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Abstract 

Transcription is one of the fundamental processes in the cell, as postulated by 

the main dogma of molecular biology. It is a process of making a temporary 

copy of genetic information stored in a DNA strand into a complementary 

strand of RNA (messenger RNA or mRNA) with the aid of RNA polymerases. 

While there are many mechanisms that regulate the protein activity levels, the 

presence of particular mRNAs often determines which set of the proteins and at 

which time is present in the cell. Transcription contributes to long term 

adaptation responses of the cells as well as to the differentiation into the 

specific cell types of multi-cellular organisms. While the static aspects of 

transcriptional mechanisms have been well described the dynamic aspects 

remain largely unexplored. 

It is well known that biological systems display highly dynamic behaviour 

when responding to external and internal signals, maintaining homeostasis as 

well as engaging in profound differentiation during development into a 

unicellular or multicellular organism. The dynamic behaviour of biological 

systems merits study both as a hallmark of life and as the best source of 

information about how systems may be organized robustly.  

Therefore, we here investigate the dynamic aspects of transcription. We start 

by looking at the transcriptional networks that drive large scale processes such 

as adaptation and differentiation. Through a large number of literature 

examples we propose in Chapter 2 that there is a common design element in 

these networks. Often, the adaptation and developmental transitions may occur 

in phases, each characterised by a different set of functional proteins, or a 

functional network dedicated to a certain physiological task. The transition 

between phases is guided by a phase generating network (PGN) that can 

monitor the progress of the physiological task and start/end the activity of the 

sequential functional networks accordingly. We classify the programs resulting 

from wiring these networks together based on the topology of well-studied 

network examples. These fall in-between the extremes of a ‘despotic’ program 

when each phase is determined in a timer-like fashion by a single PGN, and a 

‘democratic’ option when it is regulated by interplay between the activity of 

the functional network and the adjacent PGNs. 
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On a more detailed level transcription has received much less attention from 

the modelling community as compared to, for example, cell signalling and 

metabolic networks. As discussed in Chapter 1, most of the existing models are 

limited to static descriptions, and dynamic models use relatively simple 

descriptions of the transcription process that do not take into account the details 

of the initiation mechanism. This is especially true of eukaryotic transcription, 

which has a number of specific features that may not be adequately described 

by simple assumptions. For instance, the transcription of eukaryotic genes, in 

multi-cellular organisms in particular, is often regulated by multiple 

transcription factors and this regulation occurs in the context of chromatin 

environment. The nucleosomes that compact most of the genomic DNA can 

both inhibit and facilitate the binding of transcription factors which in turn can 

modify the chromatin itself. Additionally, the mRNA produced undergoes a 

complex maturation process that includes splicing out parts of the sequence 

and addition of post-transcriptional modifications such as a polyA tail and a 

cap structure. 

In Chapter 3 we research the consequences of multiple transcription factor 

regulation inherent in many eukaryotic genes. We come to the conclusion that 

the equilibrium binding mechanism cannot simultaneously maintain both 

dynamic efficiency and sensitivity to all of the transcription factors involved. 

The most feasible solution to this problem is a mechanism which consists of a 

repetition of a sequence of the formation of a complex of a transcription factor 

and co-factors with the chromatin and an irreversible covalent histone 

modification, which provides a memory mechanism for the presence of the 

transcription factor associated with it and sensitizes it to the transcription factor 

next in line. The addition and subsequent removal of all the ensuing 

modifications constitutes a promoter activity cycle. Using realistic binding 

kinetics we find that such a cycle can reduce the time it takes to activate or 

inactivate transcription from hours for the reversible mechanisms to tens of 

minutes, which is consistent with experimental observations of the dynamics 

on the promoter level. Moreover, although the individual protein assembly 

steps are highly stochastic in duration, a sequence of them gives rise to 

remarkably precise transcription-cycle durations. If cells are transcriptionally 

activated at the same time this should result in passive extended synchrony and 

may explain experimental observations of oscillations of protein 

binding/nucleosome modification on the promoter at the cell population level. 

An inherent emergent feature of the promoter cycle is bursts in mRNA 
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production, another phenomenon commonly found for regulated eukaryotic 

genes. 

The transcriptional bursts are a stochastic phenomenon that can be observed on 

the level of single cells. The amount of single type mRNA may fluctuate 

widely over time and is not described by a single value but rather by a 

probability of finding a certain amount of mRNA (a probability distribution). 

The shape of the mRNA probability distribution is dependent on all the 

contributing processes including the transcription initiation; for instance, genes 

transcribed constantly have much narrower mRNA distributions and are 

therefore less noisy as compared to genes transcribed in bursts. The 

consequences of the eukaryotic promoter cycle organization (which can be 

viewed as a molecular ratchet) for steady state mRNA distributions are 

investigated in Chapter 5. Under conditions that none of the transcription 

factors is dominating the timescale and most of the reactions in the promoter 

cycle are not highly reversible, the promoter cycle times should indeed be 

highly precise. This leads to a reduction of noise in burst size and in mRNA 

levels as compared to the noise predicted for a single transcription-factor 

promoter-regulation mechanism with the same promoter switching, initiation 

and mRNA degradation timescales. It suggests that eukaryotes may benefit 

from the promoter cycle mechanism because of this noise reduction; however, 

it remains to be seen if this affects functionally relevant noise in protein levels. 

The transcription initiation mechanism design also has implications for mRNA 

dynamics on the cell population level. In particular, it introduces significant 

delays in increase and decrease of the mRNA after the changes in 

concentration of transcription factor involved in the promoter cycle. These 

delays are further increased by the time required for elongation and mRNA 

maturation. A case study of a nuclear receptor regulated gene in Chapter 4 

indeed demonstrated that the mRNA accumulation observed experimentally is 

better described by models that take into account the promoter cycle and multi-

step elongation/maturation than by model with a permanently open 

promoter/single step maturation model. Fitting the model to a relatively modest 

dataset gives estimates of the timescales of the mRNA production, maturation 

and degradation processes consistent with literature values coming from 

various measuring techniques. The fitted model was predictive for 

perturbations such as mRNA initiation and splicing inhibition. 



  

17 

 

This work examined different aspects of the dynamics of transcription, in its 

eukaryotic incarnation in particular. As a result, we provided a generalized 

framework for studying eukaryotic transcription that can facilitate both data 

interpretation and design of further experiments on both population and single 

cell level. 

 

 


