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Motor Mechanics: 

Forces on a Molecular Motor 



Dominant Forces on a Motor

External Force  
(Conservative)

Viscous drag  
(Dissipative)

Thermal   
(Random)

“…gravitation is forgotten, and the viscosity of the liquid,…,the molecular 

shocks of the Brownian movement, …. Make up the physical 

environment….The predominant factor are no longer those of our scale; we 

have come to the edge of a world of which we have no experience, and where 

all our preconceptions must be recast”. - D’Arcy Thompson.

Forces on a Motor 

Nan et al. ChemPhysChem (2008)



Motor Thermodynamics: 

Bypassing Laws and Beating Limits 

by operating 

Far from Equilibrium 



• How do force-generating molecular machines exploit noise for energy 

transduction without violating the 2nd Law of thermodynamics?

• How do information-processing machines achieve accuracy far higher than 

the upper limits allowed by the laws of thermodynamics? 

Fundamental Questions
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and to obtain ‘snapshots’ of high resolution 

structures for the many intermediate states 

of the ATP hydrolysis reaction. The confor-

mation changes during the reaction would 

then be clearly understood. Recently, atomic 

structures of the motor domain were solved 

for many different kinesins (kinesin 1–3, 

5, 10, 13 and 14 families) 31,33–38, mostly 

in the post-hydrolysis Mg2+–ADP-bound 

form. Only the structure of KIF1A has been 

solved for most of the intermediate states 

of the ATPase cycle34,39,40, although the 

nucleotide-free state and the high reso lution 

micro tubule complex structures are still 

missing. In this article, therefore, we pro-

pose a model for how kinesins move by  

a general mechanism that involves both  

diffusional and hand-over-hand movement, 

based on these KIF1A structures. We  

first focus on the atomic mechanism of 

KIF1A and then extend our model to the 

hand-over-hand movement of KIF5.

Structure of kinesin motor domains

The kinesin motor domain is composed of 

a single globular catalytic core and a short 

strand ‘neck linker’. The catalytic core con-

tains both the ATPase reaction centre and 

the microtubule binding surface. The N- and 

C-termini are located in close proximity 

in the catalytic core, and the neck linker 

extends from here to connect the catalytic 

core to the rest of the molecule (FIG. 1a–d).

Kinesins belong to the Walker-type 

ATPase family based on the amino acid 

sequence of their motor domain, and this 

classification was confirmed by the follow-

ing structural features of their catalytic 

core31,41. A layer of central β-sheets is sand-

wiched between two layers of α-helices 

(FIG. 1c; see Supplementary information S1 

(movie)). The N-terminal half of the cata-

lytic core forms the top α-helix layer and the 

central β-sheet layer and contains the ATP 

hydrolysis catalytic centre. The phosphate-

binding loop (P-loop), which corresponds 

to loop L4, forms a shallow groove (the 

nucleotide binding pocket) on the top 

surface of the catalytic core (FIG. 2a). The 

C-terminal half of the catalytic core contains 

a series of five structural elements: loop L11, 

α4 helix, loop L12, α5 helix and loop L13. 

This region is known as switch II owing 

to its analogy to the switch II structural 

element in G proteins, and it forms the 

microtubule binding surface on the bottom 

α-helix layer (FIG. 1c,d). As discussed below, 

switch II, along with the neck linker, acts as 

the actuator to produce mechanical work. 

The link between the P-loop and switch II  

is called switch I (located around loop L9) 

Figure 1 | Structure and motility models of KIF5 and KIF1A. a | Cargo transport by KIF5 towards 

the microtubule plus end. KIF5 monomers form a parallel dimer with the motor domains on one end 

and the cargo binding domains on the other. b | Cargo transport by KIF1A towards the microtubule 

plus end. KIF1A monomers form a cluster on the lipid microdomain of cargo vesicles. c | A 10 Å reso-

lution electron microscopy map of the side view of a KIF1A (pink mesh)–microtubule (grey, α-tubulin; 

white, β-tubulin) complex44, showing the three-layered structure of the nucleotide binding helices 

(green), the central β-sheets (pink) and the microtubule binding helices (yellow). d | Bottom view of the 

structure detailed in part c to show the microtubule binding surface (switch II; yellow), which consists 

of loop L11, the α4 helix, loop L12, the α5 helix and loop L13. e | Hand-over-hand movement of KIF5 

(REFS 23–25). Binding of ATP to the leading head pulls the lagging head forwards in a movement 

known as the power stroke. The new leading head then finds the next microtubule binding site by 

diffusional search and binding triggers this head to release ADP. f | Diffusion based movement of a 

KIF1A monomer20,26,27. The power stroke by the binding of ATP can bias the position of the cargo to the 

plus end. Electrostatic interaction between the K-loop of KIF1A and the E-hook of microtubules  

enables one-dimensional diffusion to the next binding site without full detachment of the kinesin from 

the microtubule26. Preferential binding to the plus-end side of the microtubule biases the movement 

towards this end27.
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Lame porter Porter

A 2-headed motor protein carrying 
`cargo’ is like a `porter’

A single-headed motor protein is like a lame `porter’

Nature Reviews | Molecular Cell Biology
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Hirokawa, Nitta, Okada, Nat. Rev. Mol. Cell Biol. 10, 877 (2009).

Genetically varied the number of charged amino acids on KIF1A and “digested” E-hook.  
Conclusion: Electrostatic attraction between the K-loop of KIF1A and E-hook of MT acts as a 
tether and  enables 1-dimensional diffusion of KIF1A along MT till release of the products of 
hydrolysis and re-binding to MT:  BROWNIAN RATCHET (EXPLOITING Noise for Motility)

Nishinari, Okada, Schadschneider & Chowdhury, Phys. Rev. Lett (2005); 
Greulich, Garai, Nishinari, Schadschneider, Chowdhury, Phys. Rev. E (2007).



“Sisyphus” at the Nano-scale: Brownian Ratchet

Exploiting NOISE for Directed Movement of Motors

R.D.Astumian , Scientific American, July, 2001

Feynman ratchet-and-pawl device

A Brownian motor does not violate 
2nd law of  thermodynamics as it 
operates far from equilibrium 
where the 2nd law is not applicable.



Stochastic (Chemo-)Mechanical 
kinetics of a motor: 

Hopping on a “Network” 



A. A. Markov

dPn(t)/dt = ∑m Pm(t) W(m → n)  - ∑m’ Pn(t) W(n → m’)

GAIN terms Loss terms

Master equation: general form for “States and Rates”

Pn(t) = Probability of finding the “particle” in the discrete state n at time t.

W(n → m) = Probability of transition n →m per unit time 

(“rate constant”).  

Markov Process: 
Frog in a Lily Pond
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Fig. 1 (Color figure online) Pictorial depiction of the elongation cycle in the SC model (see the text for

details)

ribosome with respect to the small subunit and simultaneous reversible transitions of

thetRNAsbetween theso-called classical and hybrid states. Thesecond, and thefinal,

step of translocation, driven by hydrolysis of another molecule of GTPby EF-G com-

pletes the cycle irreversibly. More detailed stochastic models of mechano-chemical

kinetics of each elongation cyclehavebeen developed [see, for example, Xie(2013a),

Kinz-Thompson et al. (2015)]. However, in order to capture some other aspects of

translational kinetics, we describe the kinetics of elongation cycle by the simpler SC

model. Nevertheless, thestrategy of modeling followed herecan beimplemented also

using the more detailed descriptions as the basic models of elongation cycle.

TheSC model wasused further to account for thestochastic alternating pause-and-

translocation kinetics of a single ribosome (Sharma and Chowdhury 2011a) as well

as for analyzing collective spatio-temporal organization of ribosomes in a polysome

(Sharma and Chowdhury 2011b). Because of the extreme simplicity of the SC model

model, noclear distinction could bemade, in termsof different rateconstants, between

processes involving near-cognate and non-cognate tRNAs. More importantly, the SC

model captured the possibility of mis-sense error arising from only mis-reading of

thecodons; it wasnot possible to incorporate thecontributions from both mis-reading

and mis-charging errors explicitly. The non-trivial extension of the SC model that

we present here does not suffer from any of the above-mentioned limitations of the

original SC model.

Webeginformulationof themodel withthefour alternativeelongationcyclesshown

in Fig.2 which correspond to thefour different mutually exclusivepathwaysthat open

up with the arrival of (a) correctly charged cognate tRNA, (b) incorrectly charged

cognate tRNA, (c) correctly charged near-cognate tRNA, and (d) correctly charged

non-cognatetRNA. Notethat eachof thesecyclesisformally identical to theonly cycle

that appeared in theoriginal SC model. However, by opening up thepossibility of four

123
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The discrete mechano-chemical states of the machine form the vertices of 

a network (graph) while the directed edges denote the allowed transitions.

Machine operation, i.e., its stochastic kinetics, is modeled as a Markov 

process in a heat bath at a constant temperature and it is formulated in 

terms of master equations.

Sharma and Chowdhury, 
Phys. Biol. (2011)

Dutta and Chowdhury, 
Bull. Math. Biol. (2017)



Sadi Carnot (1796-1832)

Carnot Cycle

A. Dutta, D. Chowdhury

1 4

3

5

2

E P A

E P A
E P A

E P

E AP

A

Fig. 1 (Color figure online) Pictorial depiction of the elongation cycle in the SC model (see the text for

details)

ribosome with respect to the small subunit and simultaneous reversible transitions of

thetRNAsbetween theso-called classical and hybrid states. Thesecond, and thefinal,

step of translocation, driven by hydrolysis of another molecule of GTPby EF-G com-

pletes the cycle irreversibly. More detailed stochastic models of mechano-chemical

kinetics of each elongation cyclehavebeen developed [see, for example, Xie(2013a),

Kinz-Thompson et al. (2015)]. However, in order to capture some other aspects of

translational kinetics, we describe the kinetics of elongation cycle by the simpler SC

model. Nevertheless, thestrategy of modeling followed herecan beimplemented also

using the more detailed descriptions as the basic models of elongation cycle.

TheSC model wasused further to account for thestochastic alternating pause-and-

translocation kinetics of a single ribosome (Sharma and Chowdhury 2011a) as well

as for analyzing collective spatio-temporal organization of ribosomes in a polysome

(Sharma and Chowdhury 2011b). Because of the extreme simplicity of the SC model

model, noclear distinction could bemade, in termsof different rateconstants, between

processes involving near-cognate and non-cognate tRNAs. More importantly, the SC

model captured the possibility of mis-sense error arising from only mis-reading of

thecodons; it wasnot possible to incorporate thecontributions from both mis-reading

and mis-charging errors explicitly. The non-trivial extension of the SC model that

we present here does not suffer from any of the above-mentioned limitations of the

original SC model.

Webeginformulationof themodel withthefour alternativeelongationcyclesshown

in Fig.2 which correspond to thefour different mutually exclusivepathwaysthat open

up with the arrival of (a) correctly charged cognate tRNA, (b) incorrectly charged

cognate tRNA, (c) correctly charged near-cognate tRNA, and (d) correctly charged

non-cognatetRNA. Notethat eachof thesecyclesisformally identical to theonly cycle

that appeared in theoriginal SC model. However, by opening up thepossibility of four

123

Author's personal copy

Dutta and Chowdhury, 
Bull. Math. Biol. (2017)

Ribosome

Loose Coupling

Higher Accuracy, 
reduced speedKinetic 

proofreading



Gustav Kirchoff



D
R
AFT

Fig. 1. Graphical representation of our model of Ribosome

Fig. 2. Undirected graph of our model of Ribosome

3. Results

Ribosome. As ment ioned earlier, the steady state solut ion is

given by pi =
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By subst it ut ing the expressions for pµ (µ = 1, 2, ...7) and S, we

obtain the average velocity of a ribosome in the steady-state

V = ¸c(Êh 2p5 + Ωh 2p7)
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where ¸c is t he length of a codon. Also one should note that

the average velocity V of a ribosome is same as the average

rate of elongat ion of the protein that it polymerizes.
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Fig. 1. Graphical representation of our model of Ribosome

Fig. 2. Undirected graph of our model of Ribosome

3. Results

Ribosome. As ment ioned earlier, t he steady state solut ion is

given by pi =
Si

S
where Si =

q M

µ= 1
A (T

(µ )

i (G)) and S =
q N

i = 1
Si . Here are the steady state probabilit ies for our graph

G:

p1 =
A (T 2

1 (G)) + A (T 3
1 (G)) + A (T 5

1 (G)) + A (T 8
1 (G)) + A (T 10

1 (G)) + A (T 11
1 (G))

S

p2 =
A (T 2

2 (G)) + A (T 10
2 (G)) + A (T 11

2 (G))

S

p3 =
A (T 9

3 (G))

S

p4 =
A (T 6

4 (G)) + A (T 15
4 (G))

S

p5 =
A (T 15

5 (G))

S

p6 =
A (T 28

6 (G)) + A (T 29
6 (G))

S

p7 =
A (T 28

7 (G))

S
[1]

where S is given by

S = A (T
2
1 (G)) + A (T

2
2 (G)) + A (T

3
1 (G)) + A (T

5
1 (G)) [2]

+ A (T
6
4 (G)) + A (T

8
1 (G)) + A (T

9
3 (G)) + A (T

10
1 (G))

+ A (T
10
2 (G)) + A (T

11
1 (G)) + A (T

11
2 (G)) + A (T

15
4 (G))

+ A (T
15
5 (G)) + A (T

28
6 (G)) + A (T

28
7 (G)) + A (T

29
6 (G))

By subst it ut ing the expressions for pµ (µ = 1, 2, ...7) and S, we

obtain the average velocity of a ribosome in the steady-state
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where ¸c is the length of a codon. Also one should note that

the average velocity V of a ribosome is same as the average

rate of elongat ion of the protein that it polymerizes.
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• What is the distributions of times taken for the transition between two 
given states (a First-Passage Time) and how does this time depend on the 
topology of the landscape/network? 

• How does the landscape / directed network get altered by physical (force) 
or chemical (ligand binding and/or reaction, particularly fuel `burning’) 
perturbation and how does the average rate depend on the force and 
fuel/substrate concentration?

Fundamental Questions on times taken by a motor for
various stochastic chemo-mechanical kinetic processes: 

First-Passage times

There are multiple pathways, each with multiple intermediate states with distinct 
transition rates, between the two arbitrary nodes of the directed network of 
mechano-chemical states.



BAR

First-passage Time

How much time does the drunkard take to reach 
the door of his house for the first time?



Wen,…, Noller, Bustamante and Tinoco Jr., Nature (2008)

Stochastic pause-and-translocation of a ribosome: DWELL TIME Distribution 

Basu & Chowdhury, Phys. Rev. E (2007) 
Garai, Chowdhury, Ramakrishnan, Phys. Rev E (2009) 
Garai, Chowdhury, Chowdhury, Ramakrishnan, Phys.  

Rev. E (2009) 
Sharma & Chowdhury, Phys. Rev. E (2010) 
Sharma & Chowdhury, Phys. Biol. (2011)  
Sharma & Chowdhury, J. Theor Biol. (2011) 

Dwell Time



Codon CodonCodon

i - 1 i + 1i

1

2

3

4

5

1
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5 5

4

3

2

1

wr1wa

wh1

Wbf

Wh2

wp

wbr

wr2

wbf Wbr

Wp wh2

Dwell-time distribution  = First-passage time distribution



Garai, Chowdhury, Chowdhury 
and Ramakrishnan, PRE (2009)

Sharma & Chowdhury, 
Phys. Biol. (2011)

A Generalized Michaelis-Menten Eqn.

Average velocity of a Ribosome Motor: 
Dependence on substrate concentration

Leonor Michaelis Maud Menten

w+1 w2
E + P 

w-1

E + S I1

Chowdhury, FEBS J. 281, 601 (2014) 



Effects of Random Translational error on the average speed

3"2"

1" 4"5"

(a)"

2’" 3’"

1" 5’" 4’"

(b)"

1"

(d)"

3’’’# 2’’’#

5’’’#4’’’#

2’’"3’’"

5’’"4’’" 1"

(c)"

Non-Cognate,    
correctly charged

Cognate, 
Correctly charged

Near-Cognate,    
correctly charged

Cognate,    
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Aminoacylation
(Charging) 
of tRNA

Charging error

From: Nature Education

Reading error



Further Generalized form of 
Michaelis-Menten Eqn

Random mis-sense ERRORS

SPEED

Dutta & DC, Bull. 
Math. Biol. (2017) 

Cognate, 
Correctly charged

Cognate,    
mis-charged

Near-Cognate,    
correctly charged

Non-Cognate,    
correctly charged



Reverse Engneering

Natural Nano-Machines: 

Number of Nodes on the “Network” 



Theoretical Model Experimental Data

Forward Problem

Inverse Problem

How can the stochastic kinetic model of operation of a nano-machines, 

i.e., the number of nodes and the rates of transitions indicated by the 

directed links of the network of states, be extracted by the methods 

of reverse engineering? 



From the Cycle Time Distribution for such a cycle with N number of steps, 

(Gamma distribution, also called  Erlang Distribution in Queuing Theory) 

f(t) = kN tN-1 e-kt/G(N),

As the simplest example, assume: 

(i) Unbranched cycle, 

(ii) Fully irreversible steps; and

(iii) Rates of all steps to be the same (k). 

Cycle Time (Dwell Time at each position on the track) 

is a random variable. What information on the kinetic

scheme can we extract from the experimentally

measured distribution of Cycle Times?

Let us calculate the randomness parameter

R = 1/N

1

4

2

3

5

k

k k

k k

Schnitzer & Block, Cold Spring Harbor Symp. (1995)

R = (<t2> - <t>2)/<t>2

Extracting Number of Nodes in the Network from Fluctuation Data: 
Reverse Engineering Molecular machines



Garai, Chowdhury, Chowdhury and Ramakrishnan, Phys. Rev. E 80, 011908 (2009)

Randomness parameter in a model of translation by a Ribosome

But, saturation of R at a value smaller than 1 at high tRNA concentration implies 
more than one rate-limiting steps when tRNA supply is no longer rate-limiting.

R would have regained its maximum value 1 at very high tRNA conc. if in that 
regime kinetics were dominated by a single rate-limiting step.



GSI: Classically- configured tRNA, 
Non-rotated s.u., 
Open L1 stalk

GSII:  Hybrid- configured tRNA, 
Non-rotated s.u., 
Closed L1 stalk

Kinz-Thmpson, 
Sharma, Frank, 
Gonzalez Jr., 
Chowdhury, 
J. Phys. Chem. B 
(2015)

Detecting Nodes 

Hidden in Fast Measurements
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we investigated how tRNAs regulate the GS1 GS2 equilibrium by 

using smFRET to compare the kinetic differences among PRE com-

plexes carrying wild-type and strategically mutated tRNAs. We started 

by comprehensively characterizing the GS1 GS2 equilibrium with 

and without EF-G in PRE complexes carrying an expanded set of 

wild-type tRNAs at the P site. We show that, relative to all the elonga-

tor tRNAs we examined, tRNAfMet uniquely modulates the GS1 GS2 

equilibrium and the ability of EF-G to shift this equilibrium toward 

GS2. After these initial experiments, we examined a series of PRE 

complexes carrying tRNAfMet mutants, in which sequence elements 

unique to tRNAfMet were mutated to the corresponding sequences in 

elongator tRNAPhe, at the P site. Our studies collectively show that 

the kinetics of the GS1 GS2 equilibrium and the ability of EF-G to 

shift this equilibrium toward GS2 are at least partly dictated by the 

intrinsic conformational flexibility of the tRNA as well as by spe-

cific tRNA-ribosome interactions. Specifically, our results suggest 

that the GS1 GS2 transition rate is primarily determined by the 

intrinsic conformational flexibility of the P-site tRNA itself, whereas 

the GS2 GS1 transition rate is largely determined by the minor 

groove–minor groove interaction between the aminoacyl acceptor 

stem of the P/E tRNA and helix H68 of 23S rRNA at the 50S subunit 

E site. Our proposal that the intrinsic conformational flexibility of 

the P-site tRNA can modulate the GS1 GS2 transition rate suggests 

that the ease with which the ribosome can distort the tRNA structure 

is an important aspect of translocation. This expands the function-

ally important role of tRNA deformability during translation elonga-

tion beyond that already proposed for aminoacyl-tRNA (aa-tRNA) 

 selection21–23. We hypothesize that the differences observed in the 

dynamics of PRE complexes carrying initiator versus elongator tRNAs 

in the P site derive from the distinct evolutionary pressures that have 

been imposed on these tRNAs for optimal performance during the 

initiation and elongation stages of protein synthesis, respectively.

RESULTS

An intraribosomal smFRET signal reports on GS1 GS2

Fluctuation of the L1 stalk between open and closed conformations is 

one of the defining features of the GS1 GS2 equilibrium6,7,9 (Fig. 1a). 

We have previously developed and validated a doubly fluorescently 

labeled 50S subunit (harboring a Cy5 acceptor fluorophore within ribo-

somal protein L1 and a Cy3 donor fluorophore within ribosomal protein 

L9) that yields an smFRET signal sensitive to fluctuations of the L1 stalk 

between open and closed conformations7 (Fig. 1b and Supplementary 

Methods). Using these doubly labeled 50S subunits, unlabeled 30S sub-

units, a set of natural, deacylated E. coli tRNAs and a corresponding 

set of mRNAs (Supplementary Fig. 1), we nonenzymatically prepared 

two PRE−A
fMet complexes (where ‘−A’ denotes a PRE complex analog in 

which the peptidyl tRNA is absent from the A site) and four PRE−A
elong 

complexes (where ‘elong’ denotes an elongator P-site tRNA; Fig. 1c). 

The two PRE−A
f Met complexes carried one of the two isoacceptors of 

tRNAfMet: tRNAfMet
1, which is encoded by the metZ gene (PRE−A

fMet-1), 

or tRNAfMet
2, which is encoded by the metY gene (PRE−A

f Met-2)
24. The 

four PRE−A
elong complexes carried either tRNAPhe (PRE−A

Phe), tRNATyr 

(PRE−A
Tyr), tRNAGlu (PRE−A

Glu) or tRNAVal (PRE−A
Val). All six PRE−A 

complexes were imaged using total internal reflection fluorescence 

(TIRF) microscopy (see Online Methods and Supplementary Methods 

for details on sample preparation and TIRF imaging).

Consistent with earlier results7, each PRE−A complex has two FRET 

states centered at FRET efficiencies of 0.56  0.02 and 0.36  0.01, cor-

responding to the open and closed conformations of the L1 stalk and 

reporting on GS1 and GS2, respectively. Also, as reported earlier7, the 

smFRET-versus-time trajectories partition into three subpopulations 

depending on whether the complexes exclusively occupy GS1 (SPGS1), 

exclusively occupy GS2 (SPGS2) or fluctuate between GS1 and GS2 

(SPfluct) before fluorophore photobleaching (Fig. 2). PRE−A complexes 

carrying different P-site tRNAs had unique population distributions 

between the open and closed L1 stalk conformations (Fig. 3). Notably, 

the tRNA-dependent trend in Keq values for the equilibrium between 

the open and closed L1 stalk conformations (Table 1) in PRE−A
fMet-1, 

PRE−A
Phe and PRE−A

Tyr mirrors the tRNA-dependent trend observed 

earlier8 in Keq values for the equilibrium between the nonrotated and 

rotated intersubunit orientations in the analogous PRE−A complexes. 

This observation supports a model in which the open and closed con-

formations of the L1 stalk are coupled to the nonrotated and rotated 

intersubunit orientations of the ribosome, respectively, within the 

GS1 GS2 equilibrium5,6 (see Supplementary Discussion).

PRE−A
fMet complexes have distinct GS1 GS2 dynamics

Relative to all four PRE−A
elong complexes we examined, the two 

PRE−A
fMet complexes had a higher occupancy of GS1 (Figs. 2b 

and 3 and Table 1). These results expand upon earlier smFRET7,8  

and biochemical10,14 studies, suggesting a general distinction between 

the dynamics of PRE complexes carrying initiator versus elongator 

tRNAs. Dwell-time analyses of the smFRET data (see Online Methods 

and Supplementary Methods) reveal the kinetic mechanism under-

lying this difference, indicating that the higher occupancy of GS1 

shown by the PRE−A
fMet-1 complex relative to the PRE−A

elong complexes  

is driven almost exclusively by a two- to three-fold faster rate of  

GS2 GS1 transitions (kGS2 GS1), with almost no effect on the rate  

of GS1 GS2 transitions (kGS1 GS2; Table 1). For the PRE−A
fMet-2  

complex, the two- to three-fold faster kGS2 GS1 observed in the 

PRE−A
fMet-1 complex is further augmented by a 30–70% slower kGS1 GS2  

relative to the PRE−A
elong complexes (Table 1).

Consistent with earlier reports, binding of EF-G to PRE−A
fMet-1 and 

PRE−A
fMet-2 complexes in the presence of the nonhydrolyzable GTP ana-

log guanosine 5 -( , -imido)triphosphate (GDPNP) shifted the GS1

GS2 equilibrium toward GS2 (Fig. 3)6–8,11. This was driven primarily 

by a three- to six-fold increase in kGS1 GS2 and augmented by a smaller, 

30% decrease in kGS2 GS1 (Table 1), thus yielding more frequent fluc-

tuations between GS1 and GS2 relative to PRE−A
fMet-1 in the absence of  

EF-G(GDPNP)7,11 (Fig. 2b). In contrast, binding of EF-G(GDPNP) 

GS1 GS2 rRNA H76–H78

L9

smFRETL1-L9

PRE
–A

E P A

E P A

L1

Subunit interfacea b

c

Figure 1 Global states model of the PRE complex, L1-L9 labeling strategy and 

PRE−A complexes. (a) Cartoon diagram of global states model of PRE complex. 

The 30S and 50S subunits, tan and lavender, respectively; L1 stalk, dark  

blue. tRNAs, brown curves; nascent polypeptide, chain of gold spheres.  

(b) Labeling strategy for smFRETL1-L9. The 50S subunit is shown from the 

perspective of the intersubunit space31 (PDB 2J01). L1 stalk consists of  

23S rRNA helices 76–78 (pink) and r-protein L1 (dark blue). r-protein L9, 

cyan. Donor (Cy3) and the acceptor (Cy5) fluorophores are green and red stars 

on r-proteins L9 and L1, respectively. Image was rendered using PyMol50.  

(c) Cartoon diagram of a PRE−A complex. PRE−A complexes are formed using 

an L1-L9 labeled 50S subunit and carry a deacylated P-site tRNA.
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we investigated how tRNAs regulate the GS1 GS2 equilibrium by 

using smFRET to compare the kinetic differences among PRE com-

plexes carrying wild-type and strategically mutated tRNAs. We started 

by comprehensively characterizing the GS1 GS2 equilibrium with 

and without EF-G in PRE complexes carrying an expanded set of 

wild-type tRNAs at the P site. We show that, relative to all the elonga-

tor tRNAs we examined, tRNAfMet uniquely modulates the GS1 GS2 

equilibrium and the ability of EF-G to shift this equilibrium toward 

GS2. After these initial experiments, we examined a series of PRE 

complexes carrying tRNAfMet mutants, in which sequence elements 

unique to tRNAfMet were mutated to the corresponding sequences in 

elongator tRNAPhe, at the P site. Our studies collectively show that 

the kinetics of the GS1 GS2 equilibrium and the ability of EF-G to 

shift this equilibrium toward GS2 are at least partly dictated by the 

intrinsic conformational flexibility of the tRNA as well as by spe-

cific tRNA-ribosome interactions. Specifically, our results suggest 

that the GS1 GS2 transition rate is primarily determined by the 

intrinsic conformational flexibility of the P-site tRNA itself, whereas 

the GS2 GS1 transition rate is largely determined by the minor 

groove–minor groove interaction between the aminoacyl acceptor 

stem of the P/E tRNA and helix H68 of 23S rRNA at the 50S subunit 

E site. Our proposal that the intrinsic conformational flexibility of 

the P-site tRNA can modulate the GS1 GS2 transition rate suggests 

that the ease with which the ribosome can distort the tRNA structure 

is an important aspect of translocation. This expands the function-

ally important role of tRNA deformability during translation elonga-

tion beyond that already proposed for aminoacyl-tRNA (aa-tRNA) 

 selection21–23. We hypothesize that the differences observed in the 

dynamics of PRE complexes carrying initiator versus elongator tRNAs 

in the P site derive from the distinct evolutionary pressures that have 

been imposed on these tRNAs for optimal performance during the 

initiation and elongation stages of protein synthesis, respectively.

RESULTS

An intraribosomal smFRET signal reports on GS1 GS2

Fluctuation of the L1 stalk between open and closed conformations is 

one of the defining features of the GS1 GS2 equilibrium6,7,9 (Fig. 1a). 

We have previously developed and validated a doubly fluorescently 

labeled 50S subunit (harboring a Cy5 acceptor fluorophore within ribo-

somal protein L1 and a Cy3 donor fluorophore within ribosomal protein 

L9) that yields an smFRET signal sensitive to fluctuations of the L1 stalk 

between open and closed conformations7 (Fig. 1b and Supplementary 

Methods). Using these doubly labeled 50S subunits, unlabeled 30S sub-

units, a set of natural, deacylated E. coli tRNAs and a corresponding 

set of mRNAs (Supplementary Fig. 1), we nonenzymatically prepared 

two PRE−A
fMet complexes (where ‘−A’ denotes a PRE complex analog in 

which the peptidyl tRNA is absent from the A site) and four PRE−A
elong 

complexes (where ‘elong’ denotes an elongator P-site tRNA; Fig. 1c). 

The two PRE−A
f Met complexes carried one of the two isoacceptors of 

tRNAfMet: tRNAfMet
1, which is encoded by the metZ gene (PRE−A

fMet-1), 

or tRNAfMet
2, which is encoded by the metY gene (PRE−A

f Met-2)
24. The 

four PRE−A
elong complexes carried either tRNAPhe (PRE−A

Phe), tRNATyr 

(PRE−A
Tyr), tRNAGlu (PRE−A

Glu) or tRNAVal (PRE−A
Val). All six PRE−A 

complexes were imaged using total internal reflection fluorescence 

(TIRF) microscopy (see Online Methods and Supplementary Methods 

for details on sample preparation and TIRF imaging).

Consistent with earlier results7, each PRE−A complex has two FRET 

states centered at FRET efficiencies of 0.56  0.02 and 0.36  0.01, cor-

responding to the open and closed conformations of the L1 stalk and 

reporting on GS1 and GS2, respectively. Also, as reported earlier7, the 

smFRET-versus-time trajectories partition into three subpopulations 

depending on whether the complexes exclusively occupy GS1 (SPGS1), 

exclusively occupy GS2 (SPGS2) or fluctuate between GS1 and GS2 

(SPfluct) before fluorophore photobleaching (Fig. 2). PRE−A complexes 

carrying different P-site tRNAs had unique population distributions 

between the open and closed L1 stalk conformations (Fig. 3). Notably, 

the tRNA-dependent trend in Keq values for the equilibrium between 

the open and closed L1 stalk conformations (Table 1) in PRE−A
fMet-1, 

PRE−A
Phe and PRE−A

Tyr mirrors the tRNA-dependent trend observed 

earlier8 in Keq values for the equilibrium between the nonrotated and 

rotated intersubunit orientations in the analogous PRE−A complexes. 

This observation supports a model in which the open and closed con-

formations of the L1 stalk are coupled to the nonrotated and rotated 

intersubunit orientations of the ribosome, respectively, within the 

GS1 GS2 equilibrium5,6 (see Supplementary Discussion).

PRE−A
fMet complexes have distinct GS1 GS2 dynamics

Relative to all four PRE−A
elong complexes we examined, the two 

PRE−A
fMet complexes had a higher occupancy of GS1 (Figs. 2b 

and 3 and Table 1). These results expand upon earlier smFRET7,8  

and biochemical10,14 studies, suggesting a general distinction between 

the dynamics of PRE complexes carrying initiator versus elongator 

tRNAs. Dwell-time analyses of the smFRET data (see Online Methods 

and Supplementary Methods) reveal the kinetic mechanism under-

lying this difference, indicating that the higher occupancy of GS1 

shown by the PRE−A
fMet-1 complex relative to the PRE−A

elong complexes  

is driven almost exclusively by a two- to three-fold faster rate of  

GS2 GS1 transitions (kGS2 GS1), with almost no effect on the rate  

of GS1 GS2 transitions (kGS1 GS2; Table 1). For the PRE−A
fMet-2  

complex, the two- to three-fold faster kGS2 GS1 observed in the 

PRE−A
fMet-1 complex is further augmented by a 30–70% slower kGS1 GS2  

relative to the PRE−A
elong complexes (Table 1).

Consistent with earlier reports, binding of EF-G to PRE−A
fMet-1 and 

PRE−A
fMet-2 complexes in the presence of the nonhydrolyzable GTP ana-

log guanosine 5 -( , -imido)triphosphate (GDPNP) shifted the GS1

GS2 equilibrium toward GS2 (Fig. 3)6–8,11. This was driven primarily 

by a three- to six-fold increase in kGS1 GS2 and augmented by a smaller, 

30% decrease in kGS2 GS1 (Table 1), thus yielding more frequent fluc-

tuations between GS1 and GS2 relative to PRE−A
fMet-1 in the absence of  

EF-G(GDPNP)7,11 (Fig. 2b). In contrast, binding of EF-G(GDPNP) 

GS1 GS2 rRNA H76–H78

L9

smFRETL1-L9

PRE
–A

E P A

E P A

L1

Subunit interfacea b

c

Figure 1 Global states model of the PRE complex, L1-L9 labeling strategy and 

PRE−A complexes. (a) Cartoon diagram of global states model of PRE complex. 

The 30S and 50S subunits, tan and lavender, respectively; L1 stalk, dark  

blue. tRNAs, brown curves; nascent polypeptide, chain of gold spheres.  

(b) Labeling strategy for smFRETL1-L9. The 50S subunit is shown from the 

perspective of the intersubunit space31 (PDB 2J01). L1 stalk consists of  

23S rRNA helices 76–78 (pink) and r-protein L1 (dark blue). r-protein L9, 

cyan. Donor (Cy3) and the acceptor (Cy5) fluorophores are green and red stars 

on r-proteins L9 and L1, respectively. Image was rendered using PyMol50.  

(c) Cartoon diagram of a PRE−A complex. PRE−A complexes are formed using 

an L1-L9 labeled 50S subunit and carry a deacylated P-site tRNA.
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Fei et al. 
Nat. Str. 
Mol. Biol. 
(2011)



Kinz-Thmpson, 
Sharma, Frank, 
Gonzalez Jr., 
Chowdhury, 
J. Phys. Chem. B 
(2015)

Eq. occupation probabilities are obtained from cryo-EM data. The transition rates from 
1 to 4 and 4 to 1 are extracted from smFRET. The corresponding exact expressions are 
derived using formalisms of   Eq. Stat. mech. and mean First-Passage Time, 
respectively. Analysis of the resulting equations establish existence of two short-lived 
intermediate states.



Traffic-like Collective Movement 

of 

Molecular Motors on Filamentous Tracks 



J.L. Ross, PNAS (2012)

Traffic of molecular 
motors on MT track

Non-equilibrium 
STEADY-STATE

NO underlying HAMILTONIAN, 
NO equilibrium exists!!

Nishinari, Okada, Schadschneider, 
Chowdhury. Phys. Rev. Lett (2005)

MCAK

KIF1A

TASEP under open boundary conditions

Fundamental principle: Traffic of 
interacting self-driven ``particles’’ with ``internal’’ states.

Traffic of molecular 
motors on NA track

Phillips and Quake, Phys. Today, May 2006.



the lack of genetic manipulation that is required for this 

approach make ribosome profiling highly adaptable to 

cells or tissues from essentially any organism, with mod-

est modifications. Organisms that have been investigated 

thus far by ribosome profiling include a variety of bacte-

ria, yeast, parasitic protozoa, zebrafish, flies, nematodes, 

mice, rats, plants, viruses and human cells7,10–12,19,23–30. 

Even mitochondrial translation within human cells has 

been effectively assayed by this method31, and a similar 

approach has been applied to chloroplasts in plant cells32. 

Many of these data sets have been compiled and made 

readily accessible for data mining and comparison33.

Nature Reviews | Molecular Cell Biology
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Figure 2 | Qualitative and quantitative data provided by ribosome profiling. a | A diverse sample pool of mRNAs, 

distinguished by colour, is shown, together with a corresponding representative genome browser plot of ribosome profiling 

data derived from this pool. Note that ribosome profiling facilitates experimental determination of translated regions, 

including short open reading frames (sORFs), which may be an important newly identified source of cellular peptides, and 

upstream ORFs (uORFs), which are thought to be largely regulatory. Pausing during translation elongation may result in 

peaks in ribosome footprint reads within ORFs. b | Overlaid gene annotations and mRNA sequencing (mRNA-seq) data for 

the examples in part a are shown. c | The graphs show examples of quantitative data derived from parts a and b. Note that 

transcript abundances may not correlate closely with the instantaneous protein synthesis rates. The collection of 

quantitative data for both transcript abundances and protein synthesis rates enables the relative translation efficiencies to 

be inferred. These can vary over several orders of magnitude within a given organism in a given state. The translation 

efficiency can also change over time for a given mRNA, reflecting dynamic regulation at the level of translation.
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Polysome: Ribosome Traffic on a single mRNA

Basu & Chowdhury, Phys. Rev. E (2007) 
Garai, Chowdhury, Chowdhury, Ramakrishnan, Phys. Rev. E (2009)
Sharma & Chowdhury, J. Theor. Biol. (2011) 



Occlusion

Roadblock

Detachment up on Head-on Collision

Passing up on Head-on Collision

Transcriptional Interference
Ghosh, Bameta, Ghanti, Chowdhury, J. Stat. Mech.: Theor. & Expt. (2016)



Polyglutamylation

Modification by addition of 

multiple glutamate residues 

onto a protein.

Bardet–Biedl syndrome

A ciliopathy that is 

characterized by obesity, 

retinitis pigmentosa, 

polydactyly and cognitive 

disability.

IFT complex proteins. IFT particles were first isolated 

from C. reinhardtii flagella and were found to consist of 

two large, biochemically distinct complexes, termed IFT 

complex A and complex B48,49. IFT complex A and com-

plex B seem to move together within the cilium, but they 

can be dissociated from each other in vitro. Subsequent 

studies have identified additional IFT protein constituents 

of these complexes. IFT particles are constructed from 

at least 20 proteins; IFT complex A contains six known 

proteins (IFT43, IFT121, IFT122, IFT139, IFT140 and 

IFT144) and IFT complex B contains 14 known proteins 

(IFT20, IFT22, IFT25, IFT27, IFT46, IFT52, IFT54, IFT57, 

IFT70, IFT74 (also known as IFT72), IFT80, IFT81, IFT88 

and IFT172) (TABLE 1 and reviewed in REFS 27,28). The 

majority of these IFT proteins are conserved among 

ciliated organisms and are enriched in protein–protein 

interaction domains50,51. The phosphoprotein IFT25 was 

recently identified52–54 and shown to interact with IFT27, a 

small GTPase of the RAB family55. In C. elegans, the IFT22 

homologue (IFT-associated 2 (IFTA-2)) is a RAB-like pro-

tein that is not required for ciliogenesis, but it was recently 

shown to be required for signalling by the insulin-like 

growth facto r pathway56. IFT70, a homologue of C. elegan s 

abnormal dye-filling 1 (DYF-1) (REF. 57) and zebrafish 

Fleer (also known as Ttc30a)6, was recently identified as an 

integral component of IFT complex B in C. reinhardtii58. 

IFT70 is also required for tubulin polyglutamylation and 

the formation of the outer doublet B tubule in C. elegans, 

zebrafish and Tetrahymena6,59.

The two IFT complexes play complementary but 

distinct parts in the transport of ciliary proteins. IFT 

complex B contributes to anterograde transport and is 

essential for the assembly and maintenance of cilia and 

flagella (FIG. 2). In most cases, loss of any IFT complex B 

protein results in short or absent cilia55,60–67. By contrast, 

IFT complex A is required for retrograde transport that 

returns proteins to the cell body for turnover, but it does 

not appear to be necessary for ciliary assembly68–73. For 

example, C. reinhardtii with mutations in fla15 and 

fla17 (that encode IFT144 and IFT139, respectively) do 

assembl e flagella, but these have abnormal bulges that 

contain accumulated IFT complex B proteins68,73,74. It 

is currently unknown whether IFT complexes A and B 

carry distinct sets of cargo proteins, and the specific roles 

of most IFT proteins remain uncharacterized.

IFT complex accessory proteins. Although IFT proteins 

have been conventionally defined as proteins that were 

identified through the biochemical analysis of purified 

IFT particles48–50, some studies have identified puta-

tive IFT particle components independently of this type 

of analysis. In this Review, we classify these additional 

IFT proteins as IFT complex accessory proteins. The pro-

tein products of C. elegans dye-filling-defective mutants 

dyf-3 and dyf-13 were identified as IFT complex B acces-

sory proteins by genetic and bioinformatic analyses75–78. 

DYF-13 may be required to activate the OSM-3 Kinesin-2 

by docking this motor onto IFT complex B57. The dyf-3 

mutation was also mapped to the qilin (also known as 

cluap1) zebrafish cystic kidney mutant66.

Tubby-like protein 3 (TULP3) interacts with IFT com-

plex A and promotes the ciliary localization of a subset of 

G protein-coupled receptors (GPCRs), such as somato-

statin receptor 3 (SSTR3) and melanin-concentrating  

hormone receptor 1 (MCHR1)79.

Some Bardet–Biedl syndrome (BBS) proteins, products 

of BBS genes, have been shown to undergo IFT-like move-

ment along the ciliary axoneme57,78,80,81. In C. elegans, loss-

of-function mutations in bbs-7 and bbs-8 lead to structural 

and functional ciliary defects. This might be because 

Figure 2 | Intraflagellar transport machinery. The canonical anterograde intraflagellar transport (IFT) motor, 

heterotrimeric Kinesin-2, transports IFT complexes A and B, axonemal proteins and cytoplasmic dynein 2 (previously known 

as cytoplasmic dynein 1b) to the tip of cilium. During this anterograde motion, Kinesin-2 is active and the retrograde motor, 

cytoplasmic dynein 2, is somehow kept inactive to allow smooth processive anterograde movement. At the tip of cilium, 

anterograde IFT trains release axonemal proteins and rearrange their conformation for retrograde IFT. Cytoplasmic dynein 

2 is activated and transports retrograde IFT trains to the cell body. Subsets of IFT trains are involved in transporting 

membrane proteins and the BBSome (a complex comprised of at least seven Bardet–Biedl syndrome proteins).
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Non-canonical Initiation: 
Internal Ribosome Entry
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