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TheFplasmidTraI protein (DNAhelicase I) plays an essential
role in conjugative DNA transfer as both a transesterase and a
helicase. Previous work has shown that the 192-kDa TraI pro-
tein is a highly processive helicase, catalytically separating>850
bp under steady-state conditions. In this report, we examine the
kinetic mechanism describing DNA unwinding of TraI. The
kinetic step size of TraI was measured under both single turn-
over andpre-steady-state conditions. The resulting kinetic step-
size estimate was �6–8 bp step�1. TraI can separate double-
strandedDNAat a rate of�1100 bp s�1, similar to themeasured
unwinding rate of the RecBCD helicase, and appears to dissoci-
ate very slowly from the 3� terminus following translocation and
strand-separation events. Analyses of pre-steady-state burst
amplitudes indicate that TraI can function as a monomer, sim-
ilar to the bacteriophageT4helicase,Dda.However, unlikeDda,
TraI is a highly processive monomeric helicase, making it
unique among the DNA helicases characterized thus far.

The nature of cellular processes involves manipulation of
nucleic acids for diverse metabolic events such as replication,
recombination, repair, transcription, translation, and splicing
of transcripts (1). Helicases are a ubiquitous class of enzymes
that couple the chemical energy associated with NTP hydroly-
sis with the mechanical manipulation of nucleic acids (2). Tra-
ditionally, helicases are described as having the ability to cata-
lyze the thermodynamically unfavorable separation of double
strand nucleic acid to form transient single strand nucleic acid
intermediates (3). However, it has become clear thatmany heli-
case-like proteins perform additional and/or disparate func-
tions beyond simple unwinding of double strand nucleic acid
(4). These additional processes include removal of protein
blocks from the path of macromolecular machinery through

generation of a directional force, transport of nucleic acid from
one point in the cell to another, and packaging of viral nucleic
acid (5–8).
DNA helicase I (TraI) is a bifunctional protein encoded by

theEscherichia coli F-plasmid (9) that contains three functional
domains essential for transfer of bacterial genes during conju-
gation (10–12). Catalytically, TraI is a 192-kDa ssDNA3

dependent NTPase that possesses both helicase and transester-
ase activities (11). Previous work has shown that TraI translo-
cates with a 5� to 3� directional bias and requires at least 20 nt of
ssDNA for unwinding of dsDNA in vitro (13, 14). Furthermore,
TraI can separate at least 850 bp of dsDNA under steady-state
conditions (14). Early reports suggested that the enzyme func-
tions in a multimeric state, as evidenced by formation of aggre-
gates at low ionic strength and low ATPase activity at KCl con-
centrations �150 mM (15–17). A later study suggested the
possibility thatTraI could function as amonomer (14). An anal-
ysis of the kinetic mechanism describing TraI helicase activity
has not been performed to date. Rapid-quench flow experi-
ments were performed under a variety of conditions to address
the transient state kinetics associated with TraI-catalyzed
unwinding of dsDNA. Specifically, the kinetic step size of TraI
was measured using experimental approaches and numerical
techniques described previously (18–20). Pre-steady-state
experiments were also performed to address whether TraI
kinetic parameters change under conditions favoring mono-
meric forms of the enzyme. The results reported herein provide
evidence that TraI can function as a processive monomeric
helicase.

EXPERIMENTAL PROCEDURES

Materials—ATP (disodium salt) and Sephadex (G-25) were
obtained from Sigma. HEPES, Na4EDTA, �-mercaptoethanol,
bovine serum albumin, Mg(OAc)2, KOAc, SDS, xylene cyanol,
bromphenol blue,NaCl, glycerol, andKOHwere obtained from
Fisher. T4 polynucleotide kinasewas purchased fromNewEng-
land Biolabs. [�-32P]ATP was purchased from New England
Nuclear. DNA oligonucleotides (Integrated DNA Technolo-
gies, Coralville, IA) were purified by preparative PAGE and
stored in 10 mMHEPES (pH 7.5) and 1 mM EDTA. All oligonu-
cleotides were resuspended in 10 mM HEPES/1 mM EDTA, pH
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7.5. Recombinant TraI was purified as described (11, 14) and
quantified by UV absorbance at 280 nm using an extinction
coefficient of 129,795 M�1 cm�1.
Helicase Substrates—The sequences for the DNA substrates

used in this study are listed in supplemental Table S1. The load-
ing strand of each substrate was radiolabeled. Purified oligonu-
cleotides were 5�-radiolabeled with T4 polynucleotide kinase at
37 °C for 1 h. The kinase was inactivated by heating to 70 °C for
10 min, and unincorporated [�-32P]ATP was removed by pass-
ing the reaction mixture over two Sephadex G-25 columns.
Helicase substrates were prepared by adding 1.5 equivalents of
the complementary oligonucleotide to the 5�-radiolabeled oli-
gonucleotide, followed by heating to 95 °C for 10min, and then
slow cooling to room temperature.
Rapid Quench-flow Helicase Unwinding Experiments—Un-

winding assays were performed with a rapid chemical quench-
flow instrument (Kintek, Austin, TX) maintained at 25 °C
(unless otherwise stated) with a circulating water bath. All con-
centrations listed are after mixing, unless otherwise stated. The
helicase reaction buffer consisted of 25 mM MOPS, pH 7.0, 0.1
mg/ml bovine serum albumin, and 10 mM NaCl. TraI was
stored and when necessary diluted in 20 mM Tris-HCl, pH 7.5,
0.1mMNa4EDTA, pH8.0, 200mMNaCl, and 50% glycerol prior
to performing the unwinding assays. For pre-steady-state
experiments TraI (final concentration of 40 nM) was incubated
on ice for 2–5minwith 100 nM radiolabeledDNA substrate and
reaction buffer. For the excess enzyme experiments, TraI (final
concentration of 200 nM or 100 nM) was incubated for 2–5 min
with 2 nM radiolabeled DNA substrate and reaction buffer.
When single-turnover conditions were required 10 �M
poly(dT) was included to prevent TraI from re-binding to the
radiolabeled substrate following the first catalytic turnover.
Unless otherwise stated, the reaction was initiated by adding 5
mM ATP, 10 mM Mg(OAc)2, and 30-fold excess re-annealing
trap. The sequence of the re-annealing trap is complementary
to the displaced strand of the substrate so that re-annealing of
the displaced strand to the radiolabeled loading strandwas pre-
vented following TraI-catalyzed separation. The reaction mix-
ture was rapidly mixed with 200 mM EDTA/0.7% SDS to
quench the reaction following the allotted timeframe. 25 �l of
the quenched solution was then added to 5 �l of non-denatur-
ing gel loading buffer (0.1% bromphenol blue, 0.1% xylene cya-
nol in 6% glycerol). Finally, the dsDNA substrate was separated
from ssDNA product on a 20% native polyacrylamide gel. Sup-
plemental Fig. S1 shows two representative gels. Radiolabeled
substrate and product were visualized by using a Molecular
Dynamics PhosphorImager and ImageQuaNT software. The
quantity of radioactivitywas used to determine the ratio of dou-
ble-stranded oligonucleotide substrate to single-stranded oli-
gonucleotide product as a function of time.
Non-linear Least Squares Analysis of Unwinding Data—TraI-

catalyzed unwinding of varying lengths of dsDNAwas analyzed
using the n-step sequential mechanism shown in the scheme
given in Fig. 3. Such analyses have been performed previously,
and the numerical techniques have been described in rigorous
detail (20). Data fitting was performed using the program Sci-
entist (Micromath, St. Louis, MO). Equation 1 represents the
analytic expression describing the time-dependent formation

of ssDNA product, fss(t), for the reaction scheme (see Fig. 3), as
has been defined previously (18–20),

fss�t� � AT��1 � �
r � 1

n ��ku�t�r�1

(r � 1)!
e�(ku)t�� e�kNPt�1 � x�

� � ku

ku � kNP
�n �1 � �

r � 1

n ��ku � kNP�t�r�1

�r � 1�!
� e��ku � kNP�t�� (Eq. 1)

where x represents the fraction of productively bound com-
plexes given by Equation 2, and AT is the total unwinding
amplitude.

x �
ESLT

ESLT � ESNP
(Eq. 2)

The method of Laplace transforms has been used previously to
solve the system of differential equations for the reaction
scheme (see Fig. 3) (19, 20). The resulting expression Fss(s) is the
Laplace transform of Equation 1, describing the minimal reac-
tion scheme for unwinding by a helicase that does not dissociate
readily from the DNA substrate lengths used for in vitro
unwinding assays,

Fss�s� �
ku

n�kNP � sx�

s�kNP � s��ku � s�n (Eq. 3)

where s is the Laplace variable of the fraction of ssDNAproduct
formed over time, fss(t) (Equation 1). The inverse Laplace
transform, L�1, can then be obtained using the numerical
integration capabilities of Scientist to obtain fss(t) as shown
in Equation 4.

fss�t� � L�1�Fss�s�� � � ku
n�kNP � sx�

s�kNP � s��ku � s�n� (Eq. 4)

The reaction scheme (see Fig. 3) assumes that each step in the
series along the unwinding pathway is identical. The kinetic
step size (m) is then defined with Equation 5,

m �
LT � L0

n
(Eq. 5)

where LT equals the total length of dsDNA in bp, and L0 equals
theminimal length of dsDNA that is stable in the presence of an
active helicase. By replacing n (in Equation 4) with Equation 5
and performingNLLS analysis of the subsequent expression, an
estimate ofm can be obtained.

RESULTS

Effect of ssDNA Overhangs and Fork Substrates on TraI-cat-
alyzed Unwinding of dsDNA—Previously, TraI has been shown
to require an ssDNA region of �20 nt to initiate unwinding
under conditions allowing multiple enzymatic turnovers (13).
Rapid-quench flow experiments were performed under excess-
enzyme conditions with substrates containing a 5�-overhang of
varying length or a fork substrate (Fig. 1). Results for TraI-
catalyzed separation of fork substrate, 30 nt:30 bp, 45 nt:30 bp
and 60 nt:30 bp are plotted in Fig. 1B. The amount of ssDNA
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product increases as the ssDNA overhang length is increased.
The presence of both a 5�- and 3�-overhang (fork substrate) did
not enhance the rate of unwinding, indicating that a fork sub-
strate is not required for TraI.
TraI-catalyzed Unwinding of Varying Lengths of dsDNA—

The optimal ssDNA overhang contained 60 nt. The effect of
varying duplex length was investigated by designing several
substrates that contained a 60-nt overhang and 15, 22, 30, or 45
bp of duplex DNA. Single-turnover rapid-quench flow experi-
ments were then performed under excess-enzyme conditions,
and the results are shown in Fig. 2. SimultaneousNLLS analysis
of the unwinding data for all five substrates resulted in the
kinetic parameters listed in Table 1. All of the substrates are
unwound to a similar extent, regardless of the length of the
duplex, indicating that TraI does not dissociate from the sub-
strate under these conditions. The progress curve for each sub-
strate contains a slower phase, which accounts for the final

FIGURE 2. TraI-catalyzed unwinding of varying lengths of dsDNA
performed under excess-enzyme and single-turnover conditions.
A, results for 100 nM TraI-catalyzed unwinding of 2 nM 60 nt:15 bp (blue F),
60 nt:22 bp (red �), 60 nt:30 bp (green f), 60 nt:45 bp (orange �), and 60
nt:60 bp (brown Œ) shown to 1 s. The data were fit to Equation 4 using the
program Scientist. The kinetic parameters are listed in Table 1. B, results
from panel A shown to 0.1 s.

TABLE 1
Global kinetic parameters determined from NLLS

Conditions ku kNP Averagem AveragemkU
s�1 bp step�1 bp s�1

Excess TraIa 137 � 11 1.4 � 0.1 8.2 � 1.1 1120 � 160
Excess DNAb 175 � 30 0.9 � 0.1 6.2 � 0.5 1085 � 90

Local kinetic parameters for different lengths of dsDNA
dsDNA length m excess TraI m excess DNA

bp bp step�1

15 8.9 � 0.6 6.7 � 1.0
22 9.6 � 0.7 5.6 � 0.9
30 6.6 � 0.5 5.8 � 1.0
45 7.6 � 0.6 6.2 � 1.0
60 8.2 � 0.6 6.7 � 1.0

a Kinetic parameters obtained from fitting data in Fig. 2 to Equation 4 based on the
reaction scheme (Fig. 3).

b Kinetic parameters obtained from fitting data in Fig. 6 to Equation 4 based on the
reaction scheme (Fig. 3).

FIGURE 1. Optimization of the substrate for DNA unwinding by TraI.
A, DNA substrates are shown with the 5�- and 3�-overhangs indicated. The
substrates are named according to the length of the ssDNA overhang and the
length of the duplex. The 60nt:30bp substrate contains 60 nt of ssDNA and 30
bp. B, results for DNA unwinding of substrates (2 nM) by TraI (200 nM) 30 nt:30
bp (F),45 nt:30 bp (f), 60 nt:30 bp (Œ), and the fork substrate (�). Data were
fit to a single exponential (Equation 1) using the program KaleidaGraphTM:
y � AT[1 � exp(�kobst)]. The resulting kinetic parameters were as follows: F,
30 nt:30 bp, kobs � 36 � 6 s�1, A � 0.26 � 0.01 nM; f, 45 nt:30 bp, kobs � 19 �
1 s�1, A � 0.88 � 0.02; Œ, 60 nt:30 bp, kobs � 32 � 4 s�1, A � 1.81 � 0.06 nM;
�, fork substrate, kobs � 28 � 5 s�1, A � 1.67 � 0.08 nM.
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fraction of ssDNA product. This slower phase appears despite
the inclusion of a protein trap in the reaction mixture. There-
fore, the slower phase is likely due to the formation of a small
quantity of non-productive enzyme-substrate complex that
slowly isomerizes to form productive enzyme-substrate com-
plex as has been described for other helicases such as Rep (21)
and UvrD (18). The longer substrates exhibit a lag phase in the
early portion of the unwinding progress curve (Fig. 2B). The lag
phase increaseswith increasing duplex length, consistentwith a
stepping mechanism.
The reaction scheme (Fig. 3) shows a stepwise mechanism

that can account for the lag phase observed inDNAunwinding.
The scheme includes a step for slow isomerization of a non-
productive, enzyme-substrate complex. Because all of the
amplitudes are similar and are close to complete unwinding,
these relatively short DNA substrates cannot be utilized to dis-
cern dissociation constants of the enzyme from the DNA sub-
strate. Hence, dissociation is not included in the kinetic mech-
anism in the reaction scheme. Based on previous work from
Lucius et al. (19, 20), we applied Equation 4 to globally fit data in
Fig. 2 to obtain rate constants for unwinding as well as the
number of base pairs unwound per kinetic step (or step size).
The resulting kinetic parameters are shown in Table 1. TraI
unwound theDNAvery rapidlywith an average rate constant of
137 s�1 per kinetic step and an average kinetic step size of 8.2�
1.1 bp. These values correspond to a rate of 1120 � 160 bp s�1

for DNA unwinding making TraI one of the fastest helicases
studied to date. For comparison, RecBCD has been shown to
unwind dsDNA at a rate of �790 bp s�1 at 25 °C (19) when
measured using oligonucleotide substrates and �970 bp s�1

when measured by direct observation of single RecBCD
molecules (22).
DNA Unwinding under Steady-state Conditions—Previous

work with the NS3 helicase domain indicated that the ssDNA
overhang could bind multiple molecules of enzyme and that
more molecules bound to the same substrate led to greater
activity (23). Similar behavior was observed with Dda helicase,
whereby multiple molecules of enzyme bound to the same
strand of DNA produced greater enzymatic activity for DNA
unwinding (24) and for displacement of streptavidin from bio-
tinylated DNA (6). TraI required a relatively long ssDNA over-
hang (60 nt) for optimal activity, indicating that similar behav-
ior might be exhibited by this enzyme. Experiments were
conducted under steady-state conditions to determinewhether
multiple TraI molecules could bind to the 60-nt overhang and
perhaps exhibit cooperativity forDNAunwinding. Steady-state
conditions were examined in which the concentration of DNA
substrate was in excess of TraI (Fig. 4). The resulting rates for

unwinding were plotted as a function of TraI concentration,
resulting in no apparent increase in the specific activity of the
enzyme (Fig. 4B). An additional feature of the steady state
results was the positive intercept of the unwinding plots
observed at higher concentrations of TraI (filled squares and
filled triangles in Fig. 4A). The positive intercept suggested that
TraI might exhibit a “burst amplitude” under pre-steady state
conditions as was observed previously with Dda helicase (25).
Pre-steady-stateUnwinding of dsDNAbyTraI—Varying con-

centrations of TraI were incubated with an excess of the 60
nt:22 bp substrate, and the unwinding reaction was initiated
by rapid mixing with ATP. The resulting data clearly exhibit
a burst amplitude for ssDNA product formation (Fig. 5). The
initial burst phase is complete at �30 ms and is followed by
a slower phase in which ssDNA product continues to form.
This slow phase is reminiscent of the slow phase observed in
the single turnover experiments, which was attributed to a
slow isomerization of non-productively bound enzyme (Fig.
2). By definition, the pre-steady state experiments are con-

FIGURE 3. Reaction scheme describing a series of n-sequential steps of
helicase-catalyzed translocation and strand separation. Each identical
step in the reaction pathway is defined by a forward rate-constant, ku. An
additional step, knp, occurs at the outset of the unwinding reaction, which has
been correlated with an isomerization step that precedes DNA unwinding.

FIGURE 4. Steady-state DNA unwinding at varying concentrations of TraI.
A, the 60 nt:30 bp substrate (250 nM) was incubated with 3 nM (F), 10 nM (�),
25 nM (Œ), or 100 nM (f) TraI. ssDNA product is plotted, and data were fit to a
linear function. B, the specific activity determined from rates measured in
panel A is plotted as a function of TraI concentration.
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ducted in the absence of a protein trap so that a steady-state
phase can ensue after the burst phase. To determine whether
the slow phase exhibited under pre-steady-state conditions
represents a slow isomerization or a steady state, an experi-
ment was conducted in which TraI was rapidly mixed with
substrate and ATP. The experiment effectively measures
whether free TraI in solution has time to bind to substrate
and unwind the DNA during the first 0.5 s of the reaction. As
seen in Fig. 5A, no product was observed under these condi-
tions (filled circles). Therefore, under these conditions, TraI
that is free in solution does not rapidly associate with and
unwind the DNA substrate during the initial 0.5 s of the
reaction. Therefore, the slow phase observed in pre-steady-
state experiments was due to a slow isomerization, as was
observed under single-turnover conditions. The data in Fig.

5 were fit to a three-step mechanism, including a slow
isomerization step similar to that in the reaction scheme
(Fig. 3).
The burst amplitude of ssDNA during the first 0.5 s corre-

sponds to the concentration of TraI that is capable of forming
ssDNA. The amplitude was divided by the TraI concentration
and plotted versus TraI concentration in Fig. 5B. The resulting
amplitudes range from 0.6 to 0.75, which is consistent with a
monomeric form of TraI because the amplitudes are �0.5, or
50% of the available enzyme.
Kinetic Step Size Determined under Pre-steady-state Condi-

tions—Pre-steady-state conditions clearly favor a monomeric
form of TraI. The kinetics of DNA unwinding were determined
under these conditions to compare them to those obtained
under single turnover, excess enzyme conditions. Unwinding
wasmeasured with 40 nMTraI and 100 nM substrate for the five
DNA substrates (Fig. 6). The amount of time required for prod-
uct to form increases as a function of dsDNA length, consistent
with a stepping mechanism, and the time courses resemble the
data from single-turnover experiments. Simultaneous, NLLS
analysis of the unwinding data for all five substrates resulted in
the kinetic parameters listed in Table 1.
The amplitudes for all five substrates are very similar, which

is consistent with TraI being a highly processive helicase. In
contrast, Dda helicase from bacteriophage T4 can clearly func-
tion as amonomer (25), but it does so in a non-processiveman-
ner. Dda exhibits �85% burst amplitude for unwinding short
12- to 16-bp substrates (25), but the burst amplitude for Dda-
catalyzed unwinding of substrates decreases for every base pair
added to the dsDNA length (26). Monomeric TraI exhibits a
�70%burst amplitudewhenunwinding 60 bp,makingTraI one
of the first documented cases of a highly processivemonomeric
helicase.

DISCUSSION

The kinetic mechanism describing TraI-catalyzed unwind-
ing of dsDNA was investigated using transient-state kinetic

FIGURE 5. DNA unwinding by TraI under pre-steady-state conditions.
A, varying concentration of TraI was incubated with 100 nM DNA substrate (60
nt:22 bp) followed by initiation of the reaction by mixing with ATP. The ssDNA
product formed over the first 0.5 s is plotted TraI concentration of 15 nM (E),
22.5 nM (Œ), 30 nM (f), and 45 nM (�). Data were fit to the reaction scheme
(Fig. 3) using the program Scientist and limiting the number of sequential
steps for unwinding to three. TraI (40 nM) was mixed with 100 nM DNA (60
nt:22 bp) along with ATP and Mg	2 (F). B, the concentration of ssDNA formed
after 0.5 s of reaction time (burst amplitude) divided by the concentration of
TraI is plotted versus the TraI concentration.

FIGURE 6. Pre-steady-state analysis of TraI-catalyzed unwinding of vary-
ing lengths of dsDNA. Results are shown for 40 nM TraI-catalyzed unwinding
of 100 nM 60 nt:15 bp (blue F), 60 nt:22 bp (red �), 60 nt:30 bp (green f), 60
nt:45 bp (orange �), and 60 nt:60 bp (brown Œ). The data were fit to Equation
4 using the program Scientist. The kinetic parameters are listed in Table 1.
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approaches. Increasing the ssDNA overhang increases the
amplitude of TraI-catalyzed unwinding (Fig. 1), consistent with
previous steady-state analysis of TraI activity (13). The lack of
complete unwinding of the shorter substrates might be due to
poor binding of TraI. For example, association of TraI with the
short substrates appears to lead to substantial amounts of non-
productively bound substrate. Rapid dissociation and re-asso-
ciation of substrate with TraI may not occur during the short
time frame for this experiment (0.5 s). Further experiments
were performed under single-turnover conditions with respect
to the DNA substrate. Product formation occurred in a bi-pha-
sic manner, even in the presence of a protein trap (Fig. 2). TraI-
catalyzed unwinding of dsDNA proceeded at a very rapid rate
(�1100 bp s�1), as determined fromNLLS fitting of the data in
Fig. 2 to Equation 4, which is derived from the reaction scheme
(Fig. 3). An interesting feature of both the pre-steady-state and
excess enzyme experiments is the similar product amplitude
obtained for all lengths of dsDNA tested. TraI readily unwound
substrates up to 60 bp in length, indicating that this helicase is
highly processive. Attempts to determine the dissociation con-
stant by fitting the data in Fig. 2 to schemes that allow for
enzyme dissociation led to dissociation rate constants thatwere
close to zero with very high errors (not shown). The relatively
short duplexes used in this study are insufficient to provide an
accurate measure of TraI processivity.
The long ssDNA overhang required for optimal DNA

unwinding activity was reminiscent of recent studies with other
helicases such as NS3h (23) and Dda (24). NS3h and Dda are
non-processive helicases that dissociate prior to completion of
unwinding leading to inefficient unwinding of longerDNA sub-
strates. Multiple molecules of NS3h have been proposed to
increase the quantity of DNA unwinding through “functional
cooperativity” (23). In this model, trailing molecules of helicase
complete the unwinding process after leading molecules disso-
ciate from the substrate.
We examined TraI-catalyzedDNAunwinding under steady-

state conditions to determine whether cooperativity could be
observed. However, the specific activity for DNA unwinding
did not increase with increasing concentration of TraI (Fig. 4).
More precise examination of DNA unwinding by TraI under
pre-steady-state conditions was performed to observe whether
TraI could function as amonomeric helicase (Fig. 5). By placing
DNAsubstrate in excess of TraI, the distribution ofTraI species
bound to any singleDNA substrate favors themonomeric state.
A burst in product formation that is �50% of the total enzyme
concentration in the reaction is indicative of a monomeric
enzyme (25). Indeed, TraI produced a burst amplitude that was
�50% (Fig. 5), evenwhen theDNAduplex lengthwas increased
to 60 bp (Fig. 6). These results indicate that TraI can function as
a helicase in the monomeric state.
Relating the kinetic step size to a physical step is an impor-

tant goal toward understanding helicase mechanisms. Struc-
tural studies of PcrA helicase have been interpreted in terms of
a 1-bp step size (27). Subsequent kinetic studies of PcrA trans-
location on ssDNA also provided a kinetic step size of 1 bp,
correlating with the structural studies (28). By varying the
length of dsDNA, the TraI kinetic step size was measured to be
8.2� 1.1 bpper step under excess-enzyme conditions (Table 1).

A similar step size of 6.2 � 0.5 bp was determined under pre-
steady-state conditions. A physical description of the kinetic
step size for TraI remains to be determined. For comparison,
the kinetic step size determined for other helicases range from
3.9 bp for RecBCD (19), 4.5 bp for UvrD (18), and 1.4 bp for
DnaB (29). RecBCD has twomotors, each of which operates on
one of theDNAstrands (30, 31).UvrD functions as a dimer (32),
and DnaB functions as a hexamer (33). The results reported
thus far do not indicate any correlation between kinetic step
size and the oligomeric state of the enzyme. The physical step
size for a helicasemay be directly related to the kinetic step size,
as suggested in the case of DnaB (29). However, it is possible
that multiple kinetic steps exist that make up the observed
kinetic step. For example, a discrete step of�11 bp for NS3was
recently reported based on singlemoleculemeasurements (34).
However, actual unwinding appeared to occur as smaller sub-
steps of �3.6 bp. The oligomeric state of NS3 has not been
clearly defined, but evidence for a monomeric form of the
enzyme was presented in the single molecule experiments (34).
Galletto et al. (29) observed that plotting the number of

kinetic steps as a function of duplex length provided evidence
for spontaneous melting of the very end of the duplex. Recent
work with the Dda helicase has shown that the final �8 bp of
dsDNA melt spontaneously during unwinding (26). To accu-
rately calculate the kinetic step size and unwinding rate associ-
ated with TraI catalysis, the number of base pairs catalytically
separated by the enzyme must be known. An overestimate of
both kinetic step size and unwinding rate will be obtained if
spontaneous melting of the end of the substrate occurs but is
not taken into account. The kinetic step size for TraI was plot-
ted as a function of each duplex length under excess enzyme
and pre-steady-state conditions (Fig. 7). Interestingly, when
the data were fit to a linear function, the intercept was near
zero under both conditions, indicating that little or no duplex
DNA melted spontaneously during TraI-catalyzed unwinding.
Therefore, we did not include spontaneous melting in the
kinetic analysis of TraI-catalyzed DNA unwinding. This result
might be explained by the fact that TraI is a 192-kDa helicase
with multiple DNA binding domains (11). It is possible that
TraI contains one or more domains that bind to the DNA sub-
strate upstreamand/or downstreamof the helicase domain. For
example, RecBCD helicase contains one domain that binds to
the duplex region of the substrate (31). It is possible that such a
domain might assist in preventing spontaneous melting of
dsDNA by binding to the duplex, which would explain why
spontaneous melting of the final base pairs is not observed.
In conclusion, transient-state kinetic analysis of TraI helicase

activity indicates that TraI-catalyzed unwinding of dsDNA is
both very rapid and highly processive. TraI can function as a
monomeric helicase. The need for a very long ssDNA binding
site suggests a role for DNA binding domains that are external
to the helicase domain, which likely contributes to the high
processivity of this enzyme. The lack of spontaneousmelting of
the final base pairs during DNA unwinding may further indi-
cate that theDNAbinding domains external to the helicase play
some role in DNA unwinding.
Importantly, the properties described here and elsewhere

(10, 13, 14) for TraI make this a unique DNA helicase. First, the
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unwinding rate reported here is faster than the unwinding
rate reported for any helicase to date. TraI is known to unwind
the 100-kbp F plasmid for transfer to recipient cells in a matter
of a fewminutes, consistentwith this rate. In addition, when the
F plasmid is integrated into the chromosome in Hfr strains,
chromosomal DNA is transferred from the donor to the recip-
ient. Classic mapping studies of the E. coli chromosome sug-
gested the entire 4.6-Mbp chromosome could be transferred in
�100 min. If TraI-catalyzed unwinding of duplex DNA is the
rate-limiting step in this process, then an unwinding rate of
�800 bp/s would be required to complete this event. This is
very similar to the unwinding rate reported here. Second, TraI
is a bifunctional protein that catalyzes a transesterase reaction
in addition to the helicase reaction described here. The trans-
esterase activity is required to initiate conjugativeDNA transfer
and results in covalent attachment of TraI to the 5�-end of the
transferredDNA strand (10). Amonomeric unwinding enzyme
would be ideally positioned to complete the unwinding event
required for DNA transfer. Finally, this is the first monomeric
Superfamily I helicase that has been shown to catalyze a fast,
processive unwinding reaction. Although themotor subunits of
RecBCD are also Superfamily I helicases, these proteins do not
appear to catalyze rapid, processive unwinding in the absence
of the other components of the RecBCD complex (29). Thus,
the biochemical characterization of TraI is consistent with the
biological role this enzyme is believed to play in conjugative
DNA transfer.
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FIGURE 7. Plot of the number of kinetic steps versus the length of ssDNA.
The kinetic steps obtained from NLLS fitting of data obtained under condi-
tions of excess enzyme (F) or conditions of excess substrate (E). The data
were fit to a linear function. The intercept for each fit was 0.52 and �0.07
under conditions of excess enzyme or excess substrate, respectively. The
slope was 0.14 and 0.13 steps per base pair under conditions of excess
enzyme or excess substrate, respectively.
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