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Summary

Environmental variability has been hotly debated in evolutionary biology, as it is con-

sidered the evolutionary cause of cellular regulation, and ultimately responsible for

much of an organism’s complexity. However, quantitative experimental data has been

largely lacking, because of the limited phenotypic understanding of the organisms stud-

ied so far, and the technical challenges associated with variable environments. In this

thesis we have explored several aspects of the evolution of bacterial gene regulation. In

the described work our aim has been to observe how variable selective pressures ex-

perienced by an organism drive evolutionary change at the molecular level, and how

properties of molecules and their interactions in networks determine evolutionary po-

tential and constraints. Our access to the molecular level is enabled by two approaches.

The first is the use of model systems, a model organism, a model regulatory system, or

a synthetic system, in order to maximize our functional understanding. The second is

the use of fitness landscapes, which reveal how molecular variation affects the fitness

of an organism.

In chapter 2 we have described the emerging use of empirical fitness landscapes

in evolutionary studies. A major question in this field is to what extent natural fitness

landscapes are rugged, since the ruggedness of the fitness surface determines whether

a mutation-by-mutation evolutionary process can reach an optimal solution under a

certain selective pressure. Most studies sofar have shown that evolution is constrained,

but that a subset of possible evolutionary trajectories is accessible, which has inter-

esting implications for the repeatability and predictability of evolution. A potential

source of frustration in evolutionary processes are the ’key-lock’ issues that arise when

two components of a system are co-adapted and exhibit a specific mutual interaction.

When such a system is under a selective pressure to change, a new interaction may be

reachable only via a deleterious intermediate situation where the interaction is reduced

due to a first mutation in one of the interaction partners.

In chapter 3 we focused on a typical key-lock problem that must have been over-

come many times during evolutionary history: that of a transcriptional regulator with

its DNA binding site. Many of the transcription factors in Escherichia coli are part of

families whose members display a high level of sequence and structural homology, and

must have arisen from ancient duplication events. The present-day members of these

families are highly specific for their own binding sites and cross-interactions are gen-

erally weak. In chapter 3 we computationally investigated the evolutionary divergence

of a duplicated pair of transcription factors and their binding sites, using a large fit-
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ness landscape based on experimentally determined binding affinities of lac repressor

mutants. We showed that the initially redundant network topology can alleviate the

key-lock dilemma, so that rapid evolutionary trajectories towards high fitness exist that

do not contain deleterious intermediate steps.

Central to understanding the selective pressure on regulation are the performance

trade-offs experienced by an organism living in an environment that alternates be-

tween different states. Trade-offs arise when optimizing fitness in one environmen-

tal state implicates a fitness decrease in another state. Optimality in the context of

trade-offs has been analyzed on an abstract level, but lacked experimental verifica-

tion so far. Although correlations between performances in different environmental

states are ubiquitously observed (e.g. adaptation to the dark resulting in diminished

performance in the light), they may merely reflect an accumulation of mutations. In

chapter 4 we present the first determination of a trade-off relation for the expression

level of a gene. Using a synthetic operon we obtained full control over both phenotype

and fitness consequences. This allowed us to determine the fitness landscape for gene

regulation in alternating environments, thus quantifying the selective pressures. We

demonstrated how the trade-off curve shape can be altered, which changes the rela-

tive performances of regulatory phenotypes. Adaptation experiments were performed

where a regulatory protein and more complex regulatory systems adapted to new, im-

posed, environments. In this way lac repressors with an inverse response to inducer

were obtained, as well as ’dual-input’ regulatory networks with boolean responses as

’OR’ and ’NAND’.

In chapter 5 we zoomed in on the molecular details of the newly evolved inverse

repressors. We set out to identify functional mutations and epistasis between muta-

tions at the level of the genotype-fitness landscape. We used PCR-based recombina-

tion followed by conservative selection in alternating environments to ’filter out’ non-

functional mutations. In this way we can reduce the complexity of the fitness land-

scape that has to be assayed. We developed a statistical method to remove correlations

between mutations that arise during such combinatorial approaches. A number of po-

tentially epistatically interacting mutations was identified.

In chapter 6 we use serial dilution of a growing population of E. coli to investigate

the adaptation and optimality of gene regulation for the natural lac operon in constant

and alternating environments. To observe adaptation however, one must start with a

mal-adapted system. In de presented work we were able to create suboptimal starting

points by decoupling the relation between the inductive properties and the catabolic

properties of lactose, that arguably has been optimized by natural evolution. Hence

we were able to measure fitness for independently varying gene expression levels and

concentrations of carbon source in the environment, which allowed to assess regula-

tory optimality for different environmental conditions. In the serial dilution experi-

ments we generally observed a fast adaptation to near optimal regulatory responses.

In some cases the genetic accessibility of fitness-improving but suboptimal mutations
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prevented fixation of an optimal mutation, at least temporarily.

A part of our experiments was performed using lac repressor overexpressing strains

(chapters 4 and 5). For these systems we found a discrepancy between the measured

induction curves and the available theoretical descriptions of the induction profile (in

combination with experimentally determined reaction constants). We found that an

important ingredient lacking in recent theoretical descriptions of lac induction is the

residual affinity of repressors when they are fully saturated with inducer. In chapter

7 we present a basic thermodynamic model that does incorporate the residual affin-

ity and recover a close match to the induction data in our overexpressing strains. We

showed that the presence of residual affinity may well be a determining factor in set-

ting the evolutionary optimal repressor copy number. Residual affinity must be a gen-

eral property of allosteric regulators (we observed similar effects for the tet repressor),

and especially when the expression level of regulators is regulated itself, it will be an

important factor to take into account in theoretical modeling, as well as in the creation

of artificial bio-circuitry in synthetic biology.

In chapter 8 we return to the key-lock issue, now in relation to multiple-peaked fit-

ness landscapes. When a fitness landscape contains several adaptive peaks, this is not

only interesting because they represent alternative solutions to the same problem, but

also because the peaks might not be equally high, which opens the possibility for an

evolving population to get entrapped on a sub-optimal peak. We showed that any fit-

ness landscape harboring multiple peaks contains at least one epistatic motif referred

to as ’reciprocal sign epistasis’. This motif in fact represents a key-lock situation be-

tween two of the elementary mutations in the landscape’s sequence space.
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