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A resource dependent protein synthesis model for evaluating synthetic circuits

Wolfgang Haltera,1, Jan Maximilian Montenbrucka, Zoltan A. Tuzaa, Frank Allgöwera

aInstitute for Systems Theory and Automatic Control, University of Stuttgart, Pfaffenwaldring 9, Stuttgart, Germany

Abstract

Reliable in silico design of synthetic gene networks necessitates novel approaches to model the process of protein synthesis
under the influence of limited resources. We present such a novel protein synthesis model which originates from the
Ribosome Flow Model and among other things describes the movement of RNA-polymerase and ribosomes on mRNA and
DNA templates, respectively. By analyzing the convergence properties of this model based upon geometric considerations,
we present additional insights into the dynamic mechanisms of the process of protein synthesis. Further, we demonstrate
how this model can be used to evaluate the performance of synthetic gene circuits under different loading scenarios.
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1. Introduction

One of the major issues in the field of synthetic biology
is the gap between the computationally predicted perfor-
mance of a synthetic circuit and the performance observed
in its implementation in vitro. This problem mainly stems5

from the fact that assumptions made during the modeling
process are oversimplifying the dynamics of the biologi-
cal processes under study. Genetic regulatory networks
usually have been described focusing on the direct inter-
actions between genes and their products, neglecting the10

fact that there exist significant indirect couplings between
all genes, including the ones not modeled. Some of these
couplings originate from the usage of shared resources of
the transcriptional and translational machinery. The in-
fluence of such limited pools of resources has been ad-15

dressed just recently by Gyorgy et al. (2015); Weiße et al.
(2015); Gorochowski et al. (2016), where both experimen-
tal and computational approaches are being discussed. For
the purpose of describing interactions of several genes and
their products, the stated works mainly use Hill-kinetics to20

phenomenologically describe protein production depend-
ing on the concentration of certain transcription factors.
The process of protein synthesis however can be described
and modeled on various levels of detail, and a more mecha-
nistic approach would be beneficial in order to understand25

the system on a microscopic level and better evaluate the
degrees of freedom for possible modifications in terms of
the design of synthetic gene circuits. Particularly, con-
sidering translational control as an additional mechanism
for genetic interactions may yield one possible strategy to30

avoid negative effects of limited pool resources. A suit-
able protein synthesis model should therefore allow for the
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implementation of different genetic control mechanisms
such as transcriptional and translational control, but also
incorporate limitations of available resources within the35

cell. Therefore, the process of protein synthesis can be de-
scribed as a sequence of several steps, which in turn are
described on a low level of detail: transcription initiation,
mRNA elongation, translation initiation and protein elon-
gation. Post-translational modification will be neglected40

for simplicity. This way the resulting model satisfies the
just stated requirements while remaining computationally
tractable. It is also in accordance with the results of Ben-
Tabou de Leon & Davidson (2009), in which the authors
claim that there are only two factors limiting the tran-45

scription rate: transcription initiation rate and RNA poly-
merase (RNAP) translocation rate. This is due to the fact
that RNAP needs to proceed a certain length before the
next RNAP can bind. The length of a gene then deter-
mines the dead time and transcription rate for one bound50

RNAP. The initiation rate on the other hand mainly de-
pends on the strength of promoter as well as the presence
of certain transcription factors. In case of translation, the
physical mechanisms are assumed to be similar. Instead
of RNAP, the translocation of ribosomes and initiation of55

translation, which is now dependent on the strength of the
ribosome binding site, are the rate limiting factors. Par-
ticularly, Raveh et al. (2016) offer an approach to model
the process of translation on this desired level of mecha-
nistic detail. While they consider the flow of ribosomes on60

several mRNA templates coupled to a pool of ribosomes;
however, an extension to capturing both transcription and
translation is desired and will be presented in the remain-
der of this work.
After introducing this novel model, we study its conver-65

gence properties based on geometric considerations in or-
der to shed some light on the system theoretic proper-
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