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The ribosome is one of the largest and most complex macromolecular machines in living cells. It polymerizes a
protein in a step-by-step manner as directed by the corresponding nucleotide sequence on the template messenger
RNA (mRNA) and this process is referred to as “translation” of the genetic message encoded in the sequence of
mRNA transcript. In each successful chemomechanical cycle during the (protein) elongation stage, the ribosome
elongates the protein by a single subunit, called amino acid, and steps forward on the template mRNA by three
nucleotides called a codon. Therefore, a ribosome is also regarded as a molecular motor for which the mRNA
serves as the track, its step size is that of a codon and two molecules of GTP and one molecule of ATP hydrolyzed
in that cycle serve as its fuel. What adds further complexity is the existence of competing pathways leading to
distinct cycles, branched pathways in each cycle, and futile consumption of fuel that leads neither to elongation
of the nascent protein nor forward stepping of the ribosome on its track. We investigate a model formulated in
terms of the network of discrete chemomechanical states of a ribosome during the elongation stage of translation.
The model is analyzed using a combination of stochastic thermodynamic and kinetic analysis based on a graph-
theoretic approach. We derive the exact solution of the corresponding master equations. We represent the steady
state in terms of the cycles of the underlying network and discuss the energy transduction processes. We identify
the various possible modes of operation of a ribosome in terms of its average velocity and mean rate of GTP
hydrolysis. We also compute entropy production as functions of the rates of the interstate transitions and the

thermodynamic cost for accuracy of the translation process.
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I. INTRODUCTION

The synthesis of proteins, performed by a macromolecular
machine, called ribosome, is one of the fundamental processes
inside every living cell [1,2]. The sequence of monomeric
subunits of the protein, called amino acid, is directed by the
sequence of the triplets of monomeric subunits of a messenger
RNA (mRNA) template; each triplet is called a codon. In
the language of information processing, the template-directed
polymerization of a protein by a ribosome is called translation
(of genetic message). The ribosome hydrolyzes two molecules
of GTP and one molecule of ATP (a strongly exergonic
or “downhill” reaction) to elongate the nascent protein by
one amino acid. The GTP molecules are hydrolyzed in a
complete elongation cycle whereas the ATP molecule is hy-
drolyzed during the prior aminoacylation reaction that results
in an activated aminoacyl-tRNA (aa-tRNA). The amino acid
brought in by an aa-tRNA at the beginning of an elongation
cycle subsequently forms a peptide bond with the nascent
growing protein. Simultaneously with the elongation of this
polypeptide by one amino acid, the ribosome moves forward
by one codon on the mRNA template. Therefore, a ribosome
can also be regarded as a molecular motor for which the
mRNA template serves as a track; the motor is fueled by GTP
and ATP hydrolysis and its step size on the track is a single
codon.
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Over the last few decades, enormous progress has been
made in characterizing the structure of the ribosome and its
dynamics during the process of translation by x-ray crys-
tallography, cryoelectron microscopy, and combinations of
biochemical and biophysical single molecule techniques such
as SmFRET [3-8]. There are many theoretical studies of the
translation process based on these experimental revelations
[9-20]. Fluitt ez al. [21], Rudorf et al. [12], Vieira et al. [22],
and Dana et al. [23] developed detailed stochastic kinetic
models capturing the translation process in the presence of
cognate, near-cognate, and noncognate aa-tRNA and also
considered the inhomogeneity of the mRNA transcript. Our
model is designed to provide a clear understanding of the
energy transduction processes during translation by decom-
posing the complex network of distinct states into its cycles,
focusing on the energetics and thermodynamic picture in
terms of fluxes, their conjugate affinities, and entropy change
associated with every cycle. It helps us understand what
chemical, mechanical, and chemomechanical cycles compete
in the network. It also helps us compute important motor
properties like velocity and hydrolysis rate in terms of external
parameters like concentration of the different particles which
bind to the ribosome. The flux balance relations give us the
expression for stall force and balanced potential.

The directed movement of the ribosome on its mRNA
track is, however, noisy because of the thermal motion of
the surrounding medium and the low concentration of the
molecules involved in the chemical reactions. The ribosome
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can be regarded as a thermodynamically open system that is
coupled to various reservoir potentials. More specifically, the
reservoirs include not only a thermal reservoir at a constant
temperature, but also several chemical reservoirs maintained
at the respective chemical potentials and a “force reservoir”
describing a load force acting on the ribosome. The main
aim of the present work is to improve our theoretical un-
derstanding of the translation process from the perspective
of stochastic thermodynamics [24-35] by a detailed and
quantitative description of the various stages of the chemo-
mechanical cycle that the ribosome undergoes in a single
translation step.

We describe the kinetics of the ribosome in terms of
a Markov network of observable mesoscopic states, using
experimentally measured interstate transition rates [36,37].
For the exact analytical treatment of this multiple-pathway
discrete-state Markov model we develop a graph theoretic
framework, following Refs. [38—40]. In this approach, the
network of the states is represented by a graph consisting
of vertices and edges. Vertices correspond to the observable
mesostates and the directed edges represent the possible
transitions between these states. The stationary solution is
obtained by studying subgraphs of the graph in a systematic
analysis that we outline in this paper.

This approach is powerful since the ratio of the products of
the transition rates along a cycle and its time reversal, that are
of interest from the perspective of stochastic thermodynamics,
is independent of the mesoscopic states. Cycle fluxes, entropy
production rate per cycle, thermodynamic force per cycle
[41-43] and other important quantities can then be calculated
explicitly as a function of the rates. This allows for discussion
of the operation mode of the ribosome in terms of average
velocity and hydrolysis rate.

II. MARKOV MODEL OF THE MECHANOCHEMICAL
CYCLE OF A RIBOSOME

A. Ribosome as a complex nanomachine

Each ribosome is built from two loosely associated sub-
units: (1) the small subunit, which is responsible for all the
processes related to deciphering the genetic code present in
the mRNA, and (2) the large subunit which serves as the
catalytic center where the formation of peptide bonds takes
place. The two subunits are joined together by flexible con-
nectors. A class of adaptor molecules, that bring in the amino
acid subunits, move along the intersubunit space. One end of
the tRNA molecule, that participates in the decoding of the
genetic message, interacts with the mRNA. The other end of
the tRNA, that brings in the amino acid subunit, interacts with
the large subunit. For each end of the tRNA molecule three
binding sites are available on the respective subunits of the
ribosome. These binding sites are designated by the letters “A”
(acceptor site), “P” (peptidyl site) and “E” (exit site), respec-
tively, in that sequence along the direction of translocation
of the tRNAs in the intersubunit space. Each tRNA not only
brings in an amino acid whose incorporation elongates the
polypeptide (protein), but also holds it transiently thereafter
before irreversibly transferring the polypeptide to the next
tRNA.

In order to account for the main features of the elongation
cycle, we introduce a model that is an extended version of the
model of translation developed earlier by Dutta and Chowd-
hury [20]. This model explicitly incorporates four competing
pathways corresponding to four different types of aa-tRNA,
namely, correctly charged cognate tRNA, mischarged cognate
tRNA, correctly charged near-cognate tRNA, and correctly
charged noncognate tRNA. Each of these pathways, shown
in Fig. 1, comprises of five distinct states, each of which
corresponds to a distinct conformational (or “chemical”) state
of the ribosome during translation of a single codon. The
five-state subnetwork along all four pathways looks identical
in spite of the fact that these correspond to four different types
of aa-tRNA. The difference between the four pathways is
captured by the difference in the numerical values of the rates
of the same interstate transitions along different pathways.
Therefore, we begin by explaining the different conforma-
tional changes that the ribosome undergoes along each of
these four pathways.

In Fig. 1 the state labeled by 1 represents the situation
where both the E and A sites of the ribosome are empty while
the site P is occupied by the tRNA carrying the nascent pro-
tein. In step 1 — 2 the ternary complex EF-Tu.GTP.aa-tRNA
with the elongation factor EF-Tu, one GTP, and an aminoacyl-
tRNA (aa-tRNA) binds to the ribosome. The reverse transition
2 — 1 describes the unbinding of the same ternary complex
from the ribosome. While the system in the state 2, the enzyme
GTPase of the EF-Tu is activated, leading to the hydrolysis
of a single GTP molecule to GDP and inorganic phosphate
P; which is captured by the irreversible transition (2 — 3). At
this stage, the aatRNA may get rejected (3 — 1). The physical
implications of this transition, called kinetic proofreading,
will be discussed further later in this section.

However, if the selected aa-tRNA is not rejected along
the path 3 — 1, the growing polypeptide is then linked by
a peptide bond to the amino acid supplied by the selected
aa-tRNA thereby transferring the polypeptide from the tRNA
located at the P site to the tRNA at the A site. After the
transfer of the polypeptide, the deacylated tRNA remains
at the P site. This “peptidyl transferase” activity of the
ribosome thus results in the elongation of the polypeptide
by one subunit. The composite process comprising the de-
parture of the products of GTP hydrolysis, together with
that of the EF-Tu, and the formation of the peptide bond
between the amino acid supplied by the selected aa-tRNA
and the growing polypeptide is represented by the single
transition 3 — 4.

While the polypeptide gets elongated by one amino acid, a
fresh molecule of GTP enters bound with an elongation factor
EF-G. Spontaneous Brownian (relative) rotation of the two
subunits of the ribosome coincides with the back and forth
transition (4 = 5) after the amino acid incorporation between
the so-called classical and hybrid configurations of the two
tRNA molecules. In the classical configuration, both ends of
the two tRNA molecules correspond to the locations of P and
A sites. In contrast, in the hybrid configuration, the ends of
tRNA molecules interacting with the large subunit are found
at the locations of E and P sites, respectively, while their
opposite ends interacting with the small subunit continue to
be located at the P and A sites, respectively.
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FIG. 1. Pictorial representation of one complete cycle, along with intracycle branched pathways, during the elongation stage of translation
at an arbitrary codon on the mRNA transcript. The ribosome is represented by the three sites where the tRNA binds, viz., the aminoacyl site
(A), the peptidyl site (P), and the exit site (E). Transition 1 to 2 represents the binding of ternary complex EF-Tu.GTP.aa-tRNA to the A site of
the ribosome. 2 to 1 represents the codon-anticodon mismatch. Transition 2 to 3 represents the hydrolysis of GTP for proofreading to ensure
whether the aa-tRNA is cognate. The 3 to 1 transition represents the rejection aa-tRNA as a result of proofreading. During transition 3 to 4,
the peptide bond formation takes place by linking the amino acid to the growing nascent protein. Transition between 4 and 5 represents the
Brownian ratchet motion and 5 to 1 represents the hydrolysis of GTP and translocation of the ribosome on the mRNA track.

Finally the hydrolysis of the fresh GTP drives the irre-
versible transition 5 — 1 along the pathway for correct amino
acid incorporation, thereby completing a cycle. This involves
the translocation of the ribosome on its track by one codon
and, simultaneously, that of the two tRNAs inside the ribo-
some by one binding site also on the small subunit, followed
by the deacylated (i.e., bare) tRNA exiting from the E site. The
EF-G.GDP complex dissociates from the ribosome and the
initial state 1 is again attained. The deacylated tRNA is then
aminoacylated (“‘charged”) by an enzyme, called aminoacyl
tRNA synthetase, by hydrolyzing a molecule of adenosine
triphosphate (ATP) into adenosine monophosphate (AMP)
and inorganic pyrophosphate (PPi). It is often believed that
the energy of the chemical bond between the amino acid
and tRNA is later used by the ribosome for the formation
of peptide bond between the amino acid and the nascent
polypeptide [1].

For clarity, Fig. 2 indicates how these internal processes
along each of the four pathways relate to the translocation

of the ribosome along the mRNA template. The forward
movement by one codon occurs from state 5 and leads to
state 1. The total displacement from the start codon at time
t is an integer multiple n of the average length £ ~ 1 nm of a
codon where 7 is the number of elongation cycles completed
up to time 7. Hence the average ribosome velocity v along the
mRNA is proportional to the elongation rate ¢ = v/£ which is
the average number of completed elongation cycles per time
unit which is identical to the average rate of elongation of the
nascent protein. Since in this paper we treat the ribosome as a
molecular motor, we use the term velocity instead of the rate
of elongation.

In reality, the incoming aa-tRNA need not be cognate to
the codon in the ribosomal A site (correct aa-tRNA). Instead,
it may be a mischarged cognate (wrongly charged), a near-
cognate (one of the three nucleotides of the aa-tRNA anti-
codon does not match the three nucleotides in the codon), or
a noncognate (none of the nucleotides on the aa-tRNA match)
aa-tRNA. Therefore, the overall model of the elongation cycle
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FIG. 2. A schematic representation of the Markov model of
translation. Both the chemical or conformational states of the ribo-
some at a given codon as well as the interstate transitions are shown,
along with the sequence of codons on the mRNA template that also
indicate the positions of the ribosome on its track. The circular discs
labeled by the indices 1, ..., 5 represent the chemical or conforma-
tional states of the ribosome at a codon while the tick marks on the
horizontal axis labeled by ..., (j — 1)¢, j, (j + 1)¢, ... denote the
positions of the successive codons.

consists of four subnetworks, as shown in Fig. 3, each of
which looks identical to the five-state network of Fig. 1. The
binding of the four possible aa-tRNA molecules (each as a
distinct ternary complex formed with GTP and EF-Tu) cause
transitions to their respective subnetworks from the state 1.
High fidelity of translation beyond the level guaranteed by
thermodynamics is known to arise from kinetic proofreading
(transition 3 — 1 in Fig. 1) whereby an aa-tRNA is rejected.
The overall network depicted in Fig. 3 implies that even a
correctly charged cognate tRNA may get rejected by kinetic

O
e/

FIG. 3. The kinetic Markov network of the ribosomal elongation
cycle. At every codon position, the ribosome undergoes changes be-
tween different conformations that are labeled by i =1, 2,3, ..., 17.
The k;; are the transition rates to move from conformation i to
conformation j. Notice that there are multiple pathways that the
ribosome can follow.

proofreading, albeit with a low probability, in spite of perfect
codon-anticodon matching. In contrast, a mischarged cognate
aa-tRNA may escape detection by the same quality control
mechanism leading to an eventual translational error by incor-
porating a wrong amino acid in the elongating protein.

It may be noted that in the original version of the model
reported earlier by Dutta and Chowdhury [20], some of the
transitions were assumed to be irreversible because the reverse
transitions were not observed in any experiments. In the
extended version adopted here all the irreversible transitions
are replaced by reversible transitions where the transitions that
have not been observed experimentally are treated as highly
improbable (Fig. 1) by assigning a hypothetical small rate
1073 s~!. This weak reversibility condition [44], which is
based on the law of mass action, allows for a discussion of
the entropy production in the process. Moreover, the cycle
“1-14-15-16-17-1" which corresponds to the incorporation of
noncognate tRNA is very improbable. Therefore the proba-
bility of a ribosome being in the conformational states 14,
15, 16, 17 must be extremely low. To ensure that, we need
to have very low forward rates and very high rejection rates.
To elaborate upon this point, let us consider the transition of a
ribosome from 1 to 14. While the rate of transition from state
1 to state 14 is very low, the ribosome, if it somehow reaches
the state 14, gets trapped in that state if the rejection rate
is also low. This would lead to a non-negligible probability
of occurrence of state 14. To avoid this anomaly, a high
rate 103 s™! is assigned to rejection rates that have not been
observed in any experiments so far.

B. Stochastic reaction Kinetics

During the course of an elongation cycle, the ribosome is
fed by energy from EF-Tu and EF-G mediated hydrolysis of
GTP to GDP and inorganic phosphate P; and ATP hydrolysis
during aminoacylation for ribosome catalyzed transpeptida-
tion. These free energies, AG in each hydrolysis, are con-
sumed for (a) decoding the genetic information encoded in the
codon sequences of the mRNA into the amino acid sequence
forming the polypeptide, and (b) also for translocation along
the mRNA track.

The complex ribosome machine can thus be viewed
as a small system coupled to multiple reservoirs that
act as sources and sinks of particles and energy for the
system (Fig. 4). Under isothermal conditions the differ-
ent reservoirs are (1) thermal reservoir at temperature 7'
(2) particle reservoirs for the chemical species aa-tRNA.EF-
Tu.GTP, aa-tRNA.EF-Tu.GDP, EF-Tu.GDP, EF-G.GTP, EF-
G.GDP, Pi, ATP, AMP, and PPi characterized by the chemi-
cal potentials f4y4RNAEF-Tu.GTP»> Maa-(RNA EF-Tu.GDP> MEF-Tu.GDP»

IEF-G.GTP> IEF-G.GDP»> I4Pi> LATP, HAMP, Uppi; (3) “Torce reser-
voir” that comes into play in the presence of an external force

Fx acting on the ribosome, such as a load force opposing the
natural forward stepping of the machine.

The ribosome may remain attached to a membrane and pull
the mRNA template through it, translating one codon after
another. In contrast, we have assumed the mRNA template
to be static along which the ribosome steps forward unidi-
rectionally by one codon at a time. The difference between
the two scenarios is merely the difference in the choice of
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FIG. 4. Overview of the different reservoirs which are in contact
with the Ribosome machinery, viz. (i) heat reservoir characterized
by temperature 7 '; (ii) particle reservoirs for the chemical species aa-
tRNA.EF-Tu.GTP, aa-tRNA.EF-Tu.GDP, EF-Tu.GDP, EF-G.GTP,
EF-G.GDP, and P; characterized by their respective chemical poten-
tials; and (iii) force reservoir characterized by the force Fiy;.

the frame of reference, as pointed out explicitly earlier in a
paper by Cozzarelli et al. [45]. The experimental setup that
faithfully captures the scenario envisaged in our theoretical
modeling is that developed a few years ago by Bustamante
and collaborators [46].

The extra work that is done in the mechanical movement
on the mRNA track in order to overcome the load force is
also supplied by the free energy released in hydrolysis. A
load force leads to a reduction in the speed of the ribosome,
unless it is compensated (or overcompensated) by an increase
of the chemical potential differences that contribute to the free
energy. Analogously, an external force may act in the same
direction as the natural motion of the ribosome, thus either
enhancing its speed or reducing the free energy required from
hydrolysis.

Thus the functioning of the ribosome machine depends on
the thermodynamic forces generated by chemical potential
differences of the particle reservoirs and on the external force
Fext applied to the machine. The chemical potential differences
of the particle reservoirs for the ribosome apparatus arising
from hydrolysis are given by

ATy,1 = Maa-(RNAEF-Tu.GTP — MEF-Tu.GDP — MPi, (D
ATy2 = [aa-tRNAEF-Tu.GTP — Maa-tRNA.EF-Tu.GDP — Mpi» (2)
AG = ILEF-G.GTP — MEF-G.GDP — MPi, 3)

Apa = LATP — LAMP — ILPPi- €]

It should be noted that EF-Tu is a GTPase that catalyzes the
selection and binding of aa-tRNA with the help of hydrolysis
of chemical fuel GTP whereas EF-G is a GTPase that cat-
alyzes the translocation step of the ribosome.

The system attains chemical equilibrium, without any
average net displacement of the ribosome, when Apug,| =
Aptyr = Apg = Apa = 0. This condition is sufficient, but
not necessary, for a system to attain equilibrium. Indeed, a
much weaker requirement that is both necessary and sufficient
for attaining equilibrium is that the difference of chemical
potentials along the cycles must vanish. However, for sim-
plicity (and due to lack of information from experiments in
this regard), we choose all chemical potential differences to
be zero.

When flaaRNAEF-TuGTP > MEETuGDP + Mpi and
UEE.G.GTP > MEE.G.GDP + Upi, the likelihood that the GTP
will bind to the active site for hydrolysis is much higher
than the binding of GDP for GTP synthesis. Again, parp >
uamp + upp; increases the likelihood that deacyl tRNA gets
aminoacylated with the help of aminoacyl tRNA synthetase.
These nonvanishing chemical potential differences drive the
system out of equilibrium and generate a directed movement
of the ribosome as indicated above. Moreover, the conversion
of chemical energy into mechanical energy involves a thermo-
dynamic cost which results in an increase of the entropy in the
environment.

From this thermodynamic perspective, the biological pro-
cesses that the ribosome undergoes during an elongation
cycle can be understood as Markovian transitions between the
distinct states, driven by thermal fluctuations, external forces,
and chemical reservoirs that supply the molecules required for
the transitions to take place. In our approach, the transition
rates between the states are assumed to be independent of
the spatial position of the ribosome on the mRNA track.
This allows us to study the elongation cycle just in terms of
the internal states of the ribosome, without reference to its
location on the mRNA template.

Thus the model reduces to a multipathway process as
shown in Fig. 3, with the transition rates from a state i to
some other state j denoted by k;;. The experimental values
of the rate constants used in our model are shown in Table 1.
The rates depend on the concentrations of the complexes that
bind to the ribosome in the following manner:

ki2 = o), [aa-tRNA.EF-Tu.GTP],,,

ki = wis [aa-tRNA.EF-Tu.GTP],,

k110 = ‘0(1),10 [aa-tRNA.EF-Tu.GTP],,,

k114 = “)(1),1 4+ [aa-tRNA.EF-Tu.GTP],,,

kss = wis [EF-G.GTP],

kgo = wyy [EF-G.GTP],

k12,13 = w?z,m [EF-G.GTP],

kis1s = o), s [EF-G.GTP],

ki3 = o), [aa-tRNA.EF-Tu.GDP] [Pi],

ki7 = o}, [aa-tRNA.EF-Tu.GDP] [Pi],

ki1 = a)(]),” [aa-tRNA.EF-Tu.GDP] [Pi],

k115 = w?,ls [aa-tRNA.EF-Tu.GDP] [Pi],

ka3 = wl; [EF-Tu.GDP] [Pi],

k211 = @Y, |, [EF-Tu.GDP] [Pi],

k6,15 = @ 5 [EF-Tu.GDP] [Pi],

kg7 = wY, [EF-Tu.GDP] [Pi],
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TABLE I. Values of the rate constants used in our model.

For correctly charged
cognate tRNA

For incorrectly charged
cognate tRNA

For near-cognate tRNA

For noncognate tRNA

)y =170 £25 uM 710
ky =700 +270s7"?

ky; = 1500 £450 s7" *
ky, =24+0.6 sl

k31 =1 S_] a

¥y =4 x 107 uM 257!
kyy =200+ 405712

o)y =4x107s7!

W)y =55+ 6 uM 570
kss =65+ 10s7'°

ksg =4+£1 sT1b

k]5 = 10_5 S_I

s =170 £25 pM "' s7!
key = 700 + 270 s~

kg7 = 1500 & 450 s~

ke =24+0.6 s7!

k71 =1 S_I

o)y =4 x 1077 uM 257!
ks =200 £ 40 s7!

Yy =4x 107 uM~2 57!
@Y =554+ 6 uM~'s7!

kog = 65 £ 10 57!
kg =4+1 s~!
k|9 = 10_5 S_1

o 1p=170£25 uM~'s7" 2

kip.1 =700 £ 270 g~la
k1011 = 1500 450 s~1 2
kij0 = 1100 £330s7!2
ki =4+£07 s~la

o =4x107° uM™"'s72

kii1»=026£0.04s5""2

oy =4x107° uM 257!

)3 =55+6uM"'s7!
k13,12 =65+10s""

ks, =4+ 1s"!

k1_13 = 10_5 S_I

of 1, =170 £25 uM~'s7!
k14_1 =700 £ 270 S_]

kia1s =107 57!

kisi4 = 10° 57!

k15_1 = 105 S_I

of 5 =4x107 uM 257!
k15’16 = 1075 57l

(515 =40 uM~? 5171
@17 =107 uM~'s7!

ki7,16 = 10% 57!
k17,1 =107 s7!
k|,17 = 10_5 S_1

2Reference [47].
PReference [37].

kis = w5 [EF-G.GDP] [Pi],

ki7 = w},; [EF-G.GDP] [Pi].

Here the square brackets [.] denote the concentration of
the complexes. The subscript co, mc, nr, and no represent the
cognate, mischarged, near-cognate, and noncognate aa-tRNA
respectively. The w;; denote the binding rate constant for the
complexes that bind to the ribosome.

For our calculations, we have used the concentration of
ternary complexes of cognate, near-cognate, and noncognate
aa-tRNA to be 50 uM, i.e.,

[aa-tRNA.EF-Tu.GTP],, = [aa-tRNA.EF-Tu.GTP],, =
[aa-tRNA.EF-Tu.GTP],, = [EF-G.GTP] = 50 uM.

The concentration of the mischarged aa-tRNA ternary
complex is taken to be 5 uM. We have taken the concentration
of mischarged ternary complex to be low because the rela-
tively rare event of mischarging of aa-tRNA occurs only when
the aminoacylation of tRNA escapes quality control done be
by amino acyl tRNA synthetase. This error generally occurs
when the cell is under stress. The concentration for the rest
of the complexes were taken to be [aa-tRNA.EF-Tu.GDP] =
[EF-Tu.GDP] = [EF-G.GDP] = [Pi] = 50 uM.

We have used the experimental transition rates that were
reported by Rodnina et al. [36] (steps involving initial bind-
ing, accommodation, proofreading, and peptide elongation
for cognate and near-cognate aa-tRNA) and Belardinelli
et al. [37] (steps involving translocation). The experiments
in Ref. [36] were conducted at 20 °C, whereas in Ref. [37]
the experiments were carried out at 37 °C. Since the rates
in these experiments are very sensitive to temperature, we
have estimated the rates at 37 °C that correspond to the rates
reported in Ref. [36] at 20 °C using the Arrhenius equation
following the method used by Rudorf et al. [12]. Moreover,
we have assumed that the steps involved in translocation have
the same rates for cognate, mischarged, and near-cognate
aa-tRNA [22], as the movements involved in translocation
are practically independent of the extent of codon-anticodon
matching. Furthermore, we have also assumed the transition
rates for the mischarged cognate aa-tRNA to be identical
to those of cognate aa-tRNA, because both exhibit identical
codon-anticodon base pairing [48]. For the case of noncognate

aa-tRNA, the transition rates are experimentally unavailable
but, as expected, the chances of their incorporation is negligi-
bly small.

III. RESULTS AND DISCUSSION I: GENERALIZED
THERMODYNAMIC FORCES AND FLUXES

A. Stationary state of the elongation cycle

To keep track of the position of the ribosome along the
mRNA template we describe the ribosome by its chemical
state [ at time ¢ and the number of monomers 7, in the
polypeptide chain that it has polymerized up to time ¢. This
number directly yields the displacement Ax = n,,{ by time ¢
along the mRNA. The stochasticity of the process then leads
to a description of the dynamics in terms of the probability
P;(n,,, t) that at time ¢ the ribosome is at “position” n,, in the
“chemical” state i.

The full master equations (A1)—(A17) for the probability to
find the ribosome at time ¢ in the chemical state i at codon n,,
are given in Appendix A. From these equations, one obtains
the reduced master equation for the probability distribution
P,(t) for the internal states by summing over all positions n,,
and defining P;(t) = }_, Pi(ny,t). This yields

dP(t) _
dr

7
Y Ik;iP(t) — kijPi(1)] )
J=1

for the probability distribution of the chemical states.

In the stationary state the time dependence drops out
from both sides of the reduced master equation (5). For the
steady-state probabilities, the master equation can be solved
numerically very efficiently with standard computer routines
for any choice of the numerical values of the transition rates.
However, we are interested in the exact analytical solution,
i.e., in the stationary probabilities as functions of the transition
rates.

To this end, we adapt the ideas of [40] in which the Markov
network shown in Fig. 3 is represented by a graph where each
of the vertices represents a distinct state i (i = 1,2, ...,17)
and the directed edges i — j represent the possible transitions
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FIG. 5. Graph representation: Panel (a) shows the undirected graph for our network as shown in Fig. 3 and panel (b) shows an example of
spanning tree for the undirected graph. There are in total 14 641 spanning trees for our network.

from state i to state j. From the graph an undirected graph is
obtained by replacing the directed edges by undirected edges
[see Fig. 5(a)]. A spanning tree of an undirected graph is
a subgraph which is maximal in the sense that it includes
all the vertices of the graph, with minimum possible edges
which implies the absence of any loop [see Fig. 5(b)]. A
directed spanning tree, say the uth (u = 1,2, ..., M), Ti"(G)
of a graph G, can be obtained by directing all the edges
of the undirected spanning tree 7#(G) towards the vertex i.
To each of the directed spanning trees 7 (G), we assign a
numerical value, A(T*)(G), which is defined as the product
of the |V| — 1 transition rates in the tree. The steady state
probability distributions are then given by

M
p=2z"Y A(rh), (©6)
n=1
where the normalization factor
vl M
2233 A0 g
i=1 p=1

plays a role similar to that of the partition function. The
detailed step-by-step derivation of P; for a smaller network
is given in Appendix B. We have written a dedicated MATLAB
code that computes all the steps in the graph theoretic calcu-
lation.

Using the experimentally measured values of the rates
listed in Table I in the analytical expressions for P; (i =
1,2,...,17) one obtains the numerical values as shown in
Table II.

By ergodicity, the stationary values P; represent the fraction
of time the ribosome spends in state i. We point out that for the
correctly charged cognate aa-tRNA the overwhelming amount
of time (>80%) is spent in state 5 (from which translocation,
accompanied by GTP hydrolysis and EF-G.GDP dissocia-
tion, takes place), followed by that in state 3 (from which
proofreading and elongation, accompanied by EF-Tu.GDP
dissociation, take place). This is followed by the time spent
in states 9 and 6 for similar reasons in case of mischarged
aa-tRNA. This is again followed by the probability of the
states 13 and then 11 for the same reasons in the case of
near-cognate aa-tRNA. The incorporation of near-cognate

amino acid has much lower probability than mischarged aa-
tRNA as the aa-tRNAs go through the quality control process
of the ribosome. The probability of the ribosome incorporat-
ing a noncognate amino acid is negligibly small.

B. Transition flux, cycle flux, and their relations

The right hand side of the master equation [(A1)-(A17)]
(as shown in Appendix A) is the negative sum of the net
probability currents

Jij(@) = kijPi(t) — k;;iPi(t) (8)

from state i to state j. Notice that all pairs i and j that
contribute to the master equation are neighbors in the network
graph Fig. 3. For the steady state solution P;, the associated
stationary probability currents k;;P; — k;;P; are denoted by J;,
without argument ¢. They are related to the macroscopic mean
transition fluxes

J7; = kijNi — kjiN; 9)

between states i and j in the direction i — j, where in an
ensemble of N identical ribosomes translating an mRNA an
average of NN; are in state i. Since in the stationary state one
has N; = NP; one finds

Ji; = N(kijP; = kjiP;) = NJ;. (10)

Therefore, we shall refer to the stationary probability currents
Jij = —Jji as transition fluxes. If the ribosome would be in
full thermal equilibrium (i.e., not only with respect to the
temperature), the process would satisfy detailed balance and,

TABLE II. Numerical values for the probabilities.

P, = 0.00059 P, = 0.0023

Py =0.017 P, = 0.021

Ps = 0.84 Ps = 0.00023
P, = 0.0017 Py = 0.0021

Py = 0.084 Py = 0.0071
P, = 0.0096 Pi» = 0.000016
P13 = 0.00062 Py = 0.007

P15 =42 x 10_13
P17 =59 x 10714

P]() =59 x 10_14
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(a)

(b) (c)

(e) (f)

1)
D

FIG. 6. Graphs (a)—(f) show the six different loops (unoriented cycles) labeled by k = a, b, . . ., f and indicated by the solid lines that are

present in Fig. 5.

consequently, all transition fluxes would vanish. However,
as pointed out above, this is not the case because of the
nonequilibrium nature of the steady state of the model under
investigation here.

Next we define the auxiliary variables Q;(r) :=
an nyPi(ny,, t). With the step length £ of a translocation
from one codon to the next, one obtains from the Q;(¢)
the mean position X () = £ ), Q;(t) and the mean velocity
v(t) = X (t) of the ribosome. From the full master equation
(A1)—(A7) one obtains (by shifting the summation index
in the sum over n,, for the terms involving site n,, &= 1) the
simple expression

v(t) = L[J51() + Jor1 () + J13,1(¢) + J17,1(0)] (11)

for the average velocity for the ribosome.

In a similar fashion one obtains the mean hydrolysis
rate. One introduces as a stochastic variable the net number
m(t) of GTP hydrolysis and effective GTP synthesis events.
This number is incremented by +1 for say 2 — 3, 5 —
1 takes place and is incremented by —1 when the reverse
transitions take place. This yields a master equation for the
joint probability P;(n,,,m,t) similar to (A1)-(A7), but with
terms like ks5;Ps(n,, —1,m —1,t), k3 P3(n,,, m+1,t) and
so on instead of ks Ps(n,, — 1,1), k3 P3(n,,, t) (and so on).
The net hydrolysis up to time ¢ is then given by H(¢) =
2i2n, 2m MPi(ny,, m, t) and the master equation yields the
exact expression

h(t) = Jo3(t) + Je7(t) + Jio,11(t) + J14,15(t) + J51 (1)
+Jo1 () + J13,1(#) + J17,1(2) (12)

for mean hydrolysis rate h(t) = dH (t)/dt. In the steady state,
the time dependence drops out of both sides of (11) as well as
those of (12).

In order to get deeper insight into the nonequilibrium
nature of the chemomechanical cycle of the ribosome we
next express the transition fluxes in terms of cycle fluxes. Six
different single loops (cycles regardless of their orientation),
labeled by « € {(a), (b), (c), (d), (e), (), (), (h), (i), (), (k),
(1)} in Figs. 6 and 7, can arise in the network model shown in
Fig. 3. It will transpire that transition cycles allow for a deeper
understanding of the kinetic activity of the network than just
by focusing on the transition fluxes.

To make the role of cycles quantitative, we first define the
cycle products

Mee:= ] &y (13)

(i, j)e(k+)

as the products of rates k;; of the edges contributing to
cycle « in clockwise (+) or anticlockwise (—) orientations,
respectively.

Next we summarize a graph theoretic approach for deriving
the analytical expressions for the cycle fluxes. Following Hill
[38], we associate to a given oriented cycle (« %) the cycle rate
constants

Jex = ) kAT (14)
w. (G J)

over those directed trees w and edges (i, j) that contribute
to all graphs with cycle (k+). Notice that adding a new
directed edge oriented from i to j to a directed spanning
tree 7 converts the latter into a graph T[j‘ that has a single
oriented cycle. Thus, from the undirected spanning trees one
can construct the flux diagrams each of which has a single
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(i)

FIG. 7. Graphs (g)—(1) show the six different loops (unoriented cycles) labeled by k = g, i, ..., [ and indicated by the solid lines that are

present in Fig. 5.

undirected cycle and directed branches that feed into this cycle. Then, it follows that

Jk,i = HK,iRK/Za (15)

where

R = >

all the flux diagrams
containing cycle «

Expression (15) for J. .+ can be interpreted as the cycle
product multiplied by the weight factor R, / Z where the latter
accounts for the flux from the rest of the network into the
cycle. Using the expressions above, we arrive at the expression
for the cycle fluxes:

JK = JK,+ - JK,— = (HK,+ - HK,—)RK/Z’ (17)

where R, is given by (16). Both J, 4 and J, _ are positive
quantities while J, can be positive or negative.

For clear understanding, as an example, all the flux dia-
grams corresponding to the smaller network are displayed in
Appendix C along with the outline of the related calculations.
Each transition flux through the oriented edge (i, j) can be
decomposed into the sum of cycle fluxes. This decomposition
for the 17-state model yields

Jip =Jn =Js+ Jg, (18)
Jiz =—Jo + /e, (19)
Ju=dys=Js1 =J. + J, (20)
Jis =Jo1 = —Jp — I, 21

I1 kij |- (16)

(i, j) are the directed edges
feeding into cyclekin the flux diagram

(

Ji7=Jp — Ju, (22)

Jrs = Jso = Jor = —Ja — Jn, (23)
Jii0 =01 = Je + i, (24)
Jin=—Je+ i, (25)

Jiie =Jinaz =Jiz1 =Ji+Ji, (26)
Jiia =Juas = =Jp — Jy, (27)
Jiis =—J; +Jy, (28)

Jis,16 = Ji6,17 = 17,10 = —=J; — J). (29)

Note that this list of decompositions is complete. All transi-
tion fluxes are uniquely expressed in terms of cycle fluxes.
However, it is not possible to invert this and express the
cycle fluxes in terms of transition fluxes because only four
transition fluxes are linearly independent while the number
of cycle fluxes is 6. The numerical values of the cycle fluxes
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TABLE III. Numerical values for I, . and the cycle fluxes J, +,
obtained from the rates of Table I. Since J, , > J, _ for all cycles «,
one has J, ~ J, 4. The units of the cycle products I1, . depend on
the loop «. The units for J, 4, J, _, and J, are sl

K nx.+ HK,* JK

(a) 1.3 x 10’ 0.014 0.017
(b) 0.014 1.3 x 10° —0.0017
© 22 6.5 x 107° 5.8 x 1072
(d) 6.5 x 107° 22 —5.8x 107
(e 5.1 x 107 7.7 0.0385
® 700 8500 —33x 1078
(2) 2.8 x 10" 9.1 x 10°° 3.38

(h) 9.1 x10°¢ 2.8 x 10" —0.34
Q) 0.029 2.6 x 1078 43 x 10712
()] 1 x 1010 1x 1072 2.9 x107°
(k) 3.6 x 100 0.0050 0.0025
o) 7 x 102 8.5 x 10717 2.9 x 107°

are given in Table IIl. The largest flux goes through cycle
(g, +), which represents correct translation with correctly
charged cognate aa-tRNA. The second largest flux passes
through cycle (h, —), corresponding to incorporation of wrong
amino acid due mischarged cognate aa-tRNA binding. The
third largest flux passes through cycle (e, +), corresponding to
successful error correction when near-cognate aa-tRNA binds.
The cycle (k, +), (unsuccessful error correction leading up to
missense error) has a small flux.

It is worth pointing out here that our decomposition into
cycles is complete and carried out by inspection. A formal
prescription for identifying the independent thermodynamic
forces (affinities) has been proposed in recent years by Es-
posito and collaborators [49,50]. However, the latter formal
approach is not required for analyzing the entropy production
of the specific machine (ribosome) and specific process (trans-
lation) under our consideration in this paper. Nevertheless, we
hope to report the alternative analysis, based on Esposito’s
prescription, for the kinetics of template-directed polymeriza-
tion, in a future publication.

C. Energy balance in steady state

The two ratios

IT
e+ — et . Xe/keT (30)
- I, —

depend only on the rate constants around the cycle « itself.
They define the so-called generalized thermodynamic forces
X, [38,40] generated in a nonequilibrium system when cou-
pled to different reservoirs. In a stationary state, which does
not involve any change in internal energy, these forces are
equivalent to the heat exchange AQ, that arises from the tran-
sitions through a loop « and proportional to the corresponding
entropy change

ASe =X /T = AQ/T, €2y

thus exposing the entropic nature of the generalized thermo-
dynamic forces in the stationary regime.

Thus the generalized thermodynamic forces highlight the
connection between the irreversibility of a nonequilibrium
process and its heat dissipation since (30) implies

Je=Je (1= e80Ty = J (1 — W00, (32)

which demonstrates (a) that the heat dissipation and the
cycle flux vanish simultaneously (corresponding to thermal
equilibrium), and (b) that otherwise (i.e., out of equilibrium)
they always have the same sign. In other words, the general-
ized thermodynamic forces express the direction of the cycle
fluxes.

The ratios (30) also provide a link between the kinetics and
thermodynamics of the network which can be further devel-
oped as follows. During the transition from state i to state j,
the internal energy U; of the system in state i can change due to
three factors: (i) a chemical potential change Au;j = p; — 1]
arising from the coupling of the states to the particle reservoirs
with the chemical potentials paaRNAEF-Tu.GTP» MEF-Tu.GDP>
ILEF-G.GTP> MEF-G.GDP> MATP> MAMP> Mppi, and up; introduced
above, (ii) the mechanical work W;; which the machine per-
forms in the transition i — j to overcome the external force
Fix, and (iii) the heat exchange Q;; with the surrounding
medium. Conservation of energy for the transition from i to
Jj therefore reads

Ui —Uj = Apij — Wij — Qij. (33)

Next we apply conservation of energy to a cycle. Since
the internal energy is a state function, the total change in the
internal energy for a cycle must be zero in the steady state.
The heat exchange AQ, = T AS, inacycle (k, +) is given by
(30) in terms of the reaction rates. For a cycle (k, +), energy
conservation (33) thus reads

Apge v — Wiy — AQ, =0, (34)

where W, ; is the work done against the external force in the
complete cycle in positive direction and Au, 4 denotes the
net chemical potential difference in the complete cycle.

Using (30) and (31) in Eq. (34) we arrive at the equivalent
steady state balance condition

HK,-‘r
A/\LK._‘_ — WK,+ = XK = kBT In IS 5 (35)

K,—

which yields the relation between the transition rates (through
I, +), the chemical energy input, and the mechanical work
for any cycle in the network, conveniently expressed through
the stationary generalized thermodynamic forces. This rela-
tion will be used below to determine the range of normal
operation of the ribosome, i.e., with positive mean velocity of
the ribosome along the mRNA and positive rate of hydrolysis.

IV. RESULTS AND DISCUSSION II: MODES OF
OPERATION, MECHANICS, AND STOCHASTIC
THERMODYNAMICS

A. Modes of operation

The analysis carried out in this subsection for the ribosome
is very similar to that reported earlier [51] for the cytoskeletal
molecular motor kinesin. As elaborated above, the elonga-
tion factors EF-Tu and EF-G catalyze the hydrolysis of the
fuel molecules, i.e., GTP, into GDP and P;. Also, ATP is
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hydrolyzed into AMP and PP; during aminoacylation with
help of aminoacyl synthetase. The energy released in these
reactions acts as the chemical energy input for the ribosome
machine in each elongation cycle. Thus the operation of
the ribosome depends on the respective chemical potential
differences and the external force Fey. Its modes of operation
are characterized in terms of the average velocity and the
average rate of hydrolysis both of which are positive in the
normal mode of operation. In the following, we identify
the different modes of operation of the ribosome, normal
as well as abnormal, exploiting the cyclic energy balance
relations (34).

1. Sign of cycle fluxes and modes of operation

Substituting (20), (23), (26), and (29) into the time-
independent (11) we get

v=L[Js; + Jor +Ji31 +Ji7.1]
:K(JC—Jd+fg—Jh+J[—Jj+Jk—J[) (36)

for the average velocity of the ribosome in terms of the cycle
fluxes, which yields the numerical value 3.7 nms~' after
substitution of the values of parameters listed in Table III.
Our result is of the same order of the experimentally observed
elongation rates [52]. Note that while our result is in nm/s,
the experimentally observed rate is given in aa/s and recall
that for every addition of amino acid, the ribosome takes one
codon step which is approximately equal to 1 nm.

Likewise, substituting the expressions (18), (21), (24),
(27), (20), (23), (26), and (29) into (12) in the steady state
we get the rate of GTP hydrolysis

h = Jx+Js7 +Jio,11 + J1a15 + st +Jor +J13,10 +Ji71
=Ja_Jb+Jc_Jd+Je_Jf+Ji_Jj
+2(y =+ — ) (37)

in the network model in terms of the cycle fluxes; it predicts
the numerical value 7 = 7.5 s~! after substitution of the pa-
rameter values listed in Table III.

To investigate under which external conditions the ribo-
some functions in normal mode, we make a simplification of
the calculation by showing only the GTP and ATP molecules
explicitly, devoid of factors. These factors are essentially
GTPase and ATPase enzymes which catalyze, i.e., speed up,
the GTP and ATP hydrolysis without affecting the overall
energy released or absorbed in the reaction, i.e., Au. Ac-
cording to this simplification, two GTP molecules and one
ATP molecule are hydrolyzed for every mechanical step of
the ribosome from one codon to the next. The hydrolysis is
then driven by a chemical potential difference A that comes
into play in these transitions. Since the sign of the transition
fluxes does not depend in a straightforward fashion on the
chemical potential difference and the external force, we study
the process in terms of the cycle fluxes.

For the 12 individual cycles labeled by «, as displayed in
Figs. 6 and 7, the analysis of the process discussed in detail in

Sec. IT A yields

Apa+ = Afhe+ = Au, (33)
App+ = Apgpr = —Ap, (39)
Apey = Api = 2Ap, (40)
Aptas = Apjy = =241, @1
Apgy = Apgp = 3Ap, (42)
Apty = Dpg s = —3Ap, 43)
with the effective chemical potential difference Ap, 4 =

GTP GDP P; _ ,,ATP AMP PP;
M+ = M d — My 4 O At = Mo+ = My 1 = My -

Recalling that W = ¢F, is the work performed against the
external force in one translocation step, one also derives from
the description of the six cycles

War = Wop = Wer = Wry =0, (44)

Wi = Wiy = Wi = Wi = W, (45)

Weo = Woy = Wiy = Wiy = —W. (46)

Thus one gets from (35)

X, =X = Au, 47)

Xp =Xy = —Ap, (48)

X=X =2An0—W, (49)

X;=X; = W —2Ap, (50)

X, =X, = GAp)—W, (51

X, =X =W — BAn). (52)

Since the cycle flux and the generalized thermodynamic
force always have the same sign and must vanish simultane-
ously,

Je =Jes (1= e80Ty = J (1 — e X/0T) (53)

The conditions that must be satisfied are shown in in Fig. 8
on the Fyi — Ap plane. Combining the information displayed
in these figures, we identify the various modes of operation
of the ribosome, from (36) and (37), on the F — Aji plane
in terms of v and A, as shown in Fig. 9. Here, F = kFB—KT and
A= kA—‘; are the scaled force and chemical potential.

The lines where velocity and hydrolysis rate change sign
are not accessible to this analysis. At the equilibrium point
W = 0 = A both v and / vanish.

2. Stall force and balanced potential

For a given concentration for [GTP],[GDP],[P], the stall
force F; is given by the condition

V(Fexi,[GTPL[GDP],[P]) = O for Fory = 5. (54)

After substituting the values of the rate constants and £ =
1 nm in Eq. (36), the expression for velocity in terms of Au
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(a) (b)
_AP _n
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Ja>0 J»<0 o T
Je>0 Je<0 Ji>0 Jj<0
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(c)
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]g>0 ]h<0
Ji>0 Ji<0
| =
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FIG. 8. The figure shows the variation of sign of cycle fluxes with the variation of the chemical potential difference Au and the applied
force Fey. The shaded region corresponds to the conditions written on it.

(a) (b)

Ap Ap

h>0 v>0

A
v
\ 4

h<0 v<O

A\ 4 v

FIG. 9. Modes of operation of the ribosome as function of scaled chemical potential difference At and the scaled force F . Inside the green
shaded regions (upper left) the motor velocity v and the hydrolysis rate & are positive for all values of Ajt and F . Inside the pink shaded regions
(lower right) these quantities are negative for all values of Ajz and F'. The change of sign takes place inside the respective white regions.
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FIG. 10. Operational diagram for the ribosome. The stall force
F; as a function of Au is shown by the red line. The balanced
potential Ap, as a function of Fi is shown by the blue line.
These lines divide the (F.y, Ap) plane into four different regions HF
(hydrolysis-forward) (blue), HB (hydrolysis-backward) (yellow), SB
(synthesis-backward) (red), and SF (synthesis-forward) (green). The
lines were computed using the transition rates given in Table I. Fy is
in units of pN and Ay is in units of pN nm

and Fey i
V= [—29 X 10_9(] - e(zA“_Fm)/kBT)
—2.9x 1079(1 — eBAr—Fe)/ksT)
+ 34(1 — e(_3A/L+Fexn)/kET)

+5.8 x 1077(1 — A0ty pm =1 (55)

Using (54) and (55), we obtain the stall force Fi(Ap) as a
function of Apu.

Following a similar route, the zeros of the hydrolysis
rate give us the balanced concentrations of GTP, GDP, P,
i.e., which in turn gives us the balanced potential Apu,. The
condition for balanced potential Au, is given by

h(Fexi,[GTPLIGDPL[P]) =0 for Au = App. (56)
After substituting the values of the rate constants in

Eq. (37), the expression for hydrolysis rate in terms of Au
and Fgy is

h = [6.8 —0.055¢~Ar/HkT) 4 3.0 x 107 2e2/ksT

+2.9 x 107 2e@2u=F)ksT | 59 y 10~9B2n—F)/ksT
6.8 AP kT _ 58 s 100 p(2AmAF) kT g1

(57)

Using Egs. (57) and (56), we obtain the expression for the
balanced potential A up(Fex) as a function of Fiy.

As shown in Fig. 10, the conditions of vanishing velocity
(red line) and vanishing hydrolysis rate (blue line) divides
the (F, Ap) plane into four different regions. In operation
mode HF (blue), the ribosome couples GTP hydrolysis to
forward mechanical steps, while in the operation mode HB
(yellow), the ribosome couples GTP hydrolysis to backward
steps. In the operation mode SB (red), the ribosome couples
GTP synthesis to backward steps, while in the operation mode

SF (green), the ribosome couples GTP synthesis to forward
steps. The SF region appears only for negative external force
(corresponding to a force along the natural direction of mo-
tion) when this force is strong enough.

The two functions F;(Au) and Au,(F) intersect when
there is both mechanical and chemical equilibrium, i.e.,
Fo, A = 0. We note that the stall force and the balanced
potential approach the straight line Foyy = 3Au as we move
closer to the chemomechanical equilibrium, i.e., Fexy = Ap =
0. This represents the ideal operating curve which directly
follows from the linear response theory. Near the chemome-
chanical equilibrium, the ribosome works with 100% effi-
ciency, i.e., Fex? = 3A . The efficiency is given by the ratio
of the mechanical work performed by the ribosome against
the external force and the chemical energy consumption.

The validity of our prediction for GTP synthesis under
strong enough load force can be verified only after systematic
experimental studies are carried out using a setup of the type
developed by Liu et al. [46]. Can a ribosome really synthesize
GTP under the conditions described above? A similar question
on the possibility of ATP synthesis by cytoskeletal motors
under externally applied load force has been raised earlier in
the literature in the context of the modes of their operation. In
spite of some indirect indication in support, the possibility of
ATP synthesis during load-induced back stepping still remains
an open question [53]. We believe that the possibility of GTP
synthesis during load-induced backward stepping is allowed
by the principles of stochastic kinetics and thermodynamics.
However, some constraints arising from the structures of the
ribosome and the accessory proteins involved during the elon-
gation cycle may make the probability current of the process
in reality negligibly small.

B. Ribosome velocity

We study in more detail the ribosome velocity under nor-
mal operation as a function of the rates k3 and ks; for the
processes that involve GTP hydrolysis, with all other rates
kept at their experimental or hypothetical values. From the
exact expression (36) one concludes that the velocity as a
function of any two rates k, k', with all other rates kept fixed,
is of the form

o + ark + o3k’ + askk’ 1
Bi+ Bak + Bik + Bikk £ Bk + Bk
(58)

with coefficients «;, B; that depend on the choice of rates
k, k'

As a function of the rates k = ks; and k¥’ = k3 one obtains
from the exact stationary distribution the coefficients o) =
1.23 x 1078,y = 3.53 5,03 = 5.87 x 10712 5, a0y = 7.78 x
1072s% and B; =6.69 x 1078, B =1.31s, B3 =7.46 x
10725, B4 =214 x 1073 s, Bs =436 x 1077 s, Bs = 0.
Neglecting numerical prefactors of order 107® and smaller
and introducing the dimensionless unit rates k; i =kij s (i.e.,
the rates expressed in units of a second) one obtains

vk, k') =

3.53ks; +7.78 x 107 2ks ka3 —
V= = = == .
1.31ks; + 7.46 x 10~2kp3 + 2.14 x 1073ks1ka3

(59)
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FIG. 11. Velocity v in nm s~! as a function of the rates ks; and

kyz ins~!.

Notice that the velocity becomes a constant even when the
rates ks; and kp; become large and saturate. This saturation
effect arises because even if hydrolysis and translocation
would be instantaneous, the velocity would still be limited
by the rate of the other processes in the elongation cycle. As
seen in Fig. 11, the dependence on the rate k3 is very weak in
the experimentally relevant range around k»; = 1500 s~! and
saturates to a value that is approximately proportional to ks;
in the experimentally relevant range around ks; = 4 s~!. This
saturation effect indicates that the main limiting factor for the
velocity is the second hydrolysis in the elongation cycle.

To explore the velocity saturation due to the second GTP
hydrolysis further we consider the velocity as a function of
k = ks; and k' = k5, the latter being the rate at which GTP
for the first hydrolysis is supplied by the ternary complex
EF-Tu.GTP.aa-tRNA. As a function of these two rates the
constants entering (58) are given by a; = 2.1 x 107°, a =
11s,a03=0,04 =13x103s>and ; =3.9x 1078, 8, =
3.8x107's, B3=13x10"3s, B4 =78 x 107052, Bs =
1.3 x 1072 2, B¢ = 0, which yields the velocity plot shown
in Fig. 12. Neglecting numerical prefactors of order 10~ and
smaller one finds

1.1ks; + 1.3 x 10 3ks1k1» .
= = = nms
1.3 x 1073ky2 + 0.38ks;

(60)

The dependence of the velocity on the rate &, is very weak
in the experimentally relevant range of the order 103—10*. As
ki increases (high concentration of aa-tRNA), the velocity

5000,

FIG. 12. Velocity v in nm s~! as a function of the rates ks; and
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FIG. 13. Hydrolysis rate & in units of s~! plotted against the rates

ko3 and ks; in units of s~!.

becomes limited by the rate ks; which is not affected by a
high concentration of aa-tRNA.

C. Hydrolysis rate

The transitions 2 — 3 and 5 — 1 involve GTP hydrolysis.
Therefore, from Eq. (37), we get the expression

_ Gy + rkos + @zks; + dgkozks; 1
B + Bokas + Bsksy + Bakasksi + Bsk2,

for the rate of GTP hydrolysis as a function of the rates
ko3 and ks;, where the coefficients oy, B;, just like in the
case of the velocity, depend on the choice of the rates.
For k = k3, k' = ks, one obtains the coefficients &; = 2.6 x
1078, &, =9.8x107"'s, @3 =75s, @ =1.6x 107! s,
Br=13x10"7, B =74x10"%s,p3=13s, s =2.1 x
107352, Bs = 2.2 x 1077 s2. As a function of ks;, there is
little variation in the rate for ky; > 1500 s~!, which is in the
experimental relevant range k3 &~ 1500 s~!, thus indicating
robustness of hydrolysis with respect to this rate. On the other
hand, in the region of the experimental value ks; ~ 4 s~ for
the transition 5 — 1 (where hydrolysis is accompanied by
translocation), the hydrolysis rate depends strongly on ks;.
The rate of hydrolysis under normal operation is shown in
Fig. 13.

(61)

D. Entropy production

In order to determine how the entropy change AS i+ :=
+AS, associated with the completion of an oriented cycle
(k, L) contributes to the total entropy production of the
process we recall that the entropy of a system described by
Markovian stochastic dynamics is the usual Gibbs entropy,

S¥(t) = —kg Zl’i(t)ln[Pi(t)]- (62)

Following Schnakenberg [40] we split the time evolution of
the system entropy into two parts,

d
ESSYS(I) — O_tot(t) + O_enV(t)’ (63)
with the total entropy production

oty . l . Pi(0)kij
o"*(t) = ks ;Jlj(t)ln (Pj(t)kj,) (64)
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FIG. 14. Entropy production rate ¢'** in units of seconds plotted
against (a) the concentration of the cognate ternary complex EF-
Tu.GTP.aa-tRNA (in units of wmol which is proportional to the rate
ki2), (b) the rate k3 of the transition 2 — 3 that involves hydrolysis
of GTP, (c) the rate ks, of the transition 5 — 1 that is associated
with translocation. The remaining rates are kept at their experimental
values.

o
(&)

tot

and the entropy flux

1 ki
env e __ .. -
o™ (1) = 2@2;hmm(@)' (65)
The entropy flux can be interpreted as the entropy production
of the environment [44,54]. Using the master equation (5) it
is straightforwardly verified that the time derivatives satisfy
St) =o"'(t) + o™ ().

In the steady state, the system entropy does not change
which implies

1 kij
oo — _EkB Z‘]ij In <k_]> = —ogW, (66)
ij st

In terms of cycle fluxes with the entropy change
Hk,i

ASK,i = kB In (67)

KF
along a circle in clockwise or anticlockwise direction one gets
the decomposition

0" = (e s ASc s+ Je _AS, ) (68)

of the entropy production in terms of cycles (see Appendix D
for detailed derivation). Using AS, _ = —AS, 4, which indi-
cates that the cycle (k, +) is the time reversed trajectory of
the cycle (k, —), we arrive at the entropy production

o = J. AS, (69)

for cycle « and at
oot — ZU;M (70)

for the total entropy production. From Table III it is readily
seen that cycle (b) has the overwhelmingly largest contribu-
tion to the total entropy production, followed by cycle (c) and
then cycle (a).

As kj, is proportional to the concentration of cognate EF-
Tu.GTP.aa-tRNA, the increase of k; is easily implemented by
the increase of the concentration of cognate EF-Tu.GTP.aa-
tRNA. Figure 14(a) shows how the entropy production in-
creases with the increase of the concentration of the cognate
ternary complex EF-Tu.GTP.aa-tRNA. We find that the effect
is particularly pronounced at small concentration and gradu-
ally flattens out somewhat at higher concentration where the
entropy production diverges logarithmically with the further
increase of the EF-Tu.GTP.aa-tRNA concentration. A similar
trend of variation of the entropy production is observed also
in the variation of, for example k3 [see Fig. 14(b)] as well as
with the variation of ks; [Fig. 14(c)]. Note that k3 is the rate
of a step that involves the hydrolysis of a molecule of GTP
whereas ks is associated with translocation.

In order to understand the causes and consequences of this
common trend of variation of the entropy production with
the rates of interstate transitions, it is instructive to consider
also the behavior of the entropy production as a function
of the ribosome velocity. As kj increases (i.e., effectively
concentration of cognate EF-Tu.GTP.aa-tRNA increases), the
velocity v(kjy) (60) of the ribosome, expressed as a function
of k,, saturates to a value v* = 3.7 nm s~! as discussed above
since in that parameter regime it is limited by the rates along
the cycles that involve translocation (see Fig. 15). These
rates are not affected by a high concentration of cognate
EF-Tu.GTP.aa-tRNA. On the other hand, the contribution
to the entropy production from the cycles (a)-(c)—which
involve the ratio In (k5 /k;;) from the reaction 1 = 2—keeps
increasing and diverges at v* since the inverse function kj,(v)
diverges at v*. A similar divergence appears when any of the
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FIG. 15. The entropy production rate (P) per second plotted
against the velocity of translation v in nm/s, obtained by varying
the rate k;, from O to 150 000 s~'.

transition rates k;; becomes large since the entropy production
diverges as In (k;;) while the the velocity saturates for large ;;
[see Figs. 14(b) and 14(c)].

E. Accuracy of translation and its thermodynamic cost

As pointed out earlier, proofreading and hence rejection of
non- or near-cognate aa-tRNA or mischarged aa-tRNA, may
be faulty, leading to a transition 7 — 8, 11 — 12, and 15 —
16. Unless the reverse transitions 8 — 7,12 — 11,and 16 —
15 take place before elongation and translocation, this process
leads to a production of missense error in polypeptide chains
with a total net production rate

es = J7g + Ji1,12 + Jis5,16. (71)

On the other hand, by a similar argument, correct production
occurs with a rate

es = Jaa. (72)
Thus the accuracy of translation, defined by [20]
ey Je+J,
este Jo+do—Ji—Ih+Ti+Ih—Jd—J;
(73)

yields the fraction of proper polypeptide chains in the total
production of the ribosome.
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FIG. 16. Entropy production rate o' is plotted against accuracy
of translation ¢ by varying the rate ky3 from 0 to 30 000 s~'.

//
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FIG. 17. Accuracy of translation ¢ plotted against (a) the con-
centration of the cognate ternary complex binding rate ki, and
mischarged ternary complex binding rate k¢, (b) the concentration
of the cognate ternary complex binding rate k;, and near-cognate
ternary complex binding rate k; ;9. The remaining rates are kept at
their experimental values.

In Fig. 16, total entropy production rate o' is plotted

against accuracy of translation. The plot shows that as we
increase the accuracy of translation, the energetic cost of
translation also increases.

In Fig. 17, we observe how the accuracy of translation
varies with the variation in concentration of cognate and
mischarged ternary complexes, Fig. 17(a), and with the vari-
ation of concentration of cognate and near-cognate ternary
complexes, Fig. 17(b). This gives us insight of the competition
between different types of ternary complexes. We see that the
accuracy varies considerably with the variation in concentra-
tion of cognate and mischarged because the mischarged tRNA
escapes the proofreading as it has the correct codon-anticodon
base pairing. Therefore, if we increase the concentration of
mischarged aa-tRNA in the surrounding, it may considerably
affect the accuracy of translation. For Fig. 17(b), the accuracy
is almost insensitive to the near-cognate tRNA concentration.
This is because the ribosome ensures rejection of near-cognate
tRNA through stringent proofreading.

In Fig. 18, we show the variation of accuracy of translation
¢ with the cognate cycle peptide bond formation rate k34 and
mischarged cycle peptide bond formation rate k75 [Fig. 18(a)]
and the cognate cycle peptide bond formation rate k34 and mis-
charged cycle peptide bond formation rate k;; 12 in Fig. 18(b).
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0400

(b)

FIG. 18. Accuracy of translation ¢ plotted against (a) the cognate
cycle peptide bond formation rate k34 and mischarged cycle peptide
bond formation rate k75, (b) the cognate cycle peptide bond formation
rate k34 and mischarged cycle peptide bond formation rate k;; ;. The
remaining rates are kept at their experimental values.

V. CONCLUSIONS

The ribosome is one of the largest multicomponent molec-
ular machines. It performs a crucially important biological
function called translation (of genetic code) that results in
the synthesis of proteins as directed by a mRNA template.
Although the structure and kinetics of ribosomes have been
studied extensively in the past, the stochastic thermodynamics
has not received attention so far. Most of the results reported
in this paper constitute, to our knowledge, essentially the first
step in that direction.

Using a network approach we solved exactly the stationary
master equation for a seven-states model of the kinetics of
a ribosome during the elongation stage of translation. This
solution is used for a detailed description of stationary prop-
erties arising from the stochasticity of the chemomechanical
cycle of the ribosome. We have identified the various modes
of operation of this machine in terms of its average velocity
and the mean rate of GTP hydrolysis. Similar analyses have
been reported earlier in the literature for cytoskeletal motor
proteins. This paper reports an analysis from the perspective
of stochastic thermodynamics, of a molecular machine that
carries out template-directed polymerization.

Our quantitative predictions can be used as benchmarks for
simpler models and thus allow for judging the adequacy of
such reduced models that incorporate fewer or other internal
states of the ribosome. Moreover, since we used rates obtained

from experiments, the comparison of the analytical results
with other experimental data allows for a detailed quantita-
tive understanding of the microscopic processes underlying
translation, particularly those during the elongation stage.

Finally, we would like to point out that the knowledge
of exact stationary distribution allows for the construction of
exactly solvable models of many interacting ribosomes, as
has been demonstrated recently in a mathematically similar
setting for a two-states description of transcription elongation
by RNA polymerase [36,55]. This approach can be adapted to
more internal states and exact stationary single-motor results
open up the path to obtaining exact quantitative results for
the elongation kinetics of many simultaneously transcribing
or translating molecular motors.
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APPENDIX A: MASTER EQUATIONS

The full master equation for the probability to find the
ribosome at time ¢ in the chemical state i at codon n,, (see
Fig. 19) reads

d
EPI (M, 1) = ko1 Py (i, t) — kioPi(ny, t)

+ ka1 Py (i, 1) — kizPr(ny, 1)
+ks1Ps(ny — 1, 1) — kisPy(ny, 1)

+ ko1 Po(n,, — 1,t) — k19Py(ny, t)

+ ka1 Pr(n, 1) — ki Pr(ny, 1)

+ ke1 P (nm, t) — kigPr (1, 1)

+ ki01Pro (M, 1) — ki1oPr (1, 1)

+ ki1 Pri(, ) — ki Pr(ng, 1)
+kiz1Pi3(ng — 1, 1) — kizPr(ng, 1)
+kiniPrr(ny — 1, 1) — kg Pr (i, 1)
+ kis1Prs (i, 1) — kiisPy (i, 1)

+ ka1 Pia(, t) — kiaPr(nm, t),  (Al)
d
EPZ(nmv 1) = kioPi(ny, t) — ko1 Po(ny, t)
+ ko Ps(ny, t) — kpsPo(ny, 1),  (A2)

032402-17



DUTTA, SCHUTZ, AND CHOWDHURY

PHYSICAL REVIEW E 101, 032402 (2020)

FIG. 19. The kinetic Markov network of the ribosomal elonga-
tion cycle. At every codon position, the ribosome undergoes different
conformation changes that are labeled by i = 1,2, 3,4,5,6,7. The
k;; are the transition rates to move from conformation i to conforma-
tion j. Notice that there are multiple pathways that the ribosome can
follow.

d
EP3(nm9 t) = ki3Pi(ny, t) — k31 P3s(ny, t) + ks Po(nyy, 1)

— k3o P31, t) + kazPy(np, t) — kaaP3(ny, 1),

(A3)
d
EP4(k’ 1) = kaaP3(ny,, t) — ks Pa(ny, t)
+ ksaPs(y, t) — kasPa(np, t),  (A4)
d
Eps(nm, t) = kisP(ny, +1,1) — ksi Ps(ny, t)
+kasPy(ny, t) — ksaPs(ny,, t),  (AS)
d
Zps(nm, 1) = kigPi(ny, t) — kg1 Ps(ny, t)
+ k16P1 (N, t) — ke7Ps (M, 1),  (A6)
d
ZP7(nms t) = ki7Pi(ny, t) — k7 Pr(ny,, t)
+ ke7Ps (M, 1) — k76 Py (1, 1)
+ kg7 Py (M, t) — kg Pr(, 1), (A7)
d
Eps(nm, 1) = kigPr(ny,, t) — kg7 P3(nyy, 1)
+ kogPo (1, t) — kgoPs(my, 1),  (A8)
d
EP9(nma t) = kioPi(ny, +1,1) — ko1 Po(ny,, t)
+ kgo Py (R, t) — kogPo(nm, 1),  (A9)

d
EPIO(nms 1) = kioP1(m, t) — k1ot Pro(im, 1)

+ki110Pi1 (i, 1) — kot Pro(ny, t), (A10)

d
Zpll(nmvt) = kiiiPi(mp, t) — k111 Pri(ng, t)

+ ki011P1o(m, 1) — ki110P11 (M, 1)

+ki211Po(m, 1) — kiiiaPri(ng, t), (All)
d
EPIZ(nm’ t) = kiPii(mm, 1) — ki1 Pra(, t)
+ k3P, t) — kizizPi2(, t),  (Al2)

d
EPIS(nma 1) = kioizPio(mp, t) — kizioPi3(m, 1)

+kizPi(ny + 1,1) — kiz1 Piz(ny, t),

(A13)
d
Epm(nm, 1) = kiaPr(n, 1) — kia1 Pra(ig, t)
+ ki514P15(M, 1) — k1a15P1a(npy,, 1),
(A14)
d
—Pis(n, t) = kisisPia(ny, t) — kisiaPis(ng, t),  (AlS)

dt

d
Eplé(nmv t) = kis16P15(n, 1) — kis15Pis(fy, t)

+ki716P17 (s 1) — ki617P16 (M, 1),
(A16)

d
Epn(nm, t) = kig17Pi6(Mm, t) — k1716 Pr7(nm, t)

+kii7Pt(ny, +1,1) — ki71 Prr(ng, t).

(A17)
The normalization condition is
17
DD Bm.n=1. (AI8)

i=1 np

APPENDIX B: GRAPH THEORETIC SOLUTION
OF MASTER EQUATIONS

In order to find the stationary solution of the master equa-
tion (5) we follow [40]. We demonstrate the solution explicitly
for a simplified effective version of the model with only
seven states. The solution of the full model proceeds along
completely analogous lines.

1. Step 1: Constructing graph and undirected graph

From the graph an undirected graph is obtained by
replacing the directed edges by undirected edges. The
undirected graph for the seven-state model is displayed
in Fig. 20. This graph is fully determined by the
vertex set V =1{1,2,3,4,5,6,7} and the edge set E =
{(1,2),(1,3),(1,5),(1,7),(2,3), (3,4), (3, 6), (4,5), (6, D}
Here the edges are not directed, i.e., edge (i, j) is the same as
the edge (j, i), as opposed to oriented edges ) displayed
below by an arrow pointing from i to j.
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FIG. 20. Undirected graph representation of the network of seven
states.

2. Step 2: Constructing undirected spanning trees
from the undirected graph

Recall that a spanning tree of an undirected graph is a
subgraph which is a maximal tree that includes all the vertices
of the graph, with minimum possible edges. All possible
spanning trees of graph G have the same number of edges and
vertices. It doesn’t contain any cycle. Adding just one edge
will create a cycle and removing one edge will make the graph
disconnected. Let T*(G) (u =1, 2, ..., M) represent the uth
undirected spanning tree of graph G.

One can construct the spanning trees by removing |E| —
V] + 1 edges (for our graph, 9 — 7 4 1 = 3 edges) from the
graph, where |E| is the number of edges and |V'| is the number
of vertices. This yields M = 39 distinct undirected spanning
trees. For a systematic construction we group the spanning
trees into three classes: (I) all spanning trees without edge
(1,2), (I1) all spanning trees that have edge (1,2) but not edge
(1,3), and (III) all spanning trees that have edge (1,2) and edge
(1,3) but not edge (2,3). In total there are 39 spanning trees;
see Figs. 21-23.

3. Step 3: Constructing directed spanning trees
from undirected spanning trees

Recall that a directed spanning tree 7(G) can be ob-
tained by directing all the edges of the undirected spanning
tree T*(G) towards the vertex i. Thus, for each undirected
spanning tree T+ displayed in Figs. 21-23, the six directed
spanning trees T}, i € {1,..., 7}, are obtained by directing
all the edges of T* towards the vertex i. This construction
is illustrated in Fig. 24 for the undirected spanning tree 7°.
Since, for every undirected spanning tree 7/(G) and for a
particular root vertex i, there is exactly one directed spanning
tree, this construction yields a total of 7 x 39 = 273 directed
spanning trees 7, (u = 1,2,...,7).

4. Step 4: Steady-state solution in terms of contributions
from directed spanning trees

To each of the directed spanning trees T}, we assign a

numerical value, A(7;"), which is defined as the product of the

|V | — 1 = 6 transition rates in the tree, with transitions i — j
defined along the orientation (i 7). The steady state probabil-
ity distributions are then given by (6) with the normalization
factor (7).

As a result of this construction, all unnormalized steady
state probabilities P, = Zﬁ’zl A(T!) for the seven-state
model are a sum of 39 monomials. Each monomial is a
product of seven rates k;; such that each edge (i, j) is rep-
resented exactly once. The monomials thus differ only in
the orientation in which an edge appears. So, finally, for the
seven-state model one finds

P =F/Z, (B1)

with

;
zZ=Y P, (B2)

i=1
where
Py = kaiksikazksi k71 ker + kaiksiksikask ke
+ k31kasksikaskyiker + kaikaskasksikiker
+ ksikaskzakoskriker + karkaokazks kg ke
+ ks1k71kerkackaskas + ksikaskrikerkaekas
+ karksaksikaskriker + kaiksikaskaaky ke
+ ka1ksikaskqikerkse + ka1ksikrikerkaekas
+ ka1k71kerkaekaskss + karkzikasksakqiker
+ ka1 ksakazksakyiker + kaikazkasksakaiker
+ k71 kerkackoskazksa + karkazkasksakeskas
+ ks1kaskzakoskeskae + ksikazkasksakeskae
+ ka1ks1kasksakeskre + karksi kaskaakeskae
+ ka1 ksakaskeskreksi + kaikzikaskeskaeksi
+ karkaskaskeskrcksi + kaikaskeskioksikas
+ ka1 ksikeskaoksi kas + karksakeskzksikas
+ ka1ksakesksikasky) + karksikaskaakeskr
+ ka1 ksikesksikaskry + kaikaskesksikasks
+ ks1kaskzakoskeskr1 + karkaokaskesksiky
+ k31kpskaskesksi ki + karksikazkesksi ki
+ ka1ks1kasksakeskyi + karkaskasksakesk
+ ka1 ksakazksakeskan s (B3)

Py = kioksikasksikyiker + kiokziksikaskriker
+ kaoki3ksikaskyiker + kaakisksikyikerkas
+ kaokazksakiskyiker + kiaksikqikerkaokas
+ karkaskeskski7ks) + kaakeskaeki7ksikas
+ kioksikasky1kerksz + kiaksikaskaakyi ke
+ ki2ksikasksikerkse + kiaksikaikerkackas
+ kiok71kerkaskazksa + kiakzikazksaksiker
+ kioky1kerksakazkss + kaakizkyikekazkss
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(8)
@
3 1
FIG. 21. All spanning trees 7* without edge (1,2).
+ kaokazksakeskiski7 + ki2ksokasksskezkae + kiz2ks1kaskyiksokes + kioksikasksakesks
+ kaskasksakiskeskss + kaokizkazksakeskss + kioksikesksikaskyy + kspkizksikaskyikes
+ ki2k31kasksakeskqe + ki2ksikasksakezkqe + k3zkazksakiskyikes + kioksik7iksokazkes
+ kioksiksakaskeskss + ki2ksikaskezkisks) + kaoki3ksiky1kazkes + kioksikazkesks kgt
+ kazki3ksi kasksskzs + kaakizksikaskeskss + kiok31kasksakesks) + kszki3kq1kazksakes
+ kiok31keskroksi kas + ki2ksi kasksokeskse + ka1ksokazksskesky, (B4)
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FIG. 22. All spanning trees 7* that have edge (1,2) but not edge (1,3).

+ kasksakeskicki7kar + kiska1k7ikerkasksa
+ kpskiokyikerkazkss + ki3kyikerkaskazkss
+ kaskasksakeskscki7 + kaskiokazksakeskae
+ kpskazksakiskezkss + ki3kazkasksakeskae
+ kizka1kasksakeskie + kasksakiskaikeskae
+ kpskioksikaskeskss + ki3ka kst kaskeskae
+ kisksikaskaskeskie + ki3ksikaskaskeskae

Py = kiskaiksikyikerkas + kiskaiksi kasksi kes
+ ki3ksikasksikerkas + kisksikoikerkazkas
+ kaskasksakiskyiker + kaskioksikyikerkas
+ kaskaskeskeki7ks) + kaskeskaeki7ksikas
+ kaskiaksikaskyiker + kasksakiskaikqiker
+ keskrsk17k21ks1kas + kaskeskaeki7kai ks
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FIG. 23. All spanning trees 7* that have edge (1,2) and edge (1,3) but not edge (2,3).

FIG. 24. All the seven directed spanning trees 7,°, obtained from the undirected spanning tree 7° of Fig. 21 by directing all the edges
towards the root vertex i.
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33

FIG. 25. Forming graphs with a single cycle: (a) Adding to the oriented tree 7, an oriented edge from vertex 4 to the neighboring vertex
5 yields the same tree (without any cycle) as adding to the oriented tree 75 an oriented edge from vertex 5 to vertex 4, thus rendering
Jos = J2, = 0. (b) Adding to the directed tree 7, an oriented edge from vertex 1 to vertex 2 generates a cycle (231), while adding to the oriented
tree T29 an oriented edge from vertex 2 to vertex 1 generates a cycle (132) where generically J192 = —J29l # 0 (viz. unless ki2ky3ks) = kp1kizksy
for the cycle products of the transition rates). (c) Adding oriented edges between vertices 2 and 3 of the oriented trees 7,>* and 73> respectively,
yields identical graphs so that J{, = J35.

+ kiska1ks1kaskeskre + kaskioksikaskeske
+ kaskiaksikaskyikes + kasksakiskaikqikes
+ kiska1ksikaskrikes + kisks1kaskrikaskes
+ kaskasksakiskyikes + kaskioksik7ikazkes
+ kisks1k71koskazkes + kizkaiksikrikaskes
+ kizka1k71kasksakes + kisk7ikaskasksakes
+ kaskiok71kazksakes,

Py = kaskiskaiksikyiker + ksakiskoksikoi ke
+ ksakisksikaskriker + kaakizksiknikerkos
+ kaakasksakiskyiker + kaakaskioksikqiker
+ kaskaskeskioki7ks) + ksakiskyikerkaekas
+ ksakiska1ksaky1ker + kaaksakiskaikqiker
(B5) + ksakiskarkq1kerkse + kaakeskaeki7ka1 ks
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FIG. 26. Graphs with loop (a).

+ kaskeskrcki7ka1ksa + kaakizkaiksikerksa
+ kagkozkiokeikerkss + kaakizkyikekaszkss
+ kzakoskeskroki7ksa + kaakazkiokeskzeksa
+ kaakoskeskoksakis + kaakizkaskeskzeksa
+ kaaki3ka1 keskreksa + ksakeskioksakiskai
+ kaakoskioksikeskze + kaakizkaiksikezkae
+ kaaki3ks1kaskeskie + ksakisksikaskeskae
+ ksakiskaiksrkeskze + ksakiskaiksakeskae
+ ksakiskaikaakeskr1 + kaakesksakiskai kg
+ ksakiskaiksrkeskri + ksakisksikaskeskr
+ kaskoskesksakiskry + ksakaskioksik1kes
+ kaaki3ks1k71kaskes + kaakizkaiksik71kes

FIG. 27. Graphs with loop (b).
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+ kaak13ka1k71ke3ksa + kaakizkg1kozkesksa
+ kaskpskioks  keskss,

Ps = kiskaiksikasknker + kiskarksikikerkas

+ kisksikaskqikerkas + kisksikoskaskqi ke
+ kiskr1kerkaskaakas + kiskaiksokazksiker
+ kisky1kerksekazkas + kiskyikekaskaskas
+ kiska1ksok1kerkas + kiskaik7ikerkasksa
+ kiskarkyikerkackas + kiskaikqikerkackas
+ kasksakeskicki7kar + kaskzakizkaikriker
+ kasksakaskiokyiker + kasksakizksikerkas
+ kasksakazkeskrcki7 + kaskzakoskiokeskae
+ kiskaskzakaskeskse + kasksakizkaskeskse

(B6)
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B =

FIG. 28. Graphs with loop (c).

+ kasksakiska1keske + kiskai kaskaakeskae
+ kiskykszkaskeskss + kiskaiksikaskeskas
+ kisksikaskaskeskie + kisksikaskeskzokas
+ kiskarksikesksskas + kiskaikaakeskaskas
+ kiska1ksokeskrikas + kiska1 k71 kaskzakes
+ kiskarksikeskyikas + kisksikaskeskaikas
+ kiskikaskaakaskes + kiskaiksokazkesk
+ kisksikaskaskeskr + kiskaiksikaskesks
+ kaskzakizka1 k1 kes + kaskzakizkrikaskes
+ kasksakazkioksikes,

kacki7ka1k31kazks1 + kagki7ka1ksiksikas
+ kyski7k31k23ks1kas + kask17ks1kazkazksy
+ kacki7ks1kaskaakos + kaki7kaikaakazks)
+ kaskaskasksk17ks) + kaskaskaeki7ksikas
+ kacki7ka1ksaksikas + kagki7kaiksikasksa
+ kaskrek17ka1ks1kas + kaskazkseki7ka1ksi
+ kaskasksakski7k21 + kaski7ka1ks1kazksa
+ krgki7ka1ksakazkss + kaki7ksikaskazkss
+ kagkpzkasksakgski7 4 kagkazkiokazksakas
+ kaskoskasksakiskie + kaekizkoskasksakae
+ kask13ka1kasksakae + kaskasksakiskaikae
+ kaskaskioksikaskis + kaskiskaiksikazkae
+ kask13ks1kaskaskss + kaskisksikaskaskae
+ kagki3kaiksikaskss + kagkazkizksikaskas
+ kaskaskioksikaskry + kaskasksakiskakq
+ kaski3ka1ksikaskry + kaskisksikaskaikas
+ kaskaskasksakiskry + kaskaskioksikrikas
+ kask13ks1k71kaskas + kaskiskaiksikakas
+ kagki3ko1 kg1 kazkss 4 kagkizkyikoskazkss
+ kagkaski2k1kazksa,

ki7ka1 k31 kazksiker + kirkarksiksikasker
+ ki7k31kpzksi kasker + ki7k31kazkazksi ke
+ ki7ks1kasksakosker + ki7kai kspkasks) ke

(B7)

(B8)

+ ki7ksikerksokazkas + ki7ksikaskerksckos
+ ki7ka1k3zksikasker + ki7ka 1 ksikasksaker
+ ki7ka1ks1kaskekse + ki7ka1ksikekackas
+ ki7ka1kerkackasksa + ki7kaiksikasksaker
+ ki7ka1kaokazksaker + ki7ka1kaskasksaker
+ ki7ke7ksckaskazkss + kerksckazkiakazksa
+ ke7ksokaskasksakis + kerkzeki3kazkazksa
+ kerkacki3ka1kasksa + kerksckazksakiskar
+ ke7ksokaskinksikaz + kerkseki3kaiksikas
+ kerkscki3ksikazkas + kerkscki3ksikaskas
+ kerksoki3ka1ksikas + kerksekazkioksikas
+ ki7ka1kzzkesksikas + ki7kaiksikasksakes
+ ki7ka1k31kesksikas + ki7ks1kaskesksi kas
+ ki7ks1kasksakazkes + ki7ka1kszkaskesks
+ ki7ks1kaskaskesksy + kizkaiksikaskesks:
+ ki7ka1kz1kasksakes + ki7kz1kaskazksakes
+ ki7ka1kszkazksakes. (B9)

From these exact expressions all stationary properties can be
computed analytically or numerically exactly.

APPENDIX C: GRAPHICAL REPRESENTATIONS OF
TRANSITION AND CYCLE FLUXES: FLUX DIAGRAMS

Using the decomposition (6) of the stationary probabilities
into contributions from the directed spanning trees one obtains
the decomposition

Jij = kijPi — k;jiP;
39
=27 ) [WA(T) = kiA(T])] (€D
n=1

in terms of the unnormalized transition flux contributions
Ji; = kijA(T") — k;A(T]") and the normalization factor
(B2).

We observe that the directed trees 7;* and T/* differ for the
same p only in the orientation of the edges connecting the
vertices i and j. Therefore, if vertices i and j are neighbors,
i.e., if they are connected by an edge in the undirected
spanning tree u, then the flux contribution Jl‘; from 7 and

Tj“ vanishes see Fig. 25(a). On the other hand, if i and j are
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FIG. 29. Graphs with loop (d).

not neighbors, then the multiplication of A(T"*) by the rate
k;j yields a product of rates that can be obtained from a new
directed graph by adding to 7}* an oriented edge from i to j,
thus converting the oriented tree 7} into a graph Tlf with a
single oriented cycle [see Fig. 25(b)] whose original arrows
are all directed towards vertex i and with a new arrow from i
to j. Similarly, the product kjiA(Y"j’f ) corresponds to a graph
T with the same cycle, but oriented in the opposite direction.
The rest of both the one-cycle graphs (the side branches of the
cycles) are identical, so that the product of the rates in the side
branches R(T}}) = R(T};) is the same for both orientations.
Notice that directed trees with different indices © might lead
to the same one-cycle graphs; see Fig. 25(c) for two examples
T =T3% and Ty = T3

From the undirected spanning trees one can construct the
flux diagrams, each of which has a single undirected cycle and

directed branches that feed into this cycle. In total, there are
29 distinct flux diagrams for the seven-state model; all these
29 graphs are displayed in Figs. 26-31.

Using these flux diagrams, the exact expressions we obtain
are the contribution of the branches for every cycle:

Ry = kazkerkqiks) + kazkqekesks) + ksakazkiokes
+ kasksikek1 + ksakaskerksi + kasksikqekes
+ kasksikeskst + ksakazkesks + kazkesksiksr,  (C2)

Ry, = kerk71 + ky6kes + kezkyi, (C3)
R. = kazksy + kasksy + ksakaz, (C4

Ry = kyzksikoi + kazksi ko3 + ksakazkoy 4 ksakazkos
+ kasksika1 + kasksi ko, (6]

FIG. 30. Graphs with loop (e).
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FIG. 31. Graphs with loop ().

R, = kerk71ka1 + kerk71kas + kaskezkas + kagksskor

+ kesk71k21 + kesk1ko3, (Co)

Rf = k23 + k21. (C7)

APPENDIX D: ENTROPY PRODUCTION RATE
IN TERMS OF CYCLE FLUX

The explicit derivation of the Eq. (68) is given below:

pr - _kB Z‘Llln< lj)

sl rom (X2 4 pain (%2 4 2y <2
= — n n n
i e e nln 7o
ko) k3z ki3
Jrl Jaol Ji3l .-
+ 21H<k12)+ 32“(]{2 >+ 1%n<k31>+ :|

1 ki ko3
= —k3|:(.] +J. +Jd)ln< ) + J,+ J. +Jd)ln< )
2 ko k3»

=g —J, )1n<i“>

31

+(=J,—J. —Jd)ln<k >+( —J,—
k12

—Jy)l kz2
@ n<k23>

+(—Ja —i—Jd—i-J)ln(k )+]
31

[using Egs. (28)-(31)]

1 ki2kask ko1ksrk
_ _kB[Jaln<M> _Jaln<M) L }
2 ko1kaoki3 ki2kazks

I, I, -
:—kB|:Jln< >—Juln< 2 )+]
Ha— Ha,+

[using Eq. (23)]

U kpin( Bet ) — g gptn ((Ham +
= —|J, n —Ja n e
2 i na,f ? Ha,Jr

1
= E[JaASa,-k— - JaASa,— +---]
1
= 51Uar = Ja)AS,
— Ut = o )AS,— + -1 [using Eq. (23)]
1
= E[JHA'ASQA' - Ja’_ASa,_t,_ - Ja’+ASa’_

FJu DSy + -]

1
= z[‘la,+ASﬂ,+ +Jo—ASy — + Ty 4t AS, 4
+Jo,—ASs— + -] (usingAS, - = —AS, 1)

= [Ja,+ASu,+ + Ju,—ASa,— +--]

= et ASe s +JeAS, ). (D1)
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