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ABSTRACT. The bacteriophage T7 DNA helicase/primase (gene 4 protein) is a ring-like hexamer that
encircles ssDNA and requires forked DNA to catalyze DNA unwinding. We report that optimal rates of
unwinding of forked DNA require ssDNA tails of 55 nucleotides on th&53 strand and 15 nucleotides

on the 3-to-5 strand. Surprisingly, streptavidin bound to a biotinylaté@r®d fully substitutes for the
3'-to-5 ssDNA tail. This suggests that excluding tHet@5 DNA strand from the center of the helicase

is an essential aspect of the mechanism of hexameric helicase-catalyzed DNA unwinding. We also report
that streptavidin bound to a biotinylated dT within thet®3 strand of the duplexed region abolishes
DNA unwinding; whereas, streptavidin bound to a biotinylated dT within the duplexed region of the
other strand has no effect. These results unambiguously demonstrate that the T7 gene 4 protein is a
5'-to-3 helicase and imply that during DNA unwinding thetb-3 strand transverses the center of the

ring while the 3-to-5 strand is excluded from the center of the ring. Implications for collisions between

a helicase and other protetdNA complexes are discussed.

Helicases couple the hydrolysis of nucleosiderphos- TTP is the preferred nucleotid8,(16, 13. However, the
phates to the transient unwinding of duplex {d3NA—an TTP binding site is structurally related to that of the ATP
essential step in almost all aspects of DNA metabolism (i.e., binding sites ofE. coli Rhqg E. coli Red, and R-ATPase
DNA replication, recombination, and repair},(2. An at least at the level of primary sequends,(19. While
increasing number of helicase-related diseases have beethe DNA was not directly visualized in EM studies, image
identified, reflecting their involvement in a great number of analysis suggests that the helicase encircles the sSRNA (
diverse cellular processe36). Our understanding of the  14).
cell or these diseases will not be satisfactory until the Like most hexameric helicases, the T7 gene 4 DNA
mechanism of helice_lse-catalyz_ed DNA qnwir_1ding i_s under- helicase requires both-fand 3-ssDN’A tails attached to the
stood. While a detailed analysis of the dimeRephelicase duplex DNA (i.e., forked DNA) to initiate unwinding2(

of E‘:’]Ch?mh'a cohha(\js bee_n prl_ekser?ted and_ aDn’:l(Xjﬁl lf_or Its 7). The requirement for forked DNA is a major difference
mechaniSm proposed, o ring-iiké hexameric ClCASE, hetween the hexameric T7 DNA helicase and the well-

which drives genomic DNA replication in most cells, is ; : : : : : :
; . characterized dimeri€. coli Rephelicase, which requires
Egﬁc?a:zteoc;dslgdrﬁ?équ \:\é?e?r? \:‘gru:'?uddtri]r? TZhgizehilli:':'sA\es only a 3-to-5 SsDNA tail to initiate DNA unwinding 20).
P ying "This difference may reflect different general mechanisms of

qu_ﬁh T)avet: ”_‘a”ﬁ’ prop_)re7rtles n zomr?qn._ ial _I_7DNA unwinding by the two proteins. The T7 DNA helicase
€ bacteriophage gene 4 protein IS an essential T/, ynwind a DNA substrate that resembles a replication

enzyme that catalyzes both the unwinding of DNA and the fork with a 3-tail greater than 67 nucleotides and a'5

synthesis of primers required for T7 DNA replicatio8, ( : ;
. : ssDNA tail greater than 13 nucleotide®).( Whether both
9). The T7 gene 4 encodes two collinear polypeptides of of these tails traverse the center of the helicase is unknown.

56 and 63 kDa molecular mass; the smaller 56-kDa protein _. X . L

. . . - .. Since both ssDNA tails are required, the supposed direction
is generated from a second internal ribosomal binding site of T7 helicase-catalvzed DNA unwinding is unclear. The
(10). The 63-kDa polypepiide has both primase and helicasedirection of DNA un)\//vinding is normallygpresumed io be
activities; whereas, the 56-kDa protein lacks primase activity defined by the polarity of the sSDNA tail (Br 3) required

(2). Biochemical and electron microscopy (EM) studies have ; ) o

. - : N t the ss/dsDNA junction for unwinding to occur. Therefore
hown that the hel h -like in structure & ' Hon for 970 ¢ *
shown that the helicase is hexameric and ring-like in struc urethe only evidence indicating the direction of T7 DNA

with Dg symmetry—roughly similar to hexameric helicases: i S o .
E. coli RwB protein, E. coli Rhg and T4 phage gene 41 helicase DNA unwinding is based on the finding that primers

helicases{1—15). The T7 DNA helicase is unusual in that are laid down in the 'Sto-3 direction along a M13 .SSDNA
molecule @). However, these results are complicated by
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stranded DNA. sively.
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We have varied the length of the ssDNA tails and used fraction of ssDNA molecules present at the start of the
novel streptavidin-bound biotinylated DNA substrates to reaction f,) was determined from mock reactions performed
address the following fundamental questions: (a) Does thewithout helicase. For each time point, the fraction of DNA
ssDNA interact with more than one subunit of the helicase unwound was calculated by subtracting the fraction of
at one time during DNA unwinding? (b) Does the helicase ssDNA present at, from the fraction of ssDNA observed
interact with one or both of the ssDNA tails? (c) Do one or and dividing by the fraction of duplex DNA &. The plot
both of the ssDNA tails travel through the center of the of DNA unwound versus time was fit to the following
helicase ring during DNA unwinding? On the basis of our equation: fraction of DNA unwoune: A(1 — e7k9) + kit
findings, we have ruled out several models for the mechanismwhen a lag was not observed, and fit to the double
of helicase-catalyzed DNA unwinding and propose a possible exponential equation: fraction of DNA unwourd A{1 +

mechanism. (Lky + ko)[ko &7K0 — kel~R0]} when a lag was observed,
whereA is the amplitude of DNA unwinding, arki andk;
EXPERIMENTAL PROCEDURES are rate constants for DNA unwinding. All fits to the data

were both performed by nonlinear least squares analyses and
plotted using Kaleidagraph (Synergy Software, Reading, PA).

Optimal 8- and 3-ssDNA Tail DeterminationReactions
were performed in a circulating water bath &8 Helicase
buffer was adjusted to be pH 7.4 at°’€. 1 nM DNA
substrate (5°?P end-labeled on the displaced strand) and 1
mM TTP (final concentrations) in 20L of helicase buffer

Materials. The chemicals and where they were purchased
are as follows: radioactive ATP, ICN; TTP, U.S. Biochemi-
cal Corp.; acetylated BSA, Gibco-BRL; streptavidin and
biotin, Sigma; T4 polynucleotide kinase, New England
Biolabs; polyacrylamide, Bio-Rad Laboratories. Recombi-
nant streptavidin, Stvl3, was a generous gift from Dr.
Takeshi Sano, Boston University. All oligonucleotides were . ) )
synthesized by Integrated DNA Technologies, Coralville, IA, were addgd to Al of hehcase an_d 1 m_M TTP in helicase
except 3biotinylated terminus oligonucleotide, which was Puffer, which was preincubated in an ice water bath for at

: : least 5 min prior to mixing. DNA unwinding was stopped
synthesized at Operon, TX. The 63-kDa T7 DNA helicase/ ™
primase was purified according to Patel et al7)( with 100 uL of 1% SDS (w/v), 0.1 M NgEDTA, 6%

. . . . glycerol (v/iv), 50 mM Tris acetate, pH 7.5, and marker dyes
Helicase buffer is 50 mM sodium acetate, 50 mM Tris o : :
acetate (pH 7.5 at 22C), 10 mM magnesium acetate, 1 mM at room temperature (2223°C). Samples were immediately

o . ; removed from the 8C circulating water bath and placed at
g:tbhu'?;?nre'td' and 100 mg/mL acetylated bovine serum room temperature to prevent precipitation of the SDS.

_ ) . Samples were electrophoresed through a 8% polyacrylamide/
DNA Substrates Oligonucleotides were purified by elec-  TBg gel and analyzed as described above.

trophoreses through a denaturing polyacrylamide gel, isolated Assa e
y for the Effect of Streptdin-Biotinylated DNA on
by the crushrsoak method21), and desalted by passage Helicase Actiity. Where the presence of streptavidin is

through a Sep-Pak;gcolumn according to manufacturer's . . .- :

. . . . indicated, streptavidin was added in 50-fold excess (tetramer
Instructions _(Water_s (gorporatlon). Theé’nd_labellng of over DNA (50:pl nM) and allowed to incubate with trge DNA )
ohgi)nL;%IeoEfjes W|th3dP wetls Eerg)rme%_ys!ﬁl? Tg ?Oly' for at least 5 min prior to adding helicase. Reactions with

nucleotide kinase under standard conditiogg)( Poly- the 3-biotinylated end were performed as described for

nupleotlde klnaasze was removed by phenol extraction, and nonbiotinylated DNA except samples were electrophoresed
unincorporated*’P was removed by passage through a through a 6% polyacrylamide/TBE gel

Biospin-6 column according to the manufacturer’s instruc- A . .
P 9 DNA substrates with biotin-dT in the duplexed region were

tions (Bio-Rad Laboratories). Oligonucleotides were an- X . ;
nealed in 150 mM sodium acetate, 50 mM Tris acetate, pH performed as described above with the following excep-

: . . tions: (a) DNA substrates were added to a helicase/TTP
Zdﬁév?/gg %ymsl\l/lox@foz:—iﬁgb{og%ug ation at 90C for 4 min solution containing 40 000-fold excess biotin (4M) to
Assay for the Effect of Helicase with TTP Preincubation prevent rebinding of any streptavidin displaced from DNA.
on theyRate of DNA Unwinding Using Rapid Quench (b) Recombinant streptavidin, Stv13, which has eight amino

Techni Reacti ied out at 3G usina th acid residues delete@%), was used. The switch from natural
echnique Reactions were carried out a using the streptavidin to Stvl3 enabled us to separate streptavidin-

three-syringe, KinTec RQF-3 rapid quench-flow apparatus 4 sspNA from free dsDNA on 6% polyacrylamide/TBE

(State College, PA). Twice the final concentration of ; - ; ;
. . . gels. (c) Reactions were performed in a circulating water
helicase (1%L) was preincubated (with 1 mM TTP, where bath at 18°C (the maximum temperature where the rate of

indicated) in helicase buffer in one loop of the quench-flow DNA unwinding could still be measured accurately by
apparatus. The other loop contained 2 nM DNA molecules initiating and stopping reactions by hand). (d) For reaction

(twice the final concentration,’ 5P end-labeled on the of less than 10 s. timin : . X
. . . . , g was accomplished with the aid of
displaced strand) in helicase buffer and 2 mM TTP in a metronome (Seiko).

reactions without helicas€l TP preincubation and 1 mM
TTP with preincubation. Samples were incubated for at least ey TS

2 min in the loops at 30C. DNA unwinding by the helicase

was initiated by rapid mixing of the solutions and stopped At Low T7 DNA Helicase Concentration, Preincubation
by the addition of 0.3% sodium dodecyl sulfate (SDS)/13.3% of the Helicase with TTP Rem@s an Early Lag before the
(v/v) glycerol (final concentrations). Samples were electro- Onset of Rapid DNA UnwindingAs a prerequisite for our
phoresed on a 12% polyacrylamide/10 mM Tris borate, (pH studies of helicase-catalyzed unwinding of a variety of DNA
7.4), 1 mM NaEDTA (TBE) gel, and the amount of double-  substrates, we determined the effect of helicase preincubation
stranded and single-stranded DNA was quantified using awith TTP on the rate of DNA unwinding. During the
Betascope 603 blot analyzer (Betagen, Waltham, MA). The preincubation and after mixing the helicase with DNA, the
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Ficure 1: Effect of helicase preincubation with TTP on the onset of rapid DNA unwinding. Without (A) and with (B) prior incubation
with TTP the T7 DNA helicase was rapidly mixed with DNA substrate and TTP to initiate DNA unwinding. Reactions were carried out

at 30°C with DNA substrate Il in Table 1, which consists of a 35-bp duplex, defined 40 nucledtskDBA tail, and a (dT) 5'-tail. At

the top of the figure, an image of the 0.06¥ (monomer) helicase samples electrophoresed on a 12% polyacrylamide/TBE gel is shown.
The amount of double-stranded DNA versus displaced ssDNA was quantified using a Betascope, MA, and a plot of the results is shown
at the bottom of the figure (circles, marked with arrows). The plot also shows the results of reactions with helicase concentrations of 0.127
UM (squares), 0.3&M (diamonds), and 1.14M (triangles) without [(A) open symbols] and with [(B) shaded symbols] prior incubation

with TTP. The data were fit to single and double exponential equations, and the best fit is shown.

TTP concentration (1 mM) was at saturating levels. The assembled hexamer binds to the DNA. As suggested for
DNA substrate was kept very low (1 nM) in our studies to the E. coli DnaB and the T4 phage gene 41 helicases, this
eliminate reannealing of the unwound DNA that can occur hexameric ring may exist in open and closed conformations
at higher DNA concentrations. Under these low DNA that enable it to rapidly bind to and lock around the DNA
concentrations, the helicase was always in vast excess ove(23, 29. All of the following experiments were performed

DNA. with the helicase preincubated with 1 mM TTP prior to
In the absence of helicase preincubation with TTP, at the initiating DNA unwinding.
lowest concentration of helicase studied (0.084 mono- Optimal ssDNA 5Tail Length Is Greater Than the Length

mer), a 5 s lagprecedes the onset of rapid DNA unwinding of DNA Necessary To Trel through the Center of the
(Figure 1A, top of figure and marked with arrows in the Helicase. Matson et al. 8) determined the absolute mini-
plot). As the helicase concentration is increased to N8  mum 3 and 3 ssDNA tail requirement for the helicase. We
the lag is nearly eliminated. varied the length of the'8' ssDNA tail of a synthetic
When the helicase was preincubated with TTP, no lag was oligonucleotide (Table 1, substrate I) to determine the
observed even at the lowest concentration of helicase studiecpreferred tail length for DNA unwinding by the helicase.
(0.064 uM) (Figure 1B). Interestingly, at the highest The helicase was at saturating levels in these experiments
concentration of helicase studied (1), the rate of DNA to limit any differences due to DNA binding alone (data not
unwinding is more than 3-fold faster than that rate seen at shown). To minimize thermal breathing of the DNA duplex,
1.14uM helicase in the absence of TTP preincubation (0.68 which would lead to an underestimate of the preferred
+ 0.07 and 0.2H 0.01 DNA molecules/s, respectively). ssDNA tail length, we performed the experiments &C3
The lag seen at low helicase concentrations in the absencdn addition, 3-ssDNA tails consisting of poly(dT) ((d'})
of TTP most likely represents a slow nucleotide-dependent were used to avoid possible intramolecular duplex DNA
assembly of the helicase subunits into the active ring-like structures. Duplex DNA in the tail region would lead to an
hexameric form. These results suggest that assembly of theoverestimate of the preferred ssDNA tail length. Figure 2
hexameric form is partially rate limiting and only the shows a plot of the results with DNA substrates with 5
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Table 1: DNA Substrates

(I)

5'-T(n
( )\\CGCAACGCAATTAATGTGAGTTAGC

3'-GACCGTGCTGTCCAAAGGGCTGACCTTTCGCCCGTCACTCGCGTTGCGTTAATTACACTCAATCG

L
5" ~T(55) ~CGCAACGCAATTAATGTGAGTTAGCTCACTCATTA

(I1)

(III)

3'-T(n)~GCGTTGCGTTAATTACACTCAATCGAGTGAGTAAT

5" ~T(35)~CGCAACGCAATTAATGTGAGTTAGCTCACTCATTA

3'-GACCGTGCTGTCCAAAGGGCTGACCTTTCGCCCGTCACTCGCGTTGCGTTAATTACACTCAATCGAGTGAGTAAT

(IV)

5'—T(55)\

5'-CTGGCACGACAGGTTTCCCGACTGGAARAGCGGGCAGTCAG CGCAACGCAATTAATGTGAGTTAGCTCACTCATTA
3'-GACCGTGCTGTCCAAAGGGCTGACCTTTCGCCCGTCACTCGCGTTGCGT TAATTACACTCAATCGAGTGAGTAAT
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Ficure 2: 5-ssDNA tail length varied. Reactions were carried out
at 8°C with 0.9uM helicase and DNA substrate | in Table 1. The
DNA substrate | consists of 25 bp of the duplexed DNA, a defined
40 nucleotide 3ssDNA, and a 5poly(dT) tail as indicated. (A) A
plot of the results of rapid mixing of the helicase (preincubated
with TTP) with DNA substrates with increasing'-poly(dT)
nucleotide chains [E (flags), Ts (squares), 3o (diamonds), Is
(triangles), Ts (reversed flags) & (inverted triangles), & (circles),
and Tgo (quartered box)] is shown. The data were fit to a single
exponential equation, and the rate of DNA unwinding was
determined. (B) A plot of the average rate of DNA unwinding as
a function of the length of the'SssDNA tail as determined from
panel A and two additional repetitions of the experiment.

tails of 15, 25, 30, 35, 45, 55, 70, and 80 poly dT. A5
ssDNA tail of at least 55 nucleotides but less than 70
nucleotides is preferred. This range of tail length is

significantly greater than the 29 nucleotides of ssDNA
required to bind one subunit and travel through the center
of the hexamer1, 29. This suggests that during DNA
unwinding ssDNA is simultaneously bound by more than
one helicase subunit in the hexamer. ssDNA may wrap
around and contact all six subunits of the helicase (see
Discussion).

A ssDNA 3 Tail of 15 Nucleotides Is Enough for Rapid
T7 DNA Helicase-Catalyzed DNA Unwinding. Efficient
DNA Unwinding Is Also Obseed if the 3-Tail Is Fully
Double-Stranded (i.e., a Nicked DNA TemplateWe
determined the preferred-®-5 ssDNA tail length for DNA
unwinding by the helicase essentially as described for the
5'-t0-3 ssDNA tail except a 35-base pair (bp) duplex DNA
was used instead of a 25 bp (Table 1, substrate I1). A plot
of the results show that (d5)ssDNA tail is sufficient for
optimal rates of DNA unwinding (Figure 3).

The 0.029 st rate of unwinding of a DNA molecule with
a 40 nucleotide '3ssDNA tail containing all four nucleotides
and defined in sequence (Table 1, substrate IIl) is within
experimental error to the 0.02'sT3, sSSDNA tail rate (Figure
3, open circles). This 40-nucleotide tail was annealed with
a complementary oligonucleotide of 40 nucleotides creating
a nicked duplex with a'sssDNA tail (Table 1, substrate
IV). Surprisingly, the helicase unwinds this nicked DNA
molecule at 0.03273 (Figure 3, open squares); this rate is
similar to the rate with a fully ssDNA'3ail. The data
suggest that while a (dJgssDNA is sufficient for interacting
with the helicase during DNA unwinding, a molecule that
cannot fit in the center of the hexamer is also sufficient for
a 3-ssDNA end.

Streptaidin Bound to the Biotinylated '&nd of the
Duplex DNA Completely Substitutes for tHes8DNA Tail
Normally Required for DNA Unwinding by the Helicase.
Streptavidin-biotinylated DNA was used to test our hypoth-
esis that a molecule that cannot fit in the center of the
hexamer would substitute for &-8SDNA end flanking the
duplex DNA. The streptavidinbiotin is ideal for preventing
the 3-end of the duplex from entering the center of the
helicase. The 53.2-kDa streptavidin molecule binds with
extremely high affinity to biotin K4 ~ 10715 (26), and the
54-A diameter of streptavidin is too large to fit in the-25
30-A center of the helicasd 1, 27, 28. The biotin moiety
is attached to the'ducleotide via a 15-atom “linker arm”
such that streptavidin binding does not distort the DI28)(

In these experiments, DNA unwinding was initiated by the
mixing of the helicase preincubated with TTP and DNA,
which was first preincubated with streptavidin where indi-
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Ficure 3: Length of 3-ssDNA tail varied, and effect of a DNA
molecule with fully double-stranded-&il (nicked DNA with 3-
ssDNA tail) on DNA unwinding examined. Reactions were carried B

out at 8°C with 0.9 uM helicase. DNA unwinding was initiated

by adding helicase preincubated with TTP to the DNA. DNA iR
substrate |l defined in Table 1 was used, which consisted of the 35
bp of duplexed DNA, a '5(dT)ss tail, and a 3tail as indicated. A
plot of the results with DNA substrates containing ri&l (closed
circle) and 3tails of 4 (closed square), 7 (closed diamond), 15
(closed triangle), and 30 (closed inverted triangle) poly(dT)
nucleotide chains is shown. Plotted also is the results employing
DNA substrate Ill in Table 1, which contains a definéesS8DNA

tail of 40 nucleotides (open circle) and DNA substrate IV, which
contains a fully duplexed '3ail obtained by annealing a 40
nucleotide oligonucleotide complementary to théad of substrate

Il (open square).

Fraction of DNA molecobes
umwionmnd
=

cated. Figure 4A shows the results of reactions performed
in the presence of streptavidin. Only those DNA molecules
with a streptavidin bound to a biotin moiety at theirehd E i 150
were unwound by the helicase. Biotinylated DNA used in Tim (5}
the experiment was not purified free O_f those I_DNA mqlecule§ FIGURE 4. Effect of streptavidin bound to d-Biotinylated DNA
of the same sequence that lost the biotin moiety during their end. 0.9uM helicase (preincubated with TTP) was rapidly mixed
synthesis. These nonbiotinylated DNA molecules were with DNA substrate and TTP to initiate DNA unwinding. Reactions
easily separated from streptavidin-bound DNA by gel elec- Were éa{gi?do?ﬁ sat 85 V(Vét%Dr']\‘uAC;‘é?iztéastea'r"éﬂ ;‘?lbfrlb‘fgtri‘rfisgisng
trophoreses (see Figure 4A) .ar_1d served asan internal Controﬁldica‘[ed. (A) Reagtio)as with streptavidin (represented by a closed
for the effect of free streptavidin on the helicase. As shown circle) and a mixture of DNA substrates with and without a biotin
in Figure 4A, none of the duplex DNA molecules containing molecule covalently attached to thelréhd strand and labeled with
the nonbiotinylated oligonucleotides and therefore not bound P at their 5-end were electrophoresed on a 12% polyacrylamide/
by streptavidin were unwound by the helicase. Thus, free 1BE g€l. An image of the gel is shown. The amount of double-
. . . stranded DNA bound with streptavidin versus displaced single-
streptavidin does not effect helicase-catalyzed DNA unwind- giranded DNA bound with streptavidin was quantified using a

ing. Phosphor Imager. (B) A plot of these results (triangle), the results

; : without streptavidin present (square), and a control with the defined
A plot of the results in the presence (triangles) and absence3’-ssDNA tail of 40 nucleotides (circle; see Table 1 for oligonucleo-

(squares) of streptavidin and of a control forked DNA e sequence) is shown. The results were fit to a single exponential
substrate (circles) is shown in Figure 4B. The streptavidin  equation, and the best fit is shown. The figures on the graph
biotin complex at the '3end of the DNA fully substitutes  represent DNA molecules unwound by the helicase, and streptavidin
for the normally required'sDNA tail. This suggests that S represented by a circle.

exclusion of the 3to-5 polarity DNA strand from the center Streptaidin—Biotin Linked to the Duplexed Region of the

of the helicase is an important aspect of the mechanism OfDispIaced Strand (%0-5) Does Not Inhibit Helicase Action.
DNA unwinding by the helicase. This also confirms earlier While Streptaidin—Biotin Complex Linked to the'§o-3

]

el L1}

studies that the helicase moves along the DNA 'efos3 Strand Does Inhibit Helicase ActionTo confirm that the
polarity on the lagging strand during DNA replicatiod, ( 3t5.5 DNA strand is excluded from the center of the
30). helicase while the '5t0-3 DNA travels through the center

Rather than spending our efforts examining the unlikely of the helicase during DNA unwinding, we examined the
possibility that streptavidin could substitute for theefid unwinding of DNA with a biotinylated dT in duplex DNA
of the duplex DNA, we sought to confirm our interpretations region either on the '80-3 or the 3-to-5 strand (Figure
of the results by examining the effect of streptavidin bound 5A). A similar experiment has been recently performed by
to a biotinylated nucleotide within the duplexed DNA. Raney et al.31) using the bacteriophage T4 gene 41 helicase
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A the dT base via a six-carbon linker. This places the biotin
5 moiety in the major groove of the duplex DNA some 10 A
;),,\ away from the base, and it is possible that the helicase could
Wss bigtin unwind the DNA many nucleotides beyond the biotinylated
G?EWEQW'y dT before encountering the bound streptavidin molecule.

Therefore, the biotinylated dT was placed 40 bp away from
the end of the duplex DNA to ensure contact between the

@ . L
\-irn-rMMrrrrmmﬂm-mrm-m-rm-rr helicase and the streptavidin before the DNA was nearly
CTGACGCG GG t AAGACCGAAATTACTTCTAGGTAAGCAAACACTTATAGTTC - P - 57 . . . .

b bicktin unwound. DNA unwinding reactions were stopped with the

U

addition of SDS/EDTA, which dissassociates the helicase
from the DNA and allows DNA molecules unwound only
to the streptavidin-bound biotinylated dT to completely
reanneal and migrate as streptavidin-bound dsDNA on a
nondenaturing gel (data not shown).

In the absence of streptavidin, the unwinding of DNA
substrates was unchanged whether the biotin moiety was on
the B-to-3 or the 3-to-5 strand of the duplex DNA (Figure
5B; open circles and squares, respectively). In addition, the
presence of the biotin moiety did not affect DNA unwinding
(data not shown). The presence of streptavidin did not
change the rate of unwinding of the biotinylatedt&5
strand of the duplex DNA (Figure 5, compare open and filled
squares). However, the presence of streptavidin abolished
unwinding of the biotinylated'50-3 strand of duplex DNA
(Figure 5, compare open and filled circles). A similar result

0 20 40 60 was obtained by Raney et aBl). Our results confirm the
Time (s) interpretation of the '3biotinylated DNA end results shown
FiGURe 5: Effect of streptavidin bound to biotin covalently linked N Figure 4, and together these results suggest that only the
to a nucleotide in the duplexed region on tHet®3 or 3-to-5- 5'-to-3 strand is encircled by the helicase during DNA

DNA strand. (A) Diagram of the DNA molecules used in experi- unwinding while the other strand is excluded.
ments with streptavidin is shown. All DNA molecules contained a

5'-(dT)ss tail and a 3-(dT)ss tail. The nucleotide sequence of the DISCUSSION

DNA strand containing the biotinylated dT (represented by “t") is
shown. It should be noted that the biotinylated DNA strands are

complementary with each other. The arrowhead lines with hash We v_ar_ied_th_e length of the ssDNA tails a”O_' used
marks represent the complementary DNA strand, which is not Streptavidin-biotinylated DNA substrates to examine the

biotinylated, and the nucleotide distance from the beginning and mechanism of T7 DNA-catalyzed DNA unwinding. A

end of the duplex DNA to the biotinylated dT are indicated on the model for T7 helicase action based on our findings is shown
arrowhead lines. (B) A plot of the results in the absence (open in Figure 6A
g .

circles and squares) and presence of streptavidin (closed circle ) )
and squares) is shown'-®-3 and 3-to-5-biotinylated DNA are While wrapping of the DNA to contact more than two
represented by circles and squares, respectively. In the graph, orsubunits of the helicase is the most speculative aspect of the
figures representing DNA molecules, a shaded circle represents amgde| (Figure 6A), it is supported by experiments where

biotinylated dT bound by streptavidin. Reactions were carried out R . . :
at 18°C with 0.22uM helicase. DNA unwinding was initiated by the 3-ssDNA tail adjacent to the duplex DNA was varied.

adding helicase (preincubated with TTP) and excess biotin to the The trend was of increasing rate of DNA unwinding with
DNA. increasing 5ssDNA tail length until the tail was 55

nucleotides (Figure 2). Fifty-five nucleotides of ssDNA is

and gene 59 protein. Our experimental design differs from sufficient to encircle the periphery and travel through the
that of Raney et al.31) in two important ways. Raney et central cavity of the helicase as depicted in Figure 6A. [This
al used a BioTeg moiety for binding by streptavidin, which calculation is based on the common measurement of 3.4
maintains regular spacing between the phosphate backboné.5 A ssDNA contour length/nucleotide and the-ZB A
of the DNA but does not contain a nucleoside and therefore diameter and 90 A depth of the central cavity of the helicase
may disrupt contacts required by the helicase during DNA ring (11, 32, 33]. While unlikely, it is possible that the
unwinding. In contrast, we used a biotinylated dT nucleotide, increase in the rate of DNA unwinding is due to two helicases
which retains normal bp contacts. We also monitored the binding to ssDNA tail longer than 35 nucleotides. Two
unwinding of the streptavidin-bound oligonucleotide in the helicases have been found to bind ssDNA longer than 35
presence of 40 000-fold excess biotin to trap any streptavidin nucleotides; however, an interaction between these helicases
displaced by the helicase. This control enabled us to rule was not detected26, 34. Similarly, we have varied the
out the possibility that our results could be due to the helicase helicase concentration in our experiments and have failed
being able to displace streptavidin bound to one DNA strand to detect any cooperative interactions (data not shown).
but not the other. Furthermore, EM studies suggest that the helicase only

A longer length of duplex DNA (55 vs 35 bp) was chosen orients in the 5to-3 direction along the ssDNA. Clusters
for these experiments to ensure that the streptavidin wouldof helicases but not dodecamers were obserdgd. (If
encounter the center of the helicase during the unwinding multiple helicases were able to unwind DNA faster than one
of the DNA. The biotin moiety is attached to the C-6 of helicase, the rate of DNA unwinding should have increased
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A in the center of the hexamer and the finding from the
! forementioned DNA binding studies that the helicase prefers
ssDNA over dsDNA 14, 25).

Like Matson et al. §), we found that a forked DNA
substrate with a'3dT); ssDNA tail was sufficient for DNA
unwinding while a (dTjtail was not. Since both tails could
theoretically enter the 30-A center of the helicase, it is likely
that a DNA binding site outside the center prevents the 3
end from entering. The finding that streptavidin bound to
the 3-end of the duplex DNA fully substitutes for this-3
ssDNA tail suggests that only the exclusion of the®5
strand is essential to the mechanism of DNA unwinding and
E that no other interactions with this strand are needed. This

finding rules out models where the primary purpose of the
3'-tail is for initial DNA binding of the helicase to the forked
DNA. Two other major models for the mechanism of T7
DNA helicase-catalyzed DNA unwinding are also not
E* favorable: (1) a “torsional” model where the subunits of the
' helicase bind to both ssDNA tails at the ss/ds junction and
distort this region in a TTP-dependent manner, thereby
causing the duplex DNA to unwind). (2) A type of rolling
+ o mechanism model where the hexamer encircling thi®-5

tn fa

%A hindimg proteins
%]

Cad
F

L

o 3 ssDNA tail flanking the duplex DNA provides the helicase
CJ with high processivity, but unwinding is accomplished by
interactions with the '3to-5 ssDNA tail and the duplex DNA
(7). These results also suggest that the general mechanism
of DNA unwinding by a hexameric helicase and the dimeric
E. coli Rephelicase, which only requires a single ssDNA

tail (20), may be significantly different.

How the 3-to-5 ssDNA strand displaced by the helicase
is generated remains to be determined. The helicase could
generate the'30-5 strand by capturing the' 50-3 ssDNA

3t generated by thermal “breathing” at the ss/dsDNA junction
FiURe 6: Models for T7 DNA helicase action. (A) A model for 2 by interacting with the dsDNA at the-fo-3 ss/dsDNA
DNA unwinding by the T7 DNA helicase. The subunits of the ring- Junction and actively melting it. _
like hexameric helicase are depicted by shaded ovals. Fie 5 Impllcatlons for Collisions between the Helicase and Other
3'-ssDNA strand is encircled and wrapped by the helicase. All six Proteins Interacting with the DNA.Our model for the
units of the helicase contact the DNA. Whereas, this&'-ssDNA mechanism of DNA unwinding by the T7 DNA helicase

tail is excluded from the central cavity during DNA unwinding. P - - .
(B) A model predicting the outcometyof colligsions between t%e presented in Figure 6A makes certain predictions regarding

helicase and proteirDNA complexes during DNA replication. The  the outcome of collisions between the helicase and pretein
leading and lagging strands during DNA replication are depicted DNA complexes (less tightly associated than streptavidin and
by arrows. Proteins interacting predominantly with the lagging biotin) during cellular processes (such as DNA replication,

strand, which is represented by multiple short arrows, are stripped pNA repair, DNA recombination, RNA transcription, and
from the DNA. Proteins interacting predominantly with the leading L . T T
strand, which is represented by one long arrow, survive collision R_NA spIICIng)a_ Durlhng DNA, rephcatlon_’ our rSOdFT‘l n |
with the helicase. Figure 6B predicts that proteins contacting predominantly

the B-to-3 strand or the lagging strand, which the helicase
as the tail length was increased beyond 55 nucleotides (seesncircles, will be completely displaced from the DNA.
Figure 2). In contrast, the observed slower rate seen mostWhereas, proteins contacting predominantly théo3&' or
clearly at 70 nucleotides could be due to an inhibitory effect leading DNA strand, which is excluded from the center of
of a second helicase. Moreover, while DNA binding and the helicase, could possibly survive a collision. If the
EM studies, which are performed under conditions where proteins are a part of a larger protein complex, some DNA
nucleotide hydrolysis cannot occur, have not detected contactinteractions could be disrupted while others are reformed,
between the DNA and all of the subunits of the helicase, thereby increasing their chances of survival. Our predictions
substrate requirements for DNA binding and unwinding by for collisions while speculative are consistent with the
the helicase are different. Forked DNA is required for outcome of collisions of a DNA replication fork driven by
initation of DNA unwinding whereas only 10 nucleotides the T4 phage gene 41 helicase and a transcribing RNA
of ssDNA is required for tight DNA binding by the helicase polymerase 35—37). When the RNA polymerase is tran-
(Figures 1-3; 8, 25. A model with the helicase encircling  scribing the lagging DNA strand, collision and passage of
the B-to-3 DNA strand but not contacting more than two the helicase-driven replication fork cause the RNA poly-
subunits and excluding theé-®-5 DNA strand has been  merase to switch to the newly replicated daughter stramd (
previously proposedl#). The previous model was based However, when the RNA polymerase is transcribing the
solely on analysis of EM images where the ssDNA could leading strand, the RNA polymerase continues transcribing
not be directly visualized but seemed to induce an asymmetrythis strand after collision with and passage by the helicase-

£
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Helicase Encircles One DNA Strand while Excluding Other

driven replication fork 85—37). Our model is also consistent
with the observation that, when a replication fork passes,

(38). Lastly, it is noteworthy that on the side &. coli
replication termination protein, Tus, which allows replication

fork passage, phosphate backbone interactions of the Tus 18.

protein are predominantly on the lagging straBé)( This
would ensure disruption of these contacts during a collision

with a helicase and thereby allow unimpeded DNA synthesis

by the DNA polymerase. While these predictions need to
be tested experimentally, they illustrate the general impor-

tance of understanding the mechanism of DNA helicase-

catalyzed DNA unwinding.
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