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Abstract During DNA synthesis, high-fidelity DNA poly-
merase (DNAP) translocates processively along the tem-
plate by utilizing the chemical energy from nucleotide
incorporation. Thus, understanding the chemomechanical
coupling mechanism and the effect of external mechanical
force on replication velocity are the most fundamental issues
for high-fidelity DNAP. Here, based on our proposed model,
we take Klenow fragment as an example to study theoreti-
cally the dynamics of high-fidelity DNAPs such as the
replication velocity versus different types of external force,
i.e., a stretching force on the template, a backward force on
the enzyme and a forward force on the enzyme. Replication
velocity as a function of the template tension with only one
adjustable parameter is in good agreement with the available
experimental data. The replication velocity is nearly indepen-
dent of the forward force, even at very low dNTP concentra-
tion. By contrast, the backward force has a large effect on the
replication velocity, especially at high dNTP concentration. A
small backward force can increase the replication velocity and
an optimal backward force exists at which the replication
velocity has maximum value; with any further increase in
the backward force the velocity decreases rapidly. These
results can be tested easily by future experiments and are aid
our understanding of the chemomechanical coupling mecha-
nism and polymerization dynamics of high-fidelity DNAP.
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Introduction

High-fidelity DNA polymerase (DNAP) is able to synthe-
size a new DNA strand on a template strand with high
efficiency as well as high specificity [1—4]. During DNA
replication, high-fidelity DNAP moves processively along
the template, incorporating nucleotide triphosphate (ANTP)
into the 3’ end of the new strand. From a physical point of
view, DNAP functions as a molecular motor, utilizing the
chemical energy from nucleotide incorporation to drive the
mechanical motion of the motor along the template. Thus,
understanding this chemomechanical coupling mechanism
and the effect of external mechanical force on the replication
velocity are the most fundamental issues when studying
DNAP.

Among the high-fidelity DNAPs, the Klenow fragment
of Escherichia coli DNAP I [Pol I(KF)], an active truncated
form that composed of a polymerase domain and a 3'-5’
exonuclease domain, has been studied rigorously for more
than 40 years [5—7]. Structural studies have show that the
polymerase domain of Pol I(KF), like those of other high-
fidelity DNAPs, consists of three subdomains: the fingers,
the palm, and the thumb [8—12]. Comparison of the struc-
tures of DNAP-DNA binary complexes with the
corresponding DNAP-DNA-ANTP ternary complexes
revealed a large movement of the fingers subdomain relative
to other subdomains [13—17]. The rate of this movement of
the fingers induced by nucleotide binding was measured
using stopped-flow fluorescence methods [18]. Using rapid
chemical quenching methods the enzyme’s minimal reaction
pathway was defined and the transition rates in the pathway
were determined [19]. Using single-molecule optical or
magnetic trapping techniques, replication velocity was also
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studied as the enzyme catalyzes the replication of a mechan-
ically stretched DNA template [20, 21]. To explain this
observed effect of this template tension on replication ve-
locity, several kinetic models have been proposed [20-23].
Originally, the effect of template tension on replication
velocity was interpreted by making use of global force-
extension curves for double stranded DNA (dsDNA) and
single stranded DNA (ssDNA) [20, 21]. Later, a model was
proposed that invokes only local interactions in the neigh-
borhood of the enzyme in explaining the effect [22, 23]. In
addition, the effect was also studied using molecular dy-
namics simulations [24, 25]. Recently, the movement of Pol
I [Klenow fragment (KF)] on the template during DNA
synthesis was monitored by using single-molecule fluores-
cence resonance energy transfer (smFRET) at single base-
pair resolution [26]. Moreover, snFRET was also used to
study the dynamics of strand displacement DNA synthesis
by Pol I(KF) [27].

We previously proposed a model for translocation of
high-fidelity DNAP along the template during processive
nucleotide additions [28, 29]. In the present work, we mod-
ify the proposed model. Based on the modified model, we
study theoretically and in detail the dynamics of Pol I(KF)
under the effect of different types of external force during
both single-stranded primer extension synthesis and strand-
displacement DNA synthesis. The external forces include
the template tension, which is defined as a stretching force
acting on the template, the backward force acting on the
enzyme, and the forward force acting on the enzyme. The
results for the replication velocity as a function of the
template tension are in good agreement with the available
experimental data. In particular, many interesting predicted
results, such as replication velocity as a function of the
backward and forward forces are presented. Testing of the
predicted results in future experiments will help significant-
ly in our understanding of the chemomechanical coupling
mechanism of high-fidelity Pol I(KF).

Model

In the model [28, 29], the interaction between Pol I(KF) and
its DNA substrate is characterized by two DNA-binding
sites located in Pol I(KF).! One—called binding site S;—
is composed of residues that have an affinity for the ssDNA
template. Another —binding site S,—is composed of resi-
dues that have an affinity for the upstream dsDNA. Binding
site S; is located in the fingers subdomain (see Fig. 1a),

"1t is noted that in the translocation models for DNAPs of other
families such as families X and Y [38, 39], the interaction between
the enzymes and their DNA substrates can also be well characterized
by distinct DNA-binding sites located in the enzymes.
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which is supported by experimental data showing that this
subdomain has a high binding affinity for the ssDNA tem-
plate [30, 31]. Binding site S, is located in the palm and
thumb subdomains (see Fig. 1a).

The interaction potentials of the two binding sites with
the DNA substrate are described as follows. For conve-
nience, we represent the position of Pol I(KF) along the
DNA template by that of its polymerase active site. After
incorporation of the nucleotide paired with the nth base on
the template but before the binding of the next ANTP (top of
Fig. 1b), the form of Vi(x) is shown in Fig. 1b (middle),
where E; is the binding affinity for all N, bases of the
ssDNA template that the binding site S; can cover, and £’y
is the binding affinity for (N;—1) bases. Note that the
binding affinity £’; corresponding to binding (N;—1) bases
is smaller than E, corresponding to binding all N, bases.
Moreover, since, due to the structural restriction, the primer
3’ terminus is not allowed to move forward relative to Pol I
(KF) when its active site is located at the primer 3’ terminus,
we assume the presence of a large energy barrier on the
right-hand side of V(x) when Pol I(KF) is positioned at the
nth site. Similarly, the potential, V>(x), of binding site S,
interacting with dsDNA is shown in Fig. 1b (bottom), where
E, denotes the binding affinity for the dsDNA containing all
N, base pairs that the binding site S, can cover, and E’, the
affinity for the dsDNA containing only (N,—1) base pairs.
As noted, the interaction between the binding site S, and the
dsDNA is mainly via electrostatic force. On the other hand,
the interaction distance of the electrostatic force is approxi-
mately equal to the Debye length (~1 nm) in solution, which is
larger than the distance (p=0.34 nm) between two successive
base pairs. Thus, it is expected that the height of the potential
barrier in V,(x) would increase as the binding site S, deviates
away from the dsDNA segment along the x direction (bottom
of Fig. 1b). From Fig. 1b, the deepest well of the total poten-
tial, V(x) = Vi(x) + V>(x), of Pol I(KF) interacting with the
DNA substrate is seen to be located at the position of the (n+
1)th template base. Thus, Pol I(KF) is located at the position of
the (n+1)th base almost all the time.

Another important characteristic of high-fidelity DNAPs
is the rotation of the fingers subdomain from open (closed)
to closed (open) conformation induced by the binding
(release) of ANTP (pyrophosphate, PPi) [13—17]. It is argued
that the closed conformation of the fingers activates phos-
phodiester bond formation (or nucleotide incorporation),
while the open conformation of the fingers opens the active
site for nucleotide binding.

Based on the two interaction potentials (Fig. 1b) and the
characteristics of fingers rotation, as mentioned above, the
translocation model of Pol I(KF) along the template during
one chemomechanical coupling cycle is shown schematical-
ly in the right panels of Fig. 1. After the nucleotide comple-
mentary to the nth template base has just been incorporated,
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Fig. 1 Illustrations of the (a)
interaction of high-fidelity
DNA polymerase (DNAP) with
DNA substrate and the translo-
cation model of DNAP along
the template. a Schematic dia-
gram of DNAP complexed with
the DNA substrate. b Potentials
of DNAP interacting with the
DNA substrate; fop DNA sub-
strate after the incorporation of

Active site

Palm

nucleotide paired with the nth x <
base on the template but before
the binding of the next dNTP,
middle potential V(x) of bind-
ing sites S interacting with the
ssDNA segment, bottom poten-
tial V5(x) of binding sites S,

interacting with the dsDNA

segment. Right panels (a’—¢”)
illustrate the translocation
model of DNAP along the tem-
plate (see text for detailed
description). The green circles
in a” and ¢’ denote open fingers
while the green ellipse in b’
denote closed fingers

Pol I(KF) would move rapidly to the (n+1)th site due to
thermal noise (see Supplementary Material), where the total
interaction potential V(x) between the enzyme and the DNA
substrate has the deepest well (Fig. 1a’).” Since the active
site is unoccupied, the ANTP can bind to the active site at the
(n+1)th site. The binding of dNTP sterically prevents Pol I
(KF) from moving backward to the nth site, and induces
the fingers to rotate from open to closed conformation
(Fig. 1b’). The closed conformation activates nucleotide
incorporation. After incorporation, the release of PPi indu-
ces the fingers to return to the open conformation. Then,
driven by thermal noise, Pol I[(KF) moves rapidly to the new
deepest potential well (Fig. 1c’), from where the next
nucleotide-incorporation cycle proceeds. In the model, the
translocation step occurs after PPi release, which is sup-
ported by comparison of the available binary (Pol I(KF)-
DNA) and ternary (Pol I(KF)-DNA-dNTP) structures (see,

e.g., [15]).

2 Note that, before binding of dNTP, Pol I(KF) could occasionally
move backward to the nth site, especially if high backward external
force is acting on the enzyme, where the active site is occupied by the
nascent primer 3’ end, thus preventing dNTP from binding to the active
site.

Reaction pathway

By using rapid chemical quenching methods Dahlberg and
Benkovic [19] first defined the minimal reaction pathway
for Pol I(KF) as shown in Scheme 1,where D, and D,
represents DNA with »n and (n+1) base pairs, respectively,
Eq D, and Eg' D, represent binary complexes with open
fingers, £y D, dNTP and Eq- D,.;-PPi represent unacti-
vated ternary complexes with open fingers, E{. - D, - INTP
and EZ -Dpy1 - PPi represent activated ternary complexes
with closed fingers. The transition Eg - Dy - INTP — EZ
-Dy, - ANTP corresponds to the rotation of fingers from open
to closed conformation, while the transition EZ -Dpyq - PPi
— Eo - Dy - PPicorresponds to the rotation from closed to
open conformation. In our model (Fig. 1) the transition from
Fig. 1a’ to b’ corresponds to Eg D, — Ep - D, - AINTP
— Ez - Dy, - ANTP in Scheme 1, in Fig. 1b’ Eé -D, - ANTP
« E{. - Dy - PPioccurs, and the transition from Fig. 1b’ to
¢’ corresponds to Eg. - Dy - PPi — Eg - Dy - PPi — Eg
-Dy+1. The translocation step occurs immediately after PPi
release. Since before the translocation the occupation of the
active site by the primer 3’ terminus prevents the binding
of ANTP, thus binding of dNTP can occur only after
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Eo-D, <> Eo-D,-dNTP <> E(-D,-dNTP <> E-Dy-PPi < Eo-D,-PPi

< Eo-Duii,

Scheme 1 Minimal reaction pathway for Pol I(KF)

translocation, the translocation step has an effect only on the
Eo D, < EoyD,-dNTP transition, while having no effect on
other transitions.

Recently, using a stopped-flow fluorescence study of
ternary complex formation, Joyce et al. [18] modified the
minimal reaction pathway as shown in Scheme 2where,
besides the states in Scheme 1, there also exists another
state, Eg - D, - ANTP, representing activated ternary com-
plex with open fingers. The transition Eg -Dy - ANTP — EZ
-Dy, - ANTP corresponds to the rotation of fingers from open
to closed conformation, while the transition EZ -Dpyq - PPi
— Eo - Dpy - PPicorresponds to the rotation from closed to
open conformation. In our model (Fig. 1) the transition from
Fig. 1a’ to b’ now corresponds to Eg - D, — Eg - D, - ANTP
— Eg - Dy - NTP — E(. - D,, - dNTP. In Scheme 2, &; (i=1,
2, 3,4, 5 and 6) denotes the forward transition rate and the
corresponding backward transition rate is denoted by ;.
Since the backward transition rates k_», k3, k4 and k_¢ are
much smaller than their corresponding forward transition
rates [19], for simplicity of analysis, we do not consider
the corresponding backward transitions in Scheme 2. Then,
from Scheme 2, the replication velocity & is calculated by

1 kp [dNTP] +k 1+ k 1 1

k~  ky[dNTPJk, ks kg

ks + k_s + k¢
kske

where £y, is the ANTP-binding rate, with &, = k,[dNTP].

(1)

Replication velocity under template tension

To study the effect of template tension on replication dy-
namics, we consider a stretching force, Fr, acting on the
DNA template, as performed experimentally by Maier et al.
[20] and Whuite et al. [21]. From our model (Fig. 1) we note
that Pol I(KF) can experience this template tension only
during fingers closing and opening. Thus, from Scheme 2,
the template tension Fr affects only Eg - D, - ANTPf: EE

D,- dNTP and E{.-D,-PPi<“~Eq - D, - PPi transitions,

while having no effect on other transitions. Since Fr
resists the transition from open to closed fingers while
facilitating the transition from closed to open fingers,
according to Arrhenius-Eyring kinetics, the effect of template
tension Fr on transition rates k3 and ks can be written as
follows

Frd
k3 (F) = k3() €xXp (— kBLT> s (2a)

ks(F) = kso exp (IZB—T‘Z> , (2b)

where d is the movement distance of the downstream
ssDNA driven by the inward (outward) rotation of the
fingers, and k3o and ks, are the transition rates under Fr=0.
Since k4 and kg are much larger than other rates, from Eq. (1),
the replication velocity k.(Fr) at saturating ANTP concentra-
tion can be calculated approximately by

1 L 1 1
ke(Fr) ks(Fr)’

+ +
ky  ks3(Fr)
Since, from Eq. (1), k- <<k, the replication velocity at
any dNTP concentration has approximately the following
Michaelis-Menten form

k. (Fr)[ANTP] N
%o(Fr) [k 0) 1 [ANTP]" (

where dNTP-binding rate £, (0) is independent of Ft be-
cause Fr has no effect on the translocation of the enzyme
along the template.

We first determined values of 4,(0), k>, and k3o from the
available experimental data by using the stopped-flow fluo-
rescence study of ternary complex formation [18]. By fitting
to the experimental data for the rate of ternary complex
formation versus dNTP concentration with Michaelis-
Menten equation, we determined ky,(0)=14 pM 's™' for
one template and ky(0)=12 uM 's™' for another template
(see Supplementary Material). Thus, we take k,(0)=
13 uM's™" in the calculation. The stopped-flow fluores-
cence study also determined that the rate of transition

(3)

k(Fr) =

Eo- D, < Eq- D,- ANTP <2 E{ - D,- ANTP < E(. - D, - ANTP %

E¢ - Dusi - PPi<—— Eo-Dpyi-PPi<——> Eo Dy,

Scheme 2 Modified minimal reaction pathway
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Eo - Dy-dNTP-2, E,-D, - ANTP is about 200 s ' [18]. Thus,
we take rate k,=200s . The stopped-flow fluorescence study
also indicated that, at saturating dNTP concentration, the
rate of ternary complex formation is about 100 s ' [18],
implying that the rate of transitions Eo-D,-dNTP-2, Eg-
D,-dNTPX% Ef. - D, - dNTP is about 100 s '. Thus, with
this rate of 100 s ' and 4,=200 s~ we obtain k3,=200 s .
Using rapid chemical quenching methods, Dahlberg and
Benkovic [19] obtained a rate of transition EZ -Dpy - PPi
— Eo - Dpyp - PPi of about 15 s™'. Thus, we take kso=
15 s~'. The above rate values are summarized in Table 1.
As will be seen below, the replication velocity at saturating
dNTP concentration under no external force, as calculated
from the transition rates given in Table 1, is consistent with
different, independent experimental data. In addition, it is
noted that the rate of about 100 s~ for transitions Eo - Dy
-dNTP — E, - D, - dNTP — E(. - D, - ANTP, as determined
in Scheme 2 [18], is close to the rate of about 50 s
determined in Scheme 1 [19].

Using Egs. (2a), (2b) and (3) and with the parameter
values given in Table 1, the calculated results of replication
velocity k.(F1) as a function of the template tension at
saturating ANTP concentration are shown in Fig. 2a (line),
where the only adjustable parameter d=1.6 nm. The calcu-
lated results are in good agreement with the experimental
data of Maier et al. [20] (open diamonds). Moreover, it is
noted that the parameter choices are robust, giving a good fit
of the model to the experimental data (see Supplementary
Material). To give some predicted results that can be tested
easily by future in vitro experiments, we calculated the
replication velocity k(Fr) versus template tension at differ-
ent ANTP concentrations using Egs. (2a), (2b) and (4), with
the transition rate values given in Table 1 and d=1.6 nm.
Some typical results are shown in Fig. 2b. It can be seen
that, as ANTP concentration decreases, the ratio of the
maximum velocity at optimal tension to the velocity at no
tension also decreases.

As seen from Fig. 2a, under large template tension
(=15 pN) the theoretical data are smaller than the
corresponding experimental data. This is the limitation of
the present model and an improved model is required, which
will be done in the future.

Table 1 Parameter values used in calculations

k(0) (uM's ™) k(s k3o (200 s7") kso (s7)

132 200° 200° 15°

#Values determined from the available experimental data of Joyce et al.
[18] using the stopped-flow fluorescence study of ternary complex
formation

°Values determined from the available experimental data of Dahlberg
and Benkovic [19] using rapid chemical quenching methods
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Fig. 2 Replication velocity versus template tension. a Results at
saturating dNTP concentration: /ine calculated results, open diamonds
experimental data measured in low stringency primer hybridization by
Maier et al. [20]. b Calculated results at different ANTP concentrations

Replication velocity under backward external force

Consider the backward external force acting on Pol I(KF).
This can be realized easily by using an optical single-trap
assay in which the active molecule of Pol I(KF) is fixed to a
solid surface and the end of downstream ssDNA is attached
to a bead held in the trap, similar to that used by Thomen et
al. [32] to measure transcription rate by RNA polymerases,
or by using a dual-trap assay in which the active enzyme is
attached to a bead held in a weak trap and the end of
downstream ssDNA is attached to a bead held in a strong
trap, similar to that used by Abbondanzieri et al. [33]. Under
these experimental conditions, we have the template tension
F. T= F.

Under the backward external force, F, which is defined as
positive when it points backwards, the translocation of Pol I
(KF) relative to the DNA template along the x direction in
solution can be described by the following Langevin equation

L OE) + V()

= S Fre), (5)

where x represents the position of Pol I(KF) along the tem-
plate, T is the frictional drag coefficient on Pol I(KF), and &(7)
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represents the fluctuating Langevin force with (&(z)) = 0
and (E(1)E(7)) =2kpTS(t — ') . Potentials Vi(x) and
V>(x) are shown in Fig. 1b. Since the jumping of Pol
I(KF) from the (n+1)th to the (n+2)th site requires
overcoming a larger energy barrier for V,(x) than the
backward jumping to the nth site (see bottom, Fig. 1b),
there would be a much smaller probability for Pol I(KF)

_ _PIigT E,+FL\ _ &TksT
Thann) = (E,+FI) [ P\ "ipT 1} E,,+Fl + (ExtFI)(Eyr1 —FI)
<Ton(i) (252 o557
2
Ep1—FI1>

to jump to the (n+2)th site than to jump to the nth site
when the enzyme is positioned at the (n+1)th site (see
Supplementary Material). Thus, for simplicity of analy-
sis, the very small probability of jumping to the (n+2)th
site can be negligible. Then, from Eq. (5), the mean
time for Pol I(KF) to jump from the nth to the (n+1)th site is
derived as [34, 35]

E,+Fl
+ 2] (6)

where /=p/2, and E,, = E’l + Ej and E,.| = E| + E, are the
well depths of the total potential [V1(x) + V,(x)] at the nth
and the (n+1)th sites, respectively. The mean time, T+ 1)—n,
for Pol I(KF) to jump from the (n+1)th to the nth site can
also be calculated by Eq. (6) but with E,, E,,1; and F being
replaced by E,., E, and—F, respectively.

As noted from Eq. (6), for E,>> 1 kgTand E,,,; >> 1 kpT, the
ratio of the time, 7, for the enzyme to stay at the nth site to the
time, 7,1, to stay at the (n+ 1)th site approximately has the form

T, Tnﬂ(n+l) (AE) (Fp)
Tovr Tiity—n P kgT P kgT @

where AE = E, — E,.1 = E, — E;.

Since in our model (Fig. 1) ANTP can bind to the active
site only after the translocation, i.e., only during the time
period T,.; when the active site is positioned at the (n+1)th
site, from Eq. (7) the dNTP-binding rate, k,(F'), versus the
external force F has the form

exp( ) +1
exp (k;?) exp (kgT) + 1

where £,(0) is the dNTP-binding rate under F=0. Here, we
consider that the Pol I(KF) residues that are fixed to the
solid surface or to the bead are far away from the active site
and, thus, the effect of the external force F on the polymer-
ase activity of the active site is only via the template tension
resulting from F. From Eq. (3), we have

1 1 1 1
RE) k RE)  RE) ©)

ke (F) = ks (0), (8)

With ky(F) and k.(F) the replication velocity under exter-
nal force F has the following Michaelis-Menten form

ko(F)[dNTP]

k(F) = k.(F) /ky(F) + [dNTP]

(10)

@ Springer

From Eq. (8), Eq. (10) is rewritten as

KF) = k.(F)[dNTP]
[dNTP] + K, (F) {exp(é )exp( ) + l]/[exp(k T) + 1}
(11)
where K,,,(F) = k.(F)/ky(0).

Before studying the effect of backward force on the
dynamics of Pol I(KF), we first estimated the value of AE
for Pol I(KF) from available experimental data. As men-
tioned before, biochemical studies showed the presence of
binding site S; that can interact with the ssDNA template
[30, 31]. Moreover, experimental data showed that the af-
finity of Pol I(KF) for the DNA substrate with each addi-
tional base on the ssDNA template is increased in a stepwise
manner and, as the number of the bases on the ssDNA
template is increased from 1 to 4, the increased affinity
relative to DNA that has one fewer template base is gradu-
ally decreased [30]. This indicates that the affinity for the
first unpaired base (counted from the duplex) of the ssDNA
template should have the largest value, i.e., the residue on
the binding site S; that is closest to the duplex has the largest
value. Furthermore, the experimental data showed that the
affinity for the DNA of the two-nucleotide template exten-
sion is about 13-fold larger than that of a one-nucleotide
template extension (see Table 1 in Ref. [30]), implying that
the affinity for the second base of the ssDNA template is
about 2.6kgT. In addition, considering that DNA substrates
with no template overhang give unstable complexes and the
small value of K4=1.3 nM for the DNA substrate of one-
nucleotide template extension (see Table 1 in Ref. [30]), it is
deduced that the affinity of Pol I(KF) for the first unpaired
base of the ssDNA template should be larger than 2.6kgT,
implying that £ = El — £y < —2.6kpT.

Using Egs. (9) and (11), with values of transition rates
given in Table 1 and d=1.6 nm (see above), the calculated
results of replication velocity, k(F), versus backward force
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(positive F) for different values of AE<—3kgT are shown in
Fig. 3. It can be seen that the curves of the replication
velocity versus the backward force for [ANTP] >1 uM are
nearly identical for different values of AE<—3kgT. Impor-
tantly, it is interesting to see that the backward force has a
significant effect on replication velocity, especially at high
dNTP concentration. A small backward force can increase
the replication velocity and an optimal backward force
exists at which the replication velocity reaches its maximum
value. With any further increase in backward force, the
velocity decreases rapidly. Moreover, by comparing
Fig. 2b with Fig. 3, the effect of the backward external force
is mainly via the effect of the tension on the ssDNA tem-
plate that results from the external force.

Replication velocity under forward external force

Consider the forward external force acting on Pol I(KF).
This can be realized easily by using an optical single-trap
assay in which the Pol I(KF) molecule is fixed to a solid
surface and the end of the upstream dsDNA is attached to a
bead held in the trap, or by using a dual-trap assay in which
the active enzyme is attached to a bead held in the weak trap
and the end of the upstream dsDNA is attached to a bead
held in the strong trap. Note that, under these experimental
conditions, the external force has no effect on the rotation of
fingers and, thus, the replication velocity at saturating dNTP
concentration is calculated by

1 1 1 1

— 12
ko ok (12)

where k,, k3 and ks are independent of F. The replication
velocity at any ANTP concentration is still calculated by Eq.
(11), where K(F) is replaced by K,(0)=k./k,(0) and F has
the negative value.

Using Egs. (11) and (12), with values of transition rates
given in Table 1, the calculated results of replication veloc-
ity, k(F), versus forward force (negative F) for different
dNTP concentrations and different values of AE<-3kgT
are shown in Fig. 3. As in the case of backward force,
different values of AE<—3kzT also have little effect on the
replication velocity for [INTP]>1 uM. Interestingly, the
replication velocity is nearly independent of the forward
external force, especially at high ANTP concentration, which
is sharply distinct from the case of backward external force.
Thus, we conclude that the backward and forward forces
show very different features on their effects on the dynamics
of Pol I(KF).

Dynamics of strand displacement DNA replication
under external force

Besides the single-stranded primer extension synthesis, the
dynamics of which is studied above, Pol I(KF) is also able to
perform strand-displacement DNA synthesis. With near sin-
gle base resolution, Schwartz and Quake [27] found that
strand-displacement replication is in fact fast but is inter-
rupted by pauses at specific DNA sequences. The experi-
mental data of pausing dynamics [27] was well explained
quantitatively by assuming the presence of an affinity of the
fingers subdomain for the specific sequence of dsDNA
downstream of the single strand [36].

Fig. 3 Calculated results of 10+ . 154 ;
replication velocity versus [dNTP]=1 pM [dNTP]=2.5 uM | A
external force at different ANTP e 81 ! s - i
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i/ ; 2 : \\
.b 4 \ .2. ; \
3 — AE =-3ksT \ 8 S| [CaE-3keT| |\
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Strand displacement replication velocity free of pauses

In the nonspecific sequence, the interaction between Pol 1
(KF) and DNA substrate is still considered to occur via the
two binding sites S, and S,, as shown in Fig. 1. Thus, the
translocation of Pol I(KF) relative to the DNA template is
still described by Langevin Eq. (5). However, in the equa-
tion, F'is replaced by F' + Fy,, where F is the external force,
as defined above for single-stranded DNA synthesis, and
Fyp 1s the force resulting from unwinding of a downstream

k.(F)[dNTP]

base pair as Pol I(KF) translocates from the nth to the
(n+1)th site, which is calculated approximately by %, =
Eyy/p, where Ey, is the free energy change required to
unwind one base pair [36]. Using parameters for the
nearest-neighboring thermodynamic model for DNA-DNA
duplex stability [37], it is estimated that the mean free
energy change is about Ey,=3kgT.

When external force F is positive (backward), k.(F) is
still calculated by Eq. (9). The replication velocity free of
pauses is as follows

; (13)

k(F)

[ANTP] + K, (F) [exp (f—?) exp ((FZ;,,),;> N 1} / [exp ( f—‘?) . 1}

where K,,(F) = k.(F)/k(0) and k;'(F) = k' + k5 ' (F)
+ks ! (F) is dependent of the external force F.

When F is negative (forward), k. is still calculated by Eq.
(12). The replication velocity free of pauses is still calculated
by Eq. (13), where K,(F) is replaced by K,,,(0)=k. /k;(0) and
k' =ky' +k;' + k5! is independent of F.

Using Eq. (13), with values of transition rates given in
Table 1 and d=1.6 nm (see above), the calculated results of
strand displacement replication velocity, k(F), free of pauses
versus external force (both forward and negative F) for
different ANTP concentrations and reasonable values of AE
(—0kpT<AE<—4kpT) are shown in Fig. 4 (solid lines, curves
1, 2 and 3), where, for comparison, we also show the
corresponding results of single-stranded DNA replication
velocity versus F' (dashed lines, curves 4). First, it is seen

Fig. 4 Calculated results of 10-
strand displacement replication

velocity free of pauses versus 8
external force at different AINTP
concentrations and for different

values of AE. AE=—4kgT

Velocity (bp/s)

that, at saturating dNTP concentration (100 uM), the
curve of strand displacement replication velocity versus
external force is nearly coincident with that for single-
stranded replication, although the two have substantial
differences in their energetics, which is in agreement
with the single-molecule experimental data of Schwartz
and Quake under no external force [27]. Moreover, the
replication velocity of about 13 bp/s under no external force
is also consistent with the experimental data (about 14 bp/s)
of Schwartz and Quake [27]. Second, as ANTP concentra-
tion decreases, deviation between velocity of strand displace-
ment replication and that of single stranded replication.
increases The deviation is more evident near the optimal
backward force at which the replication velocity reaches the
maximum value.
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Sequence-dependent pauses

At specific sequences of dsSDNA downstream of the active
site, besides the presence of the interactions with potentials
Vi(x) and V5(x) between Pol I(KF) and the DNA substrate,
another interaction between the fingers and dsDNA is as-
sumed to be present [36]. This site-specific interaction po-
tential 73(x) is shown in Fig. 5a, with E3 being the binding
affinity. Since the site-specific interaction is considered to
be driven mainly by short-range hydrogen bonding, we take
the interaction distance to be equal to p. The movement of
Pol I(KF) along the template is still described by Langevin

i
o
p—

2 | —sample DNA
--.-controlled DNA

Pausing lifetime (s)
>

10

0 o 10 20
External force (pN)

-20

Fig. 5 Illustrations of the interaction of DNAP with DNA substrate
and results for mean pausing lifetime at specific sequences of dsSDNA
during strand displacement replication. a Potentials V7(x), V,(x) and
V3(x) of DNAP interacting with the DNA substrate: top DNA substrate
after incorporation of nucleotide paired with the nth base on the
template but before binding of the next dNTP. b Calculated results of
mean pausing lifetime versus the external force F at specific sequences
of dsDNA at saturating dNTP concentration

Eq. (5) but with V;(x) + V,(x) being replaced by Vi(x) +
V(x) + V3(x). Thus, the mean time, 7}, 1), for Pol I(KF) to
jump from the nth site of specific sequence to the (n+1)th site
is still calculated by Eq. (6) but with E,, = E’l + Ey + E5,
E,11 = Ey + E> and F'is replaced by £+ Fiy,

Under no external force, the experimental data for
sequence-dependent pauses [27] have been explained quan-
titatively by considering the addition of potential V3(x) in a
previous work [36]. Here, we study the effect of external
force F on the pausing lifetime. At saturating dNTP con-
centration, the pausing lifetime is calculated by

Tpuuse = l/kc =+ Tn—>(11+|)7 (14)
where k. is still calculated by Eq. (9) when F is positive
(backward) and k. is calculated by Eq. (12) when F is
negative (forward).

Here, we study the pausing lifetimes at the specific se-
quence of the sample DNA substrate and that of the con-
trolled DNA substrate, as used in Schwartz and Quake [27],
where it was shown experimentally that, under no external
force and at 23 °C, the pausing lifetime 7,,5.=13.2 s at the
specific sequence of the former substrate and T,y =7.7 s at
that of the latter substrate.

Using Eqgs. (6) and (14), it is calculated that T},5,s=13.2's
corresponds to the affinity E'1 + Ey + E3 = 28.18kgT and

Toause=7.7 s to E, + E» + E5 = 27.62kpT under F=0. The
calculated results of the pausing lifetime versus the external
force F at the specific sequence of the two DNA substrates
are shown in Fig. 5b. The pausing lifetime is seen to de-
crease exponentially with the increase of the forward force
and to increase exponentially with the increase in backward
force when F<10 pN, where the lifetime is determined
dominantly by the jump time 7},_,+1) from the nth site of
the specific sequence to the next (n+1)th site and the effect
of k. on the lifetime is negligibly small. For F>12 pN, the
lifetime increases more rapidly with the increase of the
backward force because, besides T, _,+1) the polymerase
rate k. also has a significant effect on the lifetime.

Concluding remarks

In this work, based on our proposed model, we studied
analytically the replication velocity of Pol I(KF) under three
types of external force, i.e., the stretching force on the
template, the backward force on the enzyme and the forward
force on the enzyme. Our studies yielded the following
results. The template tension has a large effect on replication
velocity, especially at high dNTP concentration and, as
dNTP concentration decreases, the effect of template tension
also decreases. The replication velocity is nearly indepen-
dent of the forward external force even at very low dNTP

@ Springer



1388

J Mol Model (2013) 19:1379-1389

concentrations of 1 uM. By contrast, the backward external
force has a large effect on replication velocity, especially at
high dNTP concentration. A small backward force can in-
crease replication velocity and an optimal backward force
exists at which replication velocity has its maximum value.
With any further increase in backward force, velocity
decreases rapidly. All these predicted results (Figs. 2b, 3,
4) can be tested easily by future experiments. A straightfor-
ward comparison of the predicted results with the experimen-
tal data has important implications for our understanding of
the working mechanism and polymerization dynamics of
high-fidelity DNAPs.
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