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Abstract DNA topoisomerase II is a homodimeric

molecular machine that uses ATP hydrolysis to untangle

DNA by passing one double-stranded DNA duplex

(T-segment) through another double-stranded duplex

(G-segment). However, despite extensive studies, the

dynamics of ATP-dependent T-transport is still not very

clear. Here, based on the proposal that transport of the

T-segment through the transiently cleaved G-segment and

the opened C-gate of the enzyme is via a free diffusion

mechanism, the dynamics of T-transport are studied theo-

retically. Our results show that, to complete passage of the

strand with nearly 100% efficiency, the C-gate is required

to open by a width that is only slightly larger than the width

of DNA duplex and for a time shorter than 100 ls in the

presence of several kBT binding affinities of the T-segment

for the B0 domains. The results are implied by our under-

standing of the opening and closing dynamics of the

C-gate. Moreover, the dependence of chemomechanical

coupling efficiency on degrees of DNA supercoiling by

gyrases can also be explained by using our results. On the

basis of these theoretical results and previous experimental

data, a modified two-gate model for chemomechanical

coupling of the topoisomerase II enzyme is proposed.
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Introduction

Type II DNA topoisomerase (topo II) is an enzyme that

catalyzes the ATP-dependent transport of one DNA double

helix through another, thus resolving topological problems,

for example supercoiling, knotting, and catenation, that

occur during DNA replication, transcription, recombina-

tion, chromosome segregation, and chromosome conden-

sation (Wang 1996; Burden and Osheroff 1998; Champoux

2001; Corbett and Berger 2004; Schoeffler and Berger

2005). Eukaryotic topo II is a symmetric homodimer and

each monomer is composed of three principal domains: an

N-terminal ATPase domain, and the B0 and A0 domains that

constitute the DNA cleavage–relegation core (Fig. 1a)

(Wigley et al. 1991; Berger et al. 1996; Collins et al. 2009).

In the absence of ATP, the two monomers contact each

other primarily in the region within the A0 domain, with the

open ATPase domains and B0 domains allowing DNA

binding (Roca et al. 1996), whereas binding of the ATP or

ATP analog leads to closing of the ATPase and B0 domains

(Wigley et al. 1991; Berger et al. 1996; Roca and Wang

1992; Olland and Wang 1999; Ali et al. 1993, 1995; Hu

et al. 2002; Gardiner et al. 1998; Brino et al. 2000; Classen

et al. 2003; Wei et al. 2005; Lamour et al. 2002; Fass et al.

1999; Lindsley and Wang 1993).

Based on extensive biochemical and structural studies, a

general two-gate model for the action of topo II has been

proposed; this is briefly stated as follows (Corbett and

Berger 2004; Schoeffler and Berger 2005; Roca et al. 1996;

Berger and Wang 1996; Bates and Maxwell 2007; Mueller
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and Herschalg 2008). The enzyme first binds to two dif-

ferent DNA segments. One segment, termed the gate or

G-segment, binds to the cleavage/relegation region. The

other DNA segment, termed the transported or T-segment,

binds and is trapped inside the enzyme upon binding of two

ATP molecules that leads to closing of the ATPase

domains and B0 domains. The closure of the ATPase and B0

domains activates G-segment cleavage. Hydrolysis of

the first ATP takes place, which induces transport of the

T-segment through the break in the G-segment. The

T-segment is then transported through the C-terminal exit

gate (C-gate) of the enzyme. The ATPase and B0 domains

stay closed even after hydrolysis of the first ATP and can

reopen when the second ATP is hydrolyzed and the

hydrolysis products are released to allow another round of

catalytic reaction. However, in the model, how the T-seg-

ment is transported through the C-gate that is spatially far

away (about 5 nm) from the G-segment is not clear. A

proposal was that, after crossing the G-DNA segment, the

T-DNA segment is then expelled from the C-gate by the

A0–A0 dimer interface at the hinge of the closed clamp

(Roca 2009). However, because transport of the T-segment

is under over-damped condition, this would involve too

large a conformational change of the dimer interface.

Moreover, the opening and closing dynamics of the C-gate

are not clear.

In this work, we propose that transport of the T-segment

through the transiently cleaved G-DNA segment and the

opened C-gate is via a free diffusion mechanism. Using this

free diffusion model, we theoretically study the dynamics

of T-transport without the external force acting on it, which

corresponds approximately to the working conditions of

conventional topo II during the decatenation of linked

catenanes or DNA untangling, and with the external force

acting on it, which corresponds approximately to the

working conditions of gyrase during the introduction of a

negative supercoil into supercoiled DNA. The results

without the external force show that, to complete passage

of the strand with a nearly 100% efficiency, the C-gate is

required to open by a width that is only slightly larger than

the width of DNA duplex and for a time much shorter than

the mean nucleotide-transition time. The results are

implicated in our understanding of the opening and closing

dynamics of the C-gate. The results with the external force

can give a good explanation of the experimental results of

the effect of degrees of DNA supercoiling on the chemo-

mechanical coupling efficiency of gyrase.

Methods

In this work, we use the two-gate model and focus on the

dynamics of transport of the T-segment through the C-gate

after the G-segment is cleaved following closure of the

ATPase and B0 domains, as shown in Fig. 1a. We assume

that the C-gate opens transiently accompanying the
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opening of the G-gate. Moreover, it is argued that the exit

of the T-segment from the C-gate is not because it is

expelled by the A0–A0 dimer interface; rather, we assume

that it is a result of free diffusion driven by thermal noise.

For simplicity of analysis, based on the available struc-

tures (Berger et al. 1996; Fass et al. 1999), two approximate

forms of the inner surface of the A0 domains are considered:

one has a triangular form, as shown in Fig. 1b, and the other

one has a rhombic form, as shown in Fig. 1c. Taking the

coordinate xoy shown in Fig. 1b or c, the movement of the

T-segment is confined in the region satisfying the condition

of x C 0 and yj j � S� d=2ð Þ � S�WC=2ð Þx=LC for the

triangular form, where S is the distance defined as shown in

Fig. 1b, WC is the width of the C-gate, d is the width of

DNA duplex, and LC is the distance between the C-gate and

the T-segment-binding site on the B0 domains. For the

rhombic form, the movement of the T-segment is confined

in the region satisfying the condition: yj j � WC � dð Þ=2þ
2S�WCð Þx=LC when 0 B x \ LC/2 and yj j � 2S�½
WC � dð Þ=2� d� þ WC � 2Sð Þx=LC when LC/2 B x B LC.

From the available structure (Berger et al. 1996; Fass et al.

1999), we approximately have S = 4 nm and LC = 5 nm.

In this work we take WC = d ? D, where D is larger than 0.

After the G-segment is cleaved and the G and C-gates

are opened, the movement of the T-segment along the x

and y directions in the over-damped environment can be

described by the following Langevin equations

C
dx

dt
¼ �oVðrÞ

ox
þ nxðtÞ; ð1aÞ

C
dy

dt
¼ �oVðrÞ

oy
þ nyðtÞ; ð1bÞ

where C is the frictional drag coefficient and

VðrÞ r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

� �

is the interaction potential of the

T-segment with the B0 domains. nm(t) (m = x, y) is the

fluctuating Langevin force, with nmðtÞh i ¼ 0 and

nmðtÞnnðt0Þh i ¼ 2kBT � C � dmndðt � t0Þ; where kB is the

Boltzmann constant and T = 300 K. Approximating the

T-segment as a polymer having diameter d and length l,

with d/l � 1, the drag coefficient can be calculated by use

of the equation C ¼ 4pgl
ln l=dð Þþ2 ln 2�1=2

(Wiggins et al. 1998).

The interaction potential V(r) can be approximately shown

in Fig. 1d, with the potential depth V0 and the interaction

distance lD that is approximately equal to the Debye length

in solution.

Equations 1a and 1b are solved numerically by using the

stochastic Runge–Kutta algorithm as used elsewhere (Xie

et al. 2007; Xie 2008). In our calculation, we take

d = 2 nm and l = 100 nm, which gives C = 2.62 9

10-10 kg s-1. Because inside cell the Debye length is

about 1 nm, we take lD = 1 nm in the calculation. The

T-segment is initially positioned at (x, y) = (0, 0). Because

values of D and V0 are not available, we take them as

variables in this work. In our calculation, when the

T-segment moves to position at x = LC and yj j\D=2, it is

considered that passage of the strand is complete and the

time taken for the T-segment to move to the position at

x = LC and yj j\D=2 corresponds to the strand-passage

time.

Results

In the main text, we only present results for the triangular

form of the inner surface of the A0 domains (Fig. 1b). The

results for the rhombic form of the inner surface of the A0

domains (Fig. 1c) are presented in the supplementary

material. Comparison of the results for the two forms

shows that different forms of the inner surface of the A0

domains have slightly different effects on the dynamics of

T-transport. The rhombic form shows slightly smaller

mean strand-passage time than the triangular form, espe-

cially for small values of D.

Dynamics of T-transport without external force

In Fig. 2 we show two typical results for the trace of

movement of the T-segment with D = 0.2 nm and differ-

ent values of V0. It is seen that, after the G and C-gates

become open, which occurs at t = 0, the T-segment rapidly

exits from the C-gate as a result of the thermal noise,

especially for small values of V0. The strand-passage time

distributions for D = 0.2 nm and two different values of V0

are shown in Fig. 3. It is seen that the distribution can be

fitted well by a single exponential, A � exp �t=Tdð Þ, where A

is a constant and Td is the mean strand-passage time.

To see the effect of D on passage of the strand, in Fig. 4

we show the calculated results of the mean strand-passage

time as a function of D for different values of V0. As

expected, the mean strand-passage time decreases with

increasing D. However, it is interesting to see that the mean

strand-passage time only decreases slowly with increasing

D: for example, when D increases tenfold (from 0.1 to

1 nm), the mean strand-passage time decreases by a factor

of two, approximately, only. Even if the opening width of

the C-gate is only slightly wider than the width of the DNA

duplex, e.g., D B 0.2 nm, the mean strand-passage time is

also very short. This implies that to ensure complete pas-

sage of the strand the C-gate is required to open by a width

that is only slightly larger than the width of DNA duplex.

To see the effect of V0 on strand passage, in Fig. 5a we

show the calculated results of the mean strand-passage time

as a function of V0 for different values of D (unfilled

symbols). From the figure it is apparent that the mean

strand-passage time increases significantly with increasing
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V0. However, it is noted that, even for a very large value of

V0 = 10 kBT, the mean strand-passage time is shorter than

200 ls. From the single-exponential time distribution,

f ðtÞ ¼ 1=Tdð Þ exp �t=Tdð Þ (Fig. 3), it is easily obtained

from Fig. 5a that for 99% probability of the T-segment

exiting from the C-gate the results for required opening

time of the C-gate as a function of V0 are as shown in

Fig. 5b. It is seen that, for D = 0.2 nm and V0 = 0, the

opening time of the C-gate is required to be only about

12.3 ls; for V0 = 5 kBT, the opening time is required to be

only about 35 ls; and for V0 as large as 10 kBT, the opening

time is required to be only about 1.18 ms.

When the T-segment is allowed to diffuse in one dimen-

sion only (i.e., along the x direction), the analytical form

of the mean strand-passage time can be obtained. The

Fokker–Planck equation corresponding to Eq. 1a has the

form
oPðx;tÞ

ot ¼ 1
C

o
ox

oVðxÞ
ox Pðx; tÞ

h i

þ Do2Pðx;tÞ
o2x

;where D = kBT/C.

The mean first-passage time or the mean strand-passage

time for the T-segment to diffuse from x = 0 to x = LC

can be calculated by use of the equation Td ¼ 1=Dð Þ
R LC

0
dy exp VðyÞ=ðCDÞ½ �

R y
0

exp �VðzÞ=ðCDÞ½ �dz (Gardiner

1983). By integration of this equation with the form of V(x)

given in Fig. 1c, we obtain:

Td ¼
lDC
V0

lDCD

V0

exp
V0

CD

� �

� 1

� �

� lD

	 


þ lDC
V0

exp
V0

CD

� �

� 1

� �

ðLC � lDÞ þ
ðLC � lDÞ2

2D
: ð2Þ

When V0 = 0, Eq. 2 becomes:

Td ¼
L2

2D
: ð3Þ

Using Eqs. 2 and 3, the analytical results of Td versus V0

are also shown in Fig. 5a (line). In order to check our

numerical method, in Fig. 5a we also show the numerical

results for diffusion along the x direction only (filled

squares) by solving Eq. 1a. The numerical results are

identical with the analytical ones. Comparing the results

for the 1D-diffusion case with those for the 2D-diffusion

case, it is seen that, for V0 \ 4 kBT, diffusion along y

direction slightly increases the mean strand-passage time;

whereas for V0 [ 5 kBT, allowing diffusion along the y

direction decreases the mean strand-passage time. This can

be understood as follows. For V0 \ 4 kBT, the T-segment

can be considered to diffuse freely. Diffusion to position

4

6 V0 = 0
m

)

0

2

on
 (

x,
y)

 (
n

-4

-2Po
si

tio

0.30.20.10.0 0.4 0.5

Time (μs)

Time (μs)

6 V0 = 5 kBT

2

4

V0 5 kBT

y)
 (

nm
)

-2

0

os
iti

on
 (

x,

0 1 2 3 4
-4

P

x
y

x
y

Fig. 2 Typical results for the trace of movement of the T-segment

with D = 0.2 nm and different values of V0. Fext = 0. The straight
black line corresponds to x = LC = 5 nm whereas the two straight
red lines correspond to y = -D/2 = -0.1 nm and y = D/2 =

0.1 nm, respectively

800

V0 = 0

400

600

C
ou

nt
C

ou
nt

0

200

0 5 10 15 20
0

Time (μs)

Time (μs)

600

900 V0 = 8 kBT

300

0 100 200 300
0

Fig. 3 Strand-passage time distributions for D = 0.2 nm and differ-

ent values of V0, fitted with single exponential, A � exp �t=Tdð Þ, of

time constants Td & 1.6 and 23 ls for V0 = 0 and 8 kBT, respec-

tively, Fext = 0

1254 Eur Biophys J (2010) 39:1251–1259

123



(x \ LC, yj j[ D=2) increases the time for the T-segment to

arrive at the C-gate positioned at (x = LC, yj j\D=2

\S� d=2). In fact, we have checked that, by taking

WC = d ? D = 2S, the numerically obtained mean strand-

passage time for the 2D-diffusion case with V0 = 0

becomes equal to that for the 1D-diffusion case with

V0 = 0. However, for V0 [ 5 kBT, most of the time taken

for the T-segment to arrive at the C-gate is the time to stay

at the potential well with depth V0. Allowing motion in two

dimensions decreases the time to escape from the potential

well compared with motion in one dimension only, thus

giving a smaller strand-passage time.

From Figs. 4 and 5, we conclude that, to complete

strand passage with an efficiency of 99%, the C-gate is

required to open by a width that is only slightly larger than

the width of DNA duplex and for a time shorter than

100 ls for V0 \ 6.5 kBT. Even for a very large value of

V0 = 10 kBT, the C-gate is only required to open for a short

time of the order of 1 ms.

Dynamics of T-transport with external force

So far we have studied T-transport dynamics with no

external force acting on the T-segment, which corresponds

approximately to the working conditions of conventional

topo II during the decatenation of linked catenanes or DNA

untangling.

To see the effect of external force, we added a term,

-Fext, on the right-hand side of Eq. 1a, where Fext is

defined as positive when it points along the -x direction or

points upwards. In Fig. 6a we show calculated results for

the mean strand-passage time as a function of Fext for

different values of D, with V0 = 5 kBT. As expected, the

mean strand-passage time increases significantly with

increasing upward external force. Next, we use these

results for mean strand-passage time to study the strand-

passage efficiency. As the opening time of the C-gate of a

topoisomerase has a given value independent of the

external force acting on the T-segment, for example, we

take here the opening time of the C-gate as that for which

the strand-passage efficiency under no external force is

99%. Then, from Fig. 6a, the calculated results for strand-

passage efficiency versus Fext are shown in Fig. 6b. From

Fig. 6 we see that, although the strand-passage time

depends on D at large values of Fext, the strand-passage
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efficiency is insensitive to variation of D. Moreover, it is

interesting to see from Fig. 6b that the chemomechanical

coupling efficiency decreases significantly with increasing

upward external force. At zero or downward external force,

the efficiency is nearly 100%; for upward external force of

only Fext = 2 pN, the efficiency decreases to approxi-

mately 60%; for Fext = 3 pN, the efficiency decreases to

approximately 36%; at Fext = 4 pN, the efficiency

decreases to a value smaller than 20%. On the other hand, it

is known that, during introduction of a negative supercoil

into positively supercoiled DNA, by transporting the

T-segment through the G-segment, the positively super-

coiled DNA will facilitate this transport. In contrast,

introduction of a further negative supercoil into negatively

supercoiled DNA will resist transport of the T-segment. In

other words, the T-segment experiences a facilitating force

(corresponding to the downward external force) when a

negative supercoil is introduced into positively supercoiled

DNA; whereas it experiences a resisting force (corre-

sponding to the upward external force) when a negative

supercoil is introduced into negatively supercoiled DNA

and, as r (the linking difference) decreases, the resisting

force increases. Thus, the results of Fig. 6b can give an

explanation of the experimental results for gyrase obtained

by Bates et al. (1996), who showed that the chemome-

chanical coupling efficiency approached 100% with posi-

tively supercoiled DNA as the substrate and decreased

steadily with moderate degrees of negatively supercoiling.

Discussion

Our results for the dynamics of T-transport without exter-

nal force acting on it show that, to complete passage of the

strand with a nearly 100% efficiency, the C-gate is only

required to open transiently for a short time, for example,

for V0 = 5 kBT, the C-gate is only required to open for a

short time of approximately 30 ls (Fig. 5b and Fig. S5b).

In contrast, from previous experimental data on nucleotide-

transition rates (Baird et al. 1999), we know that the mean

nucleotide-transition time is of the order of seconds. Thus,

if binding by topo II is such that transition of the nucleotide

induces closing of the C-gate, the C-gate would open for a

time of the order of seconds, which is much longer than

30 ls. In order to reduce the probability of the exited

T-segment re-entering the inner of the A0 domains, the

C-gate should open for a time as short as is required for the

T-segment to exit from it. Thus, it is reasonable to assume

that, after the C-gate is opened, it re-closes elastically, with

a time of the order of 10 ls, rather than closing of the

C-gate being induced by transition of the nucleotide. In

other words, it is assumed that the closed conformation of

the C-gate corresponds to that having the minimum free

energy in either the nucleotide-free or nucleotide-bound

state. Opening of the G-gate induces the two A0 domains to

be apart, which in turn induces, elastically, opening of the

C-gate. The C-gate then re-closes elastically to remain in

the minimum free-energy conformation. This argument is

consistent with puzzling experimental results which

showed that, after ATP or AMPPNP binds, the G-gate

opens (Smiley et al. 2007) and passage of the strand can

occur (Roca and Wang 1994; Baird et al. 1999), but in

steady AMPPNP state the C-gate is closed (Roca and

Wang 1992).

Previous experimental results showed that the ATP

hydrolysis rate is about 40 s-1 and the Pi-release rate is

very high, whereas the DNA decatenation rate (or the

strand-passage rate) is about 7.1 s-1 in the presence of

ATP (Baird et al. 1999). However, our results show that the

strand-passage time, which is in the order of 10 ls, is very

short. We thus infer that the measured strand-passage rate

of about 7.1 s-1 corresponds approximately to the G-seg-

ment-cleavage rate and that hydrolysis of one ATP pre-

cedes DNA transport. This is consistent with the

experimental data of Baird et al. (1999). On the other hand,
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previous experimental data showed that the strand-passage

rate in the presence of AMPPNP is much smaller than that

in the presence of ATP (Baird et al. 1999). We thus infer

that hydrolysis of one ATP can further accelerate the rate

of G-segment-cleavage. Based on these deductions, previ-

ous experimental data (Wigley et al. 1991; Berger et al.

1996; Mueller and Herschalg 2008; Roca and Wang 1992,

1994; Olland and Wang 1999; Ali et al. 1993, 1995; Hu

et al. 2002; Gardiner et al. 1998; Brino et al. 2000; Classen

et al. 2003; Wei et al. 2005; Lamour et al. 2002; Fass et al.

1999; Lindsley and Wang 1993; Harkins and Lindsley

1998; Harkins et al. 1998; Smiley et al. 2007; Baird et al.

1999; Skouboe et al. 2003; Vaughn et al. 2005; Morais

Cabral et al. 1997) and our current theoretical data, we thus

propose a modified two-gate model for the chemome-

chanical coupling of the topo II enzyme, which is stated as

follows.

We begin with the nucleotide-free topo II binding to a

crossover between the G and T-segments (Fig. 7a). The

binding of the G-segment by topo II should cause significant

bending of the G-segment (Dong and Berger 2007). For

simplicity, we have not shown this bending here. The binding

of two ATP molecules leads to closing of the ATPase and B0

domains, which activates G-segment cleavage (Fig. 7b).

However, before the G-segment is cleaved, the G-gate in the

two A0 domains is prevented from opening by its strong

interaction with the G-segment. Then one ATP molecule is

hydrolyzed and Pi is released rapidly, which further activates

G-segment cleavage. After the G-segment is cleaved, the

G-gate is allowed to open, which in turn induces opening of

the C-gate (Fig. 7c). This allows diffusion of the T-segment

inside the inner of the two A0 domains and its exit from the

opened C-gate (Fig. 7d). The C-gate then re-closes elasti-

cally, thus preventing the exited T-segment from re-entering

the inner of the two A0 domains (Fig. 7e). After turnover of

the first ATP molecule, hydrolysis of second ATP molecule,

and then rapid Pi release, the G-gate becomes closed, which

religates the cleaved G-segment (Fig. 7f). Release of second

ADP leads to opening of the ATPase and B0 domains to allow

another round of catalysis (Fig. 7g).

G-DNA

T-DNA

2ATP

(a)

(g)

(f)

(b)
ATP

(c)

(d)

(e)

Pi

ADP
C-gate

x

ATP

ADP

Pi

ATP

ATP ADP

ATP ADP

ADP
ADP

Fig. 7 Schematic illustration of

chemomechanical coupling of

topo II in the presence of ATP

(see text for detailed

description)
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A single turnover strand passage in the presence of

AMPPNP is shown schematically in Fig. 8. The nucleo-

tide-free topo II binds to a crossover between the G and

T-segments (Fig. 8a). The binding of two AMPPNP mol-

ecules leads to closing of the ATPase and B0 domains,

which activates G-segment cleavage (Fig. 8b). After the

G-segment is cleaved, the G-gate opens, which in turn

induces opening of the C-gate (Fig. 8c). Free diffusion of

the T-segment causes it to exit from the opened C-gate

(Fig. 8d). The C-gate then re-closes elastically, thus pre-

venting the exited T-segment from re-entering the inner of

the two A0 domains (Fig. 8e).
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