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Biphasic character of ribosomal translocation and non-Michaelis-Menten kinetics of translation
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We study theoretically the kinetics of mRNA translocation in the wild-type (WT) Escherichia coli ribosome,
which is composed of a small 30S and large 50S subunit, and the ribosomes with mutations to some intersubunit
bridges such as B1a, B4, B7a, and B8. The theoretical results reproduce well the available in vitro experimental
data on the biphasic kinetics of the forward mRNA translocation catalyzed by elongation factor G (EF-G)
hydrolyzing GTP, which can be best fit by the sum of two exponentials, and the monophasic kinetics of the
spontaneous reverse mRNA translocation in the absence of the elongation factor, which can be best fit by a
single-exponential function, in both the WT and mutant ribosomes. We show that both the mutation-induced
increase in the maximal rate of the slow phase for the forward mRNA translocation and that in the rate of
the spontaneous reverse mRNA translocation result from a reduction in the intrinsic energy barrier to resist
the rotational movements between the two subunits, giving the same degree of increase in the two rates. The
mutation-induced increase in the maximal rate of the fast phase for the forward mRNA translocation results
mainly from the increase in the rate of the ribosomal unlocking, a conformational change in the ribosome that
widens the mRNA channel for the mRNA translocation to take place, which could be partly due to the effect
of the mutation on the intrasubunit 30S head rotation. Moreover, we study the translation rate of the WT and
mutant ribosomes. It is shown that the translation rate versus the concentration of EF-G–GTP does not follow
the Michaelis-Menten (MM) kinetics, which is in sharp contrast to the general property of other enzymes that
the rate of the enzymatic reaction versus the concentration of a substrate follows the MM kinetics. The physical
origin of this non-MM kinetics for the ribosome is revealed.
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I. INTRODUCTION

In the cell, polypeptides are synthesized by the ribosome in
a process called translation. Generally speaking, the elongation
cycle of translation is composed of the following several steps.
The ribosome selects an aminoacyl-transfer RNA (tRNA)
molecule in the aminoacyl (A) site [1,2]. The aminoacyl-tRNA
reacts with the peptidyl-tRNA in the peptidyl (P) site to form
a peptide bond, resulting in deacylated tRNA in the P site and
the peptidyl-tRNA prolonged by one amino acid in the A site.
Catalyzed by elongation factor G (EF-G) hydrolyzing GTP,
the A- and P-site tRNA molecules coupled with the messenger
RNA (mRNA) via the codon-anticodon interaction are moved
forward via coordinated translocation into the P and exit (E)
sites, respectively [3–6]. Then the E-site deacylated tRNA is
dissociated into the solution [7].

As the translocation of tRNA molecules coupled with
the mRNA is one of the important steps in the translation
elongation, the studies of the mechanism and kinetics of
the translocation have attracted much attention. It was well
characterized that the translocation takes place generally via
two substeps, with the first one involving the transition of the
ribosomal complex from the classical nonrotated to the rotated
(or hybrid) pretranslocation state and the second one involv-
ing the transition from the hybrid to the post-translocation
state [1–6]. Since both substeps of the translocation involve
intersubunit rotations, i.e., the relative rotations between the
small 30S and large 50S ribosomal subunits, studying the
effect of the intersubunit rotations has strong implications for
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understanding the molecular mechanism of the translocation.
For example, using fluorescence-labeled mRNA, Liu and
Fredrick [8] recently studied experimentally the effect of
mutations to some intersubunit bridges such as B1a, B4, B7a,
and B8 in the Escherichia coli ribosome, which are expected
to constrain the intersubunit rotations, on the translocation
kinetics. They found that as in the wild-type (WT) case [8–11],
the EF-G-catalyzed forward mRNA translocation in the mutant
ribosomes �B1a, �B4, �B7a, and �B8 also showed biphasic
kinetics, which can be best fit by the sum of two exponentials,
and the mutations increased both the maximal rates of the
two phases and values of K (1/2), which is defined as the
concentration of EF-G–GTP at which the half-maximal rate is
obtained. Moreover, the mutations also increased the rate of
spontaneous reverse mRNA translocation in the absence of the
elongation factor. However, the detailed molecular mechanism
underlying the correlation of the intersubunit rotations with
the maximal rates of the two phases for the forward mRNA
translocation and the rate of the spontaneous reverse mRNA
translocation is not very clear. In addition, since besides
the intersubunit rotations the forward mRNA translocation
is also limited by a conformational change in the ribosome
that widens the mRNA channel for the mRNA translocation
to take place, which is termed ribosomal unlocking [12],
it is interesting to determine how the mutations affect the
ribosomal unlocking and moreover to distinguish the effect
of the mutations on the intersubunit rotations and that on the
ribosomal unlocking.

It is well known that the reaction rate of an enzyme
versus the concentration of its substrate generally follows the
Michaelis-Menten (MM) kinetics [13,14]. For example, it was
well characterized that the movement velocity of the linear
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molecular motors such as kinesin and myosin versus ATP
concentration, the replication rate of the DNA polymerase
versus dNTP concentration, the transcription rate of the RNA
polymerase versus NTP concentration, etc., follows the MM
kinetics [14]. For the ribosome, with the single-molecule
optical trapping, it was shown that in the small range of
EF-G–GTP concentration (0–1 μM) the experimental data on
the rate of the ribosome translation of the mRNA with the
homogeneous codons versus EF-G–GTP concentration can
be approximately fitted by a MM equation [15]. However,
a detailed theoretical analysis of this fit is still necessary.
Moreover, it is unclear if in the large range of EF-G–GTP
concentration the dependence of the translation rate on the
EF-G–GTP concentration can still be fitted well by the MM
equation. If the dependence does not obey the MM kinetics,
then what is the physical origin for this non-MM dependence?
This is an important issue because the dependence of the
reaction rate of an enzyme on the concentration of its substrate
has been an interesting topic since the landmark work of
Michaelis and Menten (see, e.g., [16]).

The purpose of this paper is to address the above unclear
issues. To the end, the paper is organized to be composed of
two parts, with one focusing on the issues related to the mRNA
translocation and the other focusing on the issues related to the
translation rate in the elongation cycle. In the first part, based
on the model of the mRNA translocation, which has been
proposed before [17], we study theoretically the kinetics of the
mRNA translocation in the WT and mutant ribosomes �B1a,
�B4, �B7a, and �B8, reproducing the in vitro experimental
data measured by Liu and Fredrick using fluorescence-labeled
mRNA [8]. We show that both the mutation-induced increase

in the maximal rate of the slow phase for the forward mRNA
translocation and that in the rate of the spontaneous reverse
mRNA translocation result from the same degree of increase
in the rates of the intersubunit rotations, which are in turn
due to a reduction of the intrinsic energy barrier to resist the
intersubunit rotations. Moreover, we show that the mutations
also facilitate the ribosomal unlocking, resulting in the increase
in the maximal rate of the fast phase for the forward mRNA
translocation, and reduce the affinity of EF-G–GTP to the
ribosome, resulting in the increase in values of K (1/2). In
the second part, based on our results on the kinetics of the
forward mRNA translocation, we study the translation rate of
the WT and mutant ribosomes. Interestingly, we show that
the translation rate versus the concentration of EF-G–GTP by
the ribosome does not follow the MM kinetics, which is in
sharp contrast to the general property by other enzymes that
the rate of the enzymatic reaction versus the concentration
of its substrate follows the MM kinetics. The non-MM
kinetics of translation results from the intrinsic property of the
spontaneous intersubunit rotations before EF-G–GTP binding
to the pretranslocation ribosomal complex.

II. METHODS

A. Simplified model of EF-G-dependent forward
mRNA translocation

In a previous work [17], we presented a simplified model
to study the biphasic character of the forward mRNA translo-
cation in the WT ribosome at a saturating concentration of
EF-G–GTP. Here we use the model to study the kinetics
of the mRNA translocation in WT and mutated ribosomes

FIG. 1. (Color online) Simplified model of tRNA-mRNA translocation in the ribosome at nonsaturating concentration of EF-G–GTP (see
the text for a detailed description). Represented inside the box are transitions at the saturating concentration of EF-G–GTP.
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�B1a, �B4, �B7a, and �B8 at nonsaturating concentra-
tion of EF-G–GTP. For convenience, the model (Fig. 1)
is redescribed as follows. Before EF-G–GTP binding, the
ribosomal complex with deacylated tRNA bound to the 30S
P site and the peptidyl-tRNA bound to the 30S A site can
transit spontaneously between the classical nonrotated (state
01) and hybrid (state 02) states via the spontaneous forward
and reverse intersubunit rotations, with the two states being
in thermodynamic equilibrium with each other [18–23]. Here
the forward intersubunit rotation refers to the rotation of the
small 30S subunit in a counterclockwise direction (viewed
from the exterior of the 30S subunit) relative to the large 50S
subunit, while the reverse intersubunit rotation refers to the
rotation of the small 30S subunit in the clockwise direction
relative to the large 50S subunit. EF-G–GTP can bind to
both states 01 and 02 [24,25]. (i) If EF-G–GTP binds to
state 02, becoming state 2, after rapid GTP hydrolysis the
ribosomal unlocking occurs, opening the mRNA channel in
the 30S subunit. Then the reverse intersubunit rotation induces
the movement of the two tRNA molecules coupled with the
mRNA via the codon-anticodon interaction from the 30S A
and P sites to the 30S P and E sites, respectively, while the
two tRNA molecules are kept fixed to the 50S P and E sites
by the high binding energy of the 50S E and P sites for the
deacylated tRNA and peptidyl-tRNA, respectively [26–28].
This results in the transition to the post-translocation state
(state 3). (ii) If EF-G–GTP binds to state 01, becoming state
1, the ribosomal complex then transits from state 1 to state 2
via the EF-G-facilitated forward intersubunit rotation, with a
transition rate being mildly higher than that before EF-G–GTP
binding [23]. Then, after the ribosomal unlocking, the reverse
intersubunit rotation induces a transition from state 2 to state
3. As after the ribosomal unlocking the reverse intersubunit

rotation is very fast [12,29], the transition from state 2 to state
3 is rate limited by the ribosomal unlocking.

B. Pathway of translation elongation

With the translocation model shown in Fig. 1 and the
other available biochemical data for tRNA binding and
peptidyl transfer from the P-site peptidyl-tRNA to the A-site
aminoacyl-tRNA, the minimal pathway for an elongation cycle
of translation is shown in Fig. 2, where the transitions from
state 01 through state 3 (inside the box) that are related to the
EF-G-catalyzed mRNA-tRNA translocation are identical to
those shown in Fig. 1. For simplicity of analysis, we consider
only the translation of the mRNA with homogeneous codons
using in vitro assays containing only one species of the ternary
complex that is composed of the cognate aminoacyl-tRNA,
elongation factor Tu (EF-Tu), and GTP. Thus, we neglect
the competition of the cognate with the near-cognate and
noncognate ternary complexes.

We begin the elongation cycle just after the peptidyl
transfer. The ribosomal complex is now in the nonrotated
pretranslocation state, with deacylated tRNA being in the P site
of both subunits (P/P site) and the peptidyl-tRNA in the A/A
site (state 01). The peptidyl transfer induces the ribosome to be
labile [18–23], allowing the spontaneous intersubunit rotations
before the binding of EF-G–GTP, with the ribosomal complex
transiting from state 01 to state 02 and vice versa. EF-G–GTP
can bind to both states 01 and 02, becoming states 1 and 2,
respectively. State 1 then transits to state 2. In state 2 the
ribosomal unlocking occurs, opening the mRNA channel. The
subsequent reverse intersubunit rotation induces the transition
of state 2 to state 3, with Pi release occurring independently.
After transition to the post-translocation state 3, the mRNA

FIG. 2. (Color online) Minimal pathway of translation elongation at nonsaturating concentration of EF-G–GTP (see the text for a detailed
description). We consider the translation of the mRNA with homogeneous codons using in vitro assays containing only the cognate ternary
complex. We show here that the dissociation of deacylated tRNA occurs after the binding of the ternary complex, although the dissociation can
occur at any state after the post-translocation [7].
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channel in the 30S subunit becomes tight again, as proposed
by Frank and Agrawal [30]. The occupation of the P/P site by
the peptidyl-tRNA induces the ribosome to become locked or
nonlabile [21] (state 4), constraining the intersubunit rotations.
The locked ribosome facilitates EF-G–GDP release (state
5). The aminoacyl-tRNA–EF-Tu–GTP ternary complex then
binds to the ribosome (state 6). After the codon recognition,
GTP hydrolysis causes a large conformational change of
EF-Tu, facilitating the accommodation of the aminoacyl-tRNA
and the release of EF-Tu–GDP (state 7). Then the peptidyl
transfer occurs, resulting in deacylated tRNA in the P/P site
and the peptidyl-tRNA prolonged by one amino acid in the
A/A site. Then the next elongation cycle proceeds.

C. Equations for kinetics of mRNA translocation

In this section we present equations for the kinetics of EF-
G-catalyzed forward mRNA translocation under the condition
as done in the in vitro biochemical assays with fluorescence-
labeled mRNA molecules [8–11], where no ternary complex
was present in the solution. In Fig. 1 we denote by P01 and
P02 the probabilities of states 01 and 02 before the binding of
EF-G–GTP, respectively, P1 and P2 the probabilities of states 1
and 2 after the binding of EF-G–GTP, respectively, and P3 the
probability of state 3. Then, from Fig. 1 the temporal evolutions
of these probabilities are described by

dP01(t)

dt
= −(k1 + k01)P01(t) + k−01P02(t) + k−1P1(t), (1)

dP02(t)

dt
= k01P01(t) − (k−01 + k2)P02(t) + k−2P2(t), (2)

dP1(t)

dt
= k1P01(t) − (k−1 + k3)P1(t) + k−3P2(t), (3)

dP2(t)

dt
= k2P02(t) + k3P1(t) − (k−2 + k−3 + k4)P2(t), (4)

dP3(t)

dt
= k4P2(t), (5)

where k1 = kb1[EF-G], k2 = kb2[EF-G], with kb1 and kb2
representing the binding rates of EF-G–GTP to states 01 and
02, respectively, and [EF-G] representing the concentration of
EF-G–GTP. It is noted that in the biochemical assays with
fluorescence-labeled mRNAs to study the EF-G-catalyzed
mRNA translocation [8–11], the experiments began with
the addition of EF-G–GTP into the solution containing the
pretranslocation ribosomal complex that is in either state 01 or
02, with the two states being in thermodynamic equilibrium,
and stopped with the formation of the post-translocation
state because of the absence of the ternary complex in the
solution. In addition, since either before or after the release
of EF-G–GDP from the post-translocation state the ribosome
is kept unchanged relative to the mRNA, implying that the
pyrene that is labeled at the 3′ end of mRNA in the experiments
[8–11] has the same fluorescence intensity. Thus, after the
post-translocation, the ribosomal complex can be treated to be
in the same state in the study of the ribosomal translocation
under the condition of the experiments [8–11]. Consequently,
to be consistent with these experimental conditions, there is

no transition coming from state 7 in Eq. (1) and none outgoing
from state 3 in Eq. (5). Denoting by a the probability of
the ribosomal complex in state 02 before adding EF-G–GTP
into solution, the initial conditions at t = 0 are then as
follows: P01(0) = 1 – a, P02(0) = a, and P1(0) = P2(0) =
P3(0) = 0, where time t = 0 represents the moment when the
pretranslocation ribosomal complex is mixed with EF-G–GTP.

At saturating concentration of EF-G–GTP (inside the box
in Fig. 1), the temporal evolutions of probabilities P1, P1, and
P3 have the forms

dP1(t)

dt
= −k3P1(t) + k−3P2(t), (6)

dP2(t)

dt
= k3P1(t) − (k−3 + k4)P2(t), (7)

dP3(t)

dt
= k4P2(t). (8)

The initial conditions become P1(0) = 1 – a, P2(0) = a, and
P3(0) = 0. With these initial conditions, the analytical
solution to Eqs. (6)–(8) have the forms [17]

P3(t) = A1
[
1− exp

(−λ
(max)
1 t

)] + A2
[
1 − exp

(−λ
(max)
2 t

)]
(9)

λ
(max)
1 = k3+k−3+k4

2
+

√
(k3 + k−3 + k4)2 − 4k3k4

2
, (10)

λ
(max)
2 = k3 + k−3 + k4

2
−

√
(k3 + k−3 + k4)2 − 4k3k4

2
, (11)

A1 = (a − c)k4

λ
(max)
1

, (12)

A2 = ck4

λ
(max)
2

, (13)

c = k3(1 − a) + a
(
λ

(max)
1 − k−3 − k4

)
λ

(max)
1 − λ

(max)
2

. (14)

It is noted that in order to compare with the in vitro experiments
with the fluorescence-labeled mRNA, where only the change
of P3(t) was monitored, for brevity we only give the solution
of P3(t) here and the solutions of P1(t) and P2(t) are not given
here.

D. Equations for translation rate in the elongation cycle

In the study of the translation rate in the elongation cycle,
where both EF-G–GTP and the ternary complex are present
in the solution, each transition in Fig. 2 must be taken into
account. For convenience of the derivation of the translation
rate based on Fig. 2, we consider separately the transition from
state 01 to state 3 and the transition from state 3 to state 01.
In addition, for simplicity, we only consider the ideal situation
by neglecting the effect of the mRNA secondary structure that
could be formed, the interaction of the nascent peptide with
the exit tunnel, etc.
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With the same procedure as that used in Ref. [7] or with the
algebraic procedure, based on the elongation pathway (Fig. 2)
we easily obtain that at steady state the mean time for the
tranlsition from state 3 to state 01 is calculated by

τ1 = 1

k5
+ 1

k6
+ 1

k7
+ 1

k8
+ 1

k9
, (15)

where k7 = k
(Tu)
b [aa-tRNA], with k

(Tu)
b denoting the binding

rate of the aminoacyl-tRNA–EF-Tu–GTP ternary complex and
[aa-tRNA] denoting the concentration of the ternary complex.
Based on the elongation pathway (Fig. 2), with the algebraic
procedure we obtain that at steady state the mean time τ2 for
the transition from state 01 to state 3 can be calculated by (see
Appendix A)

τ2 = B + C[EF-G] + (k3 + k−3 + k4)kb1kb2[EF-G]2

k4[k−01k3kb1 + k01(k−1 + k3)kb2][EF-G] + k3k4kb1kb2[EF-G]2 , (16)

B = (k01 + k−01)(k−1k−2 + k−1k−3 + k−1k4 + k−2k3 + k3k4), (17)

C = [k−01(k−2 + k3 + k−3 + k4) + k−2k3]kb1 + [k01(k−1 + k3 + k−3) + (k−1k−3 + k−1k4 + k3k4)]kb2. (18)

With Eqs. (15)–(18) the translation rate v = 1/(τ1 + τ2) is written as

v =
(

k4[k−01k3kb1 + k01(k−1 + k3)kb2]

(k3 + k−3 + k4 + τ1k3k4)kb1kb2
+ k3k4

k3 + k−3 + k4 + τ1k3k4
[EF-G]

)

×
(

B
/

[EF-G] + C + τ1k4[k−01k3kb1 + k01(k−1 + k3)kb2]

(k3 + k−3 + k4 + τ1k3k4)kb1kb2
+ [EF-G]

)−1

. (19)

From Eq. (19) it is evident that the dependence of the translation rate on the concentration of EF-G–GTP does not follow the
MM kinetics. It is noted that if k01 = k−01 = 0, Eq. (19) is reduced to

v = k3k4

k3 + k−3 + k4 + τ1k3k4
[EF-G]

(
k−2k3kb1 + (k−1k−3 + k−1k4 + k3k4)kb2

(k3 + k−3 + k4 + τ1k3k4)kb1kb2
+ [EF-G]

)−1

. (20)

Now the dependence of the translation rate on the concentration of EF-G–GTP follows the MM kinetics. Furthermore, if
k−2 = 0, Eq. (20) is reduced to

v = k3k4

k3 + k−3 + k4 + τ1k3k4
[EF-G]

(
k−1k−3 + k−1k4 + k3k4

(k3 + k−3 + k4 + τ1k3k4)kb1
+ [EF-G]

)−1

. (21)

This becomes the same as that derived in the literature [31,32]. Comparing Eq. (19) with Eq. (20), we thus note that the intrinsic
property of the spontaneous intersubunit rotations before EF-G–GTP binding dictates the non-MM kinetics of the ribosome
translation.

Equation (19) can be rewritten in another form

v = 1

τ0 + τ2
[aa-tRNA]

(
[aa-tRNA] + 1

(τ0 + τ2)k(Tu)
b

)−1

, (22)

τ0 = 1

k5
+ 1

k6
+ 1

k8
+ 1

k9
. (23)

From Eqs. (22) and (23) it can be clearly seen that at a given [EF-G], the dependence of the translation rate on the concentration
of the ternary complex follows the MM kinetics, with the MM constant K

(Tu)
M = 1/[(τ0 + τ2)k(Tu)

b ] [33].

III. RESULTS

A. Biphasic kinetics of EF-G-dependent forward
mRNA translocation

In this section we study the kinetics of EF-G-catalyzed
forward mRNA translocation, comparing our theoretical re-
sults with the in vitro experimental data [8]. Before presenting
our results, we first discuss the choice of values of some
parameters. It is noted that values of EF-G–GTP binding
rates kb1 and kb2 and EF-G–GTP release rates k−1 and k−2

should satisfy the relation kb1/kb2 = k−2/k−1. Considering the
available biochemical data of the EF-G–GTP binding rate
of about 150 μM−1 s−1 and the EF-G–GTP-release rate of

about 140 s−1 [1,12], here we take values of the four param-
eters satisfying kb1k−1 = kb2k−2 ≈ 20 000 μM−1 s−2. Avail-
able single-molecule fluorescence resonance energy transfer
(SMFRET) data showed that the binding of EF-G–GTP shifts
the equilibrium toward the hybrid state, with k3 increasing
by about 2.3-fold and k−3 decreasing by about 10-fold [23].
Moreover, before the binding of EF-G–GTP, the majority
of pretranslocation ribosomal complexes are in the hybrid
state [23], implying k01 > k−01. Thus, we take k−3 to be
much smaller than k3. For simplicity, we fixed k−3 = 0.04 s−1

for all ribosomes such as the WT, �B1a, �B4, �B7a, and
�B8 (noting that variations of k−3 have little effect on the
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translocation kinetics provided k−3 � k3). To be consistent
with the SMFRET data [23], we take k01 = k3/2.3. Before
addition of EF-G–GTP into solution containing the pretranslo-
cation ribosomal complex, the two states of the ribosomal
complex, states 01 and 02 (Fig. 1), are in thermodynamic
equilibrium. Thus, the two probabilities P01(0) = 1 – a and
P02(0) = a and the transition rates k01 and k−01 should
satisfy the equilibrium condition k01P01(0) = k−01P02(0), i.e.,
k01/k−01 = a/(1 − a), from which the value of k−01 can be
obtained. Thus, of the nine rate constants defined in Fig. 1
only four rate constants kb1, kb2, k3, and k4 are adjustable.

First, we consider the WT ribosome. At a saturating
concentration of EF-G–GTP, by adjusting k3 = 2.41 s−1 and
k4 = 14.96 s−1 (see Table I), from Eqs. (10) and (11) we obtain
λ

(max)
1 = 15 s−1 and λ

(max)
2 = 2.4 s−1, which are identical to

the in vitro experimental data of Liu and Fredrick by using
fluorescence-labeled mRNA [8]. Then, by adjusting a =
0.582, from Eqs. (12)–(14) we obtain A1 = A2 = 0.5, which
is also consistent with the experimental data [8] showing that
the fast phase accounts for 50%–70% of the total amplitude.
The value of a = 0.582 implies that before the binding of
EF-G–GTP the probability of the classical nonrotated state is
1–a = 0.418, which is consistent with the experimental data of
about 0.41 ± 0.01 or 0.42 ± 0.01 obtained by Wang et al. [34].

At a nonsaturating concentration of EF-G–GTP, we take
kb1 = kb2=200 μM−1 s−1, from which values of k−1 and
k−2 are determined (see Table I). From k3 = 2.41 s−1 and
a = 0.582, values of k01 and k−01 are determined (see Table I).
We solve Eqs. (1)–(5) numerically using the Runge-Kutta
method. Some results of 1 − P3(t) versus time at different
concentrations of EF-G–GTP are shown in Figs. 3(a)–3(c)
(dots). It can be seen that the results at any [EF-G] can be
well fitted by using a two-exponential function 1 − P3(t) =
A1e

−λ1t + A2e
−λ2t , with fixed A1 = A2 = 0.5 independent

of [EF-G]. The results of λ1 and λ2 versus [EF-G] are shown
in Fig. 3(d), which can be fit to the MM equation

λi = λ
(max)
i [EF-G]

[EF-G] + K
(1/2)
i

(i = 1,2), (24)

where λ
(max)
1 = 15 s−1, λ

(max)
2 = 2.4 s−1, K

(1/2)
1 = 0.73 μM,

and K
(1/2)
2 = 0.22 μM. These data are in good agreement with

the experimental data (see Table 3 in Ref. [8]).

TABLE I. Values of rate constants of ribosomal translocation for
WT and mutant Escherichia coli ribosomes.

Rate constant WTa WTb �B1ab �B4b �B7ab �B8b

k3(s−1) 5.82 2.41 5.41 4.31 6.51 5.21
k−3(s−1) 0.04 0.04 0.04 0.04 0.04 0.04
k4(s−1) 18.95 14.96 67.96 54.96 34.96 48.96

kb1(μM−1s−1) 80 200 130 140 55 60
kb2(μM−1s−1) 240 200 100 120 75 38

k−1(s−1) 240 100 153.8 142.9 363.6 333.3
k−2(s−1) 80 100 200 166.7 266.7 526.3
k01(s−1) 2.53 1.05 2.35 1.87 2.83 2.27
k−01(s−1) 1.34 0.75 0.87 1.01 1.52 1.51

aValues under the experimental conditions of Walker et al. [36].
bValues under the experimental conditions of Liu and Fredrick [8].

FIG. 3. (Color online) Results for the WT ribosome, with the
probability of the hybrid state before EF-G–GTP binding being
a = 0.582. (a)–(c) Change of the probability of the post-translocation
state 1 − P3(t) versus time at different concentrations of EF-G–GTP.
Dots represent numerical results and red lines represent the fit
curves with the two-exponential function 1 − P3(t) = 0.5e−λ1 t +
0.5e−λ2 t . (d) Rate of the fast phase λ1 and rate of the slow
phase λ2 versus concentration of EF-G–GTP. Lines are fits to the
MM equation λ1,2 = λ

(max)
1,2 [EF-G]/([EF-G] + K

(1/2)
1,2 ), with λ

(max)
1 =

15 s−1, λ
(max)
2 = 2.4 s−1, K

(1/2)
1 = 0.73 μM, and K

(1/2)
2 = 0.22 μM.

As Eqs. (10)–(14) show, the variation of the hybrid-state
probability a has no effect on the values of λ

(max)
1 and λ

(max)
2 .

Although the values of amplitudes A1 and A2 are dependent
of the value of a [see Eqs. (9)–(14)], the numerical results
show that for a fixed value of a, the values of A1 and A2

are approximately independent of [EF-G] (see Fig. 3). The
MM constant for the rate of the fast phase versus [EF-G]
only decreases slightly with the increase of a, while the
MM constant for the rate of the slow phase versus [EF-G]
is approximately independent of a (see Appendix B).

Second, we consider �B1a. At saturating [EF-G], by
adjusting k3 = 5.41 s−1 and k4 = 67.96 s−1 (see Table I),
from Eqs. (10) and (11) we obtain λ

(max)
1 = 68 s−1 and

λ
(max)
2 = 5.4 s−1, which are identical to the experimental data

of Liu and Fredrick [8]. The experimental data of Wang et al.
[34] showed that for �B1a, the probability of nonrotated
pretranslocation state before the binding of EF-G–GTP is
about 0.27 ± 0.03. Thus, we take a = 0.73, with which from
Eqs. (12)–(14) we obtain A1 = 0.7 and A2 = 0.3, which are
consistent with the experimental data of Liu and Fredrick
[8] showing that the fast phase accounts for 50%–70% of
the total amplitude. At nonsaturating [EF-G], we take kb1 =
130 μM−1 s−1 and kb2 = 100 μM−1 s−1 (see Table I), with
which and a = 0.73 the other parameters are determined (see
Table I). The numerical results of 1 − P3(t) versus time at
any [EF-G] can be well fitted by using the two-exponential
function 1 − P3(t) = A1e

−λ1t + A2e
−λ2t with fixed A1 = 0.7

and A2 = 0.3 (Fig. 4, the first row from the top). The results
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FIG. 4. (Color online) Results for the change of the probability of the post-translocation state 1 − P3(t) versus time at different
concentrations of EF-G–GTP for �B1a (the first row from the top), �B4 (the second row), �B7a (the third row), and �B8 (the fourth row).
The probabilities of the hybrid state before EF-G–GTP binding are a = 0.73 for �B1a, a = 0.65 for �B4, a = 0.65 for �B7a, and a = 0.6 for
�B8. Dots represent numerical results and red lines represent the fit curves with the two-exponential function 1 − P3(t) = A1e

−λ1 t + A2e
−λ2 t ,

where A1 = 0.7 and A2 = 0.3 for �B1a, A1 = 0.62 and A2 = 0.38 for �B4, A1 = 0.57 and A2 = 0.43 for �B7a, A1 = 0.55 and A2 = 0.45
for �B8, and λ1 and λ2 are shown in Fig. 5.

of λ1 and λ2 versus [EF-G] are shown in Fig. 5(a), which can
be fitted to Eq. (24), with λ

(max)
1 = 68 s−1, λ

(max)
2 = 5.4 s−1,

K
(1/2)
1 = 2.4 μM, and K

(1/2)
2 = 0.67 μM. These are in good

agreement with the experimental data (see Table 3 in Ref. [8]).
Similarly, for �B4, by taking kb1 = 140 μM−1 s−1, kb2 =

120 μM−1 s−1, k3 = 4.31 s−1, k4 = 54.96 s−1, and a = 0.65
(see Table I), the numerical results of 1 − P3(t) versus
time at any [EF-G] can be well fitted by using the two-
exponential function, with fixed A1 = 0.62 and A2 = 0.38
(Fig. 4, the second row from the top). The results of λ1

and λ2 versus [EF-G] are shown in Fig. 5(b), which can
be fit to Eq. (24), with λ

(max)
1 = 55 s−1, λ

(max)
2 = 4.3 s−1,

K
(1/2)
1 = 2.0 μM, and K

(1/2)
2 = 0.65 μM. These are in good

agreement with the experimental data (see Table 3 in Ref. [8]).
For �B7a, by taking kb1 = 55 μM−1 s−1, kb2 = 75 μM−1 s−1,
k3 = 6.51 s−1, k4 = 34.96 s−1, and a = 0.65, we obtain
A1 = 0.57, A2 = 0.43, λ

(max)
1 = 35 s−1, λ

(max)
2 = 6.5 s−1,

K
(1/2)
1 = 4.4 μM, and K

(1/2)
2 = 3.6 μM [Figs. 4 and 5(c)],

which are in good agreement with the experimental data
(see Table 3 in Ref. [8]). For �B8, by taking kb1 = 60
μM−1 s−1, kb2=38 μM−1 s−1, k3 = 5.21 s−1, k4 = 48.96 s−1,
and a = 0.6, we obtain A1 = 0.55, A2 = 0.45, λ

(max)
1 =

49 s−1, λ
(max)
2 = 5.2 s−1, K

(1/2)
1 = 18 μM, and K

(1/2)
2 =

FIG. 5. (Color online) Results for the rate of the fast phase λ1 of
the forward mRNA translocation and the rate of the slow phase λ2

versus concentration of EF-G–GTP for mutated ribosomes (a) �B1a,
(b) �B4, (c) �B7a, and (d) �B8. Lines are fits to the MM equation
λ1,2 = λ

(max)
1,2 [EF-G]/([EF-G] + K

(1/2)
1,2 ).
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5.4 μM [Figs. 4 and 5(d)], which are in good agreement with
the experimental data (see Table 3 in Ref. [8]). In addition,
by taking kb1 = 260 μM−1 s−1, kb2 = 260 μM−1 s−1, k3 =
1.51 s−1, k4 = 14.96 s−1, and a = 0.552, we obtain A1 =
A2 = 0.5, λ

(max)
1 = 16, λ

(max)
2 = 1.5 s−1, K

(1/2)
1 = 0.53

μM, and K
(1/2)
2 = 0.15 μM, which are in good agreement

with the experimental data for reassociated 70S at 20 mM
[Mg2+] (see Table 3 in Ref. [8]).

B. Correlation between the increase in the rate of the slow
phase for the forward mRNA translocation and that of the

spontaneous reverse mRNA translocation

In our model (Fig. 1), the rate of the slow phase for the
forward mRNA translocation is approximately equal to the
rate k3 of the forward intersubunit rotation with the binding
of EF-G–GTP [see Eq. (11) under k−3 � k3 < k4]. Consider
that the mutation to the intersubunit bridge induces the two
ribosomal subunits to rotate more easily with each other. This
is equivalent to saying that the mutation reduces the intrinsic
energy barrier to resist the intersubunit rotations. Denoting
by �E the mutation-induced reduction in the intrinsic energy
barrier, the forward transition rate k3 for the mutated ribosomes
�B1a, �B4, �B7a, and �B8 can be approximately calculated
by [29]

k3 = C exp

(
−ENR − �E

kBT

)
, (25)

where C is a constant and ENR represents the energy barrier
for the nonrotated pretranslocation ribosomal complex bound
with EF-G–GTP to change to the hybrid complex (i.e., the
transition of state 1 to state 2) in the WT case.

As analyzed before [29], the spontaneous reverse mRNA
translocation is equivalent to the thermal-noise-induced
change of the nonrotated ribosomal complex in the nonlabile
state to the rotated conformation in the absence of any elon-
gation factor [35]. It is evident that this change gives a single-
exponential decay in the probability of the post-translocation
ribosomal complex, which is in contrast to the biphasic
character of the EF-G-catalyzed forward mRNA translocation,
as shown in Sec. III A. This monophasic kinetics of the
spontaneous reverse translocation is also consistent with the
experimental data [8]. Assuming that the mutations of the in-
tersubunit bridges B1a, B4, B7a, and B8 have little effect on the
locking strength of the post-translocation ribosomal complex,
the energy barrier to resist the nonrotated ribosomal complex
in the nonlabile state changing to the rotated conformation is
also reduced by �E. Thus, the rate of the spontaneous reverse
translocation kb for the mutated ribosomes �B1a, �B4, �B7a,
and �B8 can be approximately calculated by [29]

kb = C ′ exp

(
−E0 − �E

kBT

)
, (26)

where C’ is a constant and E0 represents the energy
barrier for the WT ribosomal complex to change from the
post-translocation to hybrid pretranslocation state in the
absence of any elongation factor.

From Eqs. (25) and (26) it can be seen that the mutation
increases the transition rate k3 and the reverse translocation
rate kb by the same degree exp(�E/kBT ) relative to those of

TABLE II. Values of rate constants of translation elongation for
the Escherichia coli ribosome, which are taken from the available
biochemical data [1,37–41].

Rate constant Value

k5(s−1) 5
k6(s−1) 20

k
(T u)
b (μM−1 s−1) 110

k8(s−1) 2.7
k9(s−1) 50

the WT case. This is consistent with the experimental data [8],
as it is shown in the following. From our theoretical data given
in Sec. III A, we see that the forward transition rates k3 for
�B1a, �B4, �B7a, and �B8 are increased, respectively, by
about 2.3-fold, 1.8-fold, 2.7-fold, and 2.2-fold relative to that
for the WT case. By comparison, from Table II of Ref. [8],
it is noted that the spontaneous reverse translocation rate kb

for �B1a, �B4, �B7a, and �B8 is increased, respectively,
by about 2.4-fold, 1.7-fold, 1.7-fold, and 2.0-fold relative to
that for the WT case, which is consistent with the increase
of k3. These increases in rate by about 2.3-fold, 1.8-fold, 2.7-
fold, and 2.2-fold correspond to �E having values of about
0.83kBT , 0.59kBT , 0.99kBT , and 0.79kBT , respectively.

It is mentioned that in the above analysis we considered
that the mutations of the intersubunit bridges B1a, B4, B7a,
and B8 have little effect on the locking strength of the
post-translocation ribosomal complex. If the mutations of the
bridges such as B2A and B3 affect the locking strength of
the post-translocation complex, Eq. (26) should be replaced
by kb = C ′ exp[−(E0 − �E + �Elock)/kBT ], where �Elock

represents the mutation-induced increase in the energy to lock
the ribosome in the nonrotated conformation. This provides
an explanation of the experimental data showing that although
for �B2a and �B3 the transition rate k3 is increased, the
spontaneous reverse translocation rate kb is reduced [8]. From
the experimental data of approximately 3.4-fold increase in
k3 (which is estimated from the data for the slow phase
in Table 3 of Ref. [8]) and the approximately 1.55-fold
decrease in kb (which is estimated from the data in Table 2
of Ref. [8]) for �B2a and �B3 at 20 mM [Mg2+], we estimate
�E = 1.22kBT and �Elock = 1.66kBT .

C. Non-Michaelis-Menten kinetics of translation

In this section we calculate the translation rate by using
values of the parameters under the experimental conditions
used by Liu and Fredrick [8], as determined in Sec. III A.
We also use values of the parameters under the experimental
conditions used by Walker et al. [36], which are determined
as follows. As in Sec. III A, by taking kb1 = 80 μM−1 s−1,
kb2 = 240 μM−1 s−1, k3 = 5.82 s−1, k4 = 18.95 s−1, and
a = 0.654, from which values other related rate constants
are determined (see Table I), we obtain A1 = 0.5, A2 = 0.5,
λ

(max)
1 = 19 s−1, λ

(max)
2 = 5.8 s−1, K

(1/2)
1 = 0.36 μM,

and K
(1/2)
2 = 0.61 μM, which are identical to the experi-

mental data of Walker et al. [36]. For an approximation under
the experimental conditions of Walker et al. [36] and of Liu
and Fredrick [8], we take the same values of the parameters
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k5, . . . ,k9, which are taken from the available biochemical data
[1,37–41], as given in Table II.

First, we consider the WT case. With values of k5, . . . ,k9,
as given in Table II, and values of other parameters under
the conditions of Walker et al. [36], as given in Table I,
using Eq. (19) we calculate the translation rate by the
WT ribosome versus EF-G–GTP concentration at saturating
ternary-complex concentration [aa-tRNA], with the results
being shown in Fig. 6(a) (with k01 �= 0 and k−01 �= 0). For
comparison, in Fig. 6(a) we also show the results calculated
using Eq. (20) (with k01 = k−01 = 0). From Fig. 6(a) it can
be seen that with k01 �= 0 and k−01 �= 0, the translation rate
as a function of EF-G–GTP concentration deviates evidently
from the MM kinetics, as noted from Eq. (19). However,
with k01 = k−01 = 0, the translation rate as a function of
EF-G–GTP concentration follows the MM kinetics, as can
be seen from Eq. (20). Thus, the intrinsic property of the
spontaneous transitions between the classical nonrotated and
hybrid states before EF-G–GTP binding results in the non-MM
kinetics of translation. Although the curve of translation rate
versus [EF-G] in the wide range of [EF-G] deviates evidently
from the MM form with k01 �= 0 and k−01 �= 0, the curve
can be approximately fitted to the MM equation in the same
small range of [EF-G] = 0−1 μM as that used in the
experiment of Qu et al. [15], with the maximal translation

FIG. 6. (Color online) Translation rate by WT ribosomes versus
EF-G–GTP concentration at saturating concentration of the ternary
complex with (a) and (b) the parameter values under the conditions
of Walker et al. [36], with (b) being the enlargement of (a),
and (c) and (d) the parameter values under the conditions of Liu
and Fredrick [8], with (d) being the enlargement of (c). Dots
represent calculated results. Lines are fits to the MM equation
v = v(max)[EF-G]/([EF-G] + K

(G)
M ), where (a) v(max) = 1.164 s−1, and

K
(G)
M = 40 nM with k01 �= 0 and k−01 �= 0, and v(max) = 1.164 s−1

and K
(G)
M = 630 nM, with k01 = k−01 = 0; (b) v(max) = 1.02 s−1 and

K
(G)
M = 40 nM, with k01 �= 0 and k−01 �= 0, and v(max) = 1.164 s−1

and K
(G)
M = 630 nM, with k01 = k−01 = 0; (c) v(max) = 0.895 s−1 and

K
(G)
M = 70 nM, with k01 �= 0 and k−01 �= 0, and v(max) = 0.895 s−1

and K
(G)
M = 220 nM, with k01 = k−01 = 0; and (d) v(max) = 0.83 s−1

and K
(G)
M = 70 nM, with k01 �= 0 and k−01 �= 0, and v(max) = 0.895 s−1

and K
(G)
M = 220 nM, with k01 = k−01 = 0.

rate v(max) = 1.02 s−1 and the MM constant K
(G)
M = 40 nM

[Fig. 6(b)]. These values are consistent with the available in
vitro experimental data (v(max) = 0.50 ± 0.06 s−1 and K

(G)
M =

40 ± 10 nM) on translation through the single-stranded mRNA
with homogeneous codons measured by Qu et al. [15].
However, it is noted that the MM constant K (G)

M = 630 nM with
k01 = k−01 = 0 deviates significantly from the experimental
data of 40 ± 10 nM.

Similarly, under the conditions of Liu and Fredrick [8],
the results of the translation rate by the WT ribosome versus
EF-G–GTP concentration at saturating [aa-tRNA] are shown
in Fig. 6(c) (in the wide range of [EF-G]) and Fig. 6(d) (in the
small range of [EF-G] = 0–1 μM). It can be seen that the results
under the conditions of Liu and Fredrick [8] [Figs. 6(c) and
6(d)] are similar to those under the conditions of Walker et al.
[36] [Figs. 6(a) and 6(b)]. In the small range of [EF-G] = 0–1
μM, the curve of translation rate versus [EF-G] with k01 �= 0
and k−01 �= 0 can be approximately fitted to the MM equation,
with the maximal translation rate v(max) = 0.83 s−1 and the
MM constant K

(G)
M = 70 nM [Fig. 6(d)], which are close to

the available experimental data (v(max) = 0.50 ± 0.06 s−1 and
K

(G)
M = 40 ± 10 nM) [15]. However, the MM constant K (G)

M =
220 nM with k01 = k−01 = 0 deviates significantly from the
experimental data of 40 ± 10 nM. In the wide range of [EF-G],
the curve deviates evidently from the MM form. In other words,
even with kb1 = kb2, the translation rate as a function of [EF-G]
still does not follow the MM kinetics. This is because the rate
of transition from the hybrid state (state 2) to post-translocation
state (state 3) is different from the rate of transition from the
classical nonrotated pretranslocation state (state 1) to post-
translocation state (state 3). However, under the conditions of
Liu and Fredrick [8], the curve of translation rate versus [EF-G]
in the wide range of [EF-G] with k01 �= 0 and k−01 �= 0 is closer
to the MM form than under the conditions of Walker et al. [36].

As shown above, in the real case with k01 �= 0 and k−01 �= 0
the dependence of the translation rate on [EF-G] does not
obey the MM kinetics. By comparison, with k01 = k−01 = 0
the dependence obeys the MM kinetics. By comparing the
two cases (Fig. 6) it can be seen that although at very high
saturating [EF-G] the two cases give the same translation rate,
at low [EF-G] (e.g., at [EF-G] = 0–1 μM), the translation
rate with the non-MM kinetics is higher than that with the
MM kinetics, providing a possible explanation of why the
ribosome adopts the non-MM kinetics rather than the MM
kinetics.

Equation (22) shows that at a given [EF-G], the translation
rate versus the ternary-complex concentration [aa-tRNA]
follows the MM kinetics. With values of k5, . . . ,k9, as given
in Table II, and values of other parameters under the condition
of Walker et al. [36], as given in Table I, using Eq. (22) the
calculated MM constant of translation rate versus [aa-tRNA]
at saturating [EF-G] is K

(Tu)
M = 10.5 nM, which is close to

the experimental data of 5 ± 2 nM on translation through
the single-stranded mRNA with homogeneous codons by
Qu et al. [15]. Similarly, under the conditions of Liu and
Fredrick [8], the calculated MM constant of translation rate
versus [aa-tRNA] at saturating [EF-G] is K

(Tu)
M = 8.1 nM,

which is also close to the available experimental data
of 5 ± 2 nM [15].
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FIG. 7. (Color online) Translation rate by mutant ribosomes
�B1a, �B4, �B7a, and �B8 versus EF-G–GTP concentration
at saturating concentration of the ternary complex. Dots repre-
sent calculated results. Lines are fits to the MM equation v =
v(max)[EF-G]/([EF-G] + K

(G)
M ), where v(max) = 1.2 s−1 and K

(G)
M =

80 nM for �B1a, v(max) = 1.131 s−1 and K
(G)
M = 80 nM for �B4,

v(max) = 1.225 s−1 and K
(G)
M = 300 nM for �B7a, and v(max) =

1.18 s−1 and K
(G)
M = 800 nM for �B8.

Then we consider the mutant ribosomes �B1a, �B4,
�B7a, and �B8. With values of k5, . . . ,k9, as given in Table II,
and values of other parameters under the condition of Liu and
Fredrick [8], as given in Table I, using Eq. (19) we calculate
the translation rate by the mutant ribosomes versus EF-G–GTP
concentration at saturating [aa-tRNA]. The results are shown
in Fig. 7. First, it can be seen that as for the WT case, the curves
of the translation rate versus [EF-G] for the mutant cases do
not have the MM forms. Second, by comparing Fig. 6 with
Fig. 7 it can be seen that at saturating EF-G–GTP the mutant
cases have larger translation rates than the WT case. Third, it
can be seen that at saturating EF-G–GTP the translation rate
by �B7a is slightly larger than that by �B1a. By contrast,
from the experimental data [8] it can be seen that at saturating
EF-G–GTP, the rate of the fast phase for the forward mRNA
translocation for �B1a is about 2-fold larger than that for
�B7a. Since in our model (Fig. 1) the translocation rate at
saturating EF-G–GTP during the elongation cycle is mainly
determined by the slow transition rate k3 and is less sensitive
to the fast transition rate k4, our results showing that the
translation rate by �B7a is slightly larger than that by �B1a
are consistent with the experimental data showing that the
transition rate k3 for �B7a is slightly larger than that for �B1a.

If we fit the results of the translation rate versus EF-G–
GTP concentration in Fig. 7 by using the MM equation, we
obtain that the MM constant for �B1a (K (G)

M = 80 nM) is only
slightly larger than that for the WT case (K (G)

M = 70 nM). By
contrast, from the experimental data it can be seen that the MM
constant for the rate of the fast phase for the forward mRNA
translocation versus [EF-G] for �B1a is about 3.3-fold larger
than that for the WT case. The obtained MM constant of the
translation rate versus [EF-G] for �B8 (K (G)

M = 800 nM) is
about 11-fold larger than that for the WT case. By contrast,
the experimental data show that the MM constant for the rate
of the fast phase versus [EF-G] for �B8 is about 25-fold larger
than that for the WT case.

IV. DISCUSSION AND CONCLUSION

By comparing the theoretical results with the experimental
data we have shown that the mutations (�B1a, �B4, �B7a,
and �B8) reduce the affinity for EF-G–GTP via decreasing
the binding rate of EF-G–GTP and increasing the release rate
of EF-G–GTP (or EF-G–GDP–Pi), increase the transition rate
k3 from the classical nonrotated pretranslocation state to the
hybrid state, and increase the transition rate k4 from the hybrid
state to the post-translocation state. The implications of the
effect of the mutations on the transition rate k3 were studied
in Sec. III B. In the following we discuss the implications of
the effect of the mutations on the transition rate k4 and on the
EF-G binding.

In our model (Fig. 1) the transition rate k4 is approximately
equal to the rate of the ribosomal unlocking and is also
approximately equal to the rate of the fast phase for the forward
mRNA translocation [see Eq. (10) under k−3 � k3 < k4].
Thus, the mutation-induced increase in the rate of the fast
phase results from the increase in the rate of the ribosomal
unlocking. Our theoretical data show that the transition rate k4

for �B1a, �B4, �B7a, and �B8 is increased, respectively,
by about 4.5-fold, 3.7-fold, 2.3-fold, and 3.3-fold relative to
that for the WT ribosome. It is noted here that these degrees of
increase in k4 are inconsistent with those in k3 and kb, implying
that the increase in k4 could not be due to the reduction in the
energy barrier �E. Previous structural studies implicated that
the intrasubunit rotation, i.e., the forward rotation of the 30S
head relative to the 30S body, induces the ribosomal unlocking
[42–46]. Thus, our results indicate that one of the effects of
the mutation on the ribosomal unlocking could be via the
intrasubunit rotation.

The available structural studies [45,46] showed that EF-G
binds to the interface between the 50S and 30S subunits. It
is thus understandable that the mutations of the intersubunit
bridge affect the binding of EF-G.

Based on the elongation pathway that is proposed based on
our results on the kinetics of EF-G-dependent mRNA translo-
cation, we calculated the translation rate versus concentrations
of EF-G–GTP and the ternary complex for WT and mutant
ribosomes �B1a, �B4, �B7a, and �B8. It was shown that
the dependence of the translation rate on the concentration of
EF-G–GTP does not follow the MM kinetics, whereas the
dependence of the translation rate on the concentration of
the ternary complex follows the MM kinetics. This property
that the translation rate versus EF-G–GTP concentration for
the ribosome does not follow the MM kinetics is in sharp
contrast to the general property for other enzymes that the
rate of the enzymatic reaction versus the concentration of a
substrate follows the MM kinetics [13,14,16]. It was revealed
that this non-MM kinetics for the ribosome results from the
intrinsic character of the spontaneous intersubunit rotations
before EF-G–GTP binding. In addition, we mentioned that
the predicted results of the translation rate versus EF-G–GTP
concentration [Figs. 6(a), 6(c), and 7] could be tested easily
in future experiments. A straightforward comparison of the
predicted results with the experimental data would have
important implications for our understanding of the molecular
mechanism of the ribosome elongation.
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Finally, it is mentioned that the studies presented here not
only deepen our understanding of the molecular mechanism
of the ribosomal translocation, but also provide strategies
for the design and fabrication of the relevant nanomachine.
For example, it was shown that enhancing the rates of the
intersubunit rotations, which is realized by the mutations to
some intersubunit bridges such as B1a, B4, B7a, and B8 in the
native ribosome, can increase the translation rate (comparing
Fig. 6 with Fig. 7). This is also relevant to the general
physical analysis with a stochastic microswimming model for
the translational velocity of the ribosome, assuming simply
that its two subunits are subject to stochastic rearrangements
[47], where it was shown that the mean propulsion velocity of
the ribosome depends sensitively on the transition rates among
the different conformations.
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APPENDIX A: DERIVATION OF THE EQUATION OF THE
MEAN TIME FOR TRANSITION FROM STATE 01 TO

STATE 3 DURING THE ELONGATION CYCLE

At steady state, Eqs. (2)–(4) are written as

k01P01 − (k−01 + k2)P02 + k−2P2 = 0, (A1)

k1P01 − (k−1 + k3)P1 + k−3P2 = 0, (A2)

k2P02 + k3P1 − (k−2 + k−3 + k4)P2 = 0. (A3)

The mean time τ2 for transition from state 01 to state 3 is
calculated by

τ2 = P01 + P02 + P1 + P2

k4P2
. (A4)

From Eqs. (A1)–(A4), we finally obtain Eqs. (16)–(18).

APPENDIX B: EFFECT OF THE VARIATION OF
HYBRID-STATE PROBABILITY ON BIPHASIC KINETICS

OF EF-G-DEPENDENT mRNA TRANSLOCATION

As Eqs. (10)–(14) show, the variation of the hybrid-state
probability a affects the values of the fraction amplitudes
A1 and A2, but it has no effect on the values of λ

(max)
1

and λ
(max)
2 . Here it is interesting to study the effect of the

variation of a on values of the MM constants K
(1/2)
1 and K

(1/2)
2

defined in Eq. (24). In the main text we considered the case
with the value of a = 0.582 for the WT ribosome (Fig. 3).
Here we consider the case with another value of a = 0.73.
From Eqs. (12)–(14) we have A1 = 0.676 and A2 = 0.324
for a = 0.73. The numerical solution of Eqs. (1)–(5) shows
that at any [EF-G], the results of 1 − P3(t) versus time can
also be well fitted by using the two-exponential function
1 − P3(t) = A1e

−λ1t + A2e
−λ2t , with fixed A1 = 0.676 and

A2 = 0.324 [Figs. 8(a)–8(c)]. The results of λ1 and λ2 versus
[EF-G] are shown in Fig. 8(d), which can be fitted to Eq. (24),
with λ

(max)
1 = 15 s−1, λ(max)

2 = 2.4 s−1, K (1/2)
1 = 0.68 μM, and

FIG. 8. (Color online) Results for the WT ribosome, with the
probability of the hybrid state before EF-G–GTP binding being
a = 0.73. (a)–(c) Change of the probability of post-translocation state
1 − P3(t) versus time at different concentrations of EF-G–GTP. Dots
represent calculated results and lines represent the fit curves with
the two-exponential function 1 − P3(t) = 0.676e−λ1 t + 0.324e−λ2 t .
(d) Rate of the fast phase λ1 and rate of the slow phase λ2 versus
concentration of EF-G–GTP. Lines are fits to the MM equation
λ1,2 = λ

(max)
1,2 [EF-G]/([EF-G] + K

(1/2)
1,2 ), with λ

(max)
1 = 15 s−1, λ(max)

2 =
2.4 s−1, K

(1/2)
1 = 0.68 μM, and K

(1/2)
2 = 0.22 μM.

K
(1/2)
2 = 0.22 μM. These results and the results of Fig. 3

indicate that by increasing a from 0.582 to 0.73, the value
of K

(1/2)
1 decreases only slightly from about 0.73 μM to about

0.68 μM, while the value of K
(1/2)
2 is kept nearly unchanged.

In Fig. 9 we show the results of the fraction amplitudes A1 and
A2 and the MM constants K

(1/2)
1 and K

(1/2)
2 versus a. From

these results we thus conclude that the MM constant for the
rate of the fast phase versus [EF-G] only decreases slightly
with the increase of a, while the MM constant for the rate of
the slow phase versus [EF-G] is approximately independent
of a.

FIG. 9. (Color online) The MM constant K (1/2) for rates of the
fast and slow phases of the forward mRNA translocation and the
fraction amplitudes of the fast and slow phases versus the probability
of the hybrid state before EF-G–GTP binding.
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