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Abstract

A general model is presented for the processive movement of molecular motors such as
L-exonuclease, RecJ] and exonuclease I that use digestion of a DNA track to rectify Brownian
motion along this track. Using this model, the translocation dynamics of these molecular
motors is studied. The sequence-dependent pausing of A-exonuclease, which results from a
site-specific high affinity DNA interaction, is also studied. The theoretical results are consistent
with available experimental data. Moreover, the model is used to predict the lifetime

distribution and force dependence of these paused states.

1. Introduction

Motor proteins or molecular motors are active enzymes that
play fundamental roles in many active processes in living
cells. A processive molecular motor is referred to a single
protein molecule that binds to a molecular track and takes
many discrete steps along the track before dissociating.
The processive motions of many motor proteins such as
kinesin [1, 2], dynein [3], myosin-V [4], myosin-VI [5] and
DNA helicase [6, 7] along their tracks (microtubules, actin
filaments, DNA molecules) are ‘powered’ by the hydrolysis
of NTP, typically of ATP. There are still other motor
proteins that do not make use of the hydrolysis of NTP
but make use of the digestion of their molecular tracks to
rectify Brownian motion along the tracks. One example is
the collagenase that diffuses unidirectionally along collagen
fibrils [8]. Another important class of these molecular motors
are DNA exonuclease enzymes such as lambda exonuclease
(A-ex0) [9-19], Recl] exonuclease [20-24], exonuclease I
(Exol) [12, 25, 26], exonuclease X (ExoX) [27], etc, that
translocate processively along DNA.

DNA exonuclease enzymes represent an important class
of enzymes that play key roles in DNA replication, repair
and recombination. Of these, A-exo is a highly processive
enzyme (with a processivity of more than 3000 base pairs)
that digests one of the double-stranded DNA (dsDNA) in
the 5'-3’ direction in bacteriophage A [9-12]. The digestion
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requires Mgt ions, but does not require ATP or GTP, and
proceeds along DNA at rates of 2-3.5 nm s~ 19, 10, 13, 14].
The structure shows that it is a trimeric protein, with the
three identical subunits forming a symmetrical toroid, each
subunit having a nuclease active site [17]. The channel formed
by A-exo is tapered such that dSDNA may enter one side
but only single-stranded DNA (ssDNA) may exit from the
other side. The complete enclosure of its DNA substrate is
considered to be responsible for a significant increase of its
processivity [17, 28]. RecJ digests ssDNA in the 5'-3' direction
with a processivity of about 1000 bases [20-24], while Exol
digests ssDNA in the 3’-5’ direction with a processivity of
more than 900 bases [12, 26, 28]. As in the case of A-
exo, the digestions by RecJ and Exol require Mg”* ions, but
do not require ATP. Structural studies show that both Rec]J
and Exol are monomeric and have a roughly semicircular
form, with a groove through the center of molecules [22, 26].
Only one nuclease active site is present in the groove of each
enzyme. The narrow groove for both Rec] and Exol may be
characteristic of the exonucleases specific for ssDNA, which
provides an explanation for their high processivity [22, 26, 28].

In the literature, a lot of works have been devoted to
modeling the processive motion of those molecular motors
that are ‘powered’ by the hydrolysis of NTP [29-39].
Moreover, several models, which include the burnt bridges
Brownian ratchet model [8, 40-43] and the asymmetric
potential Brownian ratchet model [44], have been proposed

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Interaction potentials Vipna between A-exo and 3’5" ssDNA and Vypna between A-exo and dsDNA (see the text for a detailed

description). The base pair distance p = 0.34 nm.

(This figure is in colour only in the electronic version)

for the biased diffusion of collagenase along collagen fibrils
via the digestion of collagen. In this work, we present a
general rectified Brownian ratchet model for the processive
translocation of DNA exonuclease enzymes such as A-exo,
RecJ and Exol via the digestion of DNA.

2. Processive translocation of A-exo

It is assumed that there exist both ssDNA-binding residues and
dsDNA-binding residues in A-exo. This assumption is similar
to that adopted for nucleic acid polymerase enzymes such as
DNA polymerase (DNAP) [45, 46], reverse transcriptase [47]
and RNA polymerase (RNAP) [48, 49]. The presence of the
interaction between A-exo and 3'-5" ssDNA is consistent with
the experimental results by Sriprakash er al [15]. Moreover,
the assumption of both the interaction of A-exo with 3'-5'
ssDNA and the interaction with dsDNA are consistent with
the experimental result by van Oijen et al [18], which showed
that only a low fraction of dsDNA that lacks a free 3’ end was
digested to ssDNA by the A-exo enzyme. This is explained as
follows. For dsDNA that lacks a free 3’ end, only the binding
affinity E, between A-exo and dsDNA is present. Thus the
binding affinity of A-exo for DNA, E,, is smaller than the
binding affinity, £| + E,, for DNA with a free 3’ end, where
E, is the binding affinity of A-exo for ssDNA. This implies
that the enzyme is easily detached from DNA that lacks a free
3’ tail, thus showing a low probability of digestion. Another
point to note is that the lack of the binding affinity of A-
exo for the 5 end of ssDNA, as assumed here, is consistent

with the experimental results of Subramanian et al [14], which
showed that the lower extent of digestion of 5'-OH DNA than
5’-phosphate DNA is due to a catalytic defect in the enzyme—
substrate complex and is not due to an inability of A-exo to bind
the 5-OH DNA.

Since no experimental data are available for the binding
surface between A-exo and DNA, without loss of generality, we
consider that the ssDNA-binding residues cover four bases on
the 3'-5" ssDNA and the dsDNA-binding residues cover four
base pairs on the dsDNA duplex. As is noted, taking other
values for the binding surface has no effect on the analyses
and results presented in this work. Consider the dsDNA
with a 3/-5’ single-stranded tail, as schematically shown in
figure 1(a) (upper diagram). Then, as the structure shows [17],
the dsDNA-binding residues should be on the right side of the
ssDNA-binding residues, with a zero interval, and the nuclease
active site is located near the leftmost point of the dsDNA-
binding residues. Thus, the interaction potential, Vipna (x1),
between the ssDNA-binding residues and the 3'-5" ssDNA
tail can be approximately shown in the middle diagram of
figure 1(a), where E; is the binding affinity for all four bases
of the ssDNA that the ssDNA-binding residues can cover,
E| is the binding affinity for only three bases that only part
of the ssDNA-binding residues can cover and x; represents
the coordinate of the leftmost point on the ssDNA-binding
residues along the DNA. The interaction potential, Vgspna (12),
between the dsDNA-binding residues and the dsDNA can be
approximately shown in the lower diagram of figure 1(a),
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Figure 2. A typical numerical result for the displacement of A-exo
along DNA as a function of time, showing stepwise motion with the
step size of one base pair. The binding affinities E| + E} = 18kgT
and E] + E20 = 25kBT

where FE, is the binding affinity for the sugar—phosphate
backbones connecting all four base pairs on the dsDNA, EJ
is the binding affinity for the backbones connecting only three
base pairs on the dsSDNA and x; represents the coordinate of
the rightmost point on the dsDNA-binding residues along the
DNA. Note that the binding affinity £’ for only three bases is
smaller than the binding affinity E; for all four bases. Due to
the same reason, the binding affinity £’ is smaller than E>.

Moreover, the interaction between the enzyme and
sequence-nonspecific DNA is likely via electrostatic force.
This is consistent with the structure of RecJ, since RecJ mainly
interacts with ssDNA through the DNA backbone and the
residues near the presumed nuclease active site are positively
charged [22]. The structure of E. coli Exol also showed
that the surface of the groove located near the presumed
nuclease active site is positively charged [26], consistent with
the electrostatic interaction proposal. If we assume that the
electrostatic interaction distance between the enzyme and DNA
is larger than the base pair distance p = 0.34 nm then it follows
that Ey and Ejg defined in figure 1 should be larger than E,
and E|, respectively, while E5 and E{ should be larger than E,
and E{, respectively. Note that, at the sequence-specific site
of DNA, besides the electrostatic interaction between A-exo
and the DNA, the enzyme can also employ hydrogen bonding
interactions with the DNA as well as stacking interactions with
the nucleobases of the ssDNA, giving a much larger binding
affinity (see section 3).

If we represent the position of A-exo by its center-of-mass
position, x, which is drawn to be coincident with the leftmost
point on the ssDNA-binding residues, the potential Vgspna (x)
between the dSDNA-binding residues and the dsDNA is shifted
towards the —x direction by 7 bases (or base pairs), as shown
in the lower diagram of figure 1(b). After one base, i.e. the
(n + 4)th base, on the 5'-3' strand is digested by the nuclease
active site that locates at the (n + 4)th base, the double strand
that connects the (n + 4)th base pair becomes 3'-5’ single
stranded. Thus, the interaction potential Vyspna(x) between
the dsDNA-binding residues and the dsSDNA becomes the one
shown in the lower diagram of figure 1(c), while the interaction
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Figure 3. Results of jumping time 7; versus binding affinity £, 4 E}
for A-exo.

potential Vpna (x) between the ssDNA-binding residues and
the 3'-5’ single strand is changed to that shown in the upper
diagram of figure 1(c). The mathematical forms of Vipna (x)
and Vgspna (x) shown in figures 1(b) and (c) are given in the
appendix.

The movement of A-exo along DNA in the over-damped
environment can be described by the following Langevin
equation:

r dx aVi(x,t)

O T'Fg(f), (D

where V(x) = Vipna(x) + Vaspna(x), with Vpna (x) and
Vaspna (x) in the forms of figure 1(b) before the digestion
of base (n + 4) on the 5-3' strand and in the forms of
figure 1(c) after the digestion of base (n + 4). &(¢) is the
fluctuating Langevin force, with (§(¢)) = 0 and (§(1)&(¢)) =
2kgTT8(t — t'). The drag coefficient ' = 67nr = 9.4 x
107" kg s~!, where the viscosity = 0.01 gcm™' s~! and
A-exo is considered as a sphere with radius » = 5 nm.

A typical result of the displacement of i-exo as a
function of time by numerically solving equation (1) using the
stochastic Runge—Kutta method, as used elsewhere [33, 34], is
shown in figure 2, where we have taken E; + Eé = 18kgT
and the nucleotide-digestion time 73 with a mean value of
100 ms [9, 10, 13, 14]. The results in figure 2 are insensitive
to the value of E| + E) provided that it is not very large (see
figure 3). From figure 2, it is seen that the A-exo translocates
processively along DNA, with the step size of one base pair.
In the model, a forward stepping corresponds to a jumping
of the Brownian particle (i.e. the A-exo) from the potential
well with a shallower depth E| + E} to that with a depth
E |+ E, corresponding to the deepest well of potential V (x) =
Vissona (x) + Vaspna(x) (figure 1(c)). The transition of the
potential well at a given position (e.g. nth base) on the DNA
from that with the deepest depth E; + E» (figure 1(b)) to
that with the shallower depth E; + E} (figure 1(c)) is via the
digestion of one base on the 5'-3' strand. Thus, the dwell time
of a forward step is the sum of the digestion time 74 and the
jumping time, 7j, over the potential barrier £ + E) to the
deepest potential well with depth E| + E»o. The digestion time
Ty is determined by the chemical reaction rate [13, 14]. Here
we determine the jumping time T;.
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The corresponding Fokker—Planck form of equation (1)
e P 10 rdV 2P (x,1) _
is S5 = L[S P(x,1)] + D=2, where D =
kgT/T'. From this Fokker—Planck equation the mean first-
passage time for the enzyme to jump from the shallower
potential well at the nth base (figure 1(c)) to the deepest

potential well at the next (n 4 1)th base can be calculated by
P y

Ty = & [dyexplV(y)/(TD)] [ exp[—V (2)/(T'D)]dz [50],
0 0

where the origin of the coordinate is taken at the position of
the nth base in figure 1(c) and, for simplicity, the backward
jumping from the potential well at the nth base to the previous
shallower potential well at the (n — 1)th base is not taken into
account. By integration with V (x) = Vgpna (x) + Vaspna (x)
given in figure 1(c) (see also the appendix) we obtain the mean
jumping time
(pT)2D [ <E1 + E;) } pr
i e |\ ) T
4(E + Ep)? rD 4(E, + Ej)
(p0)’D [ (El + E;)
HE + EN(E + Ex) |2\ TD

E» — E, r
oo 555

4(Ey + Ex)’
where, for simplicity, we have taken exp(— E'lfDEé ) &~ 0 because
E\+E, > TD =kgT. Since E| + Ey > E| + E, the third
and fourth terms are smaller than the first and second terms,
respectively. As a result, for an approximation, we can neglect
the third and fourth terms in equation (2) and thus we have

(@)

(pT)2D E\ +E, T
i~ ————=|exp| —— )| -~
4(E, + E))? D 4(E, + E})
3

Using equation (3), the calculated results of 7} versus
E| + E) are shown in figure 3. It is seen that, even for a very
large value of E|+E) = 20kg T (for example, for E; = 10kgT
and Eé = 10kgT), T; is smaller than 1 ms, which is much
smaller than 73 = 100 ms. This implies that the dwell time is,
in general, mainly determined by the digestion time 7y, which
is consistent with the experimental data [18].

If there is an external force, F, acting on the A-exo, then
E| + E), in equation (3) is replaced by E| + E} + Fp/2, where
it is defined that a backward force has a positive value. The
calculated results of 7; versus F are shown in figure 4. As
expected, 7 increases with the increase of F'. However, T;
increases slowly with the increase of F. For example, when
F is increased from O to 10 pN, 7; increases only by about
1.44-fold. Thus, the dwell time is still mainly determined by
the digestion time Ty even under a backward load as large as
10 pN.

3. Sequence-dependent pause of A-exo

In the above studies, for simplicity, we consider that
the electrostatic interactions between A-exo and DNA are
homogeneous along the DNA, i.e. the binding affinities, E;
and E,, are considered to be DNA-sequence-independent.
However, at the sequence-specific site of the DNA, besides
the electrostatic interactions between A-exo and the DNA,

102 . . . )
-10 -5 0 5 10
F (pN)

T;j (ms)

Figure 4. Results of jumping time 7; versus external force F acted
on A-exo for different values of binding affinity £, + EJ.

the enzyme can also employ hydrogen bonding interactions
with the DNA as well as stacking interactions with the
nucleobases of the ssDNA. Although direct support of this
argument is not available from the crystal structure of A-exo
in the absence of DNA [17], it can be inferred from the
available structure of restriction endonuclease BamHI bound
to nonspecific DNA [51] and the available structure bound
to sequence-specific DNA [52]. Consequently, if A-exo is
positioned at a specific sequence, there exists a much larger
value of E| + E) than that at nonspecific sequences. That
implies that the A-exo will take a much longer time to jump
over this larger barrier to the next binding position. Using
equation (2) the calculated results of 7 versus E; + E’ for
different values of E; + Eyp are shown in figure 5(a). It
is seen that, even for E; + Ep varying in a wide range
(from 20kgT to 30kgT), T; varies in a narrow range. At
E, + E; = 28.5kgT, T; ~ 4 s, which is close to the value
determined experimentally [19] and is much larger than the
digestion time 73 &~ 100 ms. Thus, the sequence-dependent
pausing time is mainly determined by the jumping time T;,
which is in contrast to the dwell time as discussed in section 2.
When an external force F is acting on the A-exo, E; + Eé and
E| + E, in equation (2) are replaced by E; + E, + Fp/2 and
E| + Ey — Fp/2, respectively. The calculated results of T;
versus F with E| + E, = 28.5kgT and E| + E»y = 25kgT are
shown in figure 5(b). It is seen that the external force influences
the sequence-dependent pausing time. For example, when a
forward load is increased from O to 20 pN, the mean pausing
time is reduced from 4.1 to 1.9 s; while when a backward
load is increased from 0 to 20 pN, the mean pausing time is
increased from 4.1 t0 9.2 s.

Moreover, it is noted that different DNA sequences should
have slightly different strengths of hydrogen bonding and
stacking interactions with A-exo, giving slightly different
values of E; + E}. To see the effect of different sequences
on the pausing lifetime, we numerically solve equation (1)
by using different values of E; + Ej. In figures 6(a)-(c)
we show the calculated lifetime distributions of the pause for
E, + E, = 28kgT, 28.5kgT and 29kgT, respectively. It is
seen that the lifetime distribution for a given E| + E} has the
single-exponential form. In other words, the pausing lifetime is
single exponential for a given sequence. This is in agreement
with the experimental result of Perkins e al [19]. Moreover,
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Figure 5. Results of mean pausing lifetime for A-exo. (a) Mean
pausing lifetime versus binding affinity E| + E’ under no external
force. Dotted line is for binding affinity £, + E»y = 20kg T, dashed
line for binding affinity E| + E,y = 25kgT and solid line for binding
affinity £, + Eyy = 30kgT. (b) Mean pausing lifetime versus
external force F, with binding affinities E| + E, = 28.5kgT and

E] + E20 = 25kBT

as noted from equation (2), the mean pausing lifetime for the
sequence with a smaller E; + EJ is shorter than that for the
sequence with a larger E; 4+ E). In figure 6(d) we show the
pausing-lifetime distribution by counting all values of lifetime
for the three values of E| + E/, with equal counting numbers
for the three values of E; + E%. The distribution can be well
fitted by a linear sum of two exponentials with time constants
of 4 and 6 s (amplitudes 70% and 30%, respectively). This
statistical characteristic is similar to that for RNAP obtained by
Herbert et al [53]. The future experiment is hoped to test this
prediction for A-exo. Similarly, based on the present model
it is expected that the pausing efficiency (or probability) for
the sequence with a small E; + E) that gives a short mean
lifetime should be smaller than that for the sequence with a
large E; + E} that gives a long mean lifetime. This is also
consistent with the experimental results [19].

4. Processive translocation of RecJ

As both RecJ and Exol have very similar structures [22, 26],
we propose that the processive translocation of RecJ along 5’
3’ ssDNA and that of Exol along 3'-5" ssDNA have a similar

mechanism. Here we take RecJ as the example to illustrate the
mechanism.

Since RecJ only interacts with 53" ssDNA, it is assumed
that there exist only the ssDNA-binding residues. As shown
from the available structure [22], the ssDNA-binding residues
cover four bases on 5-3’ ssDNA. Moreover, as is shown
experimentally [24], Rec] has a specific interaction with the
5" end of ssDNA, which is different from A-exo that has no
specific interaction with the 5" end of DNA (see section 2).
Thus, when the ssDNA-binding residues of RecJ bind the four
bases of 53’ ssDNA that do not include the 5" end, the binding
affinity should be smaller than that when the 5’ end is included.
As a result, the interaction potential, V (x), between Recl and
5'-3’ ssDNA can be approximately shown in figure 7(a), where
E is the binding affinity for the four bases of the ssDNA that
include the 5’ end, E’ is the binding affinity for the three bases
of the ssDNA that include the 5" end, E” is the binding affinity
for the four bases of the ssDNA that do not include the 5" end
and x represents the coordinate of the rightmost point on the
ssDNA-binding residues along the ssDNA. After one base, i.e.
the (n — 3)th base, is digested by the enzyme, the potential
V(x) becomes the one shown in figure 7(b).

Therefore, a forward stepping of Rec] corresponds to a
jumping of the Brownian particle from the shallower potential
well of depth E’ at the nth base to the deepest potential well
of depth E at the next (n + 1)th base (figure 7(b)) and the
mean jumping time can be still approximately calculated by
equation (3) but with E’ instead of E| + Ej. The transition
of the potential well at a given position (e.g. nth base) on the
ssDNA from that with the deepest depth E (figure 7(a)) to that
with the shallower depth E’ (figure 7(b)) is via the digestion
of the 5’-end base on the ssDNA. Similar to figure 2 for A-exo,
Recl] translocates processively along the ssDNA with the step
size of one base and the results of the mean jumping time 7;
versus E’ are shown in figure 3, where, however, the title of
the horizontal axis, E| + E, is replaced by E’.

It should be noted that the Exol and Rec] exonucleases
have different DNA footprints. The ssDNA-binding residues
of Exol cover 12 bases on the 3'-5" ssDNA [26], while the
ssDNA-binding residues of RecJ cover 4 bases on the 5'-3’
ssDNA. In this work, both exonucleases are proposed to have
the same translocation mechanism.

5. Discussion

It is interesting to note that the processive translocation of A-
exo along DNA is via the Brownian ratchet mechanism which
is rectified by the digestion of the 5’3’ strand of dsDNA, while
the processive translocation of DNAP along the DNA template
is via the Brownian ratchet mechanism which is rectified
by the synthesis of a matched base complementary to the
ssDNA template. Although the two enzymes have ‘opposite’
biological functions, based on the model presented here for
A-exo (see section 2) and the model presented previously for
DNAP [45, 46], they show similar ratchet mechanisms for the
unidirectional translocation. For the former the digestion of
one base on the 5'-3" strand induces its interaction potential
with DNA, V()C) = VSSDNA ()C) + VdsDNA ()C), Changing from
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(a)—(c) Distributions with binding affinities £, + E} = 28kgT, 28.5kgT and 293 T, fitted with a single exponential, C exp(—t/7), of time
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C[Pyexp(—t/11) + P, exp(—t/1,)], with time constants of 7, = 4 and 7, = 6 s (amplitudes P; = 70% and P, = 30%, respectively).

n+3 n+3

n+3

Figure 7. Interaction potential V (x) between RecJ and 5'-3" ssDNA
(see the text for the detailed description). Since RecJ has an
ssDNA-binding site, the interaction potential V (x) between the site
and ssDNA is similar to either the interaction potential Vpna (X)
between the ssDNA-binding site of A-exo and 3'-5" ssDNA or the
interaction potential Vypna (x) between the dsDNA-binding site of
A-exo and dsDNA (see figure 1). However, since ReclJ has a specific
interaction with the 5" end of ssDNA, the potential V (x) has a larger
depth when the ssDNA-binding site of RecJ covers four bases and
includes the 5’ end than that when the ssDNA-binding site covers
four bases but does not include the 5" end (comparing V (x) given
here with either Vipna (x) or Vaspna (x) given in figure 1).

that shown in figure 1(b) to that shown in figure 1(c). Thus
a forward stepping corresponds to a jumping of the Brownian
particle (i.e. the A-exo) from the potential well with shallower

depth E; + E} to that with the deepest depth E; + Ej.
In contrast, for the DNAP the synthesis of a matched base
complementary to the ssDNA template induces its interaction
potential with DNA, V (x) = Vipna (X) + Vaspna (x), changing
from that shown in figure 1(c) to that shown in figure 1(b).
Thus a forward stepping corresponds to a jumping of the
Brownian particle (i.e. the DNAP) from the potential with
shallower depth E| + E, to that with deeper depth Eo + E,.

An interesting behavior for A-exo is the occurrence of
sequence-dependent pausing during its processive translo-
cation. The similar behavior has also been observed for
RNAP [53]. It is thus expected that the similar pausing behav-
iors for both A-exo and RNAP may share the same mechanism,
i.e. the short pauses result from the sequence-dependent high
binding affinities [48]. Moreover, different sequences should
have slightly different binding affinities, resulting in different
short pausing durations.

The crystal structure of A-exo shows that it consists
of three identical subunits, with each subunit having a
nuclease active site [17]. Thus, in the present model, it is
considered that each subunit should have an ssDNA-binding
site and a dsDNA-binding site. At any time, only one of
the three subunits is interacting with DNA. As proposed
before [17, 28], the toroidal form of the trimer is responsible
for a significant increase of its processivity. Although RecJ and
Exol are monomeric, the single polypeptide chain forms an
asymmetric semicircular structure that can enclose the DNA
substrate [22, 26], which can provide high processivity [28].
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However, the non-complete enclosure of DNA by RecJ and
Exol can only give a lower processivity than the complete
enclosure by A-exo. Thus, it is understandable that the A-exo
has evolved a trimeric and toroidal structure to ensure a much
higher processivity of more than 3000 base pairs than that of
about 1000 bases in RecJ and Exol.

It is mentioned that, in this work, we only consider
the interaction of single exonuclease molecules with DNA.
However, the exonuclease activity in vivo involves the
cooperation of the exonuclease enzyme with other proteins.
For instance, single-stranded DNA-binding proteins (SSBs)
are known to interact directly with core-catalytic domains of
RecJ and Exol, increasing the processivity and stimulating
the exonuclease activities of the enzymes [54-56]. Thus, to
study the dynamics of these exonucleases in vivo, besides the
interactions between the enzymes and DNA, as studied in this
work, the interactions between the enzymes and SSBs must
also be taken into account, which will be studied in the future.

In conclusion, we studied the processive translocation
of i-exo, RecJ and Exol along DNA. We proposed that the
three enzymes share the similar rectified ratchet mechanism
for their processive motion, with only slight differences for
different enzymes. The experimentally observed sequence-
dependent pausing of A-exo can be explained well by
assuming a higher site-specific binding affinity for DNA
at the specific sequence. To test the argument, it is
hoped to experimentally determine the effect of external
force on the mean sequence-dependent pausing lifetime (see
figure 5(b)) and the statistical characteristic of the pausing-
lifetime distribution (see figure 6(d)).

Appendix

Taking the origin of the coordinate at the position of the nth
base, the mathematical forms of Vpna(x) and Vgopna(x)
shown in figure 1(b) in the range of —3p/2 < x < 3p/2
can be written as follows:

2FE,
Vsspna (x) = _TX —2E,,

"

2E2 ” ’
Vaspna (x) = —Tx + Ey —2E) — E)

3p
When—7<x§—p

!

2E, 2E, ,
VespNa (X) = TX +2E;, Vigpna(x) = TX + Ex + E,

when—p<x<—£

2
2E1 2E20
Vispna (x) = —TX , VaspNa (X) = — X
when —g <x <0
2E0 2E,
VespNa (X) = X, Vaspna (x) = TX

when0<x<§

/

2E1 ,
VssDna () = _TX +Ep+ E,

2E, P
VaspNa (¥) = ———x + 2E) when S <x<p
p

"

2E1 / "
Vsspna (x) = Tx + Ey— E| —2FE],

2E,

Vaspna (X) = —x — 2 when p < x < 2P
p

2

Similarly, the mathematical forms of Vpna(x) and
VaspNa (x) shown in figure 1(c) in the range of —p/2 < x <
5p/2 are written as follows:

2E, 2E] /
Vsspna (x) = —TX, Vaspna (x) = —TX + Ey—E,

When—§<x§0

2E, 2E, /
VesDNa (X) = TX’ Vaspna (x) = TX + Ex — E,

when0<x<§

2E1 2E20

Vsspna () = —T)H-ZE], Vaspna () = — X+2E
when g <x<p
2E10 2E2
Vespna (x) = x—2Ejy,

Vaspna (x) = 7x—2E2

3p
when p < x < —

/

2E1 ,
Vsspna () = _TX + E+3E],

2E2 3p
Vaspna (x) = ———x +4E> when 5 <X <2p
p

"

2F] , B
Vsspna (x) = TX + E— E| —4E],

2E,

Vaspna (x) = —x — 4E» when 2p < x < 7p
p
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