
belt in the classical case ino  nlanet miora- 
~ L u 

t ion).  W h e n  the  migration of giant planets 
is included or, more specifically, when the 
inward migration of Jupiter is included, 
those three resonances sweep through the 
region between 3.5 and 3.9 A U .  Asteroids 
originally not in any resonances encounter 
those MMRs and get captured, and their 
orbits become chaotic (Flg. 3) .  It is this 
resonance-sweeping mechanism that de- 
pletes asteroids from the  outer belt. 

We  also considered the effect of this 
mechanism on other parts of the asteroid belt. 
Asteroids outside 4 ,4U were removed, where- 
as asteroids were maintained in the 2:3 inte- 
rior L?MR at 3.97 A U  (Fig. 2) ,  consistent 
with the obserx-ed asteroid distribution. How- 
ex-er, in our simulations, asteroids were cap- 
tured and maintained in the 1 : 2 interior 
MMR at 3.28 AU,  contrary to the observed 
gap at this location. A plausible explanation 
for this deficiency is the time scale of insta- 
bility for asteroids in that resonance. In the 
classical case (no planet migration), the time 
scale to clear the 1 : 2 gap is on the order of 10 
tnillion years (5, 16). A hint of this long-term 
effect is evident in Fig. 2E and is more obvious 

Time (lo6 years) 

Fig. 3. Evolution of an asteroid n a sun-Jupter- 
Saturn-asterod system. The planetary m~grat~on 
time IS 2 million years. (A) Semimajor axis of the 
test asteroid normalized to the semimajor axis of 
Jupiter. Three horizontal lines show the locations 
of the 5.8. 3:5, and 4:7 Interior MMRs. As Jupter 
migrated inward, the relative sem~major axis of the 
asteroid increased. This test asteroid was nitlay 
not in any MMR with Jupiter; however, the Inward 
motion of Jupiter caused the 3.5 interior MMR to 
sweep by and capture this asteroid Into reso- 
nance at 1 . I  million years. The eccentricty (6) and 
ncl~nation (C) of the asteroid var~ed ~rregularly 
when t was in resonance, Finally, its eccentricity 
ncreased to such an extent that it began to cross 
the orb~t of Jup~ter. and subsequent close en- 
counters with the gant planet fnaly made t s  orbit 
hyperbolic and removed it from the outer belt. 

in Fig. 2B. We conclude that the asteroids at 
the 1: 2 interior MMR were removed by the 
long-term of the planets after 
planet migration ceased (1 7). 
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Kinetic Measurement of the Step Size of DNA 
Unwinding by Escherichia coli UvrD Helicase 

Janid A. Ali and Timothy M. Lohman* 

The kinetic mechanism by which the DNA repair helicase UvrD of Escherichia coli 
unwinds duplex DNA was examined with the use of a series of oligodeoxynucleotides 
with duplex regions ranging from 10 to 40 base pairs. Single-turnover unwinding ex- 
periments showed distinct lag phases that increased with duplex length because partially 
unwound DNA intermediate states are highly populated during unwinding. Analysis of 
these kinetics indicates that UvrD unwinds duplex DNA in discrete steps, with an average 
"step size" of 4 to 5 base pairs (approximately one-half turn of the DNA helix). This 
suggests an unwinding mechanism in which alternating subunits of the dimeric helicase 
interact directly with duplex DNA. 

DNA helicases are motor proteins that methyl-directed mismatch repair (4) and 
function to unwind d u ~ l e x  ids) D N A  dur- nucleotide excision revair of D N A  (5 ) .  and 

L ,  , , 

ing D N A  replication, recombination, and in humans, defects in these processes are 
repair and are also components of eukary- linked to increased s~~sceptibili ty to cancer 
otic transcription complexes ( 1 ,  2 ) .  These (6). UvrD protein [720 amino acids; molec- 
enzymes use the chemical energy obtained ular mass of 81,989 (7)] forms dirners in the 
from nucleoside trinhosnhate binding or hy- absence of D N A  18). and the dimeric form 

L L - ,  

drolysis (or both)  to perform the  mechani- of the  enzyme is'functional in D N A  un- 
cal work of unlvinding dsDNA, which also winding (9) .  In  fact, the functional forms of 
requires translocation of the helicase along most D N A  helicases are oligotneric (mainly 
D N A  for processix-e un~vinding. d i~ners  or hexamers), most likely because 

T h e  Escherichia coli UvrD helicase [heli- multiple D N A  binding sites are needed for 
case I1 (3)] plays essential roles in both helicase function ( 1 ,  10, 1 1  ). UvrD displays 

a 3'-to-5' volaritv in D N A  unwindi~lo 11 2 ) .  

Department of Blochemlstw and MolecLlar Biophysics, in that a 3'Liingle-'aranded (ss) D N A  fcllkilla 
Washnaton Univers~tv Schoo of Medicine. 660 south the d u ~ l e x  facilitates initiation of unwindinq 
E u c d  A;/enue BOX 8231, St Lous, MO 63110, USA In v ~ t r i  (9):  ho\ve\er. UvrD can alho lnltlate ~ , ,  

'To whom correspolidence should be addressed. unv\~inding at a nick (1 3). UvrD shares about 
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40% sequence similarity with the E. coli Rep 
protein (14), also a dimeric 3'-to-5' DNA 
helicase (1 5, 16), and can form heterodimers 
with Rep (17). Thus, the mechanisms of un- 
winding for these two helicases are likely to be 
similar. The dimeric Rep helicase appears to 
unwind dsDNA by an active, rolling mecha- 
nism (1 6), a central feature of which is that 
both subunits of the Rep dimer can bind 
either ss- or dsDNA, and a key intermediate is 
a complex in which both ss- and dsDNA are 
bound simultaneously to the dimer. A predic- 
tion of this model is that the helicase unwinds 
dsDNA in discrete steps and that multiple 
base pairs are unwound per step, that is, un- 
winding occurs with a "step size" (m) of >1 
base pair (bp). 

To estimate the step size for UvrD-cata- 
lyzed DNA unwinding, we performed single- 
turnover kinetics (with respect to DNA) 
with the DNA substrates listed in Table 1 
(18) at 25°C in buffer U (19) using rapid 
quenched-flow techniques (20). Each DNA 
substrate (1 nM final concentration) was 
first incubated with excess UvrD protein, 
and the reaction was initiated by rapid mix- 
ing with adenosine triphosphate (ATP) (1.5 
mM final concentration) and a large excess 
(5 pM final concentration) of dT(pT),, 
(where T is thymidylate); the latter serves to 
prevent reinitiation of unwinding by trap- 
ping free UvrD or UvrD that dissociates 
during unwinding (20). The amount of un- 
wound DNA was determined for each time 
point by nondenaturing polyacrylamide gel 
electrophoresis (20). Unwinding of a 3'- 
(dT),-18 bp DNA (substrate 11) catalyzed 
by UvrD [80 nM (monomers)] was rapid, 
with -60% of the DNA molecules unwound 
within 0.5 s (Fig. 1). However, unwinding 
occurred with a distinct lag phase, which in 
a single-turnover experiment indicates the 
presence of at least one intermediate along 
the pathway to fully unwound DNA. 

This lag phase is not due to reannealing 
of the fully unwound DNA because the half- 
life for reannealing is >2.5 hours at 1 nM 
DNA (21 ). It also does not reflect a slow 
protein-DNA binding step because the 
UvrD-DNA complexes were preformed be- 
fore the addition of ATP and the rate of the 
lag phase is independent of UvrD concen- 
tration (22). Although DNA unwinding re- 
quires an oligomeric form of the UvrD pro- 
tein [most likely a dimer (9)], the lag phase 
does not result from a linkage to protein 
assembly, because the excess ~ T ( P T ) ~ ,  add- 
ed with the ATP prevents binding of free 
UvrD to the DNA substrate. Time courses 
determined at lower concentrations of ATP 
(as low as 5 pM), where the unwinding rate 
becomes limited by ATP binding, also 
showed distinct lag phases (9). Therefore, 
the lag phase does not result from a fortu- 
itous situation in which DNA unwinding is 
preceded by unrelated processes that have 
comparable rates because the lag phase 
would be eliminated by lowering the ATP 
concentration into a range such that un- 
winding is limited by the rate of ATP bind- 
ing. Rather, this lag phase suggests that 
DNA unwinding occurs by a multistep pro- 
cess with highly populated intermediate 
states along the pathway to fully unwound 
DNA. The rate constants for the formation 
and decay of these intermediates must also 
be comparable in magnitude, otherwise a lag 
~ h a s e  would not be observed (23). 

the DNA duplex length. We therefore ex- 
amined the unwinding kinetics of a series of 
DNA substrates varying in duplex length, L, 
with L = 10, 18, 24, and 40 bp (substrates I 
through IV, respectively, in Table 1). A lag 
phase was observed with each DNA sub- 
strate, and the lag phase increased with du- 
plex length (Fig. 2A). 

We analyzed the time courses in Fig. 2A 
to determine the number of "steps" required 
by UvrD to unwind each duplex and thus 
the number of base pairs unwound in each 
step, that is, the unwinding step size, m. The 
simplest mechanism that yields a lag phase 
for unwinding is the sequential n-step mech- 
anism outlined in Scheme 1, where pre- 
formed productive UvrD-DNA complexes, 
(U-DNA),, form the partially unwound 
DNA intermediates, I L-m), 
and so on along the pa&waY to fully unwound 
ssDNA, where the subscripts refer to the num- 
ber of base pairs remaining in the duplex. 

t a, 
(U-DNA)L L I(Lm) L ... SSDNA + kd + kd t 16 
Scheme 1 

. , 

One likely explanation for the lag phase 
is that ~artiallv unwound DNA molecules 
are formed as intermediates during unwind- 
ing. Even though the "all or none" assay used 
in these experiments cannot directly detect 
such partially unwound intermediate states, 
their presence would be detectable as a lag 
phase, if they are sufficiently populated. If 
this hypothesis is correct, then the magni- 
tude of the lag phase should increase with 

Table 1. DNA unwinding substrates. 

Substrate Structure Sequence of top strand of duplex 

n = 2  - 

0 0.1 0.2 0.3 0.4 
Time (s) 

Fig. 1. Single-turnover kinetic time course for 
UvrD-catalyzed unwinding of a 3'-(dT),,-18 bp 
duplex shows a distinct lag phase. Experiments 
were performed with 80 nM UvrD (monomer con- 
centration) and 1 nM DNA substrate I I  (Table 1) at 
25°C in buffer U (19). Reactions were initiated by 
the addition of 1.5 mM ATP and 5 FM dT(pT),, 
and quenched by Na3EDTA (20). (A) Image of a 
20% nondenaturing polyacrylamide gel after elec- 
trophoresis of the 32P end-labeled DNA obtained 
from the rapid quench experiments. The time after 
addition of ATP is indicated for each lane. (B) 
Unwinding time course plotted as the fraction of 
duplex molecules unwound. The lines are simula- 
tions based on the nonlinear least squares fits (27) 
to Eq. 1 with n = 2 (k0& = 7.8 2 1.2 s-l, xA, = 
0.702 0.79),n = 3(kOb,= 12.9 2 1 s-',A, = 

0.672 0.08),orn=4(kOb,= 18.42 1 s-l,xA, 
= 0.64 5 0.07). 
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In our analysis we have assumed that the 
net unwinding rate constants, ku, are equiv- 
alent for each step because the lag will be 
largest when all the rate constants are equal 
(23, 24). Although each ku may depend on 
base composition or sequence (or both), this 
assumption seems justified (24). Scheme 1 
also assumes that UvrD can dissociate with 
rate constant k, at each step in the unwind- 
ing reaction. I n  that these experiments were 
performed at saturating ATP concentrations, 
we have not explicitly included any steps 
associated with ATP binding, hydrolysis, or 
release of adenosine diphosphate (ADP) and 
inorganic phosphate. Hence, k,, and kd are 
macroscopic rate constants with contiibu- 
tions from nucleotide binding and release. 

o 10 20 30 40 50 
Duplex length ( b ~ )  

Fig. 2. The effect of dsDNA length on the single- 
turnover kinetics of UvrD-catalyzed DNA unwind- 
ing. UvrD (80 nM) was incubated with 1 nM DNA: 
(8) substrate I (L = lo), (.) substrate I I  (L = 18), 
(e) substrate I l l  (L = 24), and (A) substrate 1V (L = 
40), and unwinding was initiated with 1.5 mM ATP 
and 5 pM cIT(PT),~ (20). (A) Data from all four time 
courses were globally ftted (27) to Scheme 1 with 
Eq. 1 by futing n = 2,4,6, and 10 for the L = lo-, 
18-, 24-. and 4 0 - b ~  substrates, res~ectivelv. The - .  
titted values of k i ,  k,,, and x were constiained 
to be the same foreach time course, whereas the 
amplitude for each time course was floated. The 
best ft parameters are as follows: L = 10 bp (n = 
2,AL=0.911 +0.034);L= 18bp(n=4,AL= 
0.75 + 0.032); L = 24 bp (n = 6, A, = 0.605 + 
0.031); and L = 40 bp (n = 10, A, = 0.215 + 
0.03), with k, = 18.6 2 1.3 s->k,, = 0.76 + 
0.06 s-l, and x = 0.8 + 0.07 (average step size 
m = L/n = 4.4 bp). (5) Amplitudes of the lag 
phase, A, = xA,, as afunction of duplex length, L. 
The smooth curve is the nonlinear least squares fit 
of the data to A, = x F m ,  constraining m = 4.4. 
The processivity per step is P = 0.9 2 0.07. (See 
text for a full explanation of the variables.) 

Scheme 1 also incorporates the fact that 
some fraction of the DNA is bound to UvrD 
in nonproductive complexes, (U-DN&,, 
which must slowly isomerize with rate con- 
stant hp to form productive complexes be- 
fore the DNA can be unwound (25). 

On the basis of Scheme 1, the expression 
for the fraction of DNA molecules unwound 
as a function of time, F(t), is given in Eq. 1, 
where kobs = kU + kdr n is the number of steps 
in the unwinding reaction, x is the fraction of 
DNA molecules bound to UvrD in complexes 
that are productive for DNA unwinding, AL is 
the total amplitude of the unwinding reac- 
tion, and h, is a macroscopic rate constant 
for conversion of nonproductive to productive 
UvrD-DNA complexes (26). 

Figure 1B shows the nonlinear least 
squares fits of Eq. 1 to the unwinding time 
course for the 18-bp duplex (substrate 11) ob- 
tained by constraining n to values of 2,3, or 4 
steps (27). It is clear that n = 4 provides a 
better fit than either n = 2 or 3. However. 
because of the existence of the second slow 
unwinding phase, analysis of a single time 
course only provides a minimum estimate of 
the number of steps and thus a maximum 
estimate of the step size (Un) (28). Therefore, 
from analysis of this single experiment, we can 
only conclude that there are at least three 
intermediates in the pathway to fully unwind 
an 18-bp duplex and thus the step size m I 
-4.5 bp. 

Simultaneous fitting to Eq. 1 of all four 
time courses in Fig. 2A for the DNA sub- 
strates varying in duplex length, L, does pro- 
vide additional constraints to obtain upper 
limits on n (28). A consistent set of n values 

(28,29) was chosen for the four duplexes, and 
we performed a nonlinear least squares global 
fit using all four time courses to obtain the 
best estimates of kohl h, ,  x, and AL (Fig. 
2A): The smooth curves in Fig. 2A were 
simulated by using Eq. 1 and the best fit 
parameters for each substrate (see legend to 
Fig. 2). As expected, the number of steps, n, 
increases with duplex length, L, with the best 
fit (integer) values of n determined to be 2,4, 
6, and 10 for L = lo-, 18-, 24-, and 40-bp 
duplexes, respectively. For all four DNA sub- 
strates, the unwinding step size, m, deter- 
mined from the ratio Un varied from 4.0 to 
5.0 bp, with an average value of 4.4 bp. There- 
fore, UvrD unwinds about one-half turn of a 
Rform DNA duplex in each step. The fact 
that all time courses in Fig. 2A are well de- 
scribed by the same value of koh = 18.6 2 1.3 
s-I for the observed per step unwinding rate, 
independent of duplex length, provides fur- 
ther support for the proposed mechanism. 

Figure 2A also shows that the fraction of 
DNA molecules unwound decreases with in- 
creasing duplex length. These experiments 
were performed in the presence of excess 
dT(pT),, that prevents reinitiation of un- 
winding by dissociated UvrD; therefore this 
observation indicates that the fraction of 
UvrD dissociating during unwinding increases 
with duplex length. Thus, DNA unwinding 
by UvrD is not highly processive under these 
c~nditions. The processivity of unwinding per 
step, defined as P = ku/(k,, + kd) or equiva- 
lently as P = (N - l)/N, where N is the 
average number of steps taken before dissoci- 
ation (1 ), is the probability of unwinding the 
next m base pairs. A low processivity results in 
some fraction of the DNA molecules not be- 
ing unwound because of dissociation of the 
helicase before the DNA is fully unwound. 
The amplitudes of the lag phase (A,) as a 
function of L are plotted in Fig. 2B. On the 
basis of the mechanism in Scheme 1, Al is 
equal to xPUm, where x is the initial fraction 

Fig. 3. Simulated kinetic 
profile for unwinding of an 
18-bp duplex showing the 
transient formation of par- 
tially unwound intermedi- 
ates. Simulations were per- 
formed with KlNSlM (32), 
Scheme 1, and the best fit 
kinetic parameters for UvrD 
unwinding of DNA substrate 
I1 (18 bp) (n = 4, k, = 16.7 
s-l, k, = 1.9 s-', x = 0.8). 
Unwinding proceeds by 
means of three partially un- 
wound DNA intermediates, 
resulting in a lag phase for 
production of fully unwound 

dissociation of UvrD, partial- 
ssDNA. Upon quenching or 0 

ly unwound intermediates reanneal to reform fully dsDNA. 
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of bound productive complex. The best fit of 
the data in Fig. 2B to this function yields P = 
0.9 ± 0.07 per step (29). Therefore UvrD 
takes an average of N = 10 steps before 
dissociating. In that kobs = 18.6 ± 1.3 s_1, we 
calculate Jcu = 16.7 ±0 .1 s_ 1 and Jcd = 1.9 ± 
1.2 s_1, although we emphasize that these do 
not represent the rate constants for the ele
mentary steps of unwinding and dissociation. 

The predicted time courses of the partially 
unwound DNA intermediates and fully un
wound ssDNA for an 18-bp duplex, based on 
Scheme 1 and the best fit kinetic parameters, 
is shown in Fig. 3. Both the decay of fully 
duplex molecules and the formation of fully 
unwound ssDNA occurs with a lag phase. 
Note also that the final amplitude of unwind
ing is not equal to the initial amount of 
productively bound duplex (U-DNA)L, re
flecting the low unwinding processivity of the 
UvrD helicase, that is, during the unwinding 
process, UvrD can dissociate from the DNA 
with some finite probability. Once dissociated 
from the UvrD, any partially unwound DNA 
intermediate will reanneal to reform the orig
inal duplex. Such reannealing must occur 
even for a partially unwound 10-bp substrate, 
which goes through only one intermediate. If 
this intermediate did not reanneal upon dis
sociation of the helicase, but rather proceeded 
forward to complete unwinding, then a lag 
phase would not be observed for the 10-bp 
substrate. 

Previous studies of the E. coli Rep helicase, 
which functions as a dimer, have led to the 
proposal that DNA unwinding occurs by an 
"active, rolling" mechanism in which the two 
subunits of the dimer alternate in binding 
dsDNA, while the other subunit remains 
bound to the 3' ssDNA region {16). Upon 
ATP hydrolysis, a region of the dsDNA, con
taining m base pairs (where m > 1) is un
wound and the 5' ssDN A displaced while the 
Rep subunit remains bound to the 3' strand. 
Release of the 3' ssDN A from the other sub-
unit then enables the unwinding cycle to 
continue (16, 30). Our finding that UvrD 
helicase unwinds dsDNA in steps of about 
one-half turn of the duplex is consistent with 
this mechanism. These results indicate that a 
rate-limiting step during unwinding occurs 
every ~5 bp. A step size of 5 bp would be 
observed provided that the rate of unwinding 
the 5 bp is much faster than the next (rate-
limiting) step. This rate-limiting step might 
reflect translocation of one UvrD subunit to 
the duplex region ahead of the fork, rather 
than the actual unwinding event. 

The unwinding step size of ~ 4 to 5 bp 
that we have determined for UvrD repre
sents the average number of base pairs un
wound per successful unwinding cycle. It 
does not likely represent the number of base 
pairs unwound per ATP hydrolyzed, al
though the efficiency with which ATP hy

drolysis is coupled to DNA unwinding re
mains to be measured. However, on the 
basis of studies of the E. coli Rep helicase 
(11), it seems likely that this coupling effi
ciency is low because in a rolling model one 
subunit of the helicase is always bound to 
the ssDNA and this subunit is able to con
tinually hydrolyze ATP. 
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