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Abstract

Ribosomal translocation catalyzed by EF-G hydrolyzing GTP entails multiple

conformational changes of ribosome and positional changes of tRNAs and mRNA

in the ribosome. However, the detailed dynamic relations among these changes and

EF-G sampling are not clear. Here, based on our proposed pathway of ribosomal

translocation, we study theoretically the dynamic relations among these changes

exhibited in the single molecule data and those exhibited in the ensemble kinetic

data. It is shown that the timing of these changes in the single molecule data and

that in the ensemble kinetic data show very different. The theoretical results are in

agreement with both the available ensemble kinetic experimental data and the

single molecule experimental data.
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Introduction

Ribosomal translocation is one of crucial steps in the elongation cycle of protein

synthesis by the ribosome. It involves the precise movement of mRNA by one

codon in the 3′ direction, which is coupled with two tRNAs that moves from the

ribosomal aminoacyl (A) site and peptidyl (P) site to the P site and exit (E) site,

respectively. In bacteria, the translocation is catalyzed by elongation factor G
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(EF-G) hydrolyzing GTP. The translocation also entails multiple conformational

changes of the ribosome and other positional or conformational changes of tRNAs

in the ribosome such as the forward (counterclockwise) and backward (clockwise)

rotations of the small 30S subunit relative to the large 50S subunit (viewed from

the 30S subunit) [1, 2, 3, 4, 5, 6], forward (counterclockwise) and reverse

(clockwise) rotations of the 30S head relative to the 30S body (viewed from the

30S head) [7, 8, 9, 10, 11, 12], movements of tRNAs in the 50S subunit [4, 5, 6,

13, 14], compaction of the two tRNAs [9, 15], deacylated tRNA dissociation from

the E/E site [16, 17, 18, 19, 20], etc.

To understand molecular mechanism of ribosomal translocation, it is important to

know in more detail the dynamic relations among these changes or state transitions

and EF-G binding and dissociation during the translocation. To this end, both

single molecule fluorescence resonance energy transfer (smFRET) and ensemble

kinetic (or ensemble FRET) methods were recently employed to record

simultaneously the FRET data between different pairs of multiple reporters placed

on both ribosomal subunits, tRNA and EF-G [15, 21]. The smFRET data revealed

direct evidence of structurally distinct late intermediates during translocation such

as exaggerated, reversible fluctuations of the 30S head [15]. The ensemble kinetic

data revealed an early forward rotation or swiveling of the 30S head taking place

while the 30S body rotating in the opposite, clockwise direction, and the backward

swiveling of the 30S head starting upon tRNA translocation and continuing until

the posttranslocation state is reached [21]. However, what similarities and

differences are between the dynamic relations among different state transitions or

processes in the translocation pathway exhibited in the smFRET data and those

exhibited in the ensemble kinetic data are not clear. Do the timing and sequence of

state transitions or processes exhibited in the ensemble kinetic data reflects directly

the real situations in the translocation pathway? Moreover, it is imperative to have

a translocation pathway that can explain various available single molecule and

ensemble kinetic data.

In this work, with our proposed pathway of ribosomal translocation, the dynamic

relations among different state transitions or processes in the translocation pathway

exhibited in the smFRET data and those exhibited in the ensemble kinetic data are

theoretically studied in detail, addressing the unclear issues mentioned above. The

theoretical results are in agreement with both the available ensemble kinetic data

and smFRET data.

2. Model

The minimal pathway of the ribosomal translocation is schematically shown in

Fig. 1 [22]. Since before EF-G binding the pretranslocation ribosomal complexes

are mainly in rotated hybrid state (State H0) [3], for simplicity, we consider here
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that before EF-G.GTP binding the ribosomal complex is in State H0 with nearly

100% probability (for the case that the ribosomal complex is not in State H0 with

nearly 100% probability, the pathway is shown in Fig. S1 [22]). After EF-G.GTP

binding (State H), the subsequent GTP hydrolysis causes a further slight forward

30S subunit rotation relative to the 50S subunit. This results in State H transiting to

another hybrid state (State H1), which causes the peptidyl-tRNA to change the

position in 50S subunit, with FRET between Cy3-labeled ribosomal protein L11

and Cy5-labeled peptidyl-tRNA (L11-t FRET) decreasing from 0.6 to 0.4, with the

rate of reactivity of peptidyl-tRNA toward puromycin (denoted by Pmn) increasing

from the order of 10�3 s�1 to the order of 0.1–1 s�1 and with the peptidyl-tRNA

becoming closer to deacylated tRNA. In State H1 with EF-G in GDP.Pi form,

small conformational change in EF-G or small global rotational motion of EF-G

relative to the ribosome causes the tip (loops I and II) of domain IV to move

towards and interact with the decoding center in the 30S subunit, facilitating the

forward rotation of the 30S head relative to the 30S body (State H2) [7, 23]. The

forward 30S head rotation then leads to widening of the mRNA channel or tilting

of the 30S head (State H3) [7, 8, 9, 10, 11, 12, 24], which is termed as ribosomal

[(Fig._1)TD$FIG]

Fig. 1. The minimal pathway of the ribosomal translocation catalyzed by EF-G hydrolyzing GTP (see

text for detailed description). The panel below State H2 shows the interface view showing 30S subunit

and head rotation in State H2. L11-t FRET denotes the FRET between Cy3-labeled ribosomal protein

L11 and Cy5-labeled peptidyl-tRNA. The different values of L11-t FRET in different states are

consistent with the available smFRET data [30]. Note that the rates of reactivity of peptidyl-tRNA

toward puromycin (denoted by Pmn) are in the order of 10�3 s�1 in State H0 and State H, in the

order of 0.1–1 s�1 in State H1, State H2 and State H3, and in the order of 10 s�1 in State POST,

State POST01 and State POST02, which are consistent with the available biochemical data [41].
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unlocking. Facilitated by the ribosomal unlocking, the reverse 30S subunit rotation,

which is accompanied or followed immediately by the reverse rotation of the 30S

head via the change of the conformation (particularly the orientation of domain IV) of

EF-G, causes the translocation of the mRNA-tRNA complex in the 30S subunit, with

State H3 transiting to posttranslocation state (State POST). The ribosomal unlocking

also facilitates rapid Pi release, which is independent of the reverse intersubunit

rotation [25]. After transition to the non-rotated conformation (State POST), as the

30S head is non-rotated the mRNA channel becomes tight again [1, 26], fixing the

mRNA-tRNA complex in the 30S subunit, and the peptidyl-tRNA in the canonical P/

P site induces the ribosome to be non-labile (termed as ribosomal locking in the

literature) [2], inhibiting the reverse transition of State POST to State H3. Then the

deacylated tRNA dissociates from the E/E site and EF-G.GDP releases independent-

ly, with State POST transiting irreversibly to State POST01 and State POST02,

respectively (for clarity, we denote here by State POST01 the state where the

deacylated tRNA dissociates from the posttranslocation state and by State POST02

the state where EF-G.GDP releases from the posttranslocation state, and when both

the deacylated tRNA and EF-G.GDP are dissociated the two states become the same).

Note that in the translocation pathway (Fig. 1), the last three transitions—State H3

to State POST, State POST to State POST01 and State POST to State POST02—
are irreversible, while the other transitions may be reversible. However, catalyzed

by EF-G hydrolyzing GTP, the rate constants of forward transitions, k2, k3 and k4,

of the reversible transitions are much larger than the corresponding rate constants

of backward transitions, k−2, k−3 and k−4 [25, 27]. Thus, for a good approximation,

we take k−2 = 0, k−3 = 0 and k−4 = 0 throughout our analysis. Additionally, for

simplicity, we take k−1 = 0 in our analysis. As done in the previous work [22], we

take values of rate constants k2, k3, k4 and k5 as given in Table 1, which are

consistent with the available experimental data [25]. By fitting to the single

molecule data [20], it was shown that the rate constant of deacylated tRNA

dissociation from the posttranslocation state is about 5.5 s�1 [28]. Thus, we take

k6 = 5.5 s�1 (see Table 1). To be consistent with the biochemical data [25], we

Table 1. Values of rate constants used in the calculation.

Rate constant Value (s�1)

k1 100

k2 250

k3 120

k4 30

k5 100

k6 5.5

k7 20
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take rate constant of EF-G.GDP dissociation from the posttranslocation state to

be k7 = 20 s�1 (see Table 1). In addition, we take k1 = 100 s�1 for the

calculation (see Table 1).

3. Results

As done in Belardinelli et al. [21], we consider here that the 30S head rotations are

monitored by S13-L33 FRET (30S head protein S13 labeled with the

nonfluorescent acceptor and large 50S subunit protein L33 labeled with the

fluorescence donor), the 30S subunit rotations are monitored by S6-L9 FRET (30S

body protein S9 labeled with the nonfluorescent acceptor and 50S subunit protein

L9 labeled with the fluorescence donor), the movement of mRNA is monitored

with reporter Alx405 or Alx488 attached to the 3′ end of the mRNA, the

deacylated tRNA dissociation is monitored by tRNA-L33 FRET, and the binding

and dissociation of EF-G are monitored by L12-EF-G FRET.

Based on the pathway (Fig. 1), we take following FRET values in our calculations.

In State H0 and State H, the ribosomal complex is in the rotated/hybrid state with

no forward 30S head rotation, and we take value of S13-L33 FRET to be A1 = 0.5

and that of S6-L9 FRET to be B1 = 0.5. The concrete values of A1 and B1 are not

important because values of S13-L33 FRET and S6-L9 FRET in states after State

H1 are chosen relative to A1 and B1. Since the transition from State H to State H1

causes a slight further forward intersubunit rotation, implying that S6 deviates

slightly further away from L9, we take value of S6-L9 FRET in State H1 (B2 = 0.4)

to be slightly smaller than that in State H (B1 = 0.5), i.e., taking B2 to be decreased

by 20% relative to B1. After transition of State H1 to State H2, the 30S head makes

a large forward rotation, with the distance between S13 and L13 becoming far

away so that S13-L33 FRET becomes nearly zero, and thus we take value of S13-

L33 FRET changing from A1 = 0.5 to A2 = 0. The transition from State H3 to State

POST causes large reverse 30S subunit rotation and large reverse 30S head

rotation, implying that S12 becomes much closer to L33 and S9 becomes much

closer to L9 than in State H0 and State H1. Thus, we take value of S13-L33 FRET

changing from A2 = 0 to A3 = 1 (i.e., taking A3 to be increased by 2-fold relative to

A1 = 0.5) and value of S6-L9 FRET changing from B2 = 0.4 to B3 = 1 (i.e., taking

B3 to be increased by 2-fold relative to B1 = 0.5). As will be seen below, taking

these values of B2, B3, A2 and A3 relative to those of B1 and A1, the calculated

changes in relative amplitudes of S13-L33 FRET and S6-L9 FRET versus time are

in agreement with the ensemble biochemical data. For the mRNA movement and

deacylated tRNA dissociation, we take value of Alx405-fluorescence changing

from C1 = 1 (before mRNA movement) to C2 = 0 (after mRNA movement) and

that of tRNA-L33 changing from D1 = 1 (before deacylated tRNA dissociation) to

D2 = 0 (after tRNA dissociation). For clarity, these FRET values are summarized

in Table 2.
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3.1. smFRET data

To simulate time courses of single-molecule S13-L33 FRET data, S6-L9 FRET

data, Alx405-fluorescence data, tRNA-L33 FRET data and L12–EF-G FRET data,

we use Monte Carlo algorithm, as used elsewhere [29]. In our simulations, during

each time step Δt (Δt ¼ 10�5 s in our simulations), a random number x is generated

with uniform probability between 0 and 1. If x ≤ Pi, the transition from one state

to another state with the rate constant ki (i = 1, . . . , 7) in the pathway of Fig. 1

occurs; if x > Pi, the state transition with the rate constant ki does not occur, where

Pi ¼ kiΔt is the probability of state transition. The FRET values in each state are

given in Table 2.

In Fig. 2, we show four examples of our simulated results for time courses of

single-molecule S13-L33 FRET data, S6-L9 FRET data, Alx405-fluorescence data

and tRNA-L33 FRET data, where line 1 (blue broken line) represents the moment

when EF-G.GTP binds to the ribosome and line 1′ (red broken line) represents the

moment when EF-G.GDP releases from the ribosome. In any of the four examples,

the four smFRET data and the moments of EF-G sampling are observed

simultaneously in the same ribosomal complex. As it is noted from the pathway

(Fig. 1), the simulations show that the further slight forward 30S subunit rotation,

forward 30S head rotation, reverse 30S head rotation, reverse 30S subunit rotation

and mRNA movement occur after EF-G binding; the further slight forward 30S

subunit rotation is followed by the large forward 30S head rotation; the tRNA

dissociation occurs after the mRNA movement; and more importantly, the reverse

30S subunit rotation, reverse 30S head rotation and mRNA movement occur

almost simultaneously.

We denote by TðheadÞ
1 , TðheadÞ

2 , TðSSUÞ
1 , TðSSUÞ

2 , TðmRNAÞ, TðtRNAÞ, TðEF�GÞ
1 and TðEF�GÞ

2

the average values of tðheadÞ1 , tðheadÞ2 , tðSSUÞ
1 , tðSSUÞ

2 , tðmRNAÞ, tðtRNAÞ, tðEF�GÞ
1 and

Table 2. Values of FRET in different states in the pathway of Fig. 1.

State S13-L33
FRET

S6-L9
FRET

Alx405-Flu
amplitude

tRNA-L33
FRET

L12-EF-G
FRET

H0 A1 = 0.5 B1 = 0.5 C1 = 1 D1 = 1 E1 = 1

H A1 = 0.5 B1 = 0.5 C1 = 1 D1 = 1 E2 = 0

H1 A1 = 0.5 B2 = 0.4 C1 = 1 D1 = 1 E2 = 0

H2 A2 = 0 B2 = 0.4 C1 = 1 D1 = 1 E2 = 0

H3 A2 = 0 B2 = 0.4 C1 = 1 D1 = 1 E2 = 0

POST A3 = 1 B3 = 1 C2 = 0 D1 = 1 E2 = 0

POST01 A3 = 1 B3 = 1 C2 = 0 D2 = 0 –

POST02 – – – – E1 = 1

Symbol “–” represents that the value is not required in the calculation.
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tðEF�GÞ
2 , respectively, i.e., TðheadÞ

1 ¼ ∑
N

i¼1
tðheadÞ1 =N, TðheadÞ

2 ¼ ∑
N

i¼1
tðheadÞ2 =N, etc, where

tðheadÞ1 , tðheadÞ2 , etc., are defined in Fig. 2. From the pathway (Fig. 1), it is evident that

when N →∞, these average values can be calculated by

TðheadÞ
1 ¼ 1

k1
þ 1
k2

þ 1
k3
; (1)

TðheadÞ
2 ¼ 1

k4
þ 1
k5
; (2)

TðSSUÞ
1 ¼ 1

k1
þ 1
k2
; (3)

TðSSUÞ
2 ¼ 1

k3
þ 1
k4

þ 1
k5
; (4)

TðmRNAÞ ¼ 1
k1

þ 1
k2

þ 1
k3

þ 1
k4

þ 1
k5
; (5)

TðtRNAÞ ¼ 1
k1

þ 1
k2

þ 1
k3

þ 1
k4

þ 1
k5

þ 1
k6
; (6)

[(Fig._2)TD$FIG]

Fig. 2. Four examples of time courses of smFRET data characterizing 30S head rotations (S13-L33

FRET), 30S subunit rotations (S6-L9 FRET), mRNA movement (Alx405 fluorescence) and tRNA

dissociation (tRNA-L33 FRET). The four examples correspond to the smFRET data observed

simultaneously in four different ribosomal complexes. Line 1 (blue broken line) represents the moment

when EF-G.GTP binds to the ribosome and line 1′ (red broken line) represents the moment when EF-G.

GDP releases from the ribosome. For clarity, throughout the paper the four smFRET data are shifted in

the vertical axis relatively with each other.
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TðEF�GÞ
1 ¼ 1

k1
; (7)

TðEF�GÞ
2 ¼ 1

k2
þ 1
k3

þ 1
k4

þ 1
k5

þ 1
k7
; (8)

It is noted that TðheadÞ
1 , TðheadÞ

2 , TðSSUÞ
1 , TðSSUÞ

2 , TðmRNAÞ and TðtRNAÞ satisfy the

relation

TðheadÞ
1 þ TðheadÞ

2 ¼ TðSSUÞ
1 þ TðSSUÞ

2 ¼ TðmRNAÞ ¼ TðtRNAÞ � 1
k6
: (9)

In Fig. 3a we show time courses of S13-L33 smFRET data, S6-L9 smFRET data,

Alx405-fluorescence data and tRNA-L33 smFRET data, but with times tðheadÞ1 ,

tðheadÞ2 , tðSSUÞ
1 , tðSSUÞ

2 , tðmRNAÞ and tðtRNAÞ being replaced with their average values,

TðheadÞ
1 , TðheadÞ

2 , TðSSUÞ
1 , TðSSUÞ

2 , TðmRNAÞ and TðtRNAÞ, respectively. Here, line 1

represents the average moment ( th 〉 ¼ TðEF�GÞ
1 ) when EF-G.GTP binds to the

ribosome, line 4 represents the average moment ( th 〉 ¼ TðheadÞ
1 þ TðheadÞ

2 ¼
TðSSUÞ
1 þ TðSSUÞ

2 ¼ TðmRNAÞ) when the reverse 30S subunit, reverse 30S head

and mRNA movement take place, and line 5 represents the average moment

( th 〉 ¼ TðtRNAÞ) when the deacylated tRNA dissociates from the E/E site of the

ribosome.

3.2. Average smFRET data and ensemble kinetic data

In this section, we focus on theoretical studies of the ensemble kinetic data, which

correspond to the case observed in bulky assays [21]. In the bulky assays, the

solution contains a lot of ribosome molecules, with the number of molecules N

→∞. Thus, the experimentally observed FRET data corresponds to the average

value of N →∞ smFRET data. The time course of the average value of N smFRET

data can be calculated by

FaverageðtÞ ¼
∑
N

i¼1
FiðtÞ
N

; (10)

where Fi(t) is the time course of an smFRET data, which can be calculated with the

Monte Carlo algorithm mentioned in the above section.

Based on the pathway of Fig. 1, the ensemble kinetic data characterizing 30S head

rotations, 30S subunit rotations, mRNA movement and tRNA dissociation, which

correspond to Faverage(t) calculated with N →∞ in Eq. (10), can also be calculated

by following differential equations

dPH0ðtÞ
dt

¼ �k1PH0ðtÞ; (11)
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[(Fig._3)TD$FIG]

Fig. 3. Average smFRET data characterizing 30S head rotations (S13-L33 FRET), 30S subunit

rotations (S6-L9 FRET), mRNA movement (Alx405 fluorescence) and tRNA dissociation (tRNA-L33

FRET). (a) Time courses of single smFRET data with the time when the smFRET changes value being

replaced with the average time. (b) Time courses of ensemble smFRET data (with N ≥ 10000) or

ensemble kinetic data calculated with differential equations (11)–(21). Line 1 (blue broken line)

represents the average time when EF-G.GTP binds to the ribosome, line 4 represents the average

time when the reverse 30S subunit, the reverse 30S head and the mRNA movement take place,

and line 5 represents the average time when the deacylated tRNA dissociates from the E/E site of

the ribosome. Line 2 in (b) represents the time when the ensemble FRET data characterizing 30S

head rotations begin to increase, with the decrease of FRET data corresponding to the forward

30S head rotation while the increase of FRET data corresponding to the reverse 30S head

rotation. Line 3 in (b) represents the time when the ensemble FRET data characterizing 30S

subunit rotations begin to increase, with the decrease of FRET data corresponding to the forward

30S subunit rotation while the increase of FRET data corresponding to the reverse 30S subunit

rotation.
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dPHðtÞ
dt

¼ k1PH0ðtÞ � k2PHðtÞ; (12)

dPH1ðtÞ
dt

¼ k2PHðtÞ � k3PH1ðtÞ; (13)

dPH2ðtÞ
dt

¼ k3PH1ðtÞ � k4PH2ðtÞ; (14)

dPH3ðtÞ
dt

¼ k4PH3ðtÞ � k5PH3ðtÞ; (15)

dPPOSTðtÞ
dt

¼ k5PH3ðtÞ � k6PPOSTðtÞ; (16)

dPPOST01ðtÞ
dt

¼ k6PPOSTðtÞ; (17)

where PH0, PH, PH1, PH2, PH3, PPOST and PPOST01 denote probabilities of State H0,

State H, State H1, State H2, State H3, State POST and State POST01, respectively,

in the pathway of Fig. 1. The ensemble S13-L33 FRET, which characterizes the

30S head rotations, can be calculated by

FheadðtÞ ¼ A1 PH0ðtÞ þ PHðtÞ þ PH1ðtÞ½ � þ A3 PPOSTðtÞ þ PPOST01ðtÞ½ �; (18)

where A1 and A3 are constants (Table 2). The ensemble S6-L9 FRET, which

characterizes the 30S subunit rotations, can be calculated by

FsubunitðtÞ ¼ B1 PH0ðtÞ þ PHðtÞ½ � þ B2 PH1ðtÞ þ PH2ðtÞ þ PH3ðtÞ½ �
þ B3 PPOSTðtÞ þ PPOST01ðtÞ½ �; (19)

where B1, B2 and B3 are constants (Table 2). The ensemble fluorescence of Alx405

attached to the 3′ end of the mRNA, which characterizes the mRNA movement,

can be calculated by

FmRNAðtÞ ¼ 1� PPOSTðtÞ þ PPOST01ðtÞ½ �: (20)

The ensemble tRNA-L33 FRET, which characterizes tRNA dissociation, can be

calculated by

FtRNAðtÞ ¼ 1� PPOST01ðtÞ: (21)

Similarly, the ensemble kinetic data characterizing EF-G binding and dissociation

can be calculated by Eqs. (11)–(15) supplemented by following differential

equations

dPPOSTðtÞ
dt

¼ k5PH3ðtÞ � k7PPOSTðtÞ; (22)

dPPOST02ðtÞ
dt

¼ k7PPOSTðtÞ; (23)
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where PPOST02 denotes probability of State POST02 in the pathway of Fig. 1. The

ensemble L12–EF-G FRET can be calculated by

FEF�GðtÞ ¼ PH0ðtÞ þ PPOST01ðtÞ: (24)

To see at least how many smFRET data can give their average value to be nearly

identical to the corresponding ensemble kinetic data calculated with Eqs.

(11)–(18), we make calculations of the time course of the average value of N

S13-L33 smFRET data, Faverage(t), with Eq. (10) and compare with the ensemble

kinetic data of S13-L33 FRET, Fhead(t), calculated with Eqs. (11)–(18) (Fig. S2). It
is seen that when N ≥ 10000, Faverage(t) becomes almost identical to Fhead(t)

(Fig. S2). Similarly, the average values of S6-L9 smFRET data, Alx405-

fluorescence data, tRNA-L33 smFRET data and L12-EF-G smFRET data with N

≥ 10000 are almost identical to Fsubunit(t), FmRNA(t), FtRNA(t) and FEF-G(t),

respectively. Thus, we can use either Eq. (10) with N ≥ 10000 or the differential

equations (11)–(24) to obtain the ensemble kinetic data monitored in the bulky

assays that contain N →∞ molecules in the solution [21].

In Fig. 3b we show the ensemble kinetic data characterizing 30S head rotations,

Fhead(t), 30S subunit rotations, Fsubunit(t), mRNA movement, FmRNA(t), and tRNA

dissociation, FtRNA(t). Here, the decrease and increase of Fhead(t) correspond to the

forward and reverse 30S head rotations, respectively; the decrease and increase of

Fsubunit(t) correspond to the forward and reverse 30S subunit rotations,

respectively; the decrease of FmRNA(t) corresponds to the mRNA movement; and

the decrease of FtRNA(t) corresponds to the tRNA dissociation. To see the effect of

slight variations of the parameter values given in Table 2 on the ensemble kinetic

data, we take value of B2 to be decreased by 10–30% relative to that of B1, and take

value of B3 to be increased by 1.9–2.1-fold relative to that of B1. Our calculations

show that the variations of B2 and B3 only have slight effects on Fsubunit(t)

(Fig. S3). Similarly, our calculations show that the slight variations of other

parameters such as A3 also have only slight effects on Fhead(t) (Fig. S4).

Similar to Fig. 3 showing the dynamic relations among 30S head rotations, 30S

subunit rotations, mRNA movement and tRNA dissociation during ribosomal

translocation catalyzed by EF-G hydrolyzing GTP, in Fig. 4 we show the dynamics

and kinetics of EF-G binding and dissociation. Here, the decrease and increase of

L12–EF-G data correspond to the EF-G binding and dissociation, respectively.

From our calculated data (Fig. 2, Fig. 3, Fig. 4) we have following conclusions. (i)

Although the smFRET data (Fig. 2 and Fig. 3a) show that the reverse 30S head

rotation, reverse 30S subunit rotation and mRNA movement occur almost

simultaneously, the ensemble kinetic data (Fig. 3b) show that these processes starts

to take place at very different moments: the process of reverse 30S subunit rotation

starts before that of reverse 30S head rotation, and the process of mRNA

movement starts before that of 30S head rotation and even before that of reverse
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30S subunit rotation. In other words, the ensemble kinetic data show that before the

30S head has reached the largest angle of the forward rotation, the 30S subunit

begins to make the reverse rotation and the mRNA begins to move; or, an early

forward rotation of the 30S head takes place while the 30S subunit rotates in the

reverse direction. (ii) The ensemble kinetic data (Fig. 3b) show that the process of

tRNA dissociation starts to take place later than the beginning of the process of

reverse 30S subunit rotation and that of mRNA movement. (iii) The ensemble

kinetic data (Fig. 3b) show that the reverse rotation of the 30S head starts nearly

upon tRNA dissociation and continues until the average time when the

posttranslocation state is reached. (iv) The ensemble kinetic data (Fig. 4) show

that the process of EF-G binding starts to take place before the average time of

EF-G binding and the process of EF-G dissociation starts to take place later than

the average time of EF-G dissociation. (v) The ensemble kinetic data (Fig. 3b)

show that the process of slight forward 30S subunit rotation and that of forward

30S head rotation also start to take place before the average time of EF-G binding.

(vi) The ensemble kinetic data (Fig. 3b and Fig. 4) show that after the average time

of EF-G dissociation the process of reverse 30S subunit rotation and that of reverse

30S head rotation still continue. All these ensemble kinetic results are in good

agreement with those of Belardinelli et al. [21].

4. Discussion

4.1. The pathway of ribosomal translocation is consistent with
various experimental data

In the previous work [22], with the pathway (Fig. S1) that is similar to that of

Fig. 1, we provided quantitative explanations of diverse single molecule and

[(Fig._4)TD$FIG]

Fig. 4. Average smFRET data characterizing EF-G dissociation (L12–EF-G FRET). Red line represents

the time course of single smFRET data with the time when the smFRET changes value being replaced

with the average time. Black line represents time course of ensemble smFRET data (with N ≥ 10000) or

ensemble kinetic data calculated by using differential equations (11)–(15) and equations (22)–(24).
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ensemble kinetic data obtained by different research groups in the literature, such

as (i) the smFRET data on dynamic fluctuations between different tRNA states

during translocation interfered with various EF-G mutants, the antibiotic fusidic

acid and non-hydrolysable GTP analogue GTPγS [30], (ii) the ensemble kinetic

data on 30S head rotation catalyzed by EF-G hydrolyzing GTP [27], (iii) the

ensemble kinetic data on tRNA movement in 50S subunit and mRNA movement in

30S subunit catalyzed by wild-type EF-G, different EF-G mutants and antibiotics

[31], (iv) the ensemble kinetic data on biphasic characteristics of mRNA

translocation in wild-type ribosome and in mutant ribosomes C2394A, C2394 G

and C2394U, where nucleotide C2394 of 23S rRNA in the 50S subunit was

mutated to A, G and U, respectively, so that the affinity of deacylated tRNA for the

50S E site was reduced greatly [32], (v) the single molecule data on the dynamics

of EF-G sampling to the ribosome during ribosomal translocation [33], etc.

Various ensemble kinetic data on sparsomycin-catalyzed ribosomal translocation

[34, 35] were also explained well with the similar pathway [36]. As discussed in

detail elsewhere [22, 26], the pathway is also consistent with various available

structural data.

In this work, with the pathway of Fig. 1 we simulate the time courses of single

smFRET data associated with the 30S subunit rotations, 30S head rotations, mRNA

movement, tRNA dissociation, and EF-G binding and dissociation, and compare

with the time courses of the corresponding ensemble kinetic data. The theoretical

results are also in good agreement with the recent experimental data on the

ensemble kinetic relations among 30S subunit rotations, 30S head rotations,

mRNA movement, tRNA dissociation, and EF-G binding and dissociation during

ribosomal translocation [21].

More interestingly, based on the pathway of Fig. 1 it is noted that at saturating

concentration of EF-G.GTP, the slight decrease of the S6-L9 FRET (corresponding

to the transition from State H to State H1) proceeds with a rate constant of

kdecrease = k2 = 250 s�1, which is followed by a large increase of S6-L9 FRET

(corresponding to the transition from State H1 through State POST) with a rate

constant of kincrease = 1=k3 þ 1=k4 þ 1=k5ð Þ = 21 s�1. These results are also

consistent with the ensemble kinetic data of Sharma et al. [37] showing that for the

case of EF-G-induced translocation at saturating EF-G.GTP the time course of

S6-L9 FRET has a small downward phase, with a rate constant of kdown = 200 or

210 s�1, which is followed by an upward phase, with a rate constant of kup = 15 or

11 s�1. Thus, our results imply that the experimental data of kdown = 200 or 210 s�1

in Sharma et al. [37] does not necessarily reflect the rate constant of the transition

from the classical non-rotated pretranslocation to rotated hybrid state. Consider

that a small fraction (denoted by Q) of the pretranslocation ribosomal complexes

are in the classical non-rotated state. Then, the pathway of Fig. 1 is changed to

Fig. S1, which is the same as that presented before [22]. Based on Fig. S1, at
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saturating concentration of EF-G.GTP the slight decrease of the S6-L9 FRET

(corresponding to the transition from State H to State H1 combined with the

transition from State C to State H1) proceeds with a rate constant of kdecrease having

a value between those of k2 and kC, where kC is the rate constant of transition from

State C to State H1 (Fig. S1). For example, in Fig. S5, we show that the results

calculated based on the pathway of Fig. S1 for the time course of S6-L9 FRET

(with Q = 0.2, kC = 10 s�1 and values of other rate constants given in Table 1) are

almost coincident with those calculated based on the pathway of Fig. 1 (with

values of rate constants k2 = 202 s�1, k4 = 25 s�1 and other rate constants as given

in Table 1); in Fig. S6, we show that the results calculated based on the pathway of

Fig. S1 (with Q = 0.2, kC = 50 s�1 and values of other rate constants given in

Table 1) are almost coincident with those calculated based on the pathway of Fig. 1

(with values of rate constants k2 = 180 s�1, k4 = 26 s�1 and other rate constants as

given in Table 1). Consequently, our theoretical results are consistent with both the

smFRET data of Cornish et al. [3] showing that EF-G binding only mildly

facilitates the transition from the classical non-rotated pretranslocation to rotated

hybrid state and the recent ensemble kinetic data of Sharma et al. [37] showing a

very fast (about 200 s�1) decrease of S6-L9 FRET data upon EF-G.GTP binding.

Additionally, the pathway of Fig. 1 is also consistent with the recent smFRET data.

For example, the transition from State H to State H1 (see Fig. 1) results in the

peptidyl-tRNA becoming closer to deacylated tRNA (i.e., the compaction of the

two tRNAs) until the deacylated tRNA is dissociated in State POST01, causing

FRET between the two tRNAs to increase from a low value to a high value and

then become zero, which is consistent with the smFRET data of Wasserman et al.

[15]. The positional change of the peptidyl-tRNA arising from the transition from

State H to State H1 also causes the decrease of FRET between Cy3-labeled

ribosomal protein L11 and Cy5-labeled peptidyl-tRNA (L11-t FRET) (see Fig. 1),

which is consistent with the smFRET data of Adio et al. [30]. The characteristic of

30S head rotations in Fig. 1 is also consistent with the smFRET data of Wasserman

et al. [15], as discussed as follows.

In the experiments of Belardinelli et al. [21], the 30S head rotations were

monitored by S13-L33 FRET. In our above analysis (see Results), it is considered

that the large forward 30S head rotation results in the distance between S13 and

L33 becoming far away so that S13-L33 FRET becomes nearly zero in State H2. In

State H3, the tilting of 30S head can cause a further increase in the distance

between S13 and L13. Thus, S13-L33 FRET is also zero in State H3. Now,

consider that the 30S head rotations are monitored by S13-L5 FRET, as done in the

experiments of Wasserman et al. [15]. The large forward 30S head rotation in State

H2 results in S13-L5 FRET being still larger than zero. Thus, it is expected that the

tilting of 30S head in State H3 can cause a further decrease of S13-L5 FRET

relative to that in State H2. To quantitatively simulate the time course of S13-L5
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smFRET data, we take S13-L5 FRET to be 1 in State H0, State H and State H1, 0.5

in State H2, 0.2 in State H3, and 1.5 in State POST and State POST0. In Fig. 5a we

show one example of our simulated results for the time course of S13-L5 smFRET

data, where for comparison, the time courses of smFRET data characterizing 30S

subunit rotations (S6-L9 FRET), mRNA movement (Alx405 fluorescence) and

tRNA dissociation (tRNA-L33 FRET) are also shown. The time course of single

S13-L5 smFRET data with times tðheadÞ1 , tðheadÞ21 and tðheadÞ22 being replaced with

their average values, TðheadÞ
1 , TðheadÞ

21 and TðheadÞ
22 , respectively, are shown in Fig. 5b

[(Fig._5)TD$FIG]

Fig. 5. Time courses of smFRET data and ensemble kinetic data characterizing 30S head rotations

(S13-L5 FRET). (a) An example of the time course of the smFRET data characterizing 30S head

rotations (S13-L5 FRET). For comparison, time courses of smFRET data characterizing 30S subunit

rotations (S6-L9 FRET), mRNA movement (Alx405 fluorescence) and tRNA dissociation (tRNA-L33

FRET) are also shown. Line 1 (blue broken line) represents the time when EF-G.GTP binds to the

ribosome and line 1′ (red broken line) represents the time when EF-G.GDP releases from the ribosome.

(b) Average smFRET data characterizing 30S head rotations (S13-L5 FRET). Black line represents the

time course of single smFRET data with the time when the smFRET changes value being replaced with

the average time. Red line represents the time course of ensemble smFRET data (with N ≥ 10000) or

ensemble kinetic data calculated with differential equations (11)–(17) and equation (25). Line 1

(blue broken line) represents the average time when EF-G.GTP binds to the ribosome.

Article No~e00214

15 http://dx.doi.org/10.1016/j.heliyon.2016.e00214

2405-8440/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.heliyon.2016.e00214


(black line), where TðheadÞ
1 ¼ 1=k1 þ 1=k2 þ 1=k3, T

ðheadÞ
21 ¼ 1=k4, T

ðheadÞ
22 ¼ 1=k5

(with TðheadÞ
21 + TðheadÞ

22 = 1=k4 þ 1=k5). It is seen that the results for the time course

of S13-L5 smFRET data are in good agreement with the recent smFRET data of

Wasserman et al. [15], which show an exaggerated head rotation preceding

ribosomal relocking.

The time course of the ensemble kinetic data of S13-L5 FRET can still be

calculated by Eqs. (11)–(17) but with Eq. (18) being replaced with the following

equation

FheadðtÞ ¼ PH0ðtÞ þ PHðtÞ þ PH1ðtÞ½ � þ 0:5PH2ðtÞ þ 0:2PH3ðtÞ
þ 1:5 PPOSTðtÞ þ PPOST01ðtÞ½ �: (25)

The calculated results for the time course of ensemble kinetic data of S13-L5

FRET are shown in Fig. 5b (red line). It is seen that the time course of ensemble

kinetic data of S13-L5 FRET (Fig. 5b) is much similar to that of S13-L33 FRET

(Fig. 3b), with the position of the lowest value of S13-L5 FRET in Fig. 5b being

almost identical to that of S13-L33 FRET in Fig. 3b.

4.2. Role of EF-G in ribosomal translocation

In the translocation pathway (Fig. 1), the small conformational change in EF-G or

small global rotational motion of EF-G relative to the ribosome in State H1 causes

the tip of domain IV to move towards and interact with the decoding center in the

30S subunit, facilitating the large forward rotation of the 30S head relative to the

30S body; the forward 30S head rotation widens the mRNA channel (termed as

ribosomal unlocking); the unlocking facilitates the reverse 30S subunit rotation,

driving the movement of mRNA coupled with tRNAs in the 30S subunit; and after

transition to the non-rotated posttranslocation state, the mRNA channel becomes

tight again, fixing the mRNA-tRNA complex in the 30S subunit and thus inhibiting

the reverse movement of the mRNA-tRNA complex. In other words, the binding of

EF-G hydrolyzing GTP is only purposed to facilitate the ribosomal unlocking,

allowing the movement of mRNA-tRNA complex in the 30S subunit, and it does

not provide the forward force to facilitate tRNA movement or act as a pawl to

block the reverse movement of tRNA after the translocation. These are consistent

with the recent single molecule data on conformational changes of EF-G in the

ribosome [23], as discussed as follows.

The single molecule data showed that EF-G.GTP binding to the pretranslocation

complex bound with two tRNAs is followed by a small (∼10°) global rotational
motion of EF-G domains I, IV and V relative to the ribosome and by contrast,

domain III consistently showed very large and variable rotational motions, whose

angular changes were evenly distributed from 0° to 90° without a clear peak [23].

The small global rotational motion of EF-G domains I, IV and V facilitates the

ribosomal unlocking via 30S head rotation. The even distribution of rotational
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angles (from 0° to 90°) of domain III implies that domain III is very flexible, so that it

cannot provide even a small forward force to facilitate tRNAmovement or cannot act

as a pawl to block the reverse movement of tRNA after the translocation. The flexible

rotations of domain III to the large extent, which occur after the A-site tRNA

movement to the P site, are an intrinsic property of EF-G inGDP form [38], which can

be noted from the single molecule evidence that when EF-G.GTP binds to the

ribosomal complex in the absence of A-site tRNA, where no translocation can occur

[39] (see, Refs. [40] for detailed discussion), the distributions of rotation angles for

EF-G domains were quite similar to those when EF-G-GTP binds to pretranslocation

complex with two tRNAs [23]. This can also be noted from the single molecule

evidence that the antibiotics viomycin (Vio) and spectinomycin (Spc) considerably

reduced the extent of rotations in EF-G domain III but had little or even no effect on

rotations of domains I, IV and V in pretranslocation complex with two tRNAs [23],

because the A-site tRNA restricts flexible rotations of domain III to the large extent.

By contrast, when the A site was empty, neither Vio nor Spc had perceptible effects

on the motion of EF-G domain III [23], because no A-site tRNA restricts the motion

although no translocation occurs.

4.3. Conclusion

In summary, our proposed pathway of ribosomal translocation is consistent with

diverse single molecule and ensemble kinetic data presented in the literature [15, 21,

23, 27, 30, 31, 32, 33, 34, 35, 37]. With the pathway we study the dynamic relations

among different transitions or events in the translocation pathway exhibited in the

smFRET data and those exhibited in the ensemble kinetic data. We show that the

timing of these events in the smFRET data and that in the ensemble kinetic data show

very different: for example, although the reverse 30S head rotation, reverse 30S

subunit rotation and mRNA movement occur almost simultaneously in the smFRET

data, these processes start to take place at very different moments in the ensemble

kinetic data. Thus, one must be cautious to deduce the precise timing relationship

among different conformational changes of ribosome and positional changes of

tRNAs and mRNA in the ribosome from the ensemble kinetic data. In the future, it is

hoped to test the timing relationship presented in Fig. 2 and Fig. 3a by either using

high time-resolution smFRET techniques or by slowing down the translocation

reaction via lowering the temperature or using mutant ribosomes.
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