time it takes to
translocate on the ssDNA (using the ssDNA translocation rates
determined from Fig. 2E), we determined that at 5 nM hexamer,
2mMdTTP, and 5mMMgCl2, it takes on an average 3.7 s for the
gp4 WT to initiate unwinding, and it takes A257T about 165 s
to initiate unwinding at the same 5 nM concentration (Fig. 2G).
These results indicate that A257T is 45 times slower at initia-
tion compared with WT gp4. However, once it is bound to
DNA, A257T unwinds with almost a WT rate. At 5 nM, we do
not expect to have multiple A257T hexamers unwinding DNA
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because the initiation time of 165 s on an average is much lon-
ger than its unwinding time of �30 s.
A defect in assembling aroundDNAcan explain the slow rate

of unwinding by A257T detected in the ensemble assays (Fig.
2C). However, in the ensemble assays preincubation of
A257T should have bypassed any slow assembly steps. WT
gp4 preassembles on the fork DNA with dTTP without
Mg(II), and in this manner we can bypass the assembly steps
and synchronize the unwinding reaction, which allows us to
measure the intrinsic unwinding rate. But this was not
observed with A257T. This indicates that A257T does not

preassemble on the fork DNA in the presence of dTTP with-
out Mg(II). This is consistent with the filter binding assays
that showed very little or no binding of A257T on ssDNA in
the presence of dTTP without Mg(II) (supplemental Fig. 1).
However, once Mg(II) is added, A257T must load on the
DNA, as we observeDNAunwinding, but the loading ratemust
be slow, asmeasured by the singlemolecule assays above. Thus,
the observed rate of DNA unwinding by A257T is slow under
ensemble conditions because it is limited by the slow rate of
DNA loading. The inefficient loading of A257T on the DNA
also explains the lower DNA-stimulated Vmax of dTTPase

FIGURE 2. Helicase activities. A, scheme showing the ensemble unwinding assay. The ring-shaped hexameric helicase loads on the 5�-overhang and moves
from the 5�-end to the 3�-end to unwind the fluorescein-labeled dsDNA fork substrate. T7 gp4 WT or A257T (100 nM) was preincubated with the fluorescent
ds30 (23%) substrate (10 nM) and dTTP (2 mM) in one syringe of the stopped-flow instrument, and the unwinding reaction was initiated by addition of MgCl2
from a second syringe at 25 °C. B, unwinding kinetics of WT gp4. The lag kinetics was fit to the incomplete gamma function (29) to obtain a rate of �67 bp/s for
the WT gp4. C, fluorescence signal resulting from unwinding of dsDNA into ssDNA by A257T plotted against time. The kinetics fit to a single exponential rate
constant of 1.3 � 10�3 s�1. D, scheme of the single molecule optical trap setup (not to scale). A helicase/primase molecule separates the dsDNA, while a
constant force is maintained on the DNA fork junction by adjusting the position of the glass coverslip relative to the optically trapped microsphere. The
displacement of the trap relative the coverslip is utilized to determine the amount of DNA unwound (and subsequently the unwinding rate). E, comparison of
ssDNA translocation rate of WT gp4 and A257T. Experiments were carried out at 0.3 nM WT and 30 nM A257T, 2 mM dTTP, 5 mM MgCl2. F, comparison of the
unwinding rate WT gp4 and A257T. G, comparison of the initiation times of DNA unwinding by WT gp4 and A257T. The initiation times were experimentally
determined at 5 nM hexamer, 2 mM dTTP, 5 mM MgCl2. The data represent average from �20 traces.
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(supplemental Fig. 2). The WT-like dTTP Km indicates that
A257T is not defective in binding dTTP.
A257T Forms Rings—To determine whether the reason for

not bindingDNA in the presence of dTTPwithoutMg(II) is due
to a defect in ring formation, we imaged WT and A257T gp4
proteins by electron microscopy (32, 33). BothWT and A257T
gp4 assemble into ring-shaped structures in the presence of
dTTPor dTMPPCP (Fig. 3A, supplemental Fig. 3), and the rings
with dTMPPCP andMgCl2 bind toM13 ssDNA like beads on a
string (Fig. 3B), consistent with the NC-DEAE binding assay
with dTMPPCP (supplemental Fig. 1). In the presence of
MgdTTP, WT gp4 binds to DNA like beads on a string, but
A257T forms bullet-like structures, which is either an aggregate
or a structure bound to DNA (Fig. 3C). With dTTP without
Mg(II), the rings of A257T do not bind DNA (Fig. 3D). We
conclude that A257T gp4 is normal in forming rings with
dTTP; however, the rings do not bind DNA in the presence of
dTTP without Mg(II).
DNA Unwinding Activity of Mixed WT and A257T gp4—To

determine whether mixed hexamers ofWT gp4 and A257T are
active in DNA loading, wemeasured the unwinding amplitude,
which is a measure of the fraction of productive helicase bound
to the forked substrate. WT gp4 at 20 nM was mixed with
increasing amounts of A257T (10–100 nM) (Fig. 4A), and the
unwinding kinetics wasmeasured using the fluorescence-based
assay (Fig. 4B). The data were analyzed to determine the
unwinding rates and amplitudes. The unwinding rate of the
mixed hexamers was 70% of theWT level and remained at that
level even at a high A257T:WT ratio of 5:1 (Fig. 4C). The

unwinding amplitude, on the other hand, decreased linearly
with increasing fraction of A257T over the entire sampled
region and predicted a close to zero amplitude forA257T alone.
This indicates that the mixed A257T-WT hexamers are active
in DNA unwinding; however, as the number A257T subunits
increase in the mixed hexamers, the rings become increasingly
defective in productive assembly on the DNA.
A257T gp4 Supports DNA Replication—Previous studies had

indicated that A257T supports DNA synthesis, but the mecha-
nism of this rescue was not determined (15). We examined this
reaction in more detail here with the minicircle replication
assay (25, 34). A257T or WT gp4 was preincubated with T7
DNApolymerase on theminicircle forkDNA in the presence of
dNTPs without MgCl2 (Fig. 5A). Reactions were initiated by
addingMgCl2. BothWT and A257T supported the synthesis of
kilobase pair size DNA products from rolling circle DNA syn-
thesis (Fig. 5B). The only difference was the lower yield of DNA
products in the A257T reactions, consistent with the lower effi-
ciency of A257T assembly on the DNA.
T7 DNA Polymerase Rescues the Helicase Defect of A257T—

There are two ways by which T7 DNA polymerase can rescue
the activity of A257T gp4: (a) it helps load or stabilize the
mutant helicase on the DNA, and/or (b) it “pushes” the helicase
or prevents helicase slippage via its DNA synthesis activity.
We did not observe any helicase slippage in the single molecule
unwinding assays.However, we cannot eliminate the possibility
that the rescue is because DNA polymerase pushes the helicase
via DNA synthesis.

FIGURE 3. Electron microscopy studies of WT and A257T gp4. A, WT T7 gp4A or A257T 2.1 �M was incubated at 24 °C in triethanolamine buffer, pH 7.5, with
1.3 mM dTMPPCP, 2 mM magnesium acetate, 0.6 nM M13 ssDNA. B, WT or A257T was incubated at 24 °C with 2 mM dTTP, 7 mM MgCl2, 3 mM EDTA, 0.6 nM M13
ssDNA. C, WT or A257T was incubated with 2 mM dTTP and 3 mM EDTA. D, WT or A257T was incubated with 2 mM dTTP, 3 mM EDTA, and 0.6 nM M13 ssDNA.
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To distinguish between possibilities (a) and (b), the 40-bp
fork DNA with 5�-ssDNA overhang for helicase loading and
3�-primer-template region for polymerase binding was incu-
batedwith the helicase and dTTPwithoutMg(II) in the absence
and in the presence of T7 DNA polymerase for at least 30 min,
and then reactions were initiated with MgCl2 (Fig. 6A). The

5�-strand was radiolabeled to monitor its conversion to ssDNA
by the gel assay (27, 29, 35). We did not add the other three
dNTPs required for DNA synthesis. Without the remaining
dNTPs, the DNA polymerase incorporates one dTTP but can-
not elongate the primer any further by DNA synthesis.
A257T gp4without the polymerase does not unwind the fork

DNA (Fig. 6B), consistent with the fluorescence-based unwind-
ing assay. However, when A257T was preincubated with T7
DNA polymerase, it showed almost WT-like DNA unwinding
activity (Fig. 6, B and C). WT gp4 unwinds the forked substrate
in the absence of T7 DNA polymerase at �82 bp/s and in the
presence of T7 DNA polymerase at �65 bp/s. The DNA poly-
merase in this case does not accelerate the DNA unwinding
activity of WT as observed previously (36) because there is no
DNA synthesis. In fact, it appears that a nonsynthesizing DNA
polymerase slows the helicase. The unwinding rate of A257T
gp4 in the presence of T7 DNA polymerase is �50 bp/s (Fig.
6C), which is �75% of WT. These results indicate that A257T
can preassemble on the fork DNA in the presence of T7 DNA
polymerase. The preassembled A257T on the DNA has almost
WT-like unwinding activity, as observed in the single molecule
unwinding assays (Fig. 2C).
How does T7 DNA polymerase help A257T preassemble on

the fork DNA? It has been proposed that T7 DNA polymerase
interacts with T7 gp4 via a basic loop that becomes exposed
when T7 gp5 (DNA polymerase subunit of T7 DNA polymer-
ase) interacts with thioredoxin (processivity factor). We there-
fore measured DNA unwinding by A257T without thioredoxin
in the presence of T7 gp5 alone. We find that T7 gp5 alone was
not able to rescue the helicase function ofA257T (supplemental
Fig. 4). These results indicate a specific mechanism involving
the thioredoxin binding domain on gp5 in rescuing the helicase
function of A257T.
Slow Assembly of A257T gp4 on the DNA—If A257T can

unwind DNA to almost WT level in the presence of T7 DNA
polymerase, then why does it not support phage growth? One
reason could be that the loading of A257T on the DNA
although rescued by T7DNApolymerase is too slow to support

FIGURE 4. DNA unwinding by mixed A257T-WT hexamers. A, WT gp4 (20 nM) was preincubated with various concentrations of A257T (10 –100 nM) to make
mixed hexamers, which were loaded on the fluorescein-labeled ds30 (23%) forked unwinding substrate with dTTP. The unwinding kinetics was measured by
the stopped-flow fluorescence unwinding assay. B, the unwinding time traces show the decrease in amplitude with increasing fraction of A257T in the mixed
hexamers. The kinetics was fit to the incomplete gamma function (29) to obtain the unwinding rates and amplitudes. C, the unwinding rate (filled circles) and
amplitude (open circles) are plotted against a fraction of A257T.

FIGURE 5. Rolling circle DNA synthesis by WT and A257T gp4 in the pres-
ence of T7 DNA polymerase. A, schematic shows the 70-bp minicircle repli-
cation fork. B, WT or A257T gp4 at 100 nM was incubated with 100 nM T7 DNA
polymerase (T7 gp5-thioredoxin) and minicircle DNA (50 nM), and DNA syn-
thesis was measured using [�-32P]dGTP in the presence of all dNTPs. The DNA
products are resolved by electrophoresis on a 1% alkaline-agarose gel.
Images show a time course of increasing kilobase pair length of DNA synthe-
sis by WT and A257T in presence of T7 DNA polymerase.
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T7 DNA synthesis. To measure the DNA loading rate in the
presence of T7 DNA polymerase, we designed the following
experiment (Fig. 7A):WT or A257T gp4was incubated with T7
DNA polymerase and the replication fork substrate in the pres-
ence of dTTP without MgCl2, and this incubation time was
controlled from 5 s to 30min. Following controlled incubation,
the unwinding activity was assayed within 5 s, which is enough

time for the helicase to unwind the 40 bp duplex fully (see Fig.
6B). The unwinding activity here is a readout of the assembly
process around DNA. The results showed thatWT gp4 assem-
bles on the fork at a rate of 0.03 s�1 and A257T assembles with
a rate of 0.001 s�1 (Fig. 7, B and C), which is similar to the
ensemble unwinding rate of A257T shown in Fig. 2F that we
propose is limited by the DNA loading rate. Thus, T7 DNA

FIGURE 6. T7 DNA polymerase rescues the DNA unwinding defect of A257T gp4. A, T7 DNAP and WT or A257T gp4 were assembled on the radiolabeled
ds40 (20%) replication fork with dTTP. Unwinding reaction was initiated with MgCl2. DNA unwinding proceeds either by both proteins moving together,
forming a loop-like structure, or helicase moving alone. B, native polyacrylamide gels show the unwinding kinetics of WT and A257T gp4 in the presence and
absence of T7 DNAP. C, unwinding kinetics by WT and A257T in the presence (open circles) and in the absence of T7 DNAP (filled circles) is shown. WT gp4
unwinds the forked substrate in the absence of T7 DNAP at �82 bp/s in the presence of T7 DNAP at �65 bp/s. The unwinding rate of A257T gp4 in the presence
of T7 DNAP is �50 bp/s.
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polymerase does not speed up the DNA loading rate of A257T,
but it aids in stabilizing the complex of A257T on the DNA,
evenwhenMg(II) is absent. The intrinsically slowDNA loading
rate of A257T explains why this mutant, although active in
DNA unwinding, does not support phage growth.

DISCUSSION

The studies in this paper show that the defect in the helicase
function of the linker region mutant, A257T gp4, is caused by a
defect in DNA loading rather than a defect in DNA unwinding,
as previously thought. Both single molecule and ensemble
assays indicate that A257T loads 30–45 times slower on DNA
compared with WT gp4, but once it is assembled on the DNA
into a stable complex,A257Thas almostWT-like ssDNA trans-
location and unwinding activities.
The linker region between the N-terminal primase and the

C-terminal helicase domain of T7 gp4 is an important element
that forms the subunit interface for assembling the helicase
domain into a compact ring (11–13). The helix and the loop of
the linker region interact with three helices of the neighboring
subunit to form a clasp of subunit interface (Fig. 1A). The pri-
mase domains are independent structural units emerging out of
each subunit of the helicase ring, with their primase active sites
pointing toward the neighboring subunit primase domain.
The residue Ala257 is located at the beginning in the loop of

the linker region, close to the N-end, (Fig. 1B). Mutation of
Ala257 to Val, Leu, Pro, Glu, Asp, Asn, Thr, His, or Tyr is lethal,
and themutant protein does not support T7 phage growth (21).
These results suggest that the small size of Ala257 is important
for its function. Because Ala257 lies closer to the primase
domain than the helicase, it is unlikely that A257T mutation
affects the folding of the helicase domain. This is consistent
with the observation that A257T mutation does not affect ring
formation, which occurs primarily through interactions
between the helicase domains. Our modeling experiments

using the crystal structure of the gp4 heptamer suggest that the
position of Ala257 is such that any change to a bulky amino acid
will produce a clash with the nearby amino acids (Fig. 1, C and
D). The A257T change results in a clash with Gln253 and Val230,
which both reside in the helix next to the linker region and in
the primase domain. To accommodate the A257T change,
therefore, the proteinmust undergo local structural changes. It
appears that these local changes near the linker region affect the
DNA loading mechanism of T7 gp4.
Previous studies have suggested a role of the primase domain

inDNA loading by the ring-openingmechanism (37, 38). Based
on the DNA binding kinetics, it was proposed that ssDNA ini-
tially interacts with the primase domain, which chaperones the
ssDNA into the central channel. It was proposed that the bind-
ing of the DNA to the primase domain causes the linker region
clasp to weaken and to open the subunit interface like a lock
washer, allowing the DNA to bind in the central channel. It has
been shown that theA257T gp4 has primase activity; hence, the
primase domain must be proficient in DNA binding (15, 21).
However, local changes caused by the A257T mutation may
restrict loading of the DNA into the central channel. The single
molecule assays show that indeed A257T DNA loading rate is
�45 times slower than WT gp4. The single molecule assay is
sensitive to detect the small number of A257T molecules that
load on the ssDNA, and hence it is able to observe the almost
WT like unwinding and ssDNA translocation activities of
A257T.
We did notice in the electronmicroscopy studies that A257T

has a greater tendency to form aggregates in the presence of
Mg2�. These aggregates appear as short filament type struc-
tures, which could be formed by altered interactions between
subunits. It is possible that the local changes in the linker region
alter interactions between the subunits, causing hydrophobic
residues to be exposed that lead to protein aggregation. Perhaps

FIGURE 7. Slow binding of A257T to the replication fork. A, a mixture of WT or A257T gp4 (200 nM), T7 DNAP (200 nM), dTTP (4 mM), and radiolabeled ds40
(20%) replication fork substrate was incubated for various time intervals (�t: 5 s to 30 min). A solution of MgCl2 and dT90 trap was then added to initiate the
unwinding reaction, which was quenched in 5 s. The DNA substrate and the unwound ssDNA were resolved by native-PAGE. B, the image shows the extent of
unwinding in 5 s in reactions containing T7 DNAP alone or T7 DNAP plus A257T or WT gp4 as a function of �t. C, fraction of replication fork unwound as a
function of �t. The data were fit to single exponential equation to obtain the rate of helicase assembly in the presence of T7 DNAP: WT (filled circles) at 0.03 s�1

and A257T (open circles) at 0.001 s�1.
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these higher order oligomers or aggregates of A257T are refrac-
tory to DNA loading.
We find it curious that although both dTMPPCP and dTTP

nucleotides promote ring formation, A257T bindsDNAonly in
the presence of dTMPPCP, but not with dTTP. The decreased
aggregation and increased rings around DNA with MgdTMP-
PCP as opposed to MgdTTP could be because dTMPPCP does
not get hydrolyzed and interacts more tightly with the subunits
than dTTP.
When A257T was preincubated with T7 DNA polymerase

and fork DNA, the helicase could be stably assembled on the
DNA such that it now displayed almost WT-like unwinding
activity. This recovery was observed even in the absence of
DNA synthesis. Hence, T7 DNA polymerase is able to restore
the function of A257T gp4 by stabilizing the binding of the
helicase on the replication fork.
T7DNApolymerase interacts withT7 gp4 via the basic loops

of the thioredoxin binding domain (39). The processivity factor
thioredoxin binds to the thioredoxin binding domain of gp5
and causes exposure of the basic loops, which stimulate inter-
action between the helicase and polymerase. It appears that this
interaction between the helicase and polymerase stabilizes
A257T on the DNA. This is supported by our finding that T7
gp5 by itself (or thioredoxin by itself) does not stimulate the
helicase activity of A257T. Although T7 DNA polymerase res-
cues the helicase function of A257T gp4, it does not accelerate
the DNA loading rate. Measurement of the kinetics of protein
assembly on the fork DNA showed that the loading time of
A257T is about 30 times slower than of the WT gp4. Thus, it
appears that T7 DNA polymerase rescues A257T by stabilizing
the helicase complex on the DNA.
The slow assembly of A257T gp4 on theDNA explains why it

is not a viable mutation and why it does not support phage
growth. Helicase loading is a key step during the initiation of
DNA replication, in addition to being required for processive
DNA replication. Thus, any defect in helicase loading will lead
to a defect in DNA replication. Although T7 DNA polymerase is
able to rescue theDNA loadingdefect ofA257T, the loadingproc-
ess is still inefficient to support the propagation of T7 phage,
whose entire infection cycle lasts for 25–30min at 30 °C (40).
The importance of studying the A257T mutation of T7 gp4

lies in the fact that an analogousmutation of A359T is naturally
found in the human mitochondrial DNA helicase Twinkle (8).
TheTwinkle helicase contains a C-terminal helicase andN-ter-
minal primase-like domain separated by a linker region that is
highly homologous to the linker region of T7 gp4. Modeling
studies suggest that the linker region of Twinkle plays a role
similar to that of gp4 in connecting the helicase domains to
form a hexameric ring (20). Many of the disease-causing Twin-
klemutations are foundwithin or near the linker region, includ-
ing A359T.
The detailed studies of the T7 gp4 A257T mutant reported

here potentially elucidate the defects of other helicases with
similar conserved linker region. A biochemical study of A359T
Twinkle has shown that the protein is not defective in oligo-
merization, but has reduced helicase and replication proper-
ties (20). If A359T Twinkle mutant cannot assemble effi-
ciently on the DNA, it will hinder normal replication fork

initiation and progression (41). A mutant defective in load-
ing on DNAwill also have problems with reinitiation of DNA
replication following stalling or collapse of the replication
fork. Mixed hexamers of T7 gp4 A257T andWT gp4 are more
active in DNA loading even when 85% of the population was
made of A257T. This is consistent with what has been observed
with the A359Tmutation in Twinkle. In the heterozygous form
the symptoms are mild, but in the homozygous form of A359T,
early onset autosomal dominant progressive external opthal-
moplegia is observed.
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