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Abstract. Molecular motors are proteins or macromolecular complexes
which use input energy to perform mechanical work. Some of these mo-
tors move on filamentous proteins whereas other move on DNA or RNA
strands. Often, many such motors move simultaneously on the same track
and their collective movement is similar to vehicular traffic on highways.
We have developed theoretical models of different types of molecular
motor traffic by appropriately extending the totally asymmetric simple
exclusion process (TASEP). Thus, our models of molecular motor traf-
fic belong to the broad class of driven-diffusive lattice gas models which
have close relations with cellular automata. By drawing analogy with ve-
hicular traffic, we have introduced novel quantities for characterizing the
nature of the spatio-temporal organization of molecular motors on their
tracks. We show how the mechano-chemistry of the individual motors
influence the traffic-like intracellular collective phenomena.

1 Introduction

Motility is the hallmark of life. Most of the motions of animals and plants arise
from movements at the molecular level which are driven by motor proteins. A
key feature of molecular motor transport is that the motor proteins move on
filamentous “tracks” [1,2,3,4]. The tracks for motor proteins are made of either
proteins or nucleic acids (e.g., DNA or RNA). A common feature of all these
motors is that these perform mechanical work by utilizing some other form of
input energy and hence the name “motor”. All the molecular motors we consider
in this paper directly convert chemical energy into mechanical work.

During several biological processes many motors move simultaneously on the
same track. The collective movement of the motors under such cicumstances
strongly resemble vehicular traffic flow [5,6]. Our aim is to analyze molecular
motor traffic from the perspective of vehicular traffic [7,8]. In the “particle-
hopping” models of vehicular traffic each vehicle is represented by a particle
and the dynamics of the system is formulated in terms of “rules” which are
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reminiscent of the update rules of cellular automata (CA). To our knowledge,
the totally asymmetric simple exclusion process (TASEP) [9] is the simplest
model of a system of interacting self-propelled particles on a discrete lattice.
It has been extended in several ways to formulate “particle-hopping” models
for capturing various interesting aspects of vehicular traffic [7]. Our models of
molecular motor traffic may be regarded as biologically motivated extensions of
TASEP. In all the examples of molecular motor traffic considered in this paper,
the states of the system (both position and chemical states) are represented by
discrete variables. In the analytical formulation of our theories, time is treated
as a continuous variable, whereas discretization of time is needed not only for
the numerical integration of the equations of motion, but also for computer
simulations of these models.

2 Traffic of Kinesins on Microtubule Track: Change of
Lane?

The members of the kinesin superfamily of cytoskeletal motors move on micro-
tubules (MT). These motors run on chemical fuel in the sense that the mechani-
cal energy required for their movement is supplied from the energy released when
adenosine triphosphate (ATP) is hydrolyzed to adenosine diphosphate (ADP) [4].

We have focussed attention on a family of single-headed kinesins, called KIF1A.
Our original model (from now onwards, we shall refer to it as the NOSC model)
[10,11] captures the essential steps of the mechano-chemical cycle of individual
KIF1A motors as well as steric interactions on the same track. Normally, a single
microtubule consists of thirteen protofilaments each of which is analogous to a
“lane” for the molecular motors. Recently we have extended the NOSC model [12]
by allowing additional processes which correspond to lane changing, i.e., allowing
a motor to shift from one protofilament to a neighbouring one on the same MT.

The equispaced binding sites for KIF1A on a given protofilament of the MT are
labelled by the integer index i (i = 1, ..., L). We use the integer index j to label the
protofilaments; the position of each binding site is denoted completely by the pair
(i, j). We impose periodic boundary conditions along both the i- and j-directions.

A single biochemical cycle of a KIF1A motor consists of a sequence of four
states, namely, kinesin (K), kinesin bound with ATP (KT), kinesin bound with
ADP and phosphate (KDP) and, finally, kinesin bound with only ADP (KD).
The motor binds strongly to the MT track in both the states K and KT; the state
KDP has very short life time and KD binds weakly to the track. Therefore, at
each spatial location in our simplified model, a KIF1A is allowed to exist in one
of the two distinct “chemical” states depending on whether it is bound strongly
or weakly to the track; these two chemical states are denoted by the symbols S
and W , respectively.

The allowed transitions and the corresponding rate constants are shown in
fig.1. The rate constants ωa and ωd account for the attachments and detachments
of the motors. The rate constant ωb corresponds to the unbiased one-dimensional
Brownian motion of the motor in the state where it is weakly bound to the
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MT track. The rate constant ωh is associated with the process driven by ATP
hydrolysis which causes the transition of the motor from the state S to the
state W . The rate constants ωf and ωs, together, capture the Brownian ratchet
mechanism of movement of a KIF1A motor [10,11].

Fig. 1. A schematic description of the mechano-chemical cycle of a single-headed ki-
nesin motor KIF1A in our extended model where lane changings are allowed. The
equispaced sites labelled by the integers ..., i − 1, i, i + 1, ... denote the binding sites of
the motor on a given protofilament of the microtubule (MT) track while the integer
index j labels the protofilaments. The symbols S and W denote the two “chemical”
states of the motor in which it is, respectively, strongly and weakly bound to the track.
The allowed transitions are indicated by the arrows and the symbols accompanying
the arrows are the corresponding rate constants.

The rules of time evolution in the extended NOSC model proposed in ref.[12]
are identical to those in the NOSC model, except for the following additional
lane-changing rules (see fig.1):

A motor weakly-bound (i.e., in state W ) to the binding site i on the protofil-
ament j is allowed to move to the positions (i, j + 1) and (i, j − 1)

(i) without simultaneous change in its chemical state, both the corresponding
rates being ωbl;

(ii) with simultaneous transition to the chemical state S, the corresponding rate
constants being ωfl+ and ωfl−, respectively.

As in the earlier TASEP-type models of cytoskeletal motor traffic
[13,14,15,16,17,18], none of the lattice sites is allowed to be occupied by more
than one motor at a time.
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Let Si(j, t) and Wi(j, t) denote the probabilities for a motor to be in the
“chemical” states S and W , respectively, at site i on the protofilament j. In the
extended NOSC model, under mean-field approximation, the master equations
for the probabilities Si(j, t) and Wi(j, t) are given by

dSi(j, t)
dt

= ωa[1 − Si(j, t) − Wi(j, t)] − ωhSi(j, t) − ωdSi(j, t) + ωsWi(j, t)

+ωfWi−1(j, t)[1 − Si(j, t) − Wi(j, t)]
+ωfl+[Wi(j − 1, t)][1 − Si(j) − Wi(j)]
+ωfl−[Wi(j + 1, t)][1 − Si(j) − Wi(j)], (1)

dWi(j, t)
dt

= ωhSi(j, t) − ωsWi(j, t) − ωfWi(j, t)[1 − Si+1(j, t) − Wi+1(j, t)]

−ωbWi(j, t)[2 − Si+1(j, t) − Wi+1(j, t) − Si−1(j, t) − Wi−1(j, t)]
+ωb[Wi−1(j, t) + Wi+1(j, t)][1 − Si(j, t) − Wi(j, t)]
+ωbl[Wi(j − 1, t) + Wi(j + 1, t)][1 − Si(j, t) − Wi(j, t)]
−ωblWi(j, t)[2 − Si(j + 1, t) − Wi(j + 1, t) − Si(j − 1, t)
−Wi(j − 1, t) − ωfl+Wi(j, t)[1 − Si(j + 1, t) − Wi(j + 1, t)]
−ωfl−Wi(j, t)[1 − Si(j − 1, t) − Wi(j − 1, t)]. (2)

Solving these equations analytically, we address a fundamental question: does
lane changing increase or decrease flux per lane?

In the steady state under periodic boundary conditions, S̃ = Si(j, t) and W̃ =
Wi(j, t), independent of t and irrespective of i and j; from eqs.(1) and (2), we get

S̃ =
−Ω̃h − Ω̃s − (Ω̃s − 1)K +

√
D̃

2K(1 + K)
(3)

W̃ =
Ω̃h + Ω̃s + (Ω̃s + 1)K −

√
D̃

2K
, (4)

where K = ωd/ωa, Ω̃h = ωh/ω̃f , Ω̃s = ωs/ω̃f , with ω̃f = ωf + ωfl+ + ωfl−, and

D̃ = 4Ω̃sK(1 + K) + (Ω̃h + Ω̃s + (Ω̃s − 1)K)2. (5)

The average total density of the motors attached to each filament of the MT in
the steady state is given by

ρ = S̃ + W̃ =
Ω̃h + Ω̃s + (Ω̃s + 1)K −

√
D̃ + 2

2(1 + K)
. (6)

Using the expressions (3) and (4) for S̃ and W̃ , respectively, in the expression

J = ωfW̃ (1 − S̃ − W̃ ) (7)

for the flux of KIF1A motors per lane of the MT highway, we get
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Fig. 2. (Color online) Flux per lane (and, in the inset, average density of the motors
on each lane) are plotted against ωfl/ωf for a few values of ωs/ωf . Our mean-field
predictions (labelled MF) are plotted by lines while the discrete data points (labelled
Sim) have been obtained from our computer simulations of the model.

J =
ωf

[
K2 −

(
Ω̃h + (1 + K)Ω̃s −

√
D̃

)2]

4K(1 + K)
. (8)

For graphical presentation of our main results, we use the estimates of the rate
constants which were extracted earlier [11] from empirical data on single KIF1A
(we use ωh = 125 s−1). Since no estimate of ωfl+ and ωfl− are available, we use
ωfl+ = ωfl− = ωfl and vary the single parameter ωfl/ωf over a wide range to
explore the consequences of different rates of lane changing. We have also carried
out computer simulations of the extended NOSC model and computed the flux
J of the motors per protofilament as well as the average density ρ; a comparison
of the predictions of our mean-field theory with these simulation data establishes
the level of accuracy of our mean-field theoretical predictions.

In Fig. 2 we plot J (obtained from eqn. (8)) and ρ (given by eqn.(6)) against
ωfl/ωf for several different values of ωs/ωf and compare with the corresponding
simulation data. When ωs/ωf is sufficiently high, the density ρ is small even
in the absence of lane changing (ωfl = 0); in that case, the motors feel hardly
any steric hindrance. In this regime, increasing ωfl/ωf of ωs/ωf has very little
effect on the average speed of the motors; it is the decrease of density that is
responsible for the monotonic decrease of J with ωfl.

In sharp contrast, at sufficiently lowvalues ofωs/ωf ,J variesnon-monotonically
with ωfl/ωf . In this regime of ωs/ωf , at ωfl = 0, the high density of ρ causes steric
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hindrances which, in turn, leads to small J . When ωfl is “switched on”, ρ decreases
with increasing ωfl and J increases up to a maximum because of the weakening of
the hindrance effects. But, beyond a certain range of ωfl/ωf , the density of motors
becomes so low that the movement of the motors is practically free of mutual hin-
drance; the decrease of J beyond its maximum is caused by the further reduction
of density. Larger difference between the predictions of our approximate analytical
calculations and computer simulation data at lower values of ωs/ωf arises from the
fact that the mean-field approximation neglects correlations which increases with
increasing densitity of the motors.

3 Traffic of RNAP Motors on DNA Tracks

The motor RNA polymerase (RNAP) catalyzes the polymerization of a RNA
molecule from the corresponding DNA template [19] and the process is called
transcription. To our knowledge, almost all the models of transcription available
in the literature [20,21,22,23,24,25,26,27,28,29,30,31] capture only the stochastic
mechano-chemistry of the individual RNAP motors. The effects of steric inter-
actions of the RNAPs on the rate of RNA synthesis has been modelled only in
a recent work by two of us [32,33].

The model reported originally in ref.[32] is described schematically in fig.3.
Each lattice site corresponds to a nucleotide on the DNA template. The elon-
gation of the growing RNA by one nucleotide leads to a forward stepping of
the RNAP by one unit. A mechano-chemical cycle of the RNAP during elonga-
tion of RNA consists of the following major steps: (i) Nucleoside triphosphate
(NTP) binding to the active site of the RNAP, (ii) NTP hydrolysis, (iii) release
of pyrophosphate (PPi) (which is produced by the hydrolysis of NTP), and (iv)
simultaneous forward stepping of the RNAP. Since PPi-release is known to be
the rate-limiting step, we consider only two distinct chemical states μ of the
RNAP; μ = 1 refers to the state in which the RNAP is not bound to any PPi

whereas μ = 2 corresponds to the state with bound PPi.
The processes corresponding to the rate constants ω12 and ω21 correspond to

PPi-release and its reverse reaction. The symbol ωf
21 is the rate of addition of

one NTP to the elongating RNA whereas ωb
12 is that of the reverse reaction.

The remaining four rate constants, namely, ωf
11, ωb

11, ωf
22, and ωb

22 correspond
to polymerization/depolymerization of the RNA, by one monomer, unaided by
the RNAP. Normally, a single RNAP is large enough to cover r(> 1) successive
nucleotides on the track. Therefore, a lattice site is occupied by a RNAP if it
coincides with the leftmost of the r sites representing that RNAP while the next
r − 1 sites on its right are covered by the same RNAP. However, each RNAP
can move forward or backward by only one site in each time step, irrespective
of the numerical value of r. Moreover, forward or backward step of a RNAP is
implemented only if the target site is not already covered by any other RNAP.
Suppose, the total number of RNAPs on the DNA template is N . Then, ρ = N/L
is the number density of the RNAPs whereas the coverage density ρcov = Nr/L
is the total fraction of the nucleotides covered by all the RNAPs together.
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Fig. 3. A schematic representation of the mechano-chemical cycle of each RNAP in the
model. The equispaced sites labelled by the integers ..., i − 1, i, i + 1, ... denote the nu-
cleotides on the template DNAtrack.No PPi is bound to the RNAP in the state 1 whereas
the pyrophosphate (PPi)-bound state of theRNAP is labelled by the index 2.The allowed
transitions denoted by arrows and the corresponding rate constants are also shown.

Let Pμ(i, t) be the probability that there is a RNAP at the lattice site i and
in the chemical state μ at time t. Let Q(i|j) be the conditional probability that,
given a RNAP at site i, site j is empty. In the mean-field approximation, the
master equations for Pμ(i, t) are given by [32]

dP1(i, t)
dt

= ωf
11 P1(i − 1, t) Q(i − 1|i − 1 + r)

+ ωb
11 P1(i + 1, t) Q(i + 1 − r|i + 1)

+ ωb
12 P2(i + 1, t) Q(i + 1 − r|i + 1) (9)

+ ω12 P2(i, t) − ω21 P1(i, t)

− (ωf
11 + ωf

21) P1(i, t) Q(i|i + r)
− ωb

11 P1(i, t) Q(i − r|i)

dP2(i, t)
dt

= ωf
22 P2(i − 1, t) Q(i − 1|i − 1 + r)

+ ωb
22 P2(i + 1, t) Q(i + 1 − r|i + 1)

+ ωf
21 P1(i − 1, t) Q(i − 1|i − 1 + r) (10)

+ ω21P1(i, t) − ω12 P2(i, t)
− (ωb

22 + ωb
12) P2(i, t) Q(i − r|i)

− ωf
22 P2(i, t) Q(i|i + r)
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In the steady state under periodic boundary conditions,

P1 =
(

ω12 + ωb
12Q

Ω� + Ω↔Q

)
ρ

P2 =
(

ω21 + ωf
21Q

Ω� + Ω↔Q

)
ρ (11)

where

Ω� = ω12 + ω21

Ω↔ = ωf
21 + ωb

12 (12)

and Q is given by

Q(i|i + r) = Q(i|i + r) =
1 − ρr

1 + ρ − ρr
(13)

The corresponding steady-state flux is given by

J = Ω1 P1 Q + Ω2 P2 Q

= ( Ω1 P1 + Ω2 P2)
(

1 − ρcov

1 + ρ − ρcov

)
(14)

where

Ω1 = ωf
11 + ωf

21 − ωb
11

Ω2 = ωf
22 − ωb

12 − ωb
22, (15)

are two effective forward hopping rates from the states 1 and 2, respectively.
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Fig. 4. The steady-state flux of the RNAPs, under open boundary conditions, plotted
as a function of (a) ωα, for three sets of values of the pair of parameters [NTP],
[PPi]; (b) ωf

21 for three values of the parameter ωα. The lines correspond to our mean-
field theoretic predictions whereas the discrete data points have been obtained from
computer simulations.
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However, for modeling transcription, open boundary conditions are more re-
alistic than periodic boundary conditions. It is not difficult to write down the
counterparts of the equations (10) and (11) under open boundary conditions, but
cannot be solved analytically. Solving these equations numerically in the steady
state, the numerical estimates of the flux and the average density profile were
predicted [32]. These mean-field theoretic estimates are plotted as functions of
ωα and ωf

21, respectively, in figs.4(a) and (b). In the same figure, the correspond-
ing simulation data are also plotted for comparison. The trends of variation of
the flux and the average density profile indicate a transition from the low-density
phase to the maximal current phase in fig.4(a) and from the high-density phase
to the maximal current phase in fig.4(b) [9].

4 Conclusion

In this article we have presented two examples of molecular motor traffic which
have been modelled using the language of driven-diffusive lattice gases. Histori-
cally, however, first attempt in this direction was made in the context of traffic
of ribosomes on a messenger RNA (mRNA) strand during translation of genetic
message was developed [34,35,36,37,38,39,40,41,42,43,44,45]. Very recently, such
models have been made more realistic by incorporating the mechano-chemistry
of individual ribosomes [46,47] in the same spirit in which the models of RNAP
traffic have been developed. It would be interesting to develop similar models
for traffic-like collective phenomena exhibited by unicellular organisms.

This work is supported (through DC) by a research grant from CSIR (India).
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