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Telomerase is a unique reverse transcriptase that extends the single-stranded 3’ overhangs of telomeres by
copying a short template sequence within the integral RNA component of the enzyme. It shows processive
nucleotide and repeat addition activities, which are realized via two types of movements: translocation of the
DNA:RNA hybrid away from the active site following each nucleotide addition and translocation of the 3’ end
of the DNA primer relative to the RNA template after each round of repeat synthesis. Here, a model is
presented to describe these two types of translocation events by the recombinant Tetrahymena telomerase,
via the modification of the model that has been proposed recently. Using the present model, the dynamics of
the dissociation of the DNA primer from the telomerase and the dynamics of the disruption of the DNA:RNA
hybrid and then repositioning of the product 3’ end to the beginning of the template are studied
quantitatively. Their effects on the repeat addition processivity are theoretically studied. The theoretical
results are in agreement with the available experimental data.
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1. Introduction

Telomerase is a specialized ribonucleoprotein (RNP) complex that
uses an intrinsic RNA to template the synthesis of telomeres onto the
3’ ends of linear eukaryotic chromosomes [1-5]. The telomerase RNP
functions as a multisubunit holoenzyme that contains an RNA
component (telomerase RNA), a catalytic protein component telo-
merase reverse transcriptase (TERT) and other associated proteins [6].
The telomerase activity was discovered firstly in the ciliate Tetrahy-
mena thermophila by Greider and Blackburn in 1985 [1] and
subsequently in many other eukaryotes [7-16]. Tetrahymena telo-
merase RNA is a 159 nucleotide transcript, which contains the
sequence 3’-AACCCCAAC-5’ that serves as a template for synthesis of
the telomeric repeat TTGGGG [17]. Immediately located 5’ of the
template is a template boundary element (TBE) and 3’ of the template
is a template recognition element (TRE) [18,19]. Besides of these
template-adjacent elements, pseudoknot IIl and stem-loop IV are also
shown to play important roles in telomerase function [18,20-22]. The
TERT protein contains polymerase active site motifs shared among all
reverse transcriptases [23] as well as unique N-terminal extension
(TEN) and C-terminal extension that harbor both phylogenetically
conserved and variable motifs [24]. A recently solved structure of
Tribolium castaneum telomerase catalytic subunit TERT revealed that
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it consists of a RNA-binding domain (TRBD), a putative thumb domain
and a reverse transcriptase (RT) domain that includes a palm
subdomain and a finger subdomain that is simply called “fingers”
[25]. The RT domain is most similar to those of HIV RT, DNA
polymerase (DNAP) and RNA polymerase (RNAP). Of the accessory
proteins, p65 has been shown to form a complex with telomerase
RNA, playing the role in assembly of telomerase RNP [26-28].

Compared to other polymerase enzymes such as DNAP, retroviral
RT and RNAP, the most peculiar feature of the telomerase is its ability
to synthesize long stretches of a DNA primer by using the short
template sequence within telomerase RNA [2,17,29,30]. This requires
that the telomerase is able to carry out two types of translocation
events: (i) translocation of the active site along the template after
each nucleotide incorporation (nucleotide addition processivity) and
(ii) the disruption of the DNA:RNA hybrid and then repositioning of
the product at the 3’ end to the beginning of the template after each
round of repeat synthesis (repeat addition processivity). It has been
shown that the in vitro recombinant telomerases that are composed of
only the two subunits telomerase RNA and TERT suffice to give the
telomerase activity [31,32], but the recombinant Tetrahymena enzyme
demonstrates a more limited repeat addition processivity than the
endogenous one [33].

Recently, we have presented a model to describe these two types
of translocation events by the recombinant Tetrahymena telomerase
[34]. In the model, the forward translocation of the active site along
the template during the processive nucleotide addition is rectified
through the incorporation of a matched nucleotide complementary to
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the template unpaired base, via the Brownian ratchet mechanism, as
proposed previously for DNAP [35]. After each round of repeat
synthesis, the unpairing of the DNA:RNA hybrid and then reposition-
ing of the product at the 3’-end on the template are caused by a force
acting on the primer. The force results from the unfolding of stem III
pseudoknot that is automatically induced by the rotation of the
fingers together with stem IV loop toward the nucleotide-bound
active site. However, before the incorporation of the nucleotide paired
with the last base on the template, the force mainly acts on the
template rather than on the primer and, thus, the DNA:RNA hybrid
cannot be disrupted.

In this work, we present a modified model based on the previous
one. Several important factors, which affect the nucleotide addition
and repeat addition processivities but have not been considered in the
previous model, are incorporated into and considered in the modified
model. We add the interaction of the DNA primer with the DNA-
binding site adjacent to the 3’ terminus of the RNA template. The
dissociation of the primer from the telomerase is taken into account.
We study the effect of the elastic potential change resulting from the
deviation of the RT domain from its equilibrium position relative to
the TEN and TRBD domains on the repeat addition processivity. The
theoretical results based on the modified model are in agreement
with the available experimental data.

2. Model

Our modified model is constructed based on the following four
basic hypotheses. Hypotheses I and II are the same as those described
in the previous work [34], while Hypotheses IIl and IV are modified on
the previous ones.

2.1. Four hypotheses

2.1.1. Hypothesis I

In the RT domain of TERT, there exists an ssRNA-binding site A
adjacent to the active site. The binding site A has an affinity for the
unpaired base (or the sugar-phosphate backbone of the unpaired base)
on the template in the RNA component.

This hypothesis is the same as that stated in the previous work
[34]. The experimental evidence for supporting the hypothesis is
described as follows. The co-immunoprecipitation assay showed that,
besides other regions such as TBE element and TRE element in the
RNA component, the template region of Tetrahymena telomerase is
also important for optimal TERT binding [20]. From the available
structure of the T. castaneum telomerase catalytic subunit TERT, it is
implicated that the active site is located in the palm subdomain and
adjacent to the finger subdomain [25]. Thus, the binding site A, which
is adjacent to the active site, should be also located in the RT domain.
Note that the hypothesis is similar to that adopted in other
polymerase enzymes. For example, in replicative DNAP and retroviral
RT, it was also hypothesized that there exists an sSDNA-binding site in
the vicinity of the active site that has an affinity for the unpaired base
(or the sugar-phosphate backbone of the unpaired base) on template
DNA [35,36]. Comments on the affinity of site A for the template in
telomerase will be given later (see Section 3.3.1).

In replicative DNAP and retroviral RT [35,36], the interaction of site
A with ssDNA can be used to explain the induced-fit mechanism.
Similarly, we have the following anticipation for the telomerase. The
interaction of the site A with an unpaired base on the template RNA
induces the conformational change in residues in the vicinity of the
active site that is adjacent to the site A. This unpaired-base-related
conformational change thus results in the active site having a much
higher affinity for the structurally compatible nucleotide than
structurally incompatible nucleotides, resulting in the high-fidelity
nucleotide incorporation.

2.1.2. Hypothesis II

The binding of a nucleotide to the active site induces the finger
subdomain to rotate towards the active site. Stem IV is bound to the finger
subdomain of TERT. Thus, accompanying the inward rotation of the
fingers upon a nucleotide binding, stem IV loop is also rotated—from its
equilibrium position that is away from the active site—towards the active
site. The closed conformation of the fingers and stem IV activates the
nucleotide incorporation. When the active site is nucleotide-free, the
fingers together with stem IV loop rotate outwards, away from the active
site. The open conformation of fingers and stem IV opens the active site for
the nucleotide to slide into.

This hypothesis is the same as that stated in the previous work
[34]. The experimental evidence for supporting the hypothesis is
described as follows. The available structure of the T. castaneum
telomerase catalytic subunit TERT showed that telomerase finger and
palm subdomains are most similar to those of B-family DNAP,
retroviral RT and viral RNAP. On the other hand, available structures
showed that, in bacteriophage T7 DNAP [37,38] and HIV RT [39], the
nucleotide binding to (releasing from) the active site induces the
rotation of the finger subdomain from open (closed) to closed (open)
conformation, with the nucleotide being able to bind to the active site
in the open-finger conformation while the closed-finger conformation
activating the chemical reaction of nucleotide incorporation. In single-
subunit phage T7 RNAP, the nucleotide binding (releasing) induces
the rotation of an « helix, termed the O helix, from open (closed)
conformation to closed (open) conformation, with the nucleotide
being able to bind to the active site in the open conformation while
the closed conformation activating the nucleotide incorporation
[40,41]. Furthermore, biochemical data for telomerase showed that
the telomerase RNP with RNA lacking stem IV exhibits weak
nucleotide addition activity [20-22]; stem IV loop in the RNA
component binds TERT directly [20].

The hypothesis implies that, in the closed conformation, both
the fingers of TERT and the stem IV of telomerase RNA contribute to
the activation of nucleotide incorporation. In other words, without
either the fingers or the stem IV, the nucleotide addition activity is
reduced greatly, which is consistent with the available experimen-
tal results [20-22]. This feature is slightly different from that in
DNAP, retroviral RT and RNAP, wherein the fingers alone can
effectively activate the nucleotide incorporation. The hypothesis
that stem IV loop in the RNA component is bound to the finger
subdomain of TERT is consistent with the experimental results
showing that stem IV binds TERT directly [20]. Although recent
evidence indicated that stem-loop IV interacts with the TRBD [42],
from the available structure of T. thermophila TRBD [43] and the
structure of the full-length T. castaneum telomerase [25] we infer
that the hypothesis that stem-loop IV binds to the fingers could be
reconciled with this recent evidence (see Section S1 in the
Appendix).

2.1.3. Hypothesis III

The 3’ end of the DNA primer is bound on the template region of the
RNA via forming the DNA:RNA hybrid. The 5’ end is bound in an anchor
site that has specificity for telomeric sequence or a G-rich sequence. The
DNA base opposite template base A51 and the next adjacent 5’ DNA base
are bound to a site located in TEN domain.

This three-site hypothesis for the interaction between telomerase
and DNA primer is the modified one based on the two-site hypothesis
stated in the previous work [34]. As proposed in the literature [44,45],
the two-site hypothesis only considers the existence of the anchor site
and the formation of the DNA:RNA hybrid at the 3’ end of the primer.
Here, besides of these two sites, we also include the site, called primer
alignment site (PAS), that interacts with the DNA base opposite
template base A51 and the next adjacent 5’ DNA base. The hypothesis
of the existence of the PAS is consistent with the experimental data of
Baran et al. [46], Romi et al. [47] and Jacobs et al. [48]. Based on these
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experiments and the experiment of Finger and Bryan [49], it appears
that the PAS is composed of residues Trp187 and Phel78 in
Tetrahymena TEN domain that interact with the DNA base opposite
template base A51 and the next adjacent 5’ DNA base, respectively,
while the anchor site is composed of residue GIn168 in TEN domain
and residues in other domains such as TRBD and C-terminal domain.

2.1.4. Hypothesis IV

The connection residues between domains (the TEN and TRBD
domains), which contain the anchor site and PAS, and the RT domain,
which contains the binding site A and the active site, are considered to
behave elastically when the connection residues are stretched. Moreover,
there exists an affinity between the TEN and RT domains, making one
domain stabilized in the equilibrium position (with relaxed connection
residues) relative to the other one.

Here, we add the presence of an affinity between the TEN and RT
domains, which has been overlooked in the previous work [34]. The
hypothesis that the active site can be movable relative to the PAS is
consistent with the experimental evidence of Romi et al. [47]. The
ability of the RT domain to move relative to the TEN and TRBD
domains is also consistent with the suggestion of Romi et al. [47].
Based on the available structure of T. thermophila TRBD [43] and on the
comparison with the structure of the full-length T. castaneum
telomerase [25], the displacement of the RT domain relative to
TRBD in thermophila telomerase could be accommodated by the three
extended loops linking the two halves of the TRBD (see Section S1 in
the Appendix). As our model will show (see below), the presence of
the interaction between the TEN and RT domains is consistent with
the experiment of Zaug et al. [50] showing that Tetrahymena
telomerases by mutating Leu14 in the TEN domain retain nucleotide
addition activity and anchor-site function but lose repeat addition
processivity.

2.2. Mechanism of processive nucleotide addition

Based on the four hypotheses, the modified model for processive
nucleotide and repeat additions by the recombinant telomerase is
schematically shown in Fig. 1. We use T. thermophila telomerase as an
example to illustrate the model, where the telomerase RNA is a 159-
nucleotide transcript and the template region (3’-AACCCCAAC-5) is
from nucleotides 51 to 43 [17].

We begin with the binding site A, in the equilibrium position
relative to the TEN and TRBD domains, binding the unpaired base 48
on the template region of RNA (Fig. 1a), where the PAS is bound to the
DNA base opposite template base A51 and the next adjacent 5' DNA
base, bases 49-51 of template RNA are bound to the 3’ end of the
primer through Watson-Crick base-pairing, and the anchor site is
bound to the upstream sequence of the primer.

2.2.1. Incorporation of a matched base

The binding of matched dGTP to the active site induces fingers
together with stem IV loop rotating towards the active site (Fig. 1b),
activating the chemical reaction of nucleotide incorporation. Since, in
this conformation of the telomerase, the stem IV loop is not far away
from stem Il pseudoknot even after the rotation of fingers and stem IV
toward the active site (or away from the stem IIl pseudoknot), the
stem Il pseudoknot is still in the folding conformation. Upon the
completion of nucleotide incorporation, the binding site A binds to
the new nearest unpaired base 47 on the template RNA, because the
previous unpaired base 48 where the binding site A has just bound has
disappeared due to base-pair formation. Note that the binding of site A
to base 47 should overcome the elastic force and the affinity between
the TEN and RT domains by the thermal noise. At the same time, the
fingers together with stem IV loop rotate away from the nucleotide-
free active site (Fig. 1c).

2.2.2. Incorporation of a mismatched base

Consider mismatched dTTP instead of dGTP in Fig. 1a binding to the
active site. The fingers together with stem IV loop rotate towards the
active site, activating the chemical reaction of nucleotide incorpora-
tion (Fig. 1a’). After the completion of nucleotide incorporation, the
fingers together with stem IV loop rotate away from the nucleotide-
free active site (Fig. 1b’). In this case, although the mismatched dTTP
has been connected to the backbones of the nascent DNA primer, the
mismatched base T is not paired with the sterically corresponding base
C on the template RNA. Thus, the binding site A is still binding to the
same unpaired base 48 and no movement of the active site relative to
the RNA template occurs, the nucleotide addition becoming stalled
[51], as in other polymerase enzymes such as replicative DNAP [52]
and RNAP [53]. The stalling after the misincorporation gives sufficient
time for the mismatched base on the 3’ end of primer to be cleaved
[51]. After the mismatched base is excised, the matched dGTP binds,
closing the fingers and stem IV loop (Fig. 1¢’). As the matched dGTP is
incorporated, the binding site A binds to the new nearest unpaired
base 47 on the template RNA and, simultaneously, the fingers and stem
IV loop rotate away from the nucleotide-free active site (Fig. 1c).

From Fig. 1c the next cycle of nucleotide incorporation proceeds
similarly until the binding site A binds the last unpaired base 43 on the
template (Fig. 1d), thus giving the processive nucleotide addition.
Note that, as the active site is moved away from its equilibrium
position—relative to the TEN and TRBD domains—near base 48, the
stem [V loop becomes further and further away from the stem III
pseudoknot, which may result in the unfolding of the stem III
pseudoknot when the fingers and stem IV rotate towards the active
site upon a nucleotide binding.

It is also interesting to note here that the movement of the RT
domain containing the active site along the template may result in
some residues upstream of the active site on the RT domain to unwind
the DNA:RNA base pair at the 3’ end of the template, thus keeping the
DNA:RNA hybrid with a limited number of base pairs. This is
particularly important for telomerases with long template regions
such as telomerase from Euplotes aediculatus [54] and that from yeast
[55], circumventing the generation of very high base-pairing free
energy required to disrupt during repeat addition translocation (see
Section 2.3). For T. thermophila telomerase, where the template region
is not long, even with all bases on the template region being paired
with those of DNA primer, the DNA:RNA hybrid can be readily
disrupted (see Section 3.3.1). Thus, for T. thermophila telomerase, the
unwinding of the DNA:RNA base pair at the 3’ end of template may
not be necessary. Nevertheless, we consider two cases in this work:
with and without unwinding of the DNA:RNA base pair at the 3’ end of
template.

2.3. Mechanism of processive repeat addition

In Fig. 1d, after the matched dGTP bind and is then incorporated,
because the previously unpaired base 43 where the binding site A has
just bound has disappeared due to base-pair formation, no unpaired
base is left in the template region. Moreover, since the unpaired bases
in the TBE region are bound to the TERT [18], no interaction exists now
between telomerase RNA and the binding site A. On the other hand,
because of the steric restriction of the primer, the motifs that consist
of the binding site A and the active site are not allowed to move in the
direction pointing towards the 5’ end of the primer (Fig. 1e). As a
result, an elastic force, F, = — d V,,(x)/d x, occurs, acting on the primer
3’ end by the motifs that contain the binding site A and the active site.
Here, V,,(x), the form of which will be given below (see Section 2.4), is
the elastic potential resulting from the deviation of the RT domain
from its equilibrium position relative to the TEN and TRBD domains,
with x denoting the deviation. However, the elastic force F, is not large
enough to disrupt the DNA:RNA hybrid and the interaction of PAS
with the primer.
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Fig. 1. Schematic illustrations of the proposed model for processive nucleotide and repeat additions by the recombinant Tetrahymena telomerase (see Section S5 in the Appendix for
detailed legend). For clarity, the telomerase RNA is only drawn schematically and stems I and I are not shown. For TERT, only the template-binding site A (red dot), polymerase active
site (blue dot), PAS, anchor site and binding site for TRE element are shown. The DNA primer is drawn in pink and, for clarity, the mismatched nucleotide or base is drawn in green.

Consider that the nucleotide dGTP binds to the active site in
Fig. 1e,! inducing the fingers together with stem IV loop to rotate
towards the active site. This in turn induces the stem IV loop
becoming very far away from the stem III pseudoknot, thus resulting
mechanically in the unfolding of the stem Il pseudoknot (Fig. 1f). The

1 It has been experimentally shown that Tetrahymena telomerase has a K, for dGTP
incorporation that is about 10-fold lower than the K, for incorporation of dTTP [62],
which suggests that the active site has a much higher affinity for dGTP than dTTP.
Since no unpaired base on the template is left in Fig. 1e, no conformational change of
residues in the vicinity of the active site is induced by the strong binding of site A to an
unpaired base. As a consequence, the active site has a much lower affinity for dNTP
than that when the site A is bound strongly to an unpaired base such as in the case of
Fig. 1d. Thus, in Fig. 1e the active site will be bound most probably by dGTP with a low
binding rate. On the other hand, during the long period before dGTP binding under low
dGTP concentration, no interaction exists between the template region of telomerase
RNA and the TERT. As a result, the TERT has a large probability to dissociate from
telomerase RNA in recombinant telomerases [20]. Therefore, the repeat addition
processivity requires high dGTP concentrations or is stimulated allosterically by dGTP,
independent of the template sequence (i.e., whether the first or last base on the
template is C or A).

unfolding of the stem IIl pseudoknot induces a force F;;= —d Vjy(x)/
d x, where Vj(x), the form of which will be given below (see
Section 2.4), is the interaction potential to make bases AACC and bases
UUGG reform base pairs in the unfolding conformation of pseudoknot
III or the potential to unfold the pseudoknot IIl. Now, both forces Fy,
and F, are acting on the primer. This is different from the case before
the incorporation of the nucleotide paired with the last base 43 on the
template, where both F, and Fy; that occurs after the binding of dNTP
to the active site are mainly acting on the template rather than the
primer, because the binding site A is bound to the unpaired base 43 on
the template.

In Fig. 1f, the total force of F;; and F, may be large enough to disrupt
the DNA:RNA hybrid and the interaction of PAS with the primer. Then
the two forces F, and Fy; drive the RT domain that consists of the
binding site A and the active site returned to the equilibrium position
relative to the TEN and TRBD domains. Upon returning to the
equilibrium position, the RT domain is stabilized in this position by its
interaction with the TEN domain via residues such as Leul4 [50].
Then, the binding site A rebinds correctly the unpaired base 48, the
PAS rebinds the DNA base opposite template base A51 and the next
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adjacent 5’ DNA base, and the primer 3’ end rebinds to the template
via forming the TTG:AAC hybrid (Fig. 1g). Note here that, since the
anchor site is bound to the 5’ end of the primer, during the very short
period from the moment when the DNA:RNA hybrid and interaction
of PAS with the primer are disrupted through the moment when the
PAS rebinds to the primer and the TTG:AAC hybrid forms, the primer
has a very small probability to detach from the telomerase. Note also
that the presence of an affinity between the TEN and RT domains
ensures the repeat addition processivity. Otherwise, if the affinity
disappears by mutating residues such as Leu14 in the TEN domain, the
RT domain will be, due to the thermal noise, readily fluctuated to
deviate from the equilibrium position (where a zero elastic force is
acting on the RT domain) rather than be stabilized there upon the RT
domain returning to the equilibrium position (see Section S2 in the
Appendix). It is thus expected that, after the disruption of the DNA:
RNA hybrid and the interaction of PAS with the primer, the site A is
most probable to bind the unpaired base other than the initial base 48
of the template. On the hand, the PAS in the TEN domain can still bind
the DNA base opposite template base A51 and the next adjacent 5’
DNA base, with the formation of TTG:AAC hybrid. As a result, the
active site is distanced away from the primer 3’ end and the primer
cannot be extended. Thus, the repeat addition processivity is reduced
significantly, consistent with the experimental data of Zaug et al. [50].

Fig. 1g is the same as Fig. 1b except that the active site is moved
relative to the primer by a sequence repeat. From then on the next
repeat will proceed, thus giving the repeat addition processivity.

In the above model for the repeat addition processivity, the force
Fy; plays an important role in the unpairing of DNA:RNA hybrid, which
facilitates the repeat addition processivity. The force Fy; results from
the unfolding of the stem IIl pseudoknot (or results from the potential
to make bases AACC and bases UUGG reform base pairs in the
unfolding conformation of pseudoknot III) when stem IV is rotated
towards the nucleotide-bound active site in the position as shown in
Fig. 1f. This implies that both the stem IIl pseudoknot and the stem IV
are important to generate repeat addition processivity, which is in
agreement with the previous experimental results [20]. Moreover, the
unfolding of stem IIl pseudoknot that can be mechanically induced by
the rotation of the stem IV loop away from it implies that the stem III
pseudoknot is not bound to TERT, which is consistent with the fact
that, up to now, no experimental result has shown that the stem III
pseudoknot is bound to TERT.

2.4. Equation to describe the movement of active site

Based on the present model, the motion of the RT domain
containing the binding site A and active site relative to the TEN and
TRBD domains can be described by the following Langevin equation

dx O(Va + Vi + Vias—Vo—Vyy
-~ =—
dt 0x

) +g), (1)

where x denotes the position of the binding site A along template RNA
and the viscous load acting on the RT domain is contained in the drag
coefficient I. The potentials Va, Vy, Vpas, Vp and Vi will be discussed
below. The last term, §(t), denotes the thermal noise, with (§(t)) =0 and
(E(6)E(t")) =2kgTI8(t—t"). In Eq. (1), for simplicity, the interaction
potential between the TEN and RT domains is not included, because it
has no effect on the motion of the RT domain when it is not very close to
the TEN domain. Note that the difference between Eq. (1) of the present
work and that of the previous work [34] is the addition of potential Vpss
here. In other words, the total potential (V4 + Vy— Vp— V) in the first
term on the right-hand side of Eq. (1) in the previous work [34] is
replaced by (V4 + Vi + Vpas — Vp— V) in the present work.

V4 represents the interaction potential between the binding site A
and unpaired bases on the template. Before the incorporation of the
nucleotide paired with base 48 on the template, V4 is shown in Fig. 2a,

48 47 46 45 44 43
Basen

> X

Fig. 2. Interaction potential, V4, between template-binding site A and unpaired bases on
the template. Before the incorporation of the nucleotide paired with base 48 on the
template, V, is shown in a. After the incorporation of the nucleotide paired with base 48
and before the incorporation of the nucleotide paired with base 47, V4 is shown in b. Then
with the processive nucleotide incorporation V, is changed similarly. After the
incorporation of the nucleotide paired with base 44 and before the incorporation of the
nucleotide paired with base 43, V4 becomes the one as shown in c. After the incorporation
of the nucleotide paired with the last base 43, V4 becomes the one as shown in d.

with the potential depth, E,, the binding affinity.? After the
incorporation, V, is changed to that as shown in Fig. 2b, because the
unpaired base 48 has disappeared due to base-pair formation and thus
no interaction exists between the binding site A and base 48 on the
template. Then, with the processive nucleotide incorporation, V, is
changed similarly. After the incorporation of the nucleotide paired
with base 44, V, becomes the one as shown in Fig. 2c. Then, after the
incorporation of dGTP paired with the last base 43, V4 becomes the
one as shown in Fig. 2d, implying that no interaction exists between
the binding site A and the template because all the bases on the
template are paired with the primer to form the DNA:RNA duplex.
Vy represents the potential of the motifs that contain the binding site
A and the active site interacting with the DNA:RNA hybrid, which is
related to the free-energy change required to disrupt the DNA:RNA
hybrid. Consequently, the depth, Ey, of the potential Vy is approximately
equal to the free-energy change to disrupt the hybrid. By using
parameters for the nearest-neighboring thermodynamic model for
RNA:DNA duplex stabilities [56], we have the following results:
Epy=10.9 kcal/mol (~1.5 kgT) for 5'-CCAA-3':3'-GGTT-5’, E;=3 kcal/mol
(~5.1 kgT) for 5’-CCCAA-3’:3’-GGGTT-5’, Ey=>5.1 kcal/mol (~8.6 kgT)
for 5’-CCCCAA-3":3'-GGGGTT-5', Ey=7.2 kcal/mol (~12 kgT) for 5'-
ACCCCAA-3":3'-TGGGGTT-5’, Ey;= 8.2 kcal/mol (~14 kgT) for 5'-AACCC-
CAA-3':3'-TTGGGGTT-5’, Ey=9.1 kcal/mol (~15 kgT) for 5’-CAACCC-
CAA-3":3-GTTGGGGTT-5'.2 From these values of Ey, the approximate
forms of potential Vy; are shown in Fig. 3. In above calculations, we have
considered the case that no unwinding of the DNA:RNA base pair at the 3’

2 As it is known, the dynamics for a Brownian particle to escape from one potential
well depends mainly on the well depth of the potential while is insensitive to the form
of the potential (see. e.g., Ref. [66]). Thus, the calculated results presented in this work
depend mainly on values of the well depth of the potential while forms of the potential
are not important.

3 In the previous work [34], E; was calculated by taking the value of each dimer
duplex (rNN:dNN) having the orientation of 3’-rNN-5:5'-dNN-3’, where rNN
represent two RNA bases and dNN represent two DNA bases forming base pairs with
the two rNN. Here, the orientation of the dimer duplex is taken as 5’-rNN-3’:3’-dNN-
5’, which is consistent with that taken in Ref. [56]. This gives values of Ey determined
here different from those determined in the previous work.
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Fig. 3. Interaction potential, Vy, of the motifs that consist of the binding site A and the
active site with the DNA:RNA hybrid. After the incorporation of the nucleotide paired
with base 48 and before the incorporation of the nucleotide paired with base 47, V, is
represented by curve a;b;c;d. After the incorporation of the nucleotide paired with base
47 and before the incorporation of the nucleotide paired with base 46, V} is represented
by curve ayb,c,d. After the incorporation of the nucleotide paired with base 46 and
before the incorporation of the nucleotide paired with base 45, V}; is represented by
curve asbscsd. After the incorporation of the nucleotide paired with base 45 and before
the incorporation of the nucleotide paired with base 44, Vy is represented by curve
asbacqd. After the incorporation of the nucleotide paired with base 44 and before the
incorporation of the nucleotide paired with base 43, V}, is represented by curve asbscsd.
After the incorporation of the nucleotide paired with the last base 43, Vy, is represented
by curve agbsced.

end of template occurs. The results for the dynamics of repeat addition
processivity based on these values of Ey are given in the main text. For the
case that the unwinding of the DNA:RNA base pair at the 3’ end of
template occurs (see last paragraph in Section 2.2), the calculated results
of Ey and the corresponding results for the dynamics of repeat addition
processivity are presented in the Appendix (see Section S4).

Vpas represents the interaction potential of PAS with the DNA base
T opposite template base A51 and the next adjacent 5 DNA base
G. Similar to Fig. 2, the form of Vpas is shown in Fig. 4, with the binding
affinity Epss, the value of which will be discussed below (see
Section 3.1).

Vp represents the elastic potential resulting from the deviation of
the RT domain from the equilibrium position relative to the TEN and
TRBD domains. It can be written as Vp = —1Cyx2, where G, is the
elastic coefficient and x =0 is located in the position of base 48. Since
the elastic coefficient G, is not available for the connection residues,
we can estimate its value with the experimental data for other
proteins. Using neutron spin-echo spectroscopy, Bu et al. [57]
obtained the elastic coefficient of about 8.5 pN/nm for the connection
residues between the polymerase and 5’-nuclease domains of DNA
polymerase from Thermus aquaticus. Zaccai [58] determined an elastic
coefficient of about 30 pN/nm for the myoglobin. Thus, we infer that
the elastic coefficient of the connection residues between the domain
(the TEN and TRBD domain) containing the anchor site and the RT
domain containing the binding site A and the active site in TERT is in
the range of about 8.5-30 pN/nm.*

Vi represents the interaction potential to make bases AACC and
bases UUGG reform base pairs in the unfolding conformation of
pseudoknot IIl when a nucleotide is bound to the active site. When
bases AACC are close to bases UUGG, the interaction energy is
approximately equal to the free-energy change required to unfold the
stem III pseudoknot. Since, in the folding conformation of the stem III
pseudoknot, the stem IV loop is assumed to position around base 48 of

4 In the previous work [34], for simplicity of analysis, the elastic coefficient was
taken to be C,=0.

EPAS

A
\

2p

Fig. 4. Interaction potential of PAS with the DNA base T opposite template base A51 and
the next adjacent 5" DNA base.

the template, it is considered that when the binding site A binds to base
48 or the nearby bases such as base 47 and base 46 the pseudoknot III is
not required to unfold when stem [V rotates towards the active site. This
implies that the potential depth of Vy,, ie., the free-energy change
required to unfold pseudoknot III, E;;~ 0. However, as the binding site A
(or the active site) becomes further and further away from base 46, the
stem Il pseudoknot becomes partially unfolded or completely unfolded
when stem IV rotates towards the active site upon a nucleotide binding.
Thus, Ep increases gradually from O to the maximum value that
corresponds to the completely unfolding conformation of the stem III
pseudoknot. By using parameters for the nearest-neighboring thermo-
dynamic model for RNA:RNA duplex stabilities [59], we obtain that the
free-energy change to unfold pseudoknot 5’-AACC-3':3’-UUGG-5’ is
2.5 kcal/mol (~4.2 kgT), i.e., in the completely unfolding conformation
Ejp=2.5 kcal/mol (~4.2 kgT). For simplicity, we take Ej; increasing
linearly with the increase of the distance between the binding site A or
the active site and base 46, i.e., E;;= 1.1 kgT when the site A is positioned
at base 45, Ejp=2.1 kgT when the site A is positioned at base 44,
E;p=3.2 kgT when the site A is positioned at base 43, E;; = 4.2 kgT when
the site A is positioned slightly beyond base 43. Thus, when the site A is
positioned at base n (n =45, 44, 43) or positioned slightly beyond base
43, the potentials Vj; approximately have the similar forms to Vy; shown
in Fig. 3 but with the potential depths Ej; as determined just above.
When the active site is nucleotide-free, Ej; is always nearly equal to 0
because the stem III pseudoknot is in the folding conformation.

It is noted that, since the telomeric repeats are G-rich, they could
form G-G hairpin and G-quadruplex structures, which could influence
the disruption of the DNA:RNA hybrid. Here, for simplicity of analysis,
in Eq. (1) we do not consider the effect of the possible formation of the
G-G hairpin and G-quadruplex structures on the RT translocation
during repositioning of the active site after each round of repeat
synthesis.

3. Results and discussion
3.1. Determination of the binding affinity of PAS to DNA primer

Experimental data of Baran et al. [46] indicated that the minimal
lengths required for primers to be extended by the Tetrahymena
telomerase depend on the positions along the template at which the
primers are initially aligned as well as the primer concentration. At a
moderate primer concentration of 2.5 uM, the minimal lengths are 4, 5,
and 6 nt when the primers are aligned in the beginning (Fig. 5a), middle
(Fig. 5b) and next to the end (Fig. 5¢) to template, respectively. These data
imply that, for the three cases, the binding affinities of the primers to the
telomerase are just larger than or nearly equal to a critical affinity, E,
under which the association time of the primer of a given concentration
with the telomerase is approximately equal to the time for the
telomerase to extend a DNA base. Now, we determine the binding
affinity Epss of the PAS to DNA primer using these experimental data.

Based on our present model, it is seen that, when the primer is aligned
in the next to the end to the template (Fig. 5¢), the binding of the
telomerase to the DNA primer is only via the formation of the DNA:RNA
hybrid; when the primer is aligned in the beginning of the template
(Fig. 5a), the binding of the telomerase to the DNA primer is via both the
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Fig. 5. A scheme illustrating the minimal lengths required for primer aligned in the
beginning (a), middle (b) and next to the end (c) of the template to be extended with
the Tetrahymena telomerase. The DNA sequences in a, b and ¢ designate the shorted
primers measured by Baran et al. [46] at a moderate primer concentration of 2.5 uM.

formation of the DNA:RNA hybrid and the interaction of PAS with two
DNA bases A and T; when the primer is aligned in the middle of the
template (Fig. 5b), the binding of the telomerase to the DNA primer is via
both the formation of the DNA:RNA hybrid and the interaction of PAS
with one DNA bases T. For the case of Fig. 5c, the binding affinity, Es, of the
telomerase to the DNA primer can be calculated by using parameters for
the nearest-neighboring thermodynamic model for RNA:DNA duplex
stabilities [56], which is obtained to be E3 = 6.3 kcal/mol (~11 kgT) for 5'-
AACCCC-3'":3'-TTGGGG-5’. As mentioned above, we have E,.~E;=6.3 -
kcal/mol (~11 kgT). For the case of Fig. 5a, by using parameters for the
nearest-neighboring thermodynamic model it is obtained that base-
pairing of 5'-CAA-3':3’-GTT-5’ nearly has no contribution for the stability
of the telomerase and the primer. Thus, the binding affinity of the
telomerase to the primer is only determined by that of PAS to the primer.
As a result, we have E; = Epss=~ E. = 6.3 kcal/mol. For the case of Fig. 5b,
by using parameters for the nearest-neighboring thermodynamic model
it is obtained that the free-energy change to disrupt 5’-CCCAA-3":3'-
GGGTT-5’ hybrid is 3 kcal/mol. Considering that the homologous binding
affinity of the PAS to DNA bases, we have the binding affinity of the
telomerase to the DNA primer for the case of Fig. 5b, E; = Epas/2 + 3 kcal/
mol =6.15 kcal/mol, which is nearly equal to the value of critical affinity
E.

Instead of the primers shown in Fig. 5, consider a primer 3’-GTT-5’
in Fig. 53, a primer 3’-GGGT-5 in Fig. 5b and a primer 3’-TTGGG-5’ in
Fig. 5¢. Using parameters for the nearest-neighboring thermodynamic
model and Epss= 6.3 kcal/mol, we have Ej= Epas/2 =3.15 kcal/mol,
E5=2 kcal/mol and E3=4.2 kcal/mol. These values of E{, E5 and E3 are
evidently smaller than the critical affinity E.. Thus these primers of
concentration of 2.5 uM cannot be extended by the telomerase.

3.2. Dissociation probability of primer from telomerase

3.2.1. Dissociation probability during period of transition from previous
round of repeat addition to next one

In this section, we study the dissociation probability of the primer
from telomerase during the time period of the transition from the
previous round of repeat addition to the next one. In the present
model, this corresponds to the time period from the moment when
dGTP paired with the last base C43 on the template is incorporated
through the moment when the binding site A rebinds to the unpaired
base C48 of template, the PAS rebinds to the primer, and the TTG:AAC
hybrid forms. The period can be considered to be composed of two
periods: one period (called period P,) from the moment of the
completion of the incorporation of dGTP paired with the last base C43
on the template through the moment when one repeat of DNA:RNA
hybrid and the interaction of PAS with the primer are disrupted; the
other period (called period P;) from the moment when the repeat of
DNA:RNA hybrid and the interaction of PAS with the primer are

disrupted through the moment when the binding site A rebinds to the
unpaired base C48, the PAS rebinds to the primer and the TTG:AAC
hybrid forms.

First, we study the dissociation probability during period P;. As
mentioned before, upon the RT domain returning to the equilibrium
position relative to the TEN domain, the TERT is stabilized in this
equilibrium conformation by the interaction of the TEN domain with
the RT domain via residues such as Leu14 in the TEN domain [50]. This
ensures the rapid rebinding of site A to the initial unpaired base 48,
the rebinding of PAS to the DNA base opposite template base A51 and
the next adjacent 5’ DNA base, and the formation of TTG:AAC hybrid.
Thus, the time of period P; should be calculated by T, + Tp. Here T,
denotes the mean time for the RT domain to move to the equilibrium
position after the DNA:RNA hybrid and the interaction of PAS with the
primer are disrupted; while T, denotes the mean time for the site A to
rebind the unpaired base 48, the PAS to rebind the DNA base opposite
template base A51 and the next adjacent 5" DNA base and the TTG:
AAC hybrid to form after the RT domain returns to the equilibrium
position.

Now, we determine T,,. As seen in Eq. (1), during the period Py, the
movement of the RT domain relative to the TEN and TRBD domains is
described by the following Langevin equation

F% = —Cx + §(0). (2)
where the RT domain is initially positioned at x=6p (p=0.34 nm)
and is finally positioned at x=0. Using the similar derivation
procedure as used in Xie [34], from Eq. (2) the mean first-passage
time for the RT domain to move from x = 6p to x = 0 can be calculated
by the following equation

r % 1 2 £ 1 2
To = gyr o0 gr G080 ar | exp |7 Coe60az
(3)

Using Eq. (3), the calculated results of T, versus C, are shown in
Fig. 6a for T = 5.65 x 10~!! kg s~! that is obtained from the Stokes
drag coefficient ' = 6mmr on the RT domain with the diameter of
2r=6nm [25], where the viscosity =0.01 gcm~ ! s~ '. As expected,
T, decreases with the increase of C,,. It is seen that Ty, is very short,
with the time in the range from about 0.01 ps for G, = 8.5 pN/nm to
about 0.004 ps for C, =30 pN/nm.

To obtain the dissociation time of the primer from the telomerase,
we consider the movement of the primer relative to the telomerase,
which is described by the following Langevin equation

fowa o = — 252 + ¢, @)

where y denotes the position of the primer relative to the telomerase
and I'pna is the frictional drag coefficient on the primer. {(t) is the
thermal noise, with ({(t)) =0 and (§(t)§(t')) = 2kgTTpnad(t—t'). The
interaction potential of the primer with the telomerase can be written
in the following Morse form U(x) = Ug[exp(— 2y/B) — 2 exp(—y/B)],
where Uy is the binding affinity and B is the interaction distance that is
taken to be 1 nm (the Debye length in solution). Similar to the
derivation of Eq. (3) from Eq. (2), from Eq. (4) we have the following
equation for the mean first-passage time, Ty, for the primer to move a
distance of L from the telomerase

— l“DN/\ b _Z_y — _}_/
T, = leTJ dy- exp { U |exp( — 2exp( B) / kgT (5)

Jy dz- exp{—UO {exp(—%) —2exp (—g)} /kBT}.
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Fig. 6. Results for the dissociation of primer from telomerase during the period from the
moment when one repeat of DNA:RNA hybrid and the interaction of PAS with the
primer are disrupted to the moment when the site A binds the unpaired base 48 of the
template, the PAS rebinds to the primer and the TTG:AAC hybrid forms. (a) The mean
time, T,,, for the RT domain to move to the equilibrium position after the disruption of
the DNA:RNA hybrid and the interaction of PAS with the primer versus the elastic
coefficient C,. (b) The mean time, Tg, for the primer to detach from the telomerase
versus the binding affinity Uy between them. (c) The dissociation probability Ppya;
versus elastic coefficient G, for different values of Ty, the mean time for the site A to bind
the unpaired base 48 after the RT domain returns to the equilibrium position.

It is considered that the primer detaches from the telomerase when
its moves away from the telomerase by a distance of L=5 nm that
is larger than B=1nm. In the calculation, we take Ipya = 1 x
107" kg s~!, which is equivalent to the drag coefficient on a sphere
of radius of about 0.5 nm. Using Eq. (5), the calculated results of the
mean time T, for the primer to detach from the telomerase versus the
binding affinity Uy are shown in Fig. 6b. As expected, T, increases
significantly with the increase of Up.

The dissociation probability of the primer from the telomerase
during period P; is obtained as follows

T, +T,
PDNA] - m (6)

From the experimental evidence [46-48], it appears that the PAS is
composed of two residues Trp187 and Phe178 in Tetrahymena TEN
domain that interact with the primer, while the anchor site is
composed of one residue GIn168 in TEN domain and residues in other
domains [46-49]. Thus, it is expected that the binding affinity of the

anchor site to the primer should be at least larger than the binding
affinity of the PAS to the primer, i.e., Up>Epss= 6.3 kcal/mol
(~11 kgT). Taking different values of T,>T,, using Eq. (6) and the
results given in Fig. 6a and b, we show the results of the dissociation
probability Ppyay versus elastic coefficient G, in Fig. 6¢ for Up =11 kgT.
It is seen that, even for the conservative values of Uy=11 kgT and
C,=8.5 pN/nm, the primer has a negligible probability to detach from
the telomerase during period P;.

Here, it is interesting to note that the experimental results that the
minimal lengths required for primers to be extended with the
telomerase by multiple repeats are the same as those by a single
nucleotide [46] can be understood by using the results of Fig. 6a and b
and Eq. (6). In the experiment [46], during the period of the transition
from the first round of repeat addition to the second one, no
interaction exists between the anchor site and the primer. In our
model, this is equivalent to Up = 0. From Fig. 6b, we see that the mean
dissociation time Ty=0.03 ps at Up = 0. From Fig. 6a, we seen that, in
the range of C,=8.5-30 pN/nm, T,;,=0.01-0.004 us. Thus, using
Eq. (6) we have the dissociation probability Py; =50%-44% for
T, =0.02 ps. This implies that, during the period of the transition
from the first round of repeat addition to the second one, more than
50% of the primers cannot be dissociated from the telomerase for
T, =0.02 ps. Thus, the minimal lengths required for primers to be
extended with the telomerase by multiple repeats can be approxi-
mately said to be the same as those by a single nucleotide.

Then, we study the dissociation probability during period P, from
the moment of the completion of the incorporation of dGTP paired
with the last base C43 on the template through the moment when one
repeat of DNA:RNA hybrid and the interaction of PAS with the primer
are disrupted.

During this period P, as shown in Fig. 1f, the interaction between the
primer and telomerase consists of three affinities between them, i.e., the
affinity of anchor site for the primer, the affinity of PAS for the primer
and the affinity of template for the primer via forming base-pairing. As
determined in Section 2.4, the last affinity is E;=9.1 kcal/mol. As
determined in Section 3.1, the affinity of PAS for the primer is
Epas=16.3 kcal/mol. As discussed just above, the affinity of the anchor
site for the primer is Uy>Epss= 6.3 kcal/mol. Thus the total affinity is
Er=Ey + Epas+ Up>21.7 kcal/mol (~36.7 kgT). From Eq. (5), we obtain
that, for this value of Er, the mean dissociation time is at least 1.9x 10° s,
which is much larger than the lifetime of period P, (see Section 3.3.1).
Thus, the dissociation probability of the primer from the telomerase
during period P, can be negligible.

Taken together, we conclude that, during the period of the transition
from previous round of repeat addition to the next one, the dissociation
probability of the primer from the telomerase is negligibly small.

3.2.2. Dissociation probability during period of nucleotide addition

At the initiation of each nucleotide addition period (see, e.g., Fig. 1a
and b), the interaction between the primer and telomerase consists of
only two affinities, i.e., the affinity of the anchor site and that of the
PAS for the primer, because, based on the parameters for the nearest-
neighboring thermodynamic model [56], the base-pairing of 5’-CAA-
3’:3’-GTT-5’ nearly has no contribution for the stability of the primer-
telomerase complex. Thus the total affinity of the primer for the
telomerase is Er= Epas + Up>12.6 kcal/mol (~21.3 kgT). From Eq. (5),
we obtain that, for this value of E7, the mean dissociation time is equal
to or larger than 0.91 s, which is in the same order of the mean time
for incorporation of a nucleotide.

During the incorporation of the second nucleotide, the affinity of
template for the primer via forming base-pairing is Ey; = 0.9 kcal/mol.
Thus, the total affinity of the primer with the telomerase is Er=Ey +
Epas+ Up>13.5 kcal/mol (~22.8 kgT). From Eq. (5), we obtain that, for
this value of Er, the mean dissociation time is equal to or larger than
3.8 s, which is in the same order of the mean time for incorporation of
a nucleotide.
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Table 1
Conservative values of mean dissociation time and dissociation probability of primer
from telomerase during period of nucleotide additions.

Order of 1st
nucleotides

Dissociation time (s) 091 3.8 110 3.1x10°  89x10* 45x10°
Dissociation 052 021 9x1073 33x107% 1.1x107° 22x10°°
probability

2nd 3rd 4th 5th 6th

Similarly, we can obtain the least values of the mean dissociation
time during the incorporations of other nucleotides. The results are
summarized in Table 1. Using these least values and taking the mean
time for incorporation of a nucleotide as 1 s, the calculated results for
the largest values of the dissociation probability during incorporation
of different nucleotides are shown in Table 1. From the results shown
in Table 1 and the results presented in Section 3.2.1, it is seen that,
during the processive nucleotide and repeat additions, the dissocia-
tion of the primer from the telomerase occurs mainly during the
incorporation of the 1st nucleotide.

It is noted here that the calculated results show that the
dissociation of the primer from the telomerase is dependent on the
number of base pairs. However, the experimental data indicated that
the dissociation of the primer from the telomerase is nearly
independent on the amount of base-pairing between primer and
template for a given length of primer (e.g., 18 nt) [49,60]. The
difference between our calculated results and the experimental data
may be due to the following reason. It should be noted that, for the
fixed length of primer, if the number of bases on primer paired with
the template is reduced, the interaction length of the primer with
TERT should be increased accordingly. Thus, the decrease of the
affinity due to the base paring may be partially compensated by the
increase of the affinity between TERT and the primer. This is
consistent with the experimental data showing that the dissociation
enhances with the reduction of the primer length [49]. Moreover,
since no base on primer is paired with the template in the absence of
RNA, the interaction length of the primer with TERT should be larger
than that in the presence of RNA. On the other hand, no base-pairing is
present in the absence of RNA while the base-pairing exists in the
presence of RNA. The two effects may induce the binding affinity of
the primer for the telomerase in the absence of RNA slightly smaller
than that in the presence of RNA, resulting in that the dissociation of
the primer from the telomerase in the absence of RNA only slightly
larger than in the presence of RNA. By contrast, in our calculation we
considered a complete interaction between TERT and the primer for
different numbers of base pairs.

60 1
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Fig. 7. Results for the effect of the elastic coefficient C, on the mean time Ty taken to
disrupt the DNA:RNA hybrid and then reposition the primer 3’ end to the beginning
of the template after the incorporation of dGTP paired with the last base C43 on the
template.

3.3. Dynamics of repeat addition processivity

In the previous work [34], we have studied the dynamics of
processive repeat addition, which has not considered (i) the effect of
the interaction of PAS with the primer, (ii) the effect of primer
dissociation and (iii) the effect of the elastic force resulting from the
non-zero elastic coefficient C,. In this section, we re-study the
dynamics with the addition of the three effects.

We denote Ty the time taken to disrupt the DNA:RNA hybrid and
then reposition the primer 3’ end to the beginning of the template
after the incorporation of the nucleotide paired with base n (n=47,
46, 45, 44, 43) on the template. Similar to derivation in the previous
work, from Eq. (1) we obtain the mean time Ty approximately having
the following form

. EFT I/z dyexp| 2t ElZ)k_:TEPAS_E"Iy N Cp(zyk;f)z
x 1'/2 exp | — 2E, + E,; I;'TEPAS—EHI G (sz_B;OZ: dz
k;,jz dyexp :’iAT Ey +pI’3;I;A;—Em Cpg’k;_l)_()z}
y 1‘/2 exp :_ 2E, + Ef; ,;'TEPAS_EIII . Cp(zzl;;()z: dz
+ "BLTPI/}Z dy exp :EH +pil;A]§_EIH Cp(zyk;)"()z
x p:i'z exp :— Eu +pi’;AT5_E"’z— C”(zzk;f)z dz 7)
+ %j‘( dy exp Ey + Ey k‘:TEPAs_Em G (Zyl;])'()z}
“ 1"/2 exp{ 2E, + E’Z)k—z Epas—Em , G (221;7)"()2} d
+ %fdyexp Eu +,2)?5_E”’ 2 5 g/kBX)
Xp—/"z exp{ Eu +pipA;_E’" S (zzk;;"( ? dz

X

X)?]* C,(z—X)?
f ly exp [sz} ;!. exp {— pszT} dz,

where X = 6p after the incorporation of the nucleotide paired with the
last base 43, X=>5p after the incorporation of the nucleotide paired
with base 44, X =4p after the incorporation of the nucleotide paired
with base 45, etc. Note that, after dGTP paired with the last base C43
on the template is incorporated, E;=0 in Eq. (7).

3.3.1. Wild-type telomerase RNA

After the incorporation of dGTP paired with the last base 43, E, =0,
Vi becomes one that is represented by curve agbscsd in Fig. 3, with
Ep =15 kgT, and the free-energy change required to unfold pseudo-
knot III is Enp=4.2 kBT. With Epas=11 ](BT, X= Gp and I = 5.65 x
107! kg s~! determined before, from Eq. (7) the calculated results
of Tg versus elastic coefficient C, are shown in Fig. 7. It is seen that, in
the range of G, =8.5-30 pN/nm, Tz~ 68-0.83 ms. These values of T,
are so short that it ensures the RT domain having a small probability to
deviate from the DNA:RNA hybrid by a sufficient distance along the
direction perpendicular to the central axis (i.e., the x axis shown in
Fig. 1a) of the hybrid so that the RT domain would return to the
equilibrium position relative to the TEN and TRBD domains without
disruption of the hybrid. If this occurs, the nucleotide addition activity
would terminate. Note that, in the absence of the interaction of the
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Fig. 8. Results for the effect of binding affinity E4 of binding site A on the time T taken to
disrupt the DNA:RNA hybrid and then reposition the primer 3’ end to the beginning of
the template after the incorporation of dTTP paired with the with base A44 on the
template.

RT with the template, the RT domain is easily deviated from the
template. The small deviation probability gives high repeat addition
processivity.

Next, we calculate the time taken to disrupt the DNA:RNA hybrid
and then reposition the product 3’ end before the incorporation of
dGTP paired with the last base C43. For this case, E4#0. As an
example, we consider the case that dTTP paired with base A44 has
been incorporated. For this case, Vi; becomes one represented by
curve asbscsd in Fig. 3, with Ey= 14 kgT, and the free-energy change
required to unfold pseudoknot III is Ey;=3.2 kgT (see Section 2.4).
Using Eq. (7) and with Epss = 11 kgT and X = 5p, the calculated results
of Tg versus E, for two values of C, are shown in Fig. 8. It is seen that,
when Ej>7.4 kgT for C,=20 pN/nm or when E,>9.1 kgT for the
extreme value of C, =30 pN/nm, Tg>10s. The so large values of Tg
imply that, before the incorporation of the nucleotide paired with the
last base 43 on the template, the disruption of the DNA:RNA hybrid
and then the repositioning of the primer 3’ end rarely occur. Thus, we
give a good explanation to the fact that only when all of the bases on
the template region are paired with the primer to form the DNA:RNA
duplex can the distortion or conformational transition of the
pseudoknot III induce the unpairing of the DNA:RNA duplex
and then repositioning of product 3’-end to the beginning of the
template.

It is interesting to note here that, only a binding affinity of
EA<9 kgT between site A and the template can give a very long time
Tr~10s. This affinity of 9 kgT corresponds to an equilibrium
dissociation constant of about 0.1 mM. In other words, if only the
interaction of site A in TERT with RNA template exists in telomerase,
the mean dissociation constant of telomerase RNA from TERT is in the
order of 0.1 mM, implying a very weak interaction between the
telomerase RNA and TERT. This is consistent with the experimental
data, showing that by mutating CA15-16GU in the T. thermophila
telomerase RNA, which defects severely the interaction between TERT
and the telomerase RNA except the template region, only a low
fraction of the mutant telomerase RNA (<10% of wild type) was
detected to interact with TERT [61].

3.3.2. Effect of stem III pseudoknot

In this section, we use Eq. (7) to study the effect of stem Il on the
repeat addition processivity. In the case that the stem IIl pseudoknot is
unable to fold (e.g., using a mutant CCCC:UUUU instead of the wild-
type pseudoknot stem AACC:UUGG), we always have Ej;=0 in our
model. After the incorporation of dGTP paired with the last base 43,
we have E, = 0. Then, using Eq. (7) we calculate T{MD/T\V versus C,,
where T{M") represents T in the case of mutant CCCC:UUUU while
T represents Ty in the case of wild-type AACC:UUGG. The results
are shown in Fig. 9a. It is seen that the ratio T{M7/T{"" changes little
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Fig. 9. Results for the effect of stem IIl pseudoknot on the repeat addition processivity.
(a) Ratio of time T{MP without the effect of stem Il pseudoknot for a mutant (MT)
telomerase versus time T}zwr) with the effect of stem IIl pseudoknot for the wild-type
(WT) telomerase as a function of the elastic coefficient C,, where T and T{*" denote
the time taken to disrupt the DNA:RNA hybrid and then reposition the primer 3’ end to
the beginning of the template after the incorporation of dGTP paired with the last base
C43 on the template. (b) Number of repeat addition rounds without the effect of stem III
pseudoknot for a mutant (MT) telomerase versus that with the effect of stem III
pseudoknot for the wild-type (WT) telomerase.

with the variation of C,: in the range of C,=8.5-30 pN/nm, T{""/
TWD =~ 53,

Since during the time period of Tz no interaction exists between
the RT domain and the template, the RT domain would show a much
larger probability to deviate from the DNA:RNA hybrid or the
template by a sufficient distance along the direction perpendicular
to the central axis of the hybrid than that during other periods when
the RT domain binds to the template region. In fact, using Eq. (5), it is
obtained that the addition of E4 =9 kgT to Ug reduces the time for the
RT domain to deviate from the template along the direction
perpendicular to the central axis of the DNA:RNA hybrid by about
10,000-fold. Thus, the above results imply that, after the incorporation
of one repeat, the RT would show a much larger probability to deviate
from the template of the mutant telomerase RNA than from the
template of the wild-type telomerase RNA, ie. the termination
probability of the telomerase activity for the mutant telomerase RNA
is much larger than that for the wild-type one, as just mentioned
above. If we denote P as the probability for the RT domain to
deviate from the template of the wild-type telomerase RNA during the
time period of T, then the probability for the RT domain to deviate
from the template of the mutant telomerase RNA during the time
period of T{M" is

P = 1—(1-P")") (8a)
TMT)
F= TEW”' (8b)
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The mean number of repeat addition rounds, R, is related to the
probability P for the RT domain to deviate from the template during
the time period of Tg by equation, R= (1 —Ppya)P~',°> where Ppyj is
the dissociation probability of the DNA primer from the telomerase,
which is independent of the time period Ty (see Section 3.2) and thus
is considered to be the same for both the mutant and wild-type cases.
From Egs. (8a) and (8b) we have

1—Ppua\F17!
R<M”=<1—PDNA>[1—(1— R(w%”"ﬂ : 9)

Using Eq. (9) and with F=T{M"/T{"" ~ 53, the calculated results
of RMD versus RWP for different values of Ppya are shown in Fig. 9b. It
is seen that the repeat addition processivity for the mutant telomerase
RNA is reduced significantly as compared to the wild-type one. Since
stem III pseudoknot for the wild-type telomerase RNA is unfolded by
the moving of stem IV towards the active site, it is thus deduced that
the repeat addition processivity is significantly stimulated by stem IV
cooperated with stem IIl pseudoknot, which is consistent with prior
experimental results [20-22].

On the other hand, if stem IIl pseudoknot is unable to unfold (e.g.,
using a stable mutant stem CCCCCC:GGGGGG instead of the wild-type
pseudoknot stem AACC:UUGG), the stem IV cannot reach the
polymerase active site when it is positioned beyond the last base 43
on the template upon the binding of dGTP. Then, we have the same
result as for the case that the stem III pseudoknot is unable to fold
(Fig. 9). Thus, the repeat addition processivity is also reduced greatly.

From above results, it is thus concluded that the transitions
between folding and unfolding of stem Il pseudoknot play an
important role in facilitating repeat addition processivity.

3.3.3. Effect of dGTP versus that of dTTP on stimulation of repeat addition

Previous experiment showed that Tetrahymena telomerase has a
K, for dGTP incorporation that is about 10-fold lower than the K, for
incorporation of dTTP [62]. Then, it can be deduced that dGTP-binding
rate is 10-fold higher than dTTP-binding rate. This implies T ~
10T ™ for the same concentration of dGTP and dTTP, where T
and T¢™ represent, respectively, the dTTP-binding time and the
dGTP-binding time to the active site after the incorporation of the
nucleotide paired with the last base 43. Similar to Eq. (9), we have
the following relation

R = (1 Py [1— (1- = Fom) ] ™ 10
= (1—Pow) —) | (10)

where E = TP T(dCTP) = 10, RUTTP) apd R(@C™) represent the mean
number of repeat addition rounds stimulated by dTTP and that by
dGTP, respectively, with the same nucleotide concentration. Using
Eq. (10), the calculated results of R“™ versus R““™ are shown in
Fig. 10. It is evident that dGTP has a much higher effect than dTTP on
the stimulation of the repeat addition processivity.

3.3.4. Mutant templates in telomerase RNA

In this section, we use Egs. (7) and (9) to study the effect of mutant
templates on the repeat addition processivity.

First, we study the effect of the extended template. As in Hardy
et al. [63], consider a mutant 7-nt T,Gs repeat instead of the wild-type
6-nt T»G4 repeat. For this case, after the incorporation of the
nucleotide paired with the last base on the template, the potential
depth Ey is calculated to be 11.2 kcal/mol (~18.9 kgT) by using
parameters for the nearest-neighboring thermodynamic model for
DNA:RNA duplex stabilities [56]. The free-energy change required to
unfold pseudoknot III is still approximately equal to Ej=4.2 kgT.

5 In the previous work [34], the dissociation probability of DNA primer from the
telomerase was taken to be Ppys =0.

Number of repeat additions
for dTTP

0 10 20 30 40 50 60
Number of repeat additions
for dGTP

Fig. 10. Results for the effect of dGTP versus that of dTTP on stimulation of repeat
addition processivity. Number of repeat addition rounds stimulated by dTTP versus that
by dGTP for the same concentration of dTTP and dGTP. Curves from upper to lower
correspond to Ppys =0, 0.2, 0.5 and 0.7.

Thus, using Eq. (7) and with E, =0, we calculated T{"/ TP versus
Cp, where X=7p for the mutant 7-nt T,Gs repeat while X = 6p for the
wild-type 6-nt T,G,4 repeat. The results show that, in the range of
C,=28.5-30 pN/nm, T;MT)/T,(QWT)is in the range of 26-15. Using Eq. (9),
the calculated results of R™" versus R'"" for different values of C, are
shown in Fig. 11. It is seen that the repeat addition processivity is
reduced greatly as compared to the wild-type template, which is
consistent with the experimental data [63]. Similarly, for the repeat
having more than 7 bases (e.g., T>Gg), our results show further
reduction of the repeat addition processivity (data not shown).
Then, we study the effect of the shortened template. Consider a 5-
nt T,G3 repeat. After the incorporation of the nucleotide paired with
the last base on the template, the potential depth of Ey becomes
11.8 kgT and the free-energy change required to unfold pseudoknot III
is Eyy = 3.2 kgT. Thus, using Eq. (7) and with E4 = 0, we calculate T/
T,%WT) versus Cp, where X = 5p for the mutant 5-nt T,G3 repeat while
X = 6p for the wild-type 6-nt T,G4 repeat. The results show that, in the
range of C,=8.5-30 pN/nm, T{""/T{*" is in the range of 0.2-0.35.
This gives a smaller probability for the RT domain to deviate from the
DNA:RNA hybrid along the direction perpendicular to the central axis
of the hybrid than the wild-type case. However, it is important to note
here that, since the anchor site has specificity for telomeric sequence
or a G-rich sequence, the primer of T,G3 repeat has a smaller binding
affinity for the anchor site than the wild-type T>G4 repeat due to the
less amount of G for the former than for the latter. Thus, the primer of
T,G3 repeat has a higher probability to dissociate from TERT than the
wild type. The two opposite effects can thus result in that the repeat
addition processivity for the T,G3 repeat is slightly smaller than the
wild-type repeat, which is consistent with the experimental data [63].

5
—Cp =8.5 pN/nm
44 --Cp=20pN/nm
— Cp =30 pN/nm

Number of repeat additions
for MT

Number of repeat additions
for WT

Fig. 11. Results for the effect of mutant (MT) templates on the repeat addition
processivity. Number of repeat addition rounds for mutant templates versus that for the
wild-type (WT) template. Ppys = 0.2.
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Itis important to note here that, in the above calculation for the effect
of mutant templates, for simplicity, we only considered the effect of the
base-pairing free energy due to mutant bases on the template. The
mutant template may also have effects on the interaction of the anchor
site with telomerase products, on the interaction of PAS with the primer
and on the interaction of binding site A with the template. It is evident
that both the reduction of the anchor site interacting with the primer
and the reduction of the PAS interacting with the primer reduce the
processivity. As discussed in Section 2.1.1, the reduction of the affinity of
site A for the template may reduce the nucleotide-incorporation fidelity.
As shown in Section 3.3.1 (see also Fig. 8), the reduction of the affinity of
site A for the template increases the probability of premature
repositioning of the active site to the beginning of the template,
where the primer is relatively easily dissociated (see Section 3.2.2),
inducing premature dissociations. Thus, the mutant template may affect
both the fidelity and the processivity, as demonstrated by experiments
of Gilley et al. [64] and Drosopoulos et al. [65].

3.3.5. Effect of external force on stimulation of repeat addition

In this section, we present some predicted results for the case that
an external force, Fey, acts on the RT domain containing the binding
site A and active site. The force points to the direction that resists the
RT domain moving towards the TEN and TRBD domains. The
experiment for this case can be realized by using the optical trapping
method with the movable micro-bead connecting to the RT domain
while keeping the TEN and TRBD domains fixed.

Using Egs. (S2), (S3a) and (S3b) (see Section S3 in the Appendix),
the calculated results of R versus R(? for different values of F,,, are
shown in Fig. 12, where R and R(® represent the mean number of
repeat addition rounds with and without the effect of the external
force F.x, respectively. It is seen that the external force Fey reduces the
repeat addition processivity. The larger the external force is, the more
reduction the repeat addition processivity is. This is an interesting
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Fig. 12. Results for the effect of the external force F.y, on the repeat addition
processivity. Number of repeat addition rounds with the external force versus that
without the external force for the wild-type telomerase RNA, with Ppys=0.2.
(@) Fexe=10 pN. (b) Fexy=15 pN.

result for our model, because, although the external force facilitates
the movement of the RT domain relative to the TEN and TRBD
domains during the processive nucleotide addition, it reduces the
repeat addition processivity. The future experiment is hoped to test
the prediction.

4. Summary

In this work, based on available experimental data, we modify the
model proposed before for nucleotide and repeat addition processiv-
ities by the recombinant telomerase. Based on the modified model,
some characteristics for the recombinant Tetrahymena telomerase are
quantitatively studied.

In Section 3.1, using some of experimental data for the minimal
lengths required for primers to be extended by the Tetrahymena
telomerase [46] and base-paring free energy, the value of the binding
affinity of PAS to the primer is estimated. Using the estimated value,
the obtained results are also consistent with other experimental data
in Ref. [46].

In Section 3.2.1, we study the dissociation probability of the primer
from telomerase during the time period of the transition from the
previous round of repeat addition to the next one. The period can be
considered to be composed of two sub-periods: one sub-period from
the moment of the completion of the incorporation of dGTP paired with
the last base C43 on the template through the moment when one
repeat of DNA:RNA hybrid and the interaction of PAS with the primer
are disrupted; the other one from the moment when the repeat of DNA:
RNA hybrid and the interaction of PAS with the primer are disrupted
through the moment when the binding site A rebinds to the unpaired
base C48, the PAS rebinds to the primer and the TTG:AAC hybrid forms.
During the former sub-period, the interaction of the primer with
telomerase is via three binding sites: the anchor site, PAS and base-
pairing interaction. By solving the moving equation of the primer
relative to the telomerase, Eq. (4), we obtain that the dissociation
probability of the primer from the telomerase during the former sub-
period is negligibly small. During the latter sub-period, the interaction
of the primer with the telomerase is only via the anchor site. The results
show that the primer has a very small probability to detach from the
telomerase during this sub-period. Taken together, we conclude that,
during the period of the transition from previous round of repeat
addition to the next one, the dissociation probability of the primer from
the telomerase is very small.

Using the same procedure, we also study in Section 3.2.1 the
dissociation probability of a primer with the minimal length that can
be extended by the Tetrahymena telomerase. For this case, no
interaction exists between the primer and the anchor site. We obtain
that, during the period of the transition from the first round of repeat
addition to the second one, only low fraction of the primers are
dissociated from the telomerase. After transition to the second round
of repeat addition, since the extended primer can interact with the
anchor site, the primer would show much lower probability to
dissociate from the telomerase. Thus, the minimal lengths required for
primers to be extended with the telomerase by multiple repeats can
be approximately said to be the same as those by a single nucleotide,
which is consistent with the experimental data [46].

In Section 3.2.2, by solving the moving equation of the primer
relative to the telomerase, Eq. (4), we calculate the dissociation
probability of the primer during the period of nucleotide addition.
During this period, the interaction of the primer with telomerase is via
three binding sites: the anchor site, PAS and base-pairing interaction.
The results show that the dissociation probability decrease as the
number of incorporated nucleotides is increased, because the base-
paring energy is increased. The dissociation of the primer from the
telomerase occurs mainly during the incorporation of the 1st
nucleotide. Particularly, in the absence of anchor site, a primer
would show a very large probability to detach from the telomerase
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during the incorporation of the 1st nucleotide. Thus, based on our
model, the existence of anchor site in telomerase is more important to
ensure the primer not to detach from the telomerase at the initiation
of the nucleotide addition period than during the period of the
transition from previous round of repeat addition to the next one. This
is consistent with the inference from Baran et al. [46].

In Section 3.3.1, using Eq. (7) we obtain the mean time Ty taken to
disrupt the DNA:RNA hybrid and then reposition the primer 3’ end to
the beginning of the template after the incorporation of the nucleotide
paired with the last base C43 on the template for the wild-type
telomerase RNA. For this case, the binding affinity of site A for the
template, E4 = 0. The obtained value of Ty is short so that it ensures the
RT domain having a small probability to return to the equilibrium
position relative to the TEN and TRBD domains without disruption of
the hybrid, thus giving the high repeat addition processivity.
Moreover, using Eq. (7) we obtain the mean time Tz before the
incorporation of dGTP paired with the last base C43. For this case, due
to E4#0, values of Tz become very large. The so large values of Ty
imply that, before the incorporation of the nucleotide paired with the
last base 43 on the template, the disruption of the DNA:RNA hybrid
and the repositioning of the primer 3’ end rarely occur. Thus, this
gives a good explanation to the fact that only when all of the bases on
the template region are paired with the primer to form the DNA:RNA
duplex can the unpairing of the DNA:RNA duplex and then
repositioning of product 3’-end to the beginning of the template
occur.

In Section 3.3.2, using Eq. (7) we obtain the mean time T$" for
the case of mutant stem Il pseudoknot that is unable to fold. From the
comparison of T¢™ with T¢™ for the case of wild-type stem III
pseudoknot, using Egs. (8a), (8b) and (9) we obtain the relation of the
mean number of repeat addition rounds, R™7, for the mutant stem I1I
pseudoknot versus that R™P for the wild-type stem Il pseudoknot
(Fig. 9b). The repeat addition processivity for the mutant telomerase
RNA is reduced significantly as compared to the wild-type one. Since
stem III pseudoknot for the wild-type telomerase is unfolded by the
moving of stem [V towards the active site, it is thus deduced that the
repeat addition processivity is significantly stimulated by stem IV
cooperated with stem III pseudoknot, which is consistent with
available experimental data [20-22].

In Section 3.3.3, using Eq. (10) we obtain the relation of the mean
number of repeat addition rounds, R“"™, stimulated by dTTP versus
that RU¢™ stimulated by dGTP (Fig. 10). It is evident that dGTP has a
much higher effect than dTTP on the stimulation of the repeat
addition processivity, which is consistent with the experimental data.

In Section 3.3.4, considering only the effect of the base-pairing free
energy due to mutant bases on the template, using Eq. (7) we obtain
the mean time T¢"™ for some mutant templates. From the comparison
of T™MD with TY'™ for the wild-type template, using Eqs. (8a), (8b)
and (9) we obtain the relation of the mean number of repeat addition
rounds, RMD, for the mutant template versus that R for the wild-
type template (Fig. 11). The results are consistent with the
experimental data of Hardy et al. [63].

In Section 3.3.5, we study the effect of an external force on repeat
addition processivity. The results showed that the external force,
which resists the RT domain moving towards the TEN and TRBD
domains, reduces the repeat addition processivity. The larger the
external force is, the more reduction the repeat addition processivity
is. This is an interesting result for our model, because, although the
external force facilitates the movement of the RT domain relative to
the TEN and TRBD domains during the processive nucleotide addition,
it reduces the repeat addition processivity.

In conclusion, we present a translocation model for processive
nucleotide and repeat additions by the recombinant telomerase via
modification of the previous one. The following factors, which have
significant effects on the dynamics of nucleotide and repeat additions
but have been overlooked or not been considered in the previous one,

are incorporated into the modified model and are considered in the
mathematical studies of the dynamics: (i) the presence of primer
alignment site (PAS) [46-48], (ii) the dissociation of primer, (iii) the
non-zero values of the elastic force between movable RT domain and
other domains of TERT, as well as (iv) the presence of the affinity
between TEN and RT domains [50], etc. Based on the modified model,
the dynamics of Tetrahymena telomerase is studied quantitatively. The
theoretical results are in agreement with the available experimental
data. Moreover, some predicted results are presented.
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