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ABSTRACT: Many helicases assemble into ring-shaped hexamers and bind DNA in their central channel.
This raises the question as to how the DNA gets into the central channel to form a topologically linked
complex. We have used the presteady-state stopped-flow kinetic method and protein fluorescence changes
to investigate the mechanism of single-stranded DNA (ssDNA) binding to the bacteriophage T7 helicase-
primase, gp4A We have found that the kinetics of 30-mer ssDNA binding to a preformed 'gpetdamer

in the presence of both MgdTMP-PCP and MgdTTP are similar, indicating that MedTTP binding

is sufficient and hydrolysis is not necessary for efficient DNA binding. Multiple transient changes in
gp4A fluorescence revealed a four-step mechanism for DNA binding with-8IigrP. These transient
changes were analyzed by global fitting and kinetic simulation to determine the intrinsic rate constants of
this four-step mechanism. The initial steps, including the bimolecular encounter of the DNA with the
helicase and a subsequent conformational change, were fast. We propose that these initial steps of DNA
binding occur at a readily accessible site, which is likely to be on the outside of the hexamer ring. The
binding of the 30-mer ssDNA at this loading site is followed by slower conformational changes that
allow the DNA to transit into the central channel of gg4Aa a ring-opening or threading pathway.

Helicases are ubiquitous enzymes that play an essentiaiophage T7 gp4A which is the subject of this study, have
role in all processes of nucleic acid metabolisim?). DNA been proposed to bind DNA in the central chanid, (16,
helicases catalyze the unwinding of double-stranded DNA 21, 23, 25-27). Because many of these proteins can form
(dsDNAY) by unidirectional translocation on DNA and by hexameric rings in the absence of DNA, mechanisms must
destabilization of the intermolecular forces that maintain the exist for loading the DNA into the central channel of these
duplex DNA structure. Helicases are motor proteins that rings. The studies presented here with T7 gpdére carried
couple the energy from NTPase turnovers to movement andout to elucidate such a loading mechanism. SimilaEto
unwinding of the dsDNA. A large number of helicases have coli DnaB and T4 gp4l, the T7 gp4 protein has been
been identified from various organisms at the present time, proposed to pass only one strand of the dsDNA through the
and the mechanisms of energy transduction and nucleic acidcentral channel during DNA unwindin@{, 23, 25, 26, 28
unwinding are being intensely studied in many different 30). The gp4A binds the 5DNA strand through the central
helicases. channel and excludes th&BNA strand @1). Although the

Over the past decade a number of helicases, most of whichexact mechanism of duplex melting is unknown, it has been
are involved in DNA replication, have been shown to self- proposed that translocation of the helicase on the DNA strand
assemble into ring-shaped hexamers that have a centrathat passes through the central channel plays an important
channel {, 2). These helicases form hexamers in the absencerole in DNA unwinding.

of DNA, and most require only the presence of ¥gnd/ In the present studies, we have used stopped-flow fluo-

or NTP to form stable hexameric rings3<19). The  yeqcence experiments to gain insight into the kinetic mech-
Escherichia colihelicases DnaB, RuvB, Rho, and bacterio- g.cm of 30-mer ssDNA binding to a preformed hexamer

phagg T7 gp4 an_d T4 g_p41 DNA hehcas_es, SV40 large gp4A. These studies were carried out with the goal of
T—antlgen, and bovine pe}pllloma virus E1 helicases have beenunderstanding the events that occur during the initiation of
visualized by electron mlcrosc_:opﬁ,(_g—ll, 13' 14, ;6’ 20 DNA unwinding and to dissect the steps that lead to binding
24). Many of these hexameric helicases, including bacter- of the ssDNA in the central channel. Analysis of the kinetic
data revealed a four-step mechanism for DNA binding in
T This work was supported by National Institutes of Health Grant the presence of MgdTTP, and global fitting provided the
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of the DNA into the central channel, were much slower. and MgC}h (7 mM) in buffer H in the stopped flow
Thus, even though the initial encounter with the DNA is fast, instrument at 18C. The given concentrations are the final
our studies predict that the formation of a productive concentrations in the reaction. The fluorescence changes in
helicase-DNA complex during initiation of DNA unwinding ~ gp4A were monitored using an excitation wavelength of 295
would be a slow process. Studies are underway to test thisnm and monitoring the emission above 348 nm using a cutoff
hypothesis. high pass filter (model no. 51260) from Oriel Corp. The
upper limit of sensitivity of the photomultiplier tube was
about 650 nm. A schematic of the experiment is outlined in
Figure 2A. For each experiment, at least four fluorescence

_ traces were averaged.
Proteins and Enzymesihe gp4A was overexpressed, Several control experiments were carried out: (1) A

purified, and stored as described previousig,(33. The solution containing the helicase, nucleotide, and Mg@l
concentration of gp4Avas determined both by absorbance pffer H was mixed with nucleotide and MgGh buffer H
measurements atl 2891””‘ B M urea (extinction coef-  (without DNA). (2) A solution of helicase and Mggin
ficient: 76 100 M cm™) and by the Bradford assay using pyfer H (without nucleotide) was mixed with DNA and
BSA as a standard. Both methods of determining the \igcl, in buffer H (without nucleotide). (3) Nucleotide and
concentration of gp4Agave similar results. _ MgCl, in buffer H (without helicase) were mixed with DNA,
Nucleotides and BufferdTTP was purchased from Sigma,  ncleotide, and MgGlin buffer H. No fluorescence changes
and dTMP-PCP was purchased from USB. Buffer H contains yere observed in these controls.
50 mM NaCl, 20 mM TrisCl, pH 7.5 (tris(hydroxymethyl)- Determination of the HelicaseDNA Binding Mechanism.

aminomethane chloride), and 10% glycerol. _ For the determination of the DNA binding mechanism,
Synthetic Oligodeoxynucleotides.30-mer ssDNA with  stopped-flow fluorescence experiments were carried out at

the sequence ACA GTACTC TAG TTACTGATCTGA  jncreasing 30-mer ssDNA concentrations (see above). The

GAT CAG-3 was purchased from Integrated DNA Tech-  ayeraged traces at each DNA concentration were fit to the

nologies and purified on a 15% polyacrylamide/3.2 M urea gym of three exponentials to determine the rates of each
gel in TBE buffer. The 30-mer ssDNA band was excised, phase (eq 2):

and the DNA was extracted by electroelution using an
Elutrap apparatus from Schleicher & Schuell. The DNA was
ethanol precipitated, and the concentration of the dissolved

EXPERIMENTAL PROCEDURES

F=ae“+a(l-e+a(l—e")+C (2

coefficient of 326 760 M cm™2,
Fluorescence Equilibrium ProteinDNA Binding. For

constants of the first, second, and third phases of the observed
fluorescence changes, respectivélyis a constant. Due to

equilibrium DNA binding fluorescence measurements, a the presence of a very fast and two relatively slow phases,

solution containing 850 nM gp4An buffer H with 2 mM

data were collected in different time windows. At each

Mg—dTMP-PCP and 9 mM MgGlwas excited at 295 nm,  concentration of DNA, two types of experiments were carried
and the emission spectrum was recorded from 300 to 500¢yt, For accurate determination of the rate of the first phase,
nm in a Fluoromax-2 fluorometer (Instruments SA, Inc.). gata were collected from 0 to 6 half-lives of the first phase
The emission spectrum was collected again after 30-merj, one window and upa 5 s in thesecond window. To
ssDNA (2 uM) was added to an identical sample. Both getermine more accurately the rates of the second and third
spectra were corrected for background fluorescence byphases, data were collected from 0 to 6 half-lives of the
subtracting the fluorescence spectrum of buffer H containing second phase, up to 6 half-lives of the third phase in the
Mg—dTMP-PCP (2 mM) and MgGI(9 mM). The fluores-  second window. In the presence of MdTTP, both types
cence spectrum of protein in the presence of 30-mer sSDNA of experiments were conducted for the entire range of DNA
was also corrected for the inner filter effect due to DNA ¢gncentrations (0:28 uM). In the presence of MgdTMP-
absorption at 295 nm using the following equation: PCP, the first phase was accurately measured from 0.2 to
10 uM and the rest of the phases were measured from 0.2
Foi= Foji(loo'SQAX‘LAm")) to 2 uM concentration of DNA. The first and the second
phases with MgdTTP were fit to the hyperbolic equation
F.; is the corrected fluorescence intensity at a particular (€d 3).
wavelengthj, F,; is the observed fluorescence intensiy,
is the absorbance of the DNA at 295 nm, aivg; is the
absorbance of the DNA at the emission wavelengths.
Stopped-Flow Fluorescence Experimeritse helicase
DNA binding kinetics were measured under pseudo-first-  VmaxiS the maximum observed rate€,, is the concentra-
order conditions in a stopped-flow instrument manufactured tion of DNA at which the observed rate is half of the
by KinTek Corp., State College, PA. The dead time of the maximum observed rate, arkgs is the observed rate.
instrument was 2 ms, and the flow rate, 6 mit. A solution Global Fitting of the Proposed Binding Mechanism to the
(40 uL) of gp4A’ (850 nM monomer), MgdTTP or Mg— Stopped-Flow Fluorescence Dafhe intrinsic rate constants
dTMP-PCP (2 mM), and MgGI(7 mM) in buffer H was (Scheme 1) were determined by globally fitting the stopped-
rapidly mixed with a solution (4QiL) of 30-mer ssDNA flow kinetic data collected at increasing concentrations of
(200 NnM—10uM), Mg—dTTP or Mg—dTMP-PCP (2 mM), 30-mer ssDNA. The global nonlinear least-squares fitting

)

ViadDNA]

bs™ K, + [DNA] (3)
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was carried out using the software “Scientist” (MicroMath
Research, LC). Differential equations were written for each
species in the mechanism shown in Scheme 1. For the global
fitting, a separate set of differential equations, distinguished
by different suffixes, was written for each DNA concentra-
tion. The stopped-flow fluorescence traces were directly fit =
by assigning the observed total fluorescence (FA) as the sum 300 350 400 450
of the background fluorescence (FB), which is that part of
the protein and buffer fluorescence that does not change due

to ssDNA binding, and the contribution of each protein B -
species to the total fluorescence at any reaction time e
specified by F through FD4: 2 s
o
FA=F+ FD1+ FD2+ FD3+ FD4+ FB Z; 66
£
whereF = EV, FD1= ED1-VD1, FD2 = ED2-VD2, FD3 2 64 T
= ED3VD3, and FD4= ED4-VDA4. ot ot ©
V through VD4 are the values for the specific fluorescence oot o1 1 10 100
of each helicase species. These specific fluorescence values Y e : .
describe only that part of the protein fluorescence that 3 000 [
changes due to DNA binding. Differences in the inner filter & o3l

effect for each species were accommodated by using differentF . ch in the intrinsi - " ;
values for the specific fluorescence of a given species at, o a 1. Change In the intrinsic protein fluorescence of ghaA

; p ; 9 p upon 30-mer ssDNA binding. (A) The fluorescence spectra (excita-
different DNA concentrationsE through ED4 are the  tion at 295 nm) of gp4A corrected for the inner filter effect, in
amounts of each protein species at any given tinieitial the absence of DNA (thin, continuous line) and in the presence of
values for the intrinsic rate constarksthroughk_, were DNA (thick, broken line) are shown. The difference spectrum is
estimated from the analysis of the plots of the observed rateS"oWn by the dotted line. (B) The transient changes in gpdA

. ... fluorescence upon 30-mer ssDNA binding are shown. These time-
constants versus the DNA concentration (Scheme 1). Initial yependent changes were measured in a stopped-flow instrument at

values for the specific fluorescence of each species were seti8 °C by mixing gp4A (0.142uM hexamer), Mg-dTTP (2 mM),
to 1, arbitrarily. First, the set of parameters for the intrinsic and MgCh (9 mM) from one syringe with 30-mer ssDNA (&V),
rate constants was kept constant and the specific fluorescenc#9—dTTP (2 mM), and MgGl (9 mM) from a second syringe.

The above are final concentrations after mixing. The mixed solution
values were floated. Subsequently, one or the other set OfWas excited at 295 nm, and the protein fluorescence was monitored

parameters was kept constant and global fitting was used tog; >348 nm, from a few milliseconds to several seconds after
optimize the floating set. The fitting process was governed mixing with the DNA. The fluorescence data are shown as gray
by a modified MarquardLevenberg algorithm, and the circles. The data were fit to two and three exponentials (broken
differential equations were numerically integrated using the gﬂg fﬁgén‘éggzr':gﬁﬁag?gf;;“&?;ﬁ'omi r:ﬁ&dﬂﬂiﬁoéﬁﬂigt ﬁg;\pl)vgc
stiff e,p|SOde alg(?rlthm ma!(lng use of the anf”llyt'cal Jaco_b'an tively) illustrate the necessity for using a three-exponentiél fit.
matrix. The quality of the fit was judged by visual inspection

of overlays of the fitted curves and the data as well as the gp4A fluorescence increased very little upon DNA

inspection of the residuals. binding. In contrast, when the fluorescence of gp&mas
measured by the stopped-flow method, relatively large
RESULTS changes in protein fluorescence were observed during the

o o first few seconds after mixing gp4Avith the DNA (Figure

The kinetics of ssDNA binding to a preformed hexamer 1B). The fluorescence of gp4Alecreased rapidly and then
of the T7 gp4A were investigated with the ultimate goal of  increased back to almost the initial value. The net change in
understanding the mechanism of initiation of DNA unwind- protein fluorescence was small, consistent with the small
ing. We know from previous studies that gp4dssembles  change observed in the equilibrium fluorescence experiment.
into a stable hexamer in the presence of-M TP or Mg- The decrease and increase in fluorescence with time fit best
dTMP-PCP, and the hexamer thus assembled is capable ofg a sum of three exponentials rather than two exponentials
binding a 30-mer ssDNA3; 4, 34. Here we wished to a5 shown by the plot of the residuals in Figure 1B.
elucidate the kinetiC mechanism Of 30—melj ssDNA b|nd|ng The time_dependent Stopped_ﬂow experiments were also
to the gp4A hexamer. Often, binding of a ligand results in - carried out using various fluorescent DNA molecules. The
intrinsic protein fluorescence Changes due to induced Con'changes in the fluorescence of these DNAs upon formation
formational changes in the protein. In such a case, thegf g protein-DNA complex were monitored (data not
fluorescence ChangeS can be used as I‘eporters to determi%own)_ No f|u0rescence Changes were Observed in the
the k|net|CS of ||gand b|nd|ng in real t|me Using the StOpped- Stopped_ﬂow instrument When hexameric gp%s mixed
flow kinetic method. with etheno-dA-DNA (internally labeled) or amino-purine

Protein Fluorescence Changes Due to DNA Bindifige DNA (internally labeled). When hexameric gp4&as mixed
fluorescence spectra of gp4 the absence and presence with fluoresceir-DNA (fluorescein at the end), fluorescence
of ssDNA were compared to explore possible fluorescence changes were observed. However, they were sensitive to the
changes in T7 gp4Aupon DNA binding. As shown in the  position of the fluorescein moiety '@&nd or 3-end) and did
individual spectra and the difference spectrum (Figure 1A), not show all of the phases obtained by monitoring the



6404 Biochemistry, Vol. 39, No. 21, 2000 Picha et al.

A ‘ of their formation and disappearance. The gp442 nM
hexamer) was preincubated with MJTTP (2 mM) in
syringe A of the stopped-flow instrument. The resulting

GRA (0o .-;2' DONA hexamer was then rapidly mixed with a solution of 30-mer
Mg-dTTP CgP arre ssDNA from syringe B (Figure 2A). Upon mixing of the
samples, several transient changes in the intrinsic protein
hoy>3480m fluorescence of gp4Awere observed, and these were
recorded in real time as shown in Figure 2B. The protein
fluorescence decreased rapidly after mixing with the DNA

B [DNA] (nM) and then more slowly increased to the original level of

2000 fluorescence. Representative stopped-flow traces at increasing

30-mer ssDNA concentrations (6-2.0 uM) are shown in

Figure 2B. The kinetics traces from 0.3 to &P were fit

to the sum of three exponentials (eq 2), and the exponential

rate constants were plotted versus the 30-mer ssDNA

concentration to obtain the dependencies shown in Figure
3A—-C.
The mechanism of DNA binding and the intrinsic rate

: : . constants govern the observed kinetics. Therefore, a quantita-

0.1 1 10 . . .

_ tive analysis of the observed DNA concentration depend-
Time (s) . . .
encies can provide that mechanism. The presence of three

E}GMURE ﬁT ngogl'teﬁgr'ggg‘i’nki”39(??e‘:fs'ggﬁficnﬂggri{‘r;{‘ign%re(ie)”fﬁe phases indicated that at least three steps and two intermediate

cart(?on shows the desigr?of the stopped-flow experimenf. A motor SPECIES Were presenF in the pthway of D.NA bmdl.ng' The

drive rapidly pushes the contents of two syringes through a flow Observed rate of the first phase increased linearly with DNA

cell into a third syringe, which stops the flow and mixes both concentrations up to M, with a slope equal to 2.5 10

solutions in the flow cell. The reaction occurring in the flow cell M~ s7* (Figure 3A). This indicates that the formation of

can be observed by fluorescence measurements (excitation wavete first protein-DNA species is limited by a bimolecular
length, 295 nm; emissiorr; 348 nm). (B) The gpaA(0.142uM step at 2.5x 10/ M~ s71. At DNA concentrations greater
hexamer) was preincubated with MgTTP (2 mM) and MgGl : . ) .
(9 mM) in one syringe, and a mixture of 30-mer ssDNA, Mg  than 1uM the first phase began to saturate, and the entire

dTTP (2 mM), and MgGl (9 mM) was added from the other ~ dependence fit to a hyperbola. The hyperbolic dependence
syringe. The above are final concentrations after mixing. The of the first fluorescence phase implies that there are two steps
resulting time courses of transient fluorescence changes with, the initial DNA-binding process. The first step is the

increasing 30-mer ssDNA concentrations (023uM) are shown . -
(gray circles). The time axis is in the log scale, and the solid black bimolecular encounter between the helicase and the DNA,

lines are the predicted kinetic curves according to the DNA binding and this is followed by a conformational change. The
mechanism shown in Scheme 1. hyperbola saturated at about 106! qthe Vpnax Of the

hyperbolic fit; Figure 3A), which is an estimate for the rate

enzyme fluorescence. Therefore, monitoring protein fluo- of the conformational change in the forward direction
rescence was the best method for measuring DNA binding (Scheme 1). The second phase increased in a hyperbolic
to hexameric gp4A manner as the DNA concentration was increased and

The time-dependent fluorescence changes were observedaturated at 2.6 % (Figure 3B). The hyperbolic DNA
only with ssDNA and only in the presence of MJTTP or dependence of the second phase provided evidence for a third
Mg—dTMP-PCP. These are conditions under which gp4A step in the DNA-binding pathway. This third step is a distinct
is known to be a hexameB) and interact with sSSDNA4, conformational change that occurs with a forward rate close
34). No time-dependent fluorescence changes were observedo 2.6 s*. The third phase remained nearly constant with
when ssDNA in one syringe was mixed with ggdfd Mg- increasing DNA at about 0.5 5(Figure 3C), indicating that
dTDP or with magnesium ions alone (data not shown). Thesethere is a fourth step in the DNA-binding pathway with a
results are consistent with previous observations that theforward rate of approximately 0.5'%
gp4A hexamer interacts weakly with a 30-mer ssSDNA in  The above semiquantitative analysis of the DNA concen-
the presence of MgdTDP @, 34). No fluorescence changes tration dependencies showed that the DNA-binding mech-
were observed when gp44Avas mixed in the stopped-flow  anism with Mg-dTTP consists of at least four steps. This
with a dsDNA hairpin in the presence of either MdgTMP- mechanism is outlined in Scheme 1, where E represents
PCP or Mg-dTTP (data not shown). The hairpin structure gp4A hexamer, D is the free ssDNA, ED1 is the product of
was used to ensure that there was no free ssDNA in thethe bimolecular encounter, and ED2, ED3, and ED4 are
reaction. These results are consistent with the previously subsequent states of the helicaB8NA complex. A forward
reported data showing that the dsDNA interacts weakly with and a reverse rate constant characterize each step in this
gp4A (349). mechanism, denoted &sthroughk-;. The semiquantitative

Four-Step Mechanism for DNA Binding in the Presence analysis described above provided rough estimates for the
of Mg—dTTP.To determine the kinetic mechanism of 30- intrinsic rate constants in the forward direction as listed in
mer ssDNA binding to the gp4Ahexamer, stopped-flow  Scheme 1, but the reverse rate constants could not be
experiments were carried out at increasing 30-mer concentra-determined accurately without solving the explicit equations
tions. These experiments determined the number of inter-describing the mechanism. The four-step mechanism presents
mediate species in the DNA binding pathway and the ratesa challenge in terms of determining the intrinsic rate

A=285nm vwv\»-LL‘

Fluorescence
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FiGure 3: Rate constants as a function of the 30-mer ssDNA concentration dependence in the presenedf RId he kinetic traces

at increasing concentrations of 30-mer ssDNA {B2:M) were fit to the sum of three exponentials (eq 2). The rate constants for each
phase were plotted versus the 30-mer ssDNA concentration. (A) The rate of the first phase increased hyperbolically with increasing DNA.
The fit of the data to a hyperbola (eq 3) provide&g of 2.9 uM, a maximum rate of 10678, and ay-intercept of 4.5 st. (B) The rate

of the second phase increased hyperbolically with the DNA concentration and reached a maximum rate! ¢§-28escept= 0). (C) The

rate of the third phase remained constant at about 0.5 s

constants because an explicit solution for a reversible four- Scheme 1

step DNA binding pathway with eight intrinsic rate constants k, k, k, K,
cannot be determined. We therefore used the method of E+D ED1 ED2 ED3 ED4
numerical integration and global fit of the kinetic data at k, K, K, K,

various DNA concentrations to obtain the intrinsic rate
constantski—k-;.

Global Fit To Obtain the Intrinsic Rate Constantshe
four-step D_NA-binding mec_hanism shown in Scheme 1 was (M7s) 25x10" 2.1x10 2x107  216x107
expressed in terms of protein fluorescence changes occurrin

dTTP dTMP-PCP
3-exp.fit' globalfitt 3-exp.fit' global fit?

. . . . : . k4 (s N/A 50.4 15.7 9.1
as a function of time. This procedure is described briefly '(.,)
below and in more detail in the Experimental Procedures k2 (s7) 106 1324 fast fast
" ka(s™) N/A 17.3 fast fast

In the stopped-flow experiments, the observed fluorescence ™',

is the sum of the background fluorescence of the reaction ks (s ,1) 26 3.4 25 28

mixture and the fluorescence of each helicase species presen'f° (s_,) NIA 0.26 NIA 0.07

at a particular time. The background fluorescence, and partk‘(s ,,) 0.5 0.6 0.22 0.21

of the protein fluorescence, are constant through the time kals) N/A 0 N/A 0

course of the experiment_ However, changes in the observed These rate constants, obtained by analysis of the DNA concentration dependencies of the

fluorescence occur because part of the protein fluorescence 3."5.;'.“33&3‘?;?33;“3" %}L’%’F’p?'é‘;u“rgé fo?sdurnﬁfxgcfzoé)t.he iniinsie rate constants curing

is affected by ssDNA binding. Therefore, the observed ~ [inalvaues forihe intinsc rae constants were oblained by globall fiting data sets at

fluorescence throughout a time course is determined by the

accumulation of the different species, which can be describedrate constants and fluorescence factors was obtained that best

by differential equations. Instead of an explicit solution of described the experimental data.

these equations, numerical integration of the differential  The global fit provided the intrinsic rate constants of the

equations was used to fit the stopped-flow kinetic traces andfour-step DNA binding mechanism in the presence of-Mg

determine the intrinsic rate constants. dTTP as shown in Scheme 1. These intrinsic rate constants
The initial conditions were specified according to the were used to simulate the stopped-flow kinetics, shown as

reaction conditions (see Experimental Procedures). Initial solid lines in Figure 2B. The final numbers provided a good

values were estimated for the parameters (the intrinsic rateagreement between the stopped-flow data and the simulated

constants, the specific fluorescence values, and the back-curves. The mechanism for DNA binding shows that the first

ground fluorescence). Estimates for the intrinsic rate con- two steps, comprising the initial DNA binding event to the

stants were obtained from the analysis of the concentrationhexamer, occur at relatively fast rates. The bimolecular

dependence of the observed rate constants (Scheme 1). Thencounter rate is close to diffusion-limiteki & 2.1 x 10’

initial values for the specific fluorescence of each species M~*s™1), and the dissociation of the resulting ED1 complex

were set to unity, and those for the background fluorescenceinto its components is also fast with; = 50.4 s. Thus,

were estimated from the fluorescence traces. The experi-the ED1 species has a welk of 2.5uM. ED1 converts to

mental data for several DNA concentrations were fit ED2 at a forward rate df, = 132 s and a reverse rate of

simultaneously. The global fit uses a set of equations with k-, = 17 s'*. The ED2 intermediate subsequently converts

several common parameters, which lowers the degrees ofto ED3 and ED4 at relatively slow rate constarks= 3.5

freedom for the overall fitting process. This global fitting s, k-3 = 0.26 s, andk, = 0.6 s). There was no

approach also ensured that the derived model was consistentletectable ratek(,) for the conversion of ED4 to ED3.

with the entire experimental data set. To facilitate the fitting It should be pointed out that two ssDNA molecules can

process, an iterative approach was chosen, in which somebind to a single gp4Ahexamer at equilibrium34). It may

of the parameters were fixed and others were optimized. be argued that the observed fluorescence changes may be

Subsequently, the optimized parameters were fixed and thedue to the binding of both of these two ssDNAs rather than

remaining ones were optimized, etc. Thus, a single set of only one, as proposed in Scheme 1. Howeverkhtor the
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second molecule of DNA which binds to gp4was reported

to be 5uM (34). Since the stopped-flow experiments were
carried out at DNA concentrations from 0.2 taB!, binding

of a second ssDNA should not occur at the lower DNA
concentrations. Yet, all phases of the fluorescence changes
were visible at all DNA concentrations (Figure 3). At higher
concentrations of DNA, no additional phases were observed.
We were able to globally fit the data to the linear mechanism
in Scheme 1, and hence, it appears that the second DNA Time (s)

[DNA] (nM)

>

Fluorescence
Rate (s™), 1st phase 00
3
[ ]

0 2 4 6 8 10
[30-mer DNA] uM

binding does not contribute in a significant way to the o D .
observed fluorescence changes. g 3
Kinetic Mechanism of 30-mer ssDNA Binding in the & 2° g 0%
Presence of MgdTMP-PCP.To determine if the DNA- g s S o5
binding process was facilitated by the MJTTP hydrolysis =10 £ 010
reaction, the stopped-flow studies were carried out as ﬁ 05 @ 005
described above with dTMP-PCP, the nonhydrolyzable & € o
analogue of dTTP. Previous studies have shown that the 00 05 10 15 20 00 05 10 15 20
gp4A hexamer forms a very stable complex with sSDNA in [30-mer DNA] 1M [30-mer DNAJ M
the presence of MgdTMP-PCP K4 = 100 nM) @4). FIGURE 4: Stopped-flow kinetics of 30-mer ssDNA binding in the

However. it was not known if the mechanism of DNA- Presence of MgdTMP-PCP. The experimental conditions were

- . : the same as in Figure 2A, except 2 mM MdTMP-PCP was used
binding would be different in the presence of the nonhy- instead of Mg-dTTP. (A) The time courses of fluorescence changes

drolyzable analogue. It was possible that the DNA binding at increasing 30-mer ssDNA concentrations in the presence ef Mg
process could be more efficient in the presence of-Mg dTMP-PCP are shown (gray circles). The time axis is in a log scale,

dTTP, because nucleotide binds at the subunit interf2ife ( and the solid plat_:k lines are @he predicted kinetic curves accc_)rding
and hydrolysis of Mg-dTTP may facilitate the ring-opening 10 the DNA-binding mechanism with MgdTMP-PCP shown in
tep and thus promote faster binding of the DNA to the Scheme 1. The plots in (BXD) show the 30-mer SSDNA
step h P g concentration dependence of the rate constants obtained from the
protein. fit of the kinetic traces in (A) to eq 2. The rate of the first phase
To determine the DNA-binding mechanism in the presence increased linearly with increasing concentrations of DNA, the slope
of Mg—dTMP-PCP, the stopped-flow experiments were Provided ako, of 2 x 10" M~*s™%, and they-intercept provided a

: ; ; _ ; ; ¢ of 15.7 s'1. The rate of the second phase increased hyperboli-
carried out at increasing 30-mer SSDNA concentrations with cally with the concentration of DNA and reached a maximum rate

2 mM Mg—dTMP-PCP. We verified that 2 mM MgdTMP- of 2.5 51 (y-intercept= 0). The rate of the third phase remained
PCP was saturating, by conducting stopped-flow experimentsconstant at about 0.2°%

from 2.5uM to 2 mM Mg—dTMP-PCP, and no significant
changes in the rates of 30-mer ssDNA binding were observedevent, which results in ED1, is fast with = 2.2 x 10’
(data not shown). The kinetics of DNA binding with Mg M~tstandk-; =9 s % The conversion of ED1 to ED2 is
dTMP-PCP showed three phases of changing fluorescencea fast step; thus, the forward and reverse rate constants could
(Figure 4A). A decrease in fluorescence was observed in not be assigned. An estimate for the lower limitkpis 200
the first phase, which was followed by two phases of s, since the rate of the first phase remains linear up to the
increasing fluorescence. Figure 4B shows the DNA highest measured DNA concentration. The last two steps
concentration dependence of the rate constants of the thre@ccurred at almost the same rates as with-MgTP, ks =
phases. The observed rates of these phases were very close8 s, k-3 = 0.07 s, ky, = 0.2 s, andk_4 = 0. These
to those in the presence of M@ITTP. This indicated that  results indicate that DNA binding occurs by the same
the intermediate species in the presence of-dgMP-PCP mechanism (Scheme 1), even in the absence of WIigrP
were the same as those in the presence of MGTP. The hydrolysis. In the presence of M@TMP-PCP, the rate
only difference in the DNA binding kinetics with Mg constants for the second step are increased in comparison to
dTMP-PCP versus MgdTTP was in the DNA concentration ~ Mg—dTTP. This is the opposite of what would be expected
dependence of the first phase (Figure 4B). In contrast to theif Mg—dTTP hydrolysis facilitated DNA binding. In the
hyperbolic change observed in the presence of-6IgTP, presence of MgdTMP-PCP, the observed increase in the
the rate of the first phase increased in a linear manner in therate constants for the second step may be due to the different
presence of MgdTMP-PCP, in the range of DNA concen-  structure of the nucleotide. Therefore, MdTTP hydrolysis
trations used. We did not attempt to see if the rates would does not appear to play a role in the DNA-binding process.
saturate at higher concentrations of DNA because it required Kinetics of 30-mer ssDNA Binding as a Function of
a large amount of material. The linear DNA dependence in Protein ConcentrationTo investigate if gp4Ahexameriza-
the presence of MgdTMP-PCP indicates that the transition tion played a role in the observed DNA binding kinetics,
from ED1 to ED2 is faster with MgdTMP-PCP than with  the stopped-flow kinetic experiments were carried out at
Mg—dTTP. Thus, in the range of DNA concentrations used, increasing protein concentrations. We wanted to investigate
the ED1 species does not accumulate measurably and is noif the mechanism of DNA binding involved disassembly and
observed in the kinetics. assembly of gp4Asubunits around the DNA. In the stopped-
The intrinsic rate constants of the DNA binding mecha- flow experiments, we therefore kept the DNA concentration
nism with Mg—dTMP-PCP were determined using the (1 uM) in excess of the protein concentration800 nM).
method of numerical integration and global fitting. The final Under these conditions, the observed rate will be largely
mechanism in Scheme 1 shows that the initial DNA binding dictated by the concentration of the ligand that is in excess
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Ficure 5: Kinetics of DNA binding as a function of gp4/Aconcentration. The stopped-flow kinetics of 30-mer ssDNA binding were
measured in the presence of 1 mM MdTMP-PCP at constant 30-mer ssDNA#W) and increasing gp4A8—400 nM hexamer). The
kinetic traces at various protein concentrations were fit to eq 2, and plots #(())show the dependence of the observed rate constants
of the three phases as a function of the gbA&xamer concentration.

(which is DNA), and since the DNA concentration does not pathway was fast in the presence of M3iTTP and too fast
change, the observed rates are not expected to changéo measure in the presence of MATMP-PCP. The rates
significantly. Thus, if gp4Ais a stable hexamer that does of the two subsequent steps were slow and similar with both
not disassemble and reassemble around the DNA, then thenucleotides. No DNA binding was observed in the presence
observed rates of DNA binding will change only slightly. of Mg—dTDP, although MgdTDP promotes hexamer
However, if hexamer formation was occurring during DNA  formation of gp4A (3, 4). This is consistent with previous
binding, a protein concentration dependence would be results that showed very weak DNA binding with MJTDP
expected for the observed rates. Figure8Ashows the (4, 34). The results from these studies indicate that-Mg
plot of each of the three rates at increasing gpdéxamer dTTP or Mg-dTMP-PCP binding is necessary for DNA
concentration, in the presence of MJTMP-PCP. The  binding, but Mg-dTTP hydrolysis is not necessary for DNA
observed rates of the three phases change very little withbinding.

protein concentration. The rate of the first fast phase kinetic Mechanism of 30-mer sSDNA Bindinge have
remained constant at around 25'sand the subsequent saq numerical integration and global fitting to obtain the
phases, at 1.2 and 0.15'sThese are the values expected at jpyinsic rate constants of the four steps of 30-mer sSDNA
1 4M 30-mer ssDNA concentration, as shown in Figure-4B  inging (Scheme 1). The stopped-flow kinetic traces obtained
D. This protein concentration independence therefore indi- o; \/arious DNA concentrations were globally fit to the four-
cates that gp4As not disassembling and assembling around gyen model. The constraints provided by the DNA concentra-

the DNA. tion dependencies of the observed rate constants result in a
more accurate determination of the intrinsic rate constants.
DISCUSSION The 30-mer ssDNA binding mechanism with MJTTP

The results reported here establish the minimal mechanismconsists of the following steps: The initial encounter of the
Of a 30-mer ssDNA b|nd|ng to a preformed hexamer Of T7 DNA with the gp4A hexamer occurs at a C|Ose to diﬁ:usion'
gp4A. The kinetic pathway of 30-mer ssDNA binding was limited rate constantk = 2.1 x 10" M~*s™). The rate for
determined by following the transient changes in the intrinsic the dissociation of this complex into its component&.is
gp4A protein fluorescence upon DNA binding using the = 50.4 s™. The first proteir-DNA complex, ED1, resulting
stopped-flow method. In these experiments, we have moni- from the bimolecular encounter, is transient and converts to
tored the protein tryptophan fluorescence because the proteirED2 at a forward rate df, = 132 s** and a reverse rate of
was excited at 295 nm. T7 gp4thas a total of 10 Kk-2=17 s’ This step was not observed and was considered
tryptophans, with 4 in the helicase domain and 6 in the to be fast with Mg-dTMP-PCP. The ED2 intermediate
N-terminal primase domain. The crystal structure of the Subsequently converts to ED3 and ED4 at rate constants that
helicase domain of T7 gp4Awas recently solved2(). are relatively slowks = 3.5 s, k-3 = 0.26 s*, andk, =
Although there are no tryptophans or tyrosines in the loop 0.6 s). Thus ks andk, are the slowest forward rate constants
proposed to be involved in DNA binding, there are tryp- in the pathway of DNA binding and may limit the overall
tophan residues close to the proposed subtsubunit process of DNA binding in the central channel of the gpb4A
interface. The observed fluorescence changes could resulhexamer. There was no detectable r&tg)(for the conver-
from the disruption of a subunit interface, from global sion of ED4 to ED3.
conformational changes in the protein upon DNA binding,  To better understand the relationship between the ac-
or from both. cumulated species and the observed fluorescence, the forma-

DNA Binding Kinetics with MgdTTP and Mg-dTMP- tion and decay of the various species and the observed
PCP. The kinetic pathway of 30-mer ssDNA binding was fluorescence were simulated as a function of time for the
determined both in the presence of dTTP and its nonhydro- DNA binding pathway with Mg-dTTP (Figure 6A). It is
lyzable analogue, dTMP-PCP. The elucidated kinetic path- clear that the ED1 intermediate does not accumulate to a
ways in the presence of either MgTMP-PCP or Mg- significant extent because it is rapidly converted to ED2.
dTTP were almost identical. With both, M@ITTP and Mg- The intermediates ED2 and ED3 accumulate the most, and
dTMP-PCP, an initial close to diffusion-limited DNA binding  thus, the formation of ED4 occurs with a distinct lag. Only
step was observed. The second step in the DNA binding a part of the protein fluorescence changed upon ssDNA
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A l £ < ED1 . EDZ‘ mechanism sufficiently describes the formation of such a
a2 © EDS ===F productive helicaseDNA species. In case of T7 gpdfa
productive species would be stably bound to ssDNA, able
to unwind dsDNA, and hydrolyze MgdTTP at a stimulated
level. The studies addressing these issues are in progress and
will be reported elsewheres¥F).
Fast DNA Binding Step Indicates the Presence of a Readily
4.0e-8 F Accessible Site on the gp4Bexamer.In the presence of
0.0 fomm either Mg—dTTP or Mg-dTMP-PCP, the bimolecular bind-
104 10° 102 101 10° 107 ing of DNA to the protein was observed as a very fast step,
Time (s) approaching the rate of diffusion ( 10’ M1 s7%). The
B« observation of a close to diffusion-limited binding of DNA
100 ¢ ] to the hexamer in the first step suggested that a readily
80 | accessible site was available for DNA binding. If the DNA
60 [ binding site was sterically occluded or hidden (either directly
w0k in the channel or in a transient site), many of the encounters
20f between the DNA and the protein would be nonproductive
and the bimolecular binding step would be much slower than
E ED1 ED2 ED3 ED4 the rate of diffusion. We argue that the DNA-binding site in
Species the cen_tral channel of a preformed closgd ring is not regd|ly
accessible and propose that the DNA first interacts with a
F'GXAFfEhg;(amgftiiﬁ tﬂ?“ﬁ'gg?]c%f ;OMr;%%%s?AN)ATﬁg‘%?% ;gotrf]‘e readily accessible site on the outside of the ring.
gﬁd decay of various pspecies in the DNA binding pathway with Previous equilibrium .DNA binding studies have shown
Mg—dTTP was simulated using the final intrinsic rate constants that the gp4Ahexamer binds two 30-mer ssDNA molecules,
shown in Scheme 1. The concentrations of gp#éxamer and  one with a tightKy (100 nM) and a second with a 50-fold
DNA were 142 nM and M, respectively. Note that the time  weakerKq (34). The DNA-binding site in the central channel
axis is shown in the logarithmic scale to enable better visualization jg most likely the tight one, and the weaker DNA binding

of events occurring both at short and long times. The open circles _; . . :
show the decay of free protein (E). The squares, triangles (up). site may be located on the outside of the ring. This weaker

and triangles (down) show the formation and decay of the Site on the outside of the ring would be readily accessible
intermediates ED1, ED2, and ED3, respectively. The diamonds for fast DNA binding. There are six potential DNA binding

show the formation of the final, stably bound proteDNA sites, and this would make the initial binding process a very
complex (ED4). The overall fluorescence change is represented byf, 5t step. The only known DNA binding site that has been

the solid black line and is scaled on an independgiaixis - .
(fluorescence). (B) The bars show the total fluorescence of equal proposed to be located on the outside of the dpddg is

amounts of each pure species. The gray portions of the bars showthe primase site3). It is therefore possible that the primase
the protein fluorescence (and the background) that does not changssite serves as a loading site and facilitates the binding of
due to ssDNA binding. The hatched portions of the bars representDNA in the central channel.

that part of the protein fluorescence that is affected by ssDNA There are several kinetic pathways starting from a

i 2
binding. The total fluorescence of E was set to 100%. preformed hexamer by which DNA can bind in the central
binding, suggesting that the binding process does not affectchannel. A small oligo such as a 30-mer can thread into the
all 10 tryptophans in gp4A The global fitting provided central channel of a closed ring through one of its ends.
information about the proportion of the protein fluorescence Alternatively, the hexamer ring has to open in order for the
that is affected by ssDNA binding (Figure 6B). ED1 has the DNA to access the site in the central channel, or the hexamer
lowest fluorescence of all species, but it does not contribute can disassemble and then reassemble around the DNA. We
much to the observed fluorescence changes since it does nabave eliminated the mechanism in which gp4ibunits
accumulate to a significant extent. Most of the decrease in assemble around the DNA, on the basis of two results: First,
fluorescence is due to the accumulation of ED2. The the DNA binding kinetics under the conditions of excess
subsequent increase in fluorescence occurs because thBNA were independent of the gp4Aoncentration, as shown
fluorescence of ED3 and ED4 is similar to that of E. in Figure 5. Second, we have shown previously, using an
Are the Proposed Intermediates Kinetically Competent? inactive mutant of gp4Athat is capable of forming mixed
The proposed four-step model for 30-mer ssDNA binding hexamers and inactivating the wild-type '4activity, that
of T7 gp4A is considerably more complex than a simple the subunits of a preformed hexamer do not exchange during
bimolecular DNA binding process. Two questions arise: the DNA binding process3({/). Therefore, disassembly and
First, are all of the proposed intermediates kinetically assembly of subunits does not occur during the DNA binding
competent? Second, are there additional helicB8¢A process, and the threading and the ring-opening are the only
intermediates that are needed to form a productive helicase possible mechanisms for a 30-mer ssDNA binding to a
DNA complex but may not have been observable with the preformed ring. As discussed above, we have proposed that
methods used here? The first question can be answered byhe initial interaction of the DNA occurs at an easily
determining whether each of the proposed intermediates isaccessible site on the outside of the ring. Hence, the simplest
part of the kinetic pathway leading to a final species that threading and ring-opening mechanisms require additional
exhibits all the functionally meaningful activities of the steps in which a DNA first binds on the outside of the ring.
enzyme, such as dTTPase and helicase. The second questiofihe DNA that is already bound to the outside either threads
can be addressed by determining whether the proposednto the closed ring or the ring opens and the DNA transits

— 2.0e-7 | E ED3 ED4
S 16e-7

B 1207
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into the central channel of the open ring. We can therefore 15.

propose that the ED1 species represents a hetidakid\
complex in which the DNA is bound on the outside, and the

subsequent species represent different conformational states

of the helicase DNA complex that are necessary for the
DNA to bind in the central channel.
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