
Degradation of mRNA and Translational
Control
Degradation of mRNA is one of the key pro -
cesses that control gene expression in the
cells. Traditionally, this process has been
thought to be governed by a decay rate const -

ant. Biochemists, however, have unveiled a large
number of complex mechanisms underlying mRNA

degradation. In addition, several measurements of
mRNA turnover have shown that mRNA decay is rarely simple.
The turnover of mRNA molecules introduces new time scales
that interact with the timescales of translation and of cell
division. In [1] we have considered the interaction of the life-
time distribution of an mRNA species with the timescale need -
ed by ribosomes to build a stable poly some (Fig. 1). The latter
timescale is proportional to the length of the mRNA. We
have found out that for very long mRNAs with a high
turnover, the transient time until protein synthesis begins
may be comparable with the lifetime of the mRNA thus
affecting both the protein synthesis rate and the size of the
polysome. 

Fig. 1: Translation and degradation of mRNA. (a) Prokaryotic mRNA and
(b) the effect of endonucleolitic degradation on the polysome. (c) Eukary-
otic mRNA. Degradation occurs in the 5’ to the 3’ direction.

The analysis of experimental data from E. coli shows that
longer mRNA produce, in general, fewer proteins than short-
er mRNA if the lifetime distribution of the mRNA is short and
exponential (Fig. 2). 

Fig. 2: The interplay between degradation and loading of the polysome
can produce a negative correlation between the number of proteins per
mRNA and its length.

There is also an indication that mRNA degradation may af -
fect the spatial distribution of the ribosomes on the mRNA.
This point was investigated in [2] using flux balance equations
and stochastic simulations. Since the lifetime distribution of
the mRNA is not exponential, in [3] we have looked at the
inter play between the shape of the lifetime distribution and
the timescales necessary to reach a steady state expression
level (Fig. 3).

Fig. 3: Two assumptions for the mRNA lifetime distributions lead to dif-
ferent transient times. In E. coli the average mRNA lifetime is about four
minutes and its cell cycle has duration of twenty minutes. 

We found that mRNA characterized by broadly distributed
lifetimes take longer to reach a steady state copy number so
that especially in bacteria certain mRNAs may never reach a
steady state copy number before cell division. In [3] we did
not investigate the origin of the different lifetime distributions,
a topic that was left for further investigations published in [4].

Ribosomal profiling is a new ex peri mental technique that
pro vides an in vivo picture of the translational state of the
cell. With this technique one can investigate the various
mechanisms of translational control, which include the initia-
tion rate by ribosomes and the codon dependent elongation
rate. One important question that we wanted to address con-
cerns the differential translational state of organisms under
different growth or stress conditions. To address this ques-
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tion, in the framework of the Marie-Curie ITN “NICHE” Prof
Zoya Ignatova and her lab at the University of Potsdam have
worked on the ribosomal profiles of E. coli cell cultures under
four different growth conditions. The analysis of the data
produced with advanced bioinformatics tools [5], will be fur-
ther statistically analyzed in a manuscript in preparation [6]
to provide the most complete picture of the differential gene
expression in E. coli so far. This data will then become a use-
ful benchmark for modelling the interaction of ribosome with
the mRNA. 

Heterogeneity of Chlamy Cell Populations
Chlamydomonas reinhardtii (chlamy) is a unicellular photo-
synthetic alga. The cells of this organism have the special
property to remain in the growth phase for a random amount
of time and attain, at a population level, a relatively broad
distribution of cell sizes. One consequence is that each moth-
er cell can produce a number of daughter cells that is roughly
proportional to the logarithm of its size (Fig. 4). Since cell vol-
ume is often considered as a proxy for the cellular metabolic
state, one first objective has been to develop a model for the
cell size distribution under time-independent conditions such
as those created in some bioreactors. The model can be used
to calculate and compare stationary distributions for the
common binary and the multiple division processes [7]. The
model has left many questions open. One biologically impor-
tant question is whether the experimentally observed diversi-
ty is solely given by the stochastic nature of cell growth and
division or to the heterogeneous mixture over the phases of
the cell cycle. Furthermore, we wanted to investigate if the
volume of the mother cells is the only determinant of the
number of daughter cells. 

Fig. 4: Two chlamy daughter cells (bottom left) grow in time but divide at
two different time points. Although the number of daughter cells is dif-
ferent, their sizes are very similar. 

To investigate these points, Prof. Martin Steup and his lab at
the University of Potsdam have performed a set of experi-
ments with synchronized chlamy cells. The synchronization is
obtained by cultivating the cells with fixed periods of light
and darkness, in a growth medium that does not allow for
cell growth in the darkness. Synchronization relies on the
fact that, under certain general conditions, all cells would

divide after the start of the dark period and the daughter cells
would start to grow only when light is turned on again. Clear-
ly, at the beginning of each light period all the cells are in the
same point of the cell cycle. The experiments showed us that
DNA replication occurs stochastically during the light period
according to relatively simple rules that we have been able
to cast in a stochastic model of cell growth and division. The
conclusion of this study [8], is that DNA replication is one
major determinant of the number of daughter cells and that
its stochastic nature maintains the population heteroge-
neous even under synchronization conditions.

Markov Chains in Biological Processes
Markov chains are a very common tool to mathematically
model biological processes. 

Fig. 5: The stochastic life of a single mRNA molecule is made of specific
biochemical states. At each state, a transition to the next state or to
absorption is possible. 

The recent application of this tool in our group covers model-
ling the complex life time of mRNA, where each molecule
undergoes several biochemical transitions until degradation
takes place (Fig. 5, from Ref. [4]), and the stochastic lifetime
of trabecular bones [9], within a project led by Dr. Richard
Weinkamer in the Biomaterials department. We have consid-
ered also mathematical models of molecular motors. In one
particularly instructive work [10], we have considered a sim-
ple model of molecular motors interacting with the fuel sub-
strate. When the amount of fuel molecules is not constant,
due to its stochastic consumption and replacement, the rate
by which a motor receives the fuel varies stochastically in
time. We could derive an analytical expression of the distribu-
tion of the time that a motor has to wait for a fuel molecule
and found that it is not exponential. This implies that at low
molecule number the law of mass action does not hold. Mod-
els of molecular motors like Kinesin have also inspired sever-
al problems in the mathematical theory of Markov chains that
we have investigated in collaboration with Prof Sylvie Rœlly
at the Institute of Mathematics of the University of Potsdam
and are going to be submitted soon [11,12].

A. Valleriani, C. Deneke, P. Keller, A. Nagar, M. Rading, 
S. Rudorf, C. Sin

137

References:
[1] Valleriani, A., Zhang, G., Nagar, A.,
Ignatova, Z., Lipowsky, R. Length-depen-
dent Translation of Messenger RNA by
Ribosomes, Phys. Rev. E 83, 
042903 (2011).
[2] Nagar, A., Valleriani, A., Lipowsky,
R., Translation by Ribosomes with
mRNA Degradation: Exclusion Proces-
ses on Aging Tracks, J. Stat. Phys. 145,
1385-1404 (2011).
[3] Deneke, C., Rudorf, S., Valleriani, A.,
Transient Phenomena in Gene Expres-
sion after Induction of Transcription,
PLoS ONE 7, e35044 (2012).
[4] Deneke, C., Lipowsky, R., Valleriani,
A., Complex degradation processes lead
to non-exponential decay patterns and
age-dependent decay rates of messen-
ger RNA, PLoS ONE 8, e55442 (2013).
[5] Zhang, G., Fedyunin, I., Kirchner, S.,
Xiao, C., Valleriani, A., Ignatova, Z.,
FANSe: an accurate algorithm for quan-
titative mapping of large scale sequen-
cing reads, Nucl Acid Res 40, e83 (2012).
[6] Fedyunin I., et al,  „Global quantifi-
cation of stress-response programs in
bacteria with nucleotide resolution“ in
preparation
[7] Rading, M.M., Engel, T.A., Lipowsky,
R., Valleriani, A., Stationary Size Distri-
bution of Growing Cells with Binary and
Multiple Cell Division, J Stat Phys 145,
1-22 (2011).
[8] Sandmann, M,. Rading, M.M., et al,
Single Cell Analyses and Modelling of
Growth and Division of two Synchroni-
zed Chlamydomonas strains, 
in preparation
[9] Rusconi, M., Valleriani, A., Dunlop,
J.W.C., Kurths, J., Weinkamer, R., Quan-
titative approach to the stochastics of
bone remodeling, EPL 97, 28009 (2011).
[10] Keller, P., Valleriani, A., Single-
molecule stochastic times in a reversi-
ble bimolecular reaction, J Chem Phys
127, 084106 (2012).
[11] Keller, P., Rœlly, S., Valleriani, A., A
Quasi-Random-Walk to model a biologi-
cal transport process, submitted for
publication
[12] Keller, P., Rœlly, S., Valleriani, A.,
On Time Duality for a Quasi-Birth-and-
Death-Processes, in preparation




