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Zusammenfassung

Interaktionen zwischen den einzelnen Aminosäuren einer Proteinsequenz sind wichtig, um

deren Struktur und Funktion zu erhalten. Folglich können Mutationen an einer funktionell

bedeutsamen Position durch eine Mutation an einer interagierenden Position kompensiert wer-

den. So kann beispielsweise die Substitution einer Aminosäure von einer kurzen zu einer lan-

gen Seitenkette durch eine reziproke Substitution an einer interagierenden Position kompen-

siert werden. Ein solches Koevolutionsszenario impliziert, dass die erste Mutation eine Fit-

nessreduktion verursacht, während die kompensierende Mutation diese wiederherstellt. Es

wurden mehrere Methoden entwickelt, um koevolvierende Positionen basierend auf Sequen-

zalignments zu identi�zieren. Die Validierung der resultierenden Prognosen stützt sich bisher

jedoch lediglich auf indirekte Beweise, wie beispielsweise Kontaktkarten von Proteineuntere-

inheiten, für welche eine experimentelle Struktur verfügbar ist. In der hier vorgestellten Studie

wird ein Datensatz verwendet, der Substitutionen für ein Protein-Sequenz-Alignment auf je-

dem phylogenetischen Zweig von E.Colie kartiert, um koevolvierende Aminosäuren in ho-

mologen bakteriellen Proteinfamilien zu erkennen (CoMap). Unter Berücksichtigung der bio-

chemischen Eigenschaften der Aminosäuren haben wir aus einem Datensatz mit Tausenden

von koevolvierenden Gruppen eine Vorauswahl von Kandidaten getro�en. Anschließend haben

wir jeweils drei Kandidatengruppen aus drei Proteinen (Elongationsfaktor 4, IspH und YebC-

Proteine) ausgewählt, bei denen im phylogenetischen Zweig von Escherichia coli ein Muster

von Co-Substitutionen für Ladungs- und Beta-Neigungen zur Kompensation erkennbar ist.

Wir haben dann die lokale Fitnesslandschaft experimentell konstruiert, indem wir den ur-

sprünglichen Genotyp von E. coli rekonstruiert und schließlich in Konkurrenz zu den jeweiligen

Einzelmutanten, sowie dem rekonstruierten ursprünglichen Genotyp (Doppelmutante) gestellt

haben. Wir haben sowohl Konkurrenzexperimente in nährsto�angereichertem LB Medium als

auch in M9 minimal Nährmedium (mit Glukose als einzige Kohlensto�quelle) durchgeführt.

Bei den EF4- und YebC-Proteinen konnten wir eine verminderte Fitness bei den Einzelmutan-

ten sowie einen Wiederherstellungspeak im ursprünglichen Zustand innerhalb der lokalen Fit-

nesslandschaft beobachten. Wir stellen hier die erste experimentelle Einschätzung zur Vorher-

sagbarkeit von Koevolution bei Proteinen vor. Zusätzlich haben wir einen Peak in einer der

Einzelmutanten von IspH-Kandidaten beobachtet, der die Ladung nicht kompensiert. Statt

einen Proxy für die, in den meisten Studien erwähnte, Protein�tness zu verwenden, haben

wir hier eine direkte Messung der Fitness in E. coli durchgeführt. Unsere Ergebnisse liefern
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experimentelle Beweise für die kompensatorische Fähigkeit von zwei der drei getesteten Kan-

didaten und unterstreichen das Potenzial von Methoden zur Erkennung von Koevolution für

das Verständnis molekularer Evolution. Diese Studie hilft, die Interaktion der Aminosäuren im

dreidimensionalen Raum zu verstehen und Mechanismen der Evolution vorherzusagen.



Summary

Amino acids within a protein sequence interact to maintain their structure and function.

Consequently, mutations at a given functionally signi�cant position can be potentially com-

pensated by a mutation at an interacting position. For instance, a substitution from an amino

acid with a small side chain to an amino-acid with a big side chain can be compensated by a

reciprocal substitution at an interacting position. Such a coevolution scenario implies that the

�rst mutation leads to a �tness reduction, while the compensating mutation restores it. Several

methods have been developed to detect coevolving positions from sequence alignments. How-

ever, the validation of the resulting predictions relies so far only on indirect evidence such as

residue contact maps in proteins for which an experimental structure is available. This study

used the dataset that mapped substitutions for a protein sequence alignment on each phylogeny

branch to detect coevolving amino-acids in bacterial homologous protein families (CoMap).

Accounting for the biochemical properties of amino acids, we short-listed potential candidates

from a dataset of thousands of coevolving groups for the experimental assessment. We then

selected three candidate groups from three proteins (Elongation factor 4, IspH, and YebC pro-

teins) displaying a pattern of co-substitutions in the Escherichia coli branch of the phylogeny for

charge and beta propensities for compensation. I experimentally reconstructed the local �tness

landscape, resurrecting the ancestral genotype in E. coli and putting it in competition with sin-

gle mutants and reconstructed ancestral state (double mutant). I have performed competition

experiments in LB Broth nutrient-enriched medium and M9 minimal (glucose as a single carbon

source). In EF4 and YebC proteins, I observed a valley of lower �tness in single mutants in the

local �tness landscape and restoration peak in the ancestral state. I report the �rst experimen-

tal assessment of the prediction of coevolution within a protein. I have also observed a peak

in one of the single mutants of IspH candidates, which compensates for the charge only in one

direction of the mutation. We used direct measurement of �tness estimation in E. coli rather

than using a proxy for �tness, i.e., protein �tness mentioned in most studies. The results of

this study provide experimental evidence of the compensating nature in two out of three tested

candidates, highlighting the potential of coevolution detection methods as tools to understand

molecular evolution. This study helps to understand the interaction of the amino acids in the

3D space and can be used to predict the mechanism of evolution.
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Chapter 1
Introduction

The theory of systems der Formbildung [1933] applied to biology recognizes several levels of

the organization, from macromolecules to ecosystems [Odum and Barrett, 1971]. The principle

of synergy states that the properties of a given level are not simply the sum of the properties of

the nested levels but include some emerging properties resulting from their interactions. This

fundamental principle has important implications for the evolution of the systems: because

they interact and share constraints at a higher level, they do not evolve independently. This

non-independent evolution is termedcoevolutionand was �rst described at the species level.

John N. Thompson Thompson [1994] de�nes coevolution as �a reciprocal evolutionary change

in interacting species�, implying that a change in one species impacts the selection pressure on

another species. This change, in turn, can alter the selection pressure on the �rst one. Classic

examples of inter-species coevolution include the evolution of predators and preys, hosts and

parasites, competitors, and mutualists. Interacting species introduce selection on each other

and continue to reshape their life histories and each other's phenotypic traits. Natural selection

drives the process of reciprocal evolutionary change. The coevolutionary arms race between

two species is one factor that generates biodiversity in nature and makes a continuous process

of evolution [Thompson, 2010].

Coevolution was initially theorized at the species level, and coevolutionary dynamics have

also been recognized at the molecular level within genomes. This chapter �rst describes the

mechanisms of coevolution at the molecular level and introduces prediction methods from se-

quence data. Further, this chapter discusses speci�cally one mechanism of molecular coevolu-

tion, compensatory mutations, and highlights the importance of molecular coevolution in the

context of �tness landscapes. Finally, I will introduce how �tness can be assessed experimen-

tally and show how such experiments can be applied to the experimental study of molecular

coevolution.
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1.1 Molecular coevolution

At the molecular level, coevolution between two loci occurs when a change at the �rst locus af-

fects the selective pressure at the second one [Atchley et al., 2000]. Lovell and Robertson [2010]

therefore, de�nes coevolution at the molecular level as the �reciprocal evolutionary change

in interacting loci�. Molecular coevolution has two forms: between molecules and within a

molecule, and the focus here is on coevolution within a protein. Several approaches are present

that predict the molecular coevolution between proteins and within protein [Tu�ery et al., 1999;

Weigt et al., 2009; Morgan et al., 2006].

1.1.1 Inter and intra molecular coevolution

Coevolution between two proteins is termed asInter-molecular coevolution. Protein-protein in-

teractions (PPIs) within a cell are important in network biology and have been studied widely

to understand the interactions of proteins involved in a particular biology network or path-

way [Makino and Gojobori, 2007]. Interaction of ligand and receptor molecules is one of the

causes of coevolution in the cell. The other form of molecular coevolution isintra-molecular

coevolution. The principles mentioned above for interactions between proteins also apply to the

interaction of amino acids within an individual protein. The complex interaction of amino acids

within a proteins' 3D structure, functional constraints, and 3D contact maps derive coevolution.

Several methods have been proposed to predict coevolution within a protein by exploring the

correlated patterns and correlated processes in a set of sites [Galtier and Dutheil, 2007]. Meth-

ods that detect correlated processes take into account the underlying phylogeny (Figure 1.1).

Several papers predict the physical contact of the coevolving residues [Morcos et al., 2011]. The

method mentioned above claims the accurate prediction of residue pairs in their dataset using

multiple alignment sequences. To understand non-independent evolution in terms of the 3D

structure of proteins, one of the mechanisms of predicting evolution is compensatory evolution.

1.1.2 Compensatory evolution

For instance, consider two sites of a protein sequence. A substitution from a positively charged

amino acid to a negatively charged amino acid depends on the other amino acid's charge state

in the protein sequence. In the said example, the interaction involves the charge of two residues,

one is positively charged, and the other is negatively charged. The mutation on the two inter-

acting sites (in amino acids) with the same charge leads to an incompatible interaction, either

+/+ or -/-. The interaction can be restored either by a reverse mutation or by a compensatory
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mutation at the other site, transforming a -/+ interaction into a +/- interaction. Protein se-

quence data tells us about the biochemical properties (charge in this example) of the amino

acids. So, this non-independence of the amino acids is predictable in protein sequences of all

organisms. All amino acids share di�erent physiochemical properties like charge, volume, po-

larity, and hydrophobicity. In the case of proteins, amino acids' biochemical properties weaken

the signal of coevolving sites because of the amino acids' redundant properties. Some substi-

tutions are neutral and do not have any �tness cost. Multiple sequence alignments (MSA) in

comparative methods help capture sites' association (correlated patterns). Here, I have only

discussed methods that use MSA as input. One class of method uses 3D contact maps of amino

acids in the proteins combined with correlated mutations [Fariselli et al., 2001; Bohr et al., 1993;

Olmea and Valencia, 1997; Vendruscolo et al., 1997]. They use frequent co-occurrence of states

of amino acids at a pair of sites to predict the site-speci�c coevolution [Gutell et al., 1992; Neher,

1994]. A high rate of false-positive is a problem in these methods, and the reason was the as-

sumption of independence. I argue here that while inferring coevolution in biological sequence

data, the sites' shared history in�uences the coevolution detection signal. Mutations on the

interacting sites that have higher selection pressure tend to evolve slowly. Therefore, incorpo-

rating evolutionary history into the estimation of coevolution improves the interpretation of

the coevolutionary signal [Dutheil et al., 2005].

I have discussed that for accurate prediction, the shared history of the sites and biochemical

properties of the amino acids are essential to be considered in an accurate prediction method

of coevolving sites within a protein or between proteins. The empirical assessment of the pre-

diction of coevolving residues is missing, and there is no experimental evaluation of these pre-

dictions on the �tness of the target organism has been reported. To �ll that gap, one needs

to know how one can assess coevolving amino acids' impact on the organism's �tness. I have

aimed the experimental assessment of predicted coevolving amino acids in this study, and I

used the mechanism of compensatory mutations to try to answer this question. The relation-

ship among all genotypes of a gene and their �tness can be visualized in the �tness landscape.

A rugged �tness landscape shows local peaks for each genotype of the target gene, and these

peaks have a �xed e�ect on �tness [Van Cleve and Weissman, 2015]. The rugged �tness land-

scape helps to understand each genotype's �tness of the gene under study and provides the

knowledge of the �tness e�ects of mutations (increase or decrease in the �tness). Much ex-

perimental work has been done to map the �tness landscape and analyze its genotypes' �tness

peaks. Reconstruction of the genotypes experimentally is also relevant under the hypothesis of
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compensatory evolution.

1.1.3 Fitness and Environment

The ability of an individual to survive and reproduce in a given environment is called �tness,

and every individual in the population responds di�erently towards the change in the envi-

ronment. For example, the individual's growth would not be the same in the environment,

and they grow di�erently if a change happens in that given environment. Hence, the �tness

of individual changes with change in the environment leads to the fact that both �tness and

environment play essential roles. Fitness can be assessed at any biological level; for instance,

successful reproduction of individuals is an example of an individual organism's �tness on a

species level. The same principle applies to a protein's �tness: the translation of enough protein

molecules after the change happened on its locus. The environment is one of the contributing

factors in the dynamics of coevolution, speci�cally in the species' interactions. Change in the

environment might a�ect the balance in the densities of the interactions among sites. Hence,

it is essential to keep the environment in mind while conducting experiments in the context of

coevolution. The e�ects of the interactions between coevolving species may not be the same

in two di�erent environments. Due to the change in the environmental conditions, individuals

in a population behave di�erently for survival and reproduction.

1.2 Detecting coevolving sites from sequence alignments

Acquiring the signal of coevolution in a protein is a challenge. For example, there is enormous

diversity in the proteins as they are composed of 20 amino acids. These amino acids have side

chains involved in biochemical reactions and create diversity in the function and structure of

the proteins. In the three-dimensional space of proteins, the state of one amino acid depends on

the state of other amino acid/s, and they interact with each other and have structural constraints

[Pollock et al., 1999].

1.2.1 Accounting for the history of sequences

The simplest way to measure non-independence is to consider the frequencies of state pairs

at two sites and compare them to each state's marginal frequencies. Let us notef i (X ) the

frequency of stateX at the sitei , andf j (Y ) the frequency of stateY at sitej . We further note

f i;j (XY ) the frequency of the state pairXY at the two sites. Under the null hypothesis of

independence, the expected frequency off̂ i;j (XY ) = f i (X ) � f j (Y ). We can compute all(f i;j )
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Figure 1.1 Correlated patterns on phylogeny (independent and non-independent evolution).
The tree on the top right panel with fewer substitutions shows random mutations (red on one
site and blue on the other site) present on the tree branches. The left top tree shows a correlated
pattern on fewer branches giving information about slow evolution. The left bottom shows fast
evolution without any pattern to follow of cosubstitution on the branches of the tree. The right
bottom shows the cosubstitutions detected on the multiple branches giving the strong signal of
coevolution.

for all pairs of states and compare them to their expected distribution(f i;j ) using a chi-square

test [Larson et al., 2000]. This chi-square method detects covariation based on the observed pair

frequencies from a sequence alignment compared to the expectation under the null hypothesis

of independence. Another statistic, mutual information (MI), is based on information theory

and assesses one random variable's information by observing another random variable. Applied

to sequences, MI can e�ectively tell how much we can predict one amino acid's presence at one

site from the amino acid at another site of the sequence [Korber et al., 1993].

However, simple methods like chi-square and MI assume that the data points are inde-

pendent, which is not the case of biological sequences because of the underlying phylogenetic

relationships. Ignoring the shared history of the sequences in the statistics can overestimate the

correlation and its signi�cance [Felsenstein, 1985]. Therefore, methods like MI or chi-square
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are prone to high false-positive rates of predicted coevolution, as they do not account for the

history of the sequences. Accounting for the shared history of the sequences was shown to

improve the accuracy of the predictions and reduce the false-positive rate [Dutheil, 2011]. One

way to account for phylogeny is to use substitution mapping and look for the cosubstitutions

present on the same branch of the phylogeny. Shindyalov et al. [1994] and colleagues pioneered

in developing a method to detect pairs of positions with correlated mutations in a protein MSA.

The method is based on reconstructing the phylogenetic tree for sequences and statistical anal-

ysis of the distribution of mutations in the tree branches. Their goal was to assess the degree of

relationship between coevolution of protein residues and spatial proximity. The drawback in

this method was that the statistics used in correlated changes have led to limited success in de-

tecting pairs of residues adjacent to the three-dimensional structures. This statistical �aw was

then resolved by Tu�ery et al. [1999] where they improved their method and showed that the

correct detection is possible with the phylogenetic information. Tu�ery et al. [1999] method

still has a limitation of uncertainty in the reconstruction of the ancestral state, which CoMap

method resolved later [Dutheil et al., 2005]. The CoMap method was �rst benchmarked on RNA

datasets and was later extended to protein sequences [Dutheil and Galtier, 2007].

1.2.2 Predicting compensatory mutations in proteins

CoMap is a phylogenetic-based method that accounts for the uncertainty in the ancestral state,

includes biochemical properties of amino acids, and a clustering approach that gives robustness

in predicting coevolving sites. CoMap was also introduced to measure coevolution to look at

compensatory coevolution considering the biochemical properties of amino acids. It is studied

that two or more sites in a protein coevolve to maintain structural integrity or optimal function.

This co-dependence contributes to the compensatory behavior of amino acids within proteins.

The compensatory evolution mentioned earlier, a substitution from an amino acid with a small

side chain to a big side chain, can be compensated by a reciprocal big to small substitution

at an interacting position [Neher, 1994]. The weighted substitution vector accounting for the

physicochemical distance between amino acids is calculated. The weighted substitution vector

in this study accounts for the charge, volume, and polarity. Correlations are estimated using

the compensation index instead of the Pearson correlation coe�cient in the previous studies

[Dutheil and Galtier, 2007].

In the study mentioned above, the extended version of CoMap explains the �cosubstitu-

tions�; that is, substitution events happen on the same branch of the phylogeny in the context
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of amino acids and their physio-chemical properties. In a recent study, this cosubstitution map-

ping method expanded its limits to a large dataset of bacterial homologous protein families and

detected coevolving sites in di�erent bacterial species [Chaurasia and Dutheil in prep]. They

included canonical biochemical properties, charge, volume, polarity, and eight indices in their

analysis and predicted coevolving sites in the proteins. They have identi�ed a large number of

coevolving groups and predicted compensatory evolution in their dataset. Using the fuzzy clus-

tering approach, one can cluster amino acids based on their properties other than the canonical

physio-chemical properties (a charge, volume, and polarity) [Saha et al., 2012]. They found

eight clusters in the AAindex dataset of amino acids.

1.3 Experimental assessment of �tness landscape

Fitness landscapes capture the relationship of genotype and evolutionary �tness and help to

visualize the evolutionary trajectories. Experimental work has contributed to understanding

natural �tness landscapes by constructing the mutants of all possible combinations of small sets

of mutations. These small sets of mutations can be from a single lineage of an organism or mul-

tiple lineages of the same organism, but each lineage is used as a separate treatment to estimate

the �tness. As a result, the empirical work has captured the attention of theoretical analyses of

the predictability of evolution. Some experimental approaches analyze the �tness landscape to

elucidate the relationship of genotypes and phenotypes of a particular gene. High-throughput

sequencing techniques have enabled us to produce extensive sequencing data (whole genomes),

and it is possible to generate all mutants' combinations under various treatments or conditions

that help to analyze the �tness e�ects of mutations in all mutants. Several studies investigated

the mutational e�ects of multiple mutations in their target gene (intragenic) or set of genes (in-

tergenic). These studies have used di�erent ways of estimating �tness values in several model

organisms, such as the catalytic activity of an enzyme, resistance to an antibiotic, growth rate

and cell survival, and competition experiments of di�erent genotypes. Some of these studies

are detailed below.

1.3.1 Antibiotic resistance as a proxy for �tness

Weinreich et al. [2006] and colleagues developed a quintuple mutant with �ve point mutations

in the beta-lactamase gene and found enhanced bacterial resistance to the ampicillin antibiotic

as compared to the wild type. Interestingly, only a single point mutation was responsible for the

enhanced antibiotic resistance, and the other four had negligible e�ects, which means that sign
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epistasis mediated pleiotropic e�ects of mutations on the molecular level. They also estimated

the relative probabilities of the possible 120 trajectories followed by natural selection. 102 out

of 120 possible mutational trajectories were inaccessible, which explained that in the presence

of selection, only a few mutational paths followed to achieve the �tness peak (in terms of re-

sistance against antibiotic) [Weinreich et al., 2006]. Compensatory mutations can restore the

deleterious e�ects of mutations. In another study, for the mobile colistin resistance gene (mcr),

one variant, mcr-3.5 of the gene showed neutral and compensatory mutations in the resistance

gene and revealed the complexity of the local �tness landscape [Yang et al., 2020].

1.3.2 Fitness using growth rate

In one more study in a transgenicSaccharomyces falciparum, Brown et al. [2010] and colleagues

explored 48 combinations of six mutations at �ve amino acids positions of an enzyme Dihy-

drofolate reductase (DHFR) fromPlasmodium falciparum. They analyzed the di�erence in the

growth rate ofP. falciparumin the presence of pyrimethamine drug. Their study found out that

those mutations that occurred later in the evolutionary trajectory can compensate for earlier

mutations' �tness consequences. Compensatory mutations between later and earlier mutations

over time explained the mutational trajectories of the mutations in a particular evolutionary

scenario of parasite's resistance and growth. Most of these studies focused on an intragenic

landscape (all sites within a gene). These studies gave the qualitative clue of the interactions

between amino acids in proteins and included a large genotypic space for the analysis. There

is still a challenge in the laboratory to create all the sites' possible mutants in the understudy

gene/s. Nevertheless, some studies succeeded in generating data for a large number of muta-

tions.

1.3.3 Fitness of the green �uorescence protein

Another study for the global �tness landscape (including all positions in a gene) of the green

�uorescence protein fromAequorea victoriaexplores the e�ects of mutations either deleterious

or bene�cial. A large number of derivative genotypes were created by random mutagenesis. As

a function for �tness, they measured the �uorescence intensity of green �uorescence proteins

(GFP) proteins expressed by all variants. Seventy-�ve percent of the mutations have deleterious

e�ects, and single mutations cause a low level of �uorescence [Sarkisyan et al., 2016].
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1.3.4 Discovering large �tness landscapes

In addition to these studies of �tness landscape where only a few mutational sites in a gene

were analyzed, Bank et al. [2016] presented a large intragenic multiallelic �tness landscape of

640 mutants of the Hsp90 protein inSaccharomyces cerevisiaeunder a stress condition (high

salinity environment). They observed that the gene's global �tness peak was achieved via four

positively epistatic mutations, and mostly negative epistatic mutations prevail in the landscape.

Recently, another study from the same group Bank et al. [2016] explored the largest �tness map

with 14,160 amino acid variants (44,604 single codon changes) of heat shock protein (Hsp90).

The Hsp90 protein aids in the folding and stability of other proteins in the cell. It is an ideal

candidate to study �tness under stress conditions. Five di�erent environmental conditions,

Temperature, Diamide, Ethanol, Salt, and Nitrogen depletion, were applied to all variants in

this study. The growth rate was measured in di�erent stress environments, and growth pat-

terns vary between these conditions suggested an environmental impact on the evolution of

Hsp90. Moreover, some variants performed better in one environment and have poor growth

in another. The di�erence in the environments' performance suggested that all mutational tra-

jectories do not follow the same path in every environment [Flynn et al., 2020]. This study

was an exploratory study that provided many data regarding the organism's �tness and envi-

ronmental impact. Although, large �tness maps lose information about the individual e�ects

of mutations at the sites of proteins. It might not elucidate the protein's function or the vital

amino acids in the protein that can impact the protein structure. Hence, with such large land-

scapes, the global �tness landscape could be explained but does not help understand the local

�tness landscape where only a few positions are involved within a gene. Bene�cial mutations

lead to the �xation and have a trajectory to follow that can be explored. Therefore, most stud-

ies of the �tness e�ects of mutations explained bene�cial mutations under a particular stress

environment like antibiotic resistance or high salinity.

1.3.5 Unveiling deleterious mutations from the �tness landscape

The studies mentioned above provide a glimpse of the bene�cial mutations that increase the

target organism's �tness or growth. However, these studies do not address deleterious muta-

tions' e�ects and their contribution to the �tness landscape. Using antibiotic resistance, growth

rate, and protein expression as a proxy for �tness can help understand the molecules' �tness

(proteins) but does not reveal the organism's �tness because the mutants would not be viable in

case of deleterious mutations. Experiments are biased towards studying the bene�cial or neu-
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tral mutations for obvious experimental reasons. Capturing the complete picture of all types of

mutations with their evolutionary history is a challenge and leaves unexplored areas. Informa-

tion about the deleterious mutational e�ects on an organism's �tness is missing in the studies

mentioned above.

1.4 Objectives of the study

Exploring the �tness e�ects of mutations in the �tness landscape leads to an open question

that how we can detect the evolutionary relationship of interacting positions in a protein and

estimate the impact on the organism's �tness in a speci�c environment. One way is to use

coevolving positions in the proteins, mutate these positions experimentally, and measure the

organisms' �tness under di�erent environments. I used the method of cosubstitution mapping

described by Dutheil and Galtier [2007] to predicted coevolving sites in bacterial homologous

protein families inferred [Chaurasia and Dutheilin prep.]. I experimentally reconstructed short-

listed candidates' local �tness landscape inEscherichia coliour model organism in this study.

Fitness values of all genotypes under the local �tness landscape of 2x2 (only two positions in

a target protein) allow a more profound resolution of landscape and a direct method to mea-

sure the �tness e�ects on an organism instead of using a proxy of �tness. A subset of �tness

landscape like 2x2 helps to understand the mutational e�ects on a protein function a�ecting

an organism's �tness under a particular environment, unlike using indirect ways to assess the

protein's �tness.

In competition experiments, it is essential to di�erentiate between genotypes. Therefore, I

usedE. coliStrain B REL606 and REL607 to di�erentiate genotypes (single and double mutants

or vice versa) in competition experiments. REL607 is prototrophic of REL606 Ara- and con-

sumes L (+) arabinose with a mutation at arabinose marker gene Ara+ [Lenski, 1988]. When

these strains grow on tetrazolium arabinose (TA) plates, Ara- and Ara+ give red and white

colonies, respectively. I used relative �tness measurement of mutant strains and the wild type

in our competition experiments. Relative �tness using the Malthusian growth parameter is a

well-established method to evaluate competing organisms' �tness levels in the experimental

setup (Box 1.4.1). The study aims to explore compensatory mutations' �tness e�ects in an en-

vironment. Our study reports the �rst direct method to analyze the mutational e�ects on an

organism's �tness under the light of compensatory evolution.
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Box 1.4.1 Short-coming in the calculation of relative �tness
Malthusian growth parameter (MP) is the estimation of the exponential growth of an organism.
For instance, two strains of a microorganism are competing for resources in a speci�c environ-
ment. Both strains would follow the standard growth curve starting from the exponential phase
until the saturation phase over time. MP is calculated when both strains are at their exponential
phase. Being at the exponential phase means that they have equal opportunity for the resources
in the environment. Calculating MP at exponential growth would assess both strains' �tnesses
and help estimate the selection coe�cient. In a pairwise competition experiment between two
strains of the bacteria, MP of both strains' ratios determines which strain is relatively better
in growth under an environment [Lenski et al., 1991]. Primarily competition experiments as-
sess the distribution of mutation �tness e�ects and use the ratios of the Malthusian parameter.
There is an argument that the use of MP (relative �tness) ratios leads to overestimating the
selection's strength per-generation time. Overestimation without generation time as a param-
eter may be corrected by scaling the organism's generation time into the calculation of relative
�tness [Chevin, 2011]. This argument is essential because the study group is between di�erent
species rather than within the same species. In case of competition within the same species,
both genotypes would have more or less the same generation time. According to Lenski [1988],
the doubling time (generation time) is a dimensionless quantity and is identical to the Malthu-
sian parameter. In conclusion, the short competition experiments in the laboratory would not
a�ect by overestimating MP because of the short generation time (a few generations) and do
not a�ect the estimation of the relative �tness of two genotypes from the same species.
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Chapter 2
Materials and Methods

We aim for the experimental investigation of the predicted coevolving groups. To evaluate these

predictions, we short-listed potential candidates inE. coli. It is a widely used microorganism for

genomic manipulation and also has easy handling in the laboratory. After short-listing the can-

didates, we reconstructed all three candidates' mutants' genotypes and used those con�rmed

mutants for �tness assay.

2.1 Selection of the candidates

A data set of 1,630 bacterial protein families with at least one three-dimensional structure avail-

able was used (Chaurasia and Dutheil in prep). Sequences were aligned and a phylogeny in-

ferred from each family, allowed to infer coevolving positions using the CoMap method [Dutheil

and Galtier, 2007]. A relational database (SQL) was developed from the 51,661 coevolving po-

sitions found by Chaurasia and Dutheil, including site-speci�c information. This site-speci�c

information contains the family name, coevolving groups inE. coli, quantity change (for exam-

ple, change of the charge from positive to negative on each site) onE. colibranch of the tree,

compensation for the biochemical property, PDB ID for the protein family, and branch distance.

We combined the data of predicted coevolving groups and site-speci�c quantity change for

each method (biochemical property). Therefore, two tables were built in the database; one table

had the predicted coevolving groups at theE. colibranch called the �Groupwise table� for each

method, and the other table on the database called the �Sitewise table� had all the sites and their

quantity change for each method from theE. colibranch (mentioned SQL query schema in 2.1).

Python scripts were developed to parse the CoMap output �les and insert data into the sqlite3

tables, using the python modules sqlite3.

In order to identify suitable candidate groups, we queried the database with the following

29
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Figure 2.1 The pipeline and table schema used in the sqlite3 database

criteria:

ˆ the three-dimensional structure of the candidate protein must be available forE. coli

ˆ the candidate coevolving group must involve only two sites

ˆ the statistical signi�cance for coevolution should be high (p-value)

ˆ the two coevolving residues should be in contact in the 3D structure

ˆ close positions to be used to construct mutant DNA fragments

ˆ the branch length is leading toE. coliin the corresponding phylogeny must be lower than

1

2.2 Ancestral state reconstruction

The predicted coevolving groups were identi�ed using protein sequences. To create mutant

strains, we need a DNA sequence to infer the ancestral state. Because of the redundancy of the

genetic code, there are several codons for amino acids. All codons for one amino acid may not

be equivalent, as distinct synonymous codons may have distinct �tness [Frumkin et al., 2018].

So we decided to reconstruct the ancestral codon using DNA sequences from the same database

(HOGENOM) We used thequery_win retrieval program to access the HOGENOM database

and retrieve the DNA sequences for the selected protein families [Gouy and Delmotte, 2008].
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The sequences were �ltered to retain only the bacterial sequences used in the previous CoMap

analysis. The codon sequence alignment was deduced from the protein sequence alignment

using pal2nal [Suyama et al., 2006]. The marginal ancestral sequences were reconstructed using

the bppAncestor program from the Bio++ program suite [Dutheil and Boussau, 2008]. The

�nal table after adding codon reconstruction was then used for the short-listing of potential

candidates. All scripts used for analyses were written in Python using Biopython. The �nal list

of candidates for the experiments in this study is shown in table 2.1.

2.3 Construction of mutant plasmids

Mutagenic primers were designed for the candidate gene regions from theE. colistrain B REL606

genome. One set of the primers (F2 and R2) having predicted substitution was designed for each

mutant (both singles and the double mutant) from all the candidates. Another set of primers was

designed within the 500 bp upstream and downstream sequences of the candidate genes. Finally,

a set of primers was designed to con�rm the substitutions into the genome after the allelic

replacement experiment. Table 2.4 has information for the sequences of all the primers used in

this study. The cloning step of the modi�ed genes was carried out inE. colistrain TOP-10 or

DH5� -� pir (see table 2.2 for the strains used in this study). The ampli�ed DNA fragments with

the substitutions were �rst cloned in a high copy number entry vector (pCR8/GW/TOPO/TA

or pUC57) and then cloned into pKOV-unstu� for the allelic replacement. The plasmids details

are given in the table 2.4. All plasmid maps are shown in Supplementary material 8.6.

2.3.1 Genomic DNA extraction

We needed genomic DNA ofE. colifor the cloning purpose (ampli�cation and introduction of

mutations) of candidate genes. Overnight cultures ofE. colistrain B REL606 were grown in LB

liquid with streptomycin 100� g/ml. The following day, total genomic DNA was extracted from

these overnight liquid cultures with the help of the GenElute Bacterial Genomic DNA kit (cat-

alog no. NA2110-1KT). The DNA concentration and integrity were determined on Nanodrop

(using 1OD260 = 50� g ds DNA) and by visualization on 1% agarose gel with SYBR green

staining.

2.3.2 SOE-PCR ampli�cation

Overlap extension polymerase chain reaction by splicing (SOE-PCR) is one of the PCR-based

approaches to introduce mutations in the target DNA sequence. SOE-PCR was performed us-
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ing genomic DNA with the Phusion polymerase (Phusion polymerasepfu has 3' exonuclease

activity and is high �delity polymerase). The PCR was divided into several steps, described

below.

Round 1 PCR

In the �rst round of the PCR, it was further subdivided into a and b. In 1a PCR, a pair of

forward primer F1 with the reverse primer of each mutant-R2 was used. In 1b PCR, forward

primer mutant-F2 with reverse primer R1 was used for each mutant. This PCR step gave two

ampli�ed fragments for each mutant named m1-a, m1-b, m2-a, m2-b, anc-a, and anc-b. These

PCR products were puri�ed using the Qiagen PCR puri�cation kit (catalog no. 28104).

Round 2 PCR

In the second round of PCR, a and b samples for each mutant with the same ratio were used

as a DNA template for the PCR ampli�cation. In this step, F1 and R1 primer sets were used

to amplify the entire region used for the cloning. PCR products were run on 1% agarose gel

at 80V for 45 minutes and proceeded for the gel elution step to get one single ampli�ed band

required for cloning.

2.3.3 Cloning in pCR8/GW/TOPO/TA

Precisely�1 kb target band was excised from the gel with a sterilized blade and weighed. A

standard Qiagen agarose gel elution kit was used to purify the DNA from agarose gel (catalog

no. 28704). For the cloning into pCR8/GW/TOPO, it needs A at the 3' end of the PCR product to

bind with the T overhangs in the presence of Topoisomerase I covalently bound to the vector.

We usedpfu because of its high �delity and 3' exonuclease activity. Therefore, we had to add A

at the 3' end in another step. The gel-puri�ed samples were incubated with theTaqpolymerase

for 20 minutes and were directly used for the cloning. After adding the polyA tail, ligation into

pCR8 was done and used for the transformation into chemically competent cells ofE. colistrain

DH5� . A vial of competent cells was thawed on the ice for 10 minutes. 4� l of ligation mixture

was used to incubate with the cells for 10 minutes in ice. Cells were then heat shocked at 42�

for 30 seconds and immediately transferred to the ice for 2 minutes. Autoclaved LB volume of

250� l was added and incubated at 37� C for 1 hour and plated on the spectinomycin plates (100

� g/ml). 25� l, 50� l, 100� l, and the rest of the volume were used to spread on the plates using

autoclaved glass beads. Plates were incubated at 37� C overnight. The following day, few single
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colonies were used from 100� l plates for each mutant and used for the overnight cultures for

the plasmid isolation using 100� g/ml working concentration of spectinomycin in the liquid LB.

2.3.4 Con�rmation of clones

Plasmids were isolated from overnight grown cultures. 5 ml of culture was used for the miniprep

using the Qiagen miniprep kit (catalog no. 27104). The con�rmation of the successful DNA in-

sert was carried out by digestion of the plasmids with the restriction enzymeBglII which has

the site in the primers. The digestion reaction mixture was prepared, and samples were incu-

bated at 37� C for at least 2 hours. Samples were run on 1% agarose gel for 30 minutes. Positive

plasmids from restriction analysis were used for the Sanger sequencing to see the substitutions

in the sequences before cloning into the pKOV-unstu� plasmid.

2.3.5 Cloning into pKOV-unstu�

pKOV-unstu� was used in this study for the allelic replacement. pKOV-unstu� is the modi�ed

plasmid of pKOV with the removal of 3 kb fragment �stu�er sequence�. It has a size of 5.7 kb

with chloramphenicol antibiotic selection marker and pSC101-ts temperature-sensitive origin

of replication. With the temperature-sensitive origin of replication, cells can be screened for

only chromosomal integration of the vector. BglII restriction site in the MCS was used for the

cloning. Overnight cultures of pKOV-unstu� inE. colistrain TOP-10 were grown at 30� C and

used to isolate pKOV-unstu�. The plasmid was isolated using the Qiagen miniprep kit and

restricted withBglII to get it linearized. Then it was treated with CIAP (calf intestine alkaline

phosphatase) to avoid self-ligation. The linear plasmid was incubated for 1.5 hours more at

37� C and inactivated the enzyme at 85� C for 5 minutes. The fragments were also digested with

BglII from respective pCR8 vectors and ligated into pKOV-unstu� with the insert:vector volume

ratio of 1:1. The ligation mixture was incubated at room temperature for 15 minutes and then at

4� C overnight. The ligation mixture was directly used for transformation in strains B REL606

and REL607.

2.3.6 Constructs from GenScript

In the case of thelepAgene candidate, the distance between coevolving positions was 100 amino

acids, and constructs werede novosynthesized (GenScript). Plasmids with substitutions (both

singles and double) were used to transform the B strains directly. Results were con�rmed using

Sanger sequencing.
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2.3.7 Chemically competent cells

The fresh plate ofE. colistrains B REL606, and REL607 were streaked from the glycerol stock.

A single pure colony was picked and incubated in liquid LB medium in a 37� C incubator with

shaking. The next day 3 mL of the overnight grown culture was added to 300 mL LB medium

in a �ask and placed in the shaking incubator at 37� C until an OD600 of 0.8 was reached. The

culture �ask was kept on ice for 30 minutes. After this, the culture was transferred to sterile

disposable 50 mL falcon tubes in sterile conditions and spun at 4000 rpm at 4� C for 10 minutes

to pellet down the cells. The pellet was dissolved in 20 mL of 0.1 M MgCl2 and was centrifuged

at 4000 rpm at 4� C. The pellet was again dissolved gently in 20 mL of 0.1 M CaCl2, kept on ice for

30 minutes, and centrifuged under the same conditions. After discarding the supernatant, the

pellet was dissolved in 10 mL of CaCl2, centrifuged with the same conditions. Lastly, the pellet

was re-suspended in 3-5 mL of 0.1 M CaCl2 and �ltered glycerol with a ratio of 3:1, respectively.

The competent cells were frozen in aliquots of 100� L at -80� C freezer.

2.4 Reconstruction of ancestral genotypes

The con�rmed plasmids for all the mutants of all three of the genes under study were used

to transform chemically competent cells ofE. coliB REL606 and REL607 strains. Plates were

incubated at 30� C for 36 to 48 hours. The colonies were picked to perform crossing over steps

in the allelic replacement phase.

1x Crossover for the allelic replacement

A single colony was picked from the LB-agar plate for all the mutants and re-suspended in the

liquid LB (pre-heated at 43� C). All dilutions down to 10-5 were plated on pre-heated LB-agar

plates and placed in 43� C incubator for 36-48 hours. Checked all the plates for the colonies and

at least three distant colonies from dilution 10-3 or 10-4 were carefully selected and used for the

second Crossover. The schema for generating the mutant strains is shown in the �gure 2.2 (A).

2x Crossover for the allelic replacement

Colonies from 1x Crossover were re-suspended in freshly prepared -NaCl LB medium (without

NaCl) for all the mutants. All the dilutions (10-3 - 10-5) were plated and incubated at 30� C. These

plates presumably have a ratio of 50:50 for the wild type and mutant. Eight colonies from the

most diluted plate were used to purify on LB with streptomycin agar plates. Colony PCR was
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done using check primers and proceeded for the Sanger sequencing.

Veri�cation of mutant strains

Substitutions for each mutant in both genetic backgrounds (E. coliStrain B REL606 and REL607)

were con�rmed with the help of Sanger sequencing. All mutant strains were stored as glycerol

stocks in -80� C freezer for long-term storage. All the strains with their genotypes are shown

in the table 2.2.

2.5 Fitness assays

2.5.1 Environments for the competition experiments

Two environments were used in this study to estimate the �tness of the mutants. We included

the nutrient-enriched medium and glucose limiting medium. The composition of both media is

given below (Also table 2.5 for the composition of media and bu�ers used in this study).

LB (Luria-Bertani) medium

Nutrient enriched medium LB was used for the competition experiments. The composition of

LB liquid medium used in this study for 1 liter was 10 g of Tryptone, 1 g of Yeast extract, and

5 g of Sodium Chloride (NaCl). LB medium was one competing environment that was used in

this study. LB agar plates were also made with the same recipe with the addition of 16 g agar.

M9 minimal medium

Another competing environment was the M9 minimal medium with the concentration of 10%

glucose and 2.5X M9 salts (Sigma catalog no. M6030) including (MgSO4, Na2HPO4, KH2PO4,

NH4Cl, and NaCl). For the TA plates 5%, TTC (Triphenyltetrazolium chloride) was used in

the recipe of agar plates for 1 liter (Tryptone 10 g, Yeast extract 1 g, NaCl 5 g, Agar 16 g, and

Arabinose 10 g per liter of medium).

2.5.2 Competition Experiments

The strains were streaked from the glycerol stocks on LB-agar plates and incubated at 37� C

overnight in a shaking incubator. The following day, a single colony was inoculated and grown

in a 5 ml standard culture tube overnight using the LB liquid medium or reduced M9 medium.

After 16-24 hours, the volume of 100� l from each strain was mixed with the 100� l of competing
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strain (for example, 100� l of wildtype strain was mixed with 100� l of double mutant). 4 ml

of LB medium or M9 minimal medium was inoculated with 4� l of inoculum from well-mixed

(vortex both cultures properly) overnight culture tube. This time point was set as T0 (start of the

competition experiment). Also, 20� l of newly inoculated culture was used to make dilutions

down to 10-3. This dilution was plated on the TA plate and incubated at 37� C overnight. All

the dilutions were made in 96-well plates with the �nal volume of 200� l in the minor dilution.

Colonies for T0 were counted on the next day, and 20� l was used to make dilution (10-5 for M9

minimal medium and 10-6 for LB medium) and plated on TA agar plates for 24hour time interval.

Another fresh 4 ml of LB medium or M9 minimal medium was prepared and inoculated with 80

� l from 24 hours old competition for the transfer of a 48 hours competition. The next day, 20

� l was used to make dilution (10-5 for M9 minimal medium and 10-6 for LB medium) and plated

on TA agar plates for the 48 hours time interval colony count. Colonies from the 24 hours time

interval were counted for all the combinations of competition experiments. Another fresh 4 ml

of LB medium or M9 minimal medium was prepared and inoculated with 80� l from 48 hours old

competition for the transfer of 72 hours competition. Colonies from the 48 hours time interval

were counted for all the combinations of competition experiments. At the end of the 72 hours

time interval, the competition experiment was �nished, and 20� l was used to make dilution

and plated on TA agar plates for a 72 hours time interval, and next-day colonies were counted

for all the competition experiments. All the dilutions were made in the sterilized 96-well plates,

and 100� l volume was used to plate for all the plating on TA plates. The experimental setup

is shown in the illustration 2.2 (B). We used relative �tness to estimate the �tness of mutants

compared with wild type and double mutant. The relative �tnessrwt;m of the wild typewt to

the mutantm is given by the formula:

rwt;m =
M wt

M m
=

Fwt (t0)
Fwt (t24)
Fm (t0)
Fm (t24)

; (2.1)

whereM wt andM m are the Malthusian parameters of the wild type and mutant, andFwt (t)

andFm (t) are the colony counts at timet of the wild type and mutant, respectively.

2.5.3 Growth and storage conditions of strains

E. colistrains for the cloning purposes were grown in Luria-Bertani (LB) broth or with agar for

the agar plates (BERTANI, 1951) for 16-18 hours at 37� C in the shaking incubator. These growth

conditions were for the standard growth of the strains except speci�c conditions that were

applied for the later experiments (for example, 2x Crossover in allelic replacement needed 43� C
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Figure 2.2 A. The illustration for the construction of mutant genotypes. B. Competition exper-
iment layout

). Glycerol stocks for all the mutants constructed in this study were stored in -80� C freezer for

long-term storage. Overnight liquid cultures of the mutant strains were mixed with autoclaved

50% glycerol in the same ratio (1:1) and immediately stored in -80� C freezer.

2.6 Expression of the candidate genes

We assessed the expression of candidate genes with PCR ampli�cation from total extracted

RNA. Total RNA was used to synthesize cDNA, and this cDNA was used as a template to amplify

candidate genes (isolated from all mutant strains for all the candidate genes).
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2.6.1 RNA isolation

Overnight liquid cultures of all the mutants (3 mutants for each candidate and wildtype) were

grown at 37� C. 0.5 ml of the liquid culture was used to mix it with 1 ml of RNAprotect Bacterial

Reagent (Qiagen, catalog no. 76506). The tubes were vortexed and centrifuged at 5000 x g for

10 minutes. The pellet was used to mix it with 100� l of TE bu�er containing lysozyme in it. 10

� l of proteinase K was also added to the sample and homogenized with the help of a pipette tip.

Samples were incubated at room temperature for 10 minutes (vortex it in intervals). Samples

were used for the RNA isolation with the described protocol in the RNeasy Plus kit (Qiagen,

catalog no. 17134). At the end of the protocol, the eluted volume was used to mixed it with 8 M

Lithium Chloride (LiCl) and spun the microtubes at 10000 rpm for 5 minutes at 4� C. The pellet

was washed with 70% ethanol and dried at room temperature. The dried pellet was dissolved

in RNA-free water. This additional step of precipitation with LiCl made sure that gDNA was

not present in the sample. The concentration was determined on the Nanodrop and proceeded

for cDNA synthesis. The remaining RNA samples were stored at -80� C freezer for long-term

storage.

2.6.2 cDNA synthesis

RNA samples were used to make cDNA synthesis using the QuantiTect Reverse Transcription

Kit with the described protocol (catalog no. 205311). The cDNA was used as a template to

amplify the candidate genes in PCR. The PCR ampli�cation was done using the gene-speci�c

primers and Phusion polymerase. 1% agarose gel was prepared to assess the ampli�ed gene

band size with the DNA marker.

2.7 Whole-genome Sequencing

Overnight cultures of all mutant strains with the wildtype and ancestral strains (the strain used

to make the mutant strains) were used to grow in LB liquid with streptomycin 100� g/ml. The

following day, these liquid cultures were used for the extraction of genomic DNA using the

GenElute Bacterial Genomic DNA kit (catalog no. NA2110-1KT). The DNA concentration was

determined on Nanodrop. The whole-genomes of all the mutants were sequenced using Next

Generation Illumina sequencing. The read length was 150 x 2 with a coverage of 100x. We

mapped the sequencing reads of all mutant strains against REL606 (the reference genome for

E. coli strain B) using breseq [Jeong et al., 2009]. Mapped sequences of all the mutants were
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analyzed to identify candidate point mutations using thebreseq pipeline [Deatherage and

Barrick, 2014].
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Table 2.2: Bacterial strains used in this study

Name Genotype Source

E. coliDH5� -� pir supE44,� lacU169, hsdR17, recA1, endA1, gyrA96, thi- 1, relA1,� pir Life Technologies, [Simon et al., 1983]

E. coliTOP10 F- mcrA� (mrr-hsdRMS-mcrBC)� 80lacZ� M15� lacX74 recA1 araD139

� (araleu)7697 galU galK rpsL (StrR) endA1 nupG

Life Technologies, [Simon et al., 1983]

E. coliB REL606 The ancestral strain used in Richard Lenski long term evolution exper-

iment (Ara+ Red colonies on the TA indicator plates).

[Daegelen et al., 2009]

E. coliB REL607 Derived strain of B REL606 having two point mutations at arabinose

marker and recA (Ara- White colonies on TA indicator plates).

[Daegelen et al., 2009]

Wildtype-606 Ara+ The wildtype strain of present sequence ofE. coliStrain B REL606 used

in the allelic replacement experiment as a method control. Red colonies

on the TA indicator plates.

In this study

Wildtype-607 Ara- The wildtype strain of present sequence ofE. coliStrain B REL607

used in the allelic replacement experiment as a method control. White

colonies in the TA indicator plates.

In this study
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Name Genotype Source

N24R-IspH Ara+ Asparagine was replaced with Arginine (predicted coevolving amino

acids) inispHgene called as single mutant in the background ofE. coli

strain B REL606. Red colonies on the TA indicator plates.

In this study

N24R-IspH Ara- Asparagine was replaced with Arginine (predicted coevolving amino

acids) inispH gene called as a single mutant in the background ofE.

coli Strain B REL607. White colonies on the TA indicator plates.

In this study

A27E-IspH Ara+ Alanine was replaced with Glutamic acid (predicted coevolving amino

acids) inispH gene called as a single mutant in the background ofE.

coli Strain B REL606. Red colonies on the TA indicator plates.

In this study

N24R-A27E-IspH Ara+ The inferred ancestral state having both substitutions inispH gene

also called as double mutant in both the background ofE.coliStrain

B REL606. Red colonies on the TA indicator plates.

In this study

N24R-A27E-IspH Ara- The inferred ancestral state having both substitutions inispH gene

called as double mutant in the background ofE. coliStrain B REL607.

White colonies on the TA indicator plates.

In this study
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Name Genotype Source

S66K-LepA Ara+ Serine was replaced with Lysine (predicted coevolving amino acids) in

lepAgene called as a single mutant in the background ofE. coliStrain

B REL606. Red colonies on the TA indicator plates.

In this study

S66K-LepA Ara- Serine was replaced with Lysine (predicted coevolving amino acids) in

lepAgene called as a single mutant in the background ofE. coliStrain

B REL607. White colonies on the TA indicator plates.

In this study

Q170E-LepA Ara+ Glutamine was replaced with Glutamic acid (predicted coevolving

amino acids) inlepAgene called as a single mutant in the background

of E. coliStrain B REL606. Red colonies on the TA indicator plates

In this study

Q170E-LepA Ara- Glutamine was replaced with Glutamic acid (predicted coevolving

amino acids) inlepAgene called as a single mutant in the background

of E. coliStrain B REL607. White colonies on the TA indicator plates.

In this study

S66K-Q170E-LepA Ara+ The inferred ancestral state having both substitutions inlepA gene

called as a double mutant in the background ofE. coliStrain B REL606.

Red colonies on the TA indicator plates.

In this study
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Name Genotype Source

S66K-Q170E-LepA Ara- The inferred ancestral state having both substitutions inlepA gene

called as a double mutant in the background ofE. coliStrain B REL607.

White colonies on the TA indicator plates.

In this study

T65N-YebC Ara+ Threonine was replaced with Asparagine (predicted coevolving amino

acids) inyebCgene called as a single mutant in the background ofE.

coli Strain B REL606. Red colonies on the TA indicator plates.

In this study

T65N-YebC Ara- Threonine was replaced with Asparagine (predicted coevolving amino

acids) inyebCgene called as a single mutant in the background ofE.

coli Strain B REL607. White colonies on the TA indicator plates.

In this study

L66I-YebC Ara+ Leucine was replaced with Isoleucine (predicted coevolving amino

acids) inyebCgene called as a single mutant in the background ofE.

coli Strain B REL606. Red colonies on the TA indicator plates.

In this study

L66I-YebC Ara- Leucine was replaced with Isoleucine (predicted coevolving amino

acids) inyebCgene called as a single mutant in the background ofE.

coli Strain B REL607. White colonies on the TA indicator plates.

In this study
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Name Genotype Source

T65N-L66I-YebC Ara+ The inferred ancestral state having both substitutions inyebCgene

called as a double mutant in the background ofE. coliStrain B REL606.

Red colonies on the TA indicator plates.

In this study

T65N-L66I-YebC Ara- The inferred ancestral state having both substitutions inyebCgene

called as double mutant in the background ofE. coliStrain B REL607.

White colonies on the TA indicator plates.

In this study.
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Table 2.4: Plasmids used in this study

Name Description Source

pCR8/ GW/ TOPO Entry vector for the cloning of substituted fragment of DNA to be used

for the con�rmation of substitutions.

Life Technologies, [Simon et al., 1983]

pUC57 Entry vector for the cloning of substituted fragment of DNA to be used

for the con�rmation of substitutions.

GenScript Biotech

pKOV-unstu� Cloning vector for the homologous recombination using antibiotic se-

lection and SacB counter selection.

Jenna Gallie's group, [Link et al., 1997]

pCR8-IspH_N24R_A27E Entry vector for the N24R_A27E substituted gene fragment ofispH

gene to be used for the con�rmation of substitutions.

In this study

pCR8-IspH_N24R Entry vector for the N24R substituted gene fragment ofispH gene to

be used for the con�rmation of substitutions.

In this study

pCR8-IspH_A27E Entry vector for the A27E substituted gene fragment ofispH gene to

be used for the con�rmation of substitutions.

In this study

pCR8-YebC_T65N_L66I Entry vector for the T65N_L66I substituted gene fragment ofyebCgene

to be used for the con�rmation of substitutions.

In this study

pCR8-YebC_T65N Entry vector for the T65N substituted gene fragment ofyebCgene to

be used for the con�rmation of substitutions.

In this study
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Name Description Source

pCR8-YebC_L66I Entry vector for the L66I substituted gene fragment ofyebCgene to be

used for the con�rmation of substitutions.

In this study

pUC57-S66K_Q170E Entry vector for the S66K_Q170E substituted gene fragment oflepA

gene to be used for the con�rmation of substitutions.

In this study

pUC57-S66K Entry vector for the S66K substituted gene fragment oflepAgene to be

used for the con�rmation of substitutions.

In this study

pUC57-Q170E Entry vector for the Q170E substituted gene fragment oflepAgene to

be used for the con�rmation of substitutions.

In this study

pKOV-IspH_N24R_A27E pKOV_unstu� vector for the N24R_A27E substituted gene fragment of

ispH gene to be used for the allelic replacement experiment.

In this study

pKOV-IspH_N24R pKOV_unstu� vector for the N24R substituted gene fragment ofispH

gene to be used for the allelic replacement experiment.

In this study

pKOV-IspH_A27E pKOV_unstu� vector for the A27E substituted gene fragment ofispH

gene to be used for the allelic replacement experiment

In this study

pKOV-YebC_T65N_L66I pKOV_unstu� vector for the T65N_L66I substituted gene fragment of

yebCgene to be used for the allelic replacement experiment.

In this study
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Name Description Source

pKOV-YebC_T65N pKOV_unstu� vector for the T65N substituted gene fragment ofyebC

gene to be used for the allelic replacement experiment.

In this study

pKOV-YebC_L66I pKOV_unstu� vector for the L66I substituted gene fragment ofyebC

gene to be used for the allelic replacement experiment.

In this study

pKOV-S66K_Q170E pKOV_unstu� vector for the S66K_Q170E substituted gene fragment

of lepAgene to be used for the allelic replacement experiment.

In this study

pKOV-S66K pKOV_unstu� vector for the S66K substituted gene fragment oflepA

gene to be used for the allelic replacement experiment.

In this study

pKOV-Q170E pKOV_unstu� vector for the Q170E substituted gene fragment oflepA

gene to be used for the allelic replacement experiment.

In this study
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Table 2.5 Growth media and bu�ers used in this study

Name Ingredients Application

TAE bu�er (1X) 40 mM Tris acetate, 2 mM
EDTA, pH 8

Life Technologies, Agarose
gel running bu�er

LB media for 1 L 20 g LB-dry powder (Invitro-
gen, catalog no. 12780052),
ddH20 to 1 L, pH 7.0

LB broth liquid

LB agar plates 32 g LB-dry pow-
der(Invitrogen, catalog
no. 22700025), ddH20 to 1 L

LB agar plates

TA indicator agar plates for 1
L

Tryptone 10 g, Yeast extract 1
g, Sodium chloride 5 g, Agar
16 g, Arabinose 10 g, and
TTC (5%) 1 mL

TA indicator agar plates

M9 minimal media for 1 L 5x Salts 200ml (Merck, cata-
log. no M6030), 20% glucose
20ml, 1 M MgSO4 2 ml, 1 M
CaCl2 0.1 ml

De�ned growth medium

Washing bu�ers 0.1 M CaCl2 and 0.1 M MgCl2 Chemically Competent cells

DNA loading bu�er 30% (v/v) glycerol, 0.25%
(w/v) bromophenol blue,
0.25% (w/v) xylene cyanol FF

DNA loading bu�er for gel
electrophoresis
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Chapter 3
Charge-compensating mutation in the EF4 protein

The �rst candidate that we tested experimentally is detected in thelepAgenes, which encodes

the elongation factor-F protein. The predicted coevolving sites in this gene are Ser (S) at position

66 and Gln (Q) at position 170 fromE. coli. These positions were predicted as coevolving because

of charge compensation. After reviewing the known structural and functional properties of the

lepAgene, I report the bioinformatic evidence for coevolution at these positions. I then report

the competition experiment results between the reconstructed possible ancestors and the wild

type strain and the resulting inferred local �tness landscape.

3.1 Role of Elongation factor F in translation

The lepAgene encodes the elongation factor 4 protein. It is involved in the back translocation

of tRNAs on erroneous translocated ribosomes. The process of back translocation occurs in

the elongation cycle of the protein translation. The function of ribosomes is categorized into

four phases: initiation, elongation, termination of the proteins, and the recycling phase. In the

recycling phase, ribosomes are separated into their subunits so that the small subunit initiates

the re-entry into the subsequent initiation phase [Michel and Baranov, 2013]. Each phase is

regulated by speci�c proteins termed as factors. While the translation phases signi�cantly

di�er in the three domains of life, Bacteria, Archaea, and Eukarya, the elongation phase is

similar in all three domains and is a crucial phase of the translation process. The elongation

phase consists of a cycle of biochemical reactions called the �elongation cycle� (Figure 3.1). The

foremost step is to prolong the nascent polypeptide by one amino acid. The elongation cycle is

regulated by two factors: EF-Tu and EF-G in bacteria and EF1 and EF2 in Archaea and Eukarya.

EF-Tu transports an aminoacyl-tRNA (aa-tRNA) in the ternary complex aa-tRNA�EF-Tu�GTP

to the decoding center of the ribosomal A site (A for aminoacyl-tRNA) on the small ribosomal

52
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Figure 3.1 Elongation cycle. The illustration is created byhttps://biorender.com/

subunit. After this decoding, EF-Tu hydrolyzes GTP and leaves the ribosome like EF-Tu�GDP.

The attached aa-tRNA integrates fully into the A site of the ribosome. The peptide bond forms

in the next step and does not require a translation factor. During this next step, the peptidyl-

tRNA residue at the ribosomal P site splits from the peptidyl-tRNA and transfers to the aa-tRNA.

The splitting gives the peptidyl-tRNA residing at the A site and being prolonged by one amino

acid. The third step in the elongation cycle is the translocation reaction and operates by EF-G�

GTP. The tRNA�mRNA complex moves along on a codon length on the ribosome (moving the

peptidyl-tRNA from A site to P site and the deacylated tRNA from the P site to E site, the Exit

site).

In bacteria, the third unique elongation factor termed as elongation factor 4 �EF-4� has been

reported by March and Inouye [1985]. First, it was called LepA inE. colibased on its function.

The lepAgene is present upstream of the Lep protein on the Lep operon. The Lep protein is

a peptidase that cleaves the signal peptide on the N terminus of proteins after translocation

through the membrane. Whereas knockout oflepAhad not shown any signi�cant reduction in

protein transportation [March and Inouye, 1985]. Dibb and Wolfe [1986] and colleagues have re-

ported no phenotype oflepAin E. coliunder di�erent growth environments. They also showed

that no growth e�ects were found in the knockout strain of LepA. However, in a medically
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important pathogenHelicobacter pylori10 genes were analyzed for the disease spread (stomach

ulcera), including thelepA gene. These ten genes are essential for survival in the low-pH of the

stomach [Bijlsma et al., 2000]. The work mentioned above attracted the attention to study the

function and structure of thelepAgene.

The elongation factor EF4 encoded by thelepAgene was found to be a highly conserved

protein in all bacteria [Qin et al., 2006; Liu et al., 2010]. Functional studies of EF4 revealed the

following points:

1. the ribosome-bounded EF4 has a GTPase activity [Liu et al., 2010],

2. EF4 is responsible for the back-translocation of post-translational complexes (tRNA2�

mRNA) from E and P sites to P and A sites, respectively,

3. EF4 increases the active fraction of newly translated proteins [Qin et al., 2006].

Earlier studies characterized the function of EF4 as preventing the misincorporation of the

amino acid during translocation [Qin et al., 2006]. The authors in the study, as mentioned

above, suggested developing a homologous model of EF4 in other species based on the domain

similarity of the known structure of EF G. Pech et al. [2011] later suggested that EF4 played a

role in back-translocation and recognition of stalled ribosomes, remobilization, and reactivation

of the protein synthesis. This study was done using a stress condition of a high concentration

of Mg+2, which showed that EF4 could not perform its proper function.

Crucial genes such aslepA are good candidates because of their vital role in the cellular

processes.lepAplays an essential role in the cellular translationary machinery and an adequate

candidate for this coevolutionary predictions' study. The predicted coevolving residues in EF4

are at amino acids positions 66 and 170 in theE. colistructure (PDB ID:3CB4), with amino acids

Ser and Gln, respectively. The pair was predicted to coevolve because of charge compensation.

We reconstructed the ancestral states for both positions using the DNA sequence and accounted

for the codon usage bias (See Chapter 2, section 2.2). The reconstructed amino acids' ancestral

states are LYS at position 66 and Glu acid at position 170, leading to the possible evolutionary

scenarios displayed in Figure 3.2. Strains containing the putative ancestral genotypes were

reconstructed inE. coliStrain B:

ˆ the strain with the ancestral states at the two positions was reconstructed by introducing

the double mutation S66K-Q170E,

ˆ the two possible intermediate genotypes were reconstructed by introducing each of the

two single mutations S66K and Q170E.
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Figure 3.2 Reconstructed ancestral states and putative compensatory mutations on theE. coli
lineage for thelepAgene. Inferred ancestral states are displayed on the left, and theE. coli(wild
type) sequence on the right. The arrow represents the putative mutations and their order at
both sites. The three reconstructed strains used in this study are indicated as a double mutant,
single mutant 1, and single mutant 2.

Double mutant
Lys66, Glu170

Wildtype
Ser66, Gln170

Single mutant 1
Ser66, Glu170

Single mutant 2
Lys66, Gln170

Lys66 ! Ser66 Glu170! Gln170

Glu170! Gln170 Lys66 ! Ser66

We then analyzed the �tness of both single mutants in two competition environments, one

in the M9 minimal medium and the other in the LB nutrient enriched medium. We estimated

the relative �tness of single mutants by comparing them with the double mutant and wild type

for 72 hours. We then inferred the local �tness landscape for the two positions.

3.2 3D structure, Phylogenetic analysis, and evidence for coevo-

lution by compensation

The 3D structure of the EF4 protein is shown in Figure 3.3. EF4 is a 599 amino acid protein with

a molecular weight of 67 kDa. The 2.8Å resolution crystal structure of EF4 fromE. coli[Evans

et al., 2008] revealed the structural homology of individual domains of LepA with EF G, except

for the 130 amino acid long domain IV. The primary distance between these two coevolving

positions was 104 amino acids. However, these two positions were in close proximity in the

3D structure with a distance of 8.91Å between alpha carbons. Two hundred seventy protein

sequences were included in the analysis of coevolution for this bacterial homologous protein

family. We found eighteen compensatory mutations for charge biochemical property on the
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Figure 3.3 3D structure of EF 4 chain A (PDB ID: 3CB4). Orange highlighted residues (SER66
and GLN170) are the predicted coevolving amino acids.

branches of the phylogenetic tree oflepAgene,i.e., positively charged amino acid compensated

by negatively charged amino acid andvice versa(Table 3.1). Sequences of all theE. colistrains

were included and analyzed the frequencies of amino acids present on these positions. Ser and

Gln at positions 66 and 170 (coordinates in PDB ID: 3CB4) are highly conserved in all 260 of the

Table 3.1 Frequency of observed amino-acid state pairs among bacterial species. The high-
lighted one is the pair observe inE. colistrains

Pairs of Amino acids Frequency in all Species Frequency in E. coli
Strains

S;Q 1 260

K;E 167 0

K;D 14 0

D;K 13 0

R;E 10 0

Other Pairs, each in low fre-
quency

65 0
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E. colistrains.

We built the compensogram and phylogenetic tree for EF4 at sites 66 and 170 (Figure 3.4).

Blue highlighted branches indicate negative change, i.e., the charge is reduced (+ ! � ), and

red highlighted branches indicate more positive change, i.e., the charge increases (� ! + ). The

�gure shows evidence for coevolution by charge compensation for positions 66 and 170. In this

�gure 3.4A shows the changes of charge, as inferred by weighted substitution mapping, on the

phylogenetic tree of the protein family (bacterial species names have been omitted for clarity.

The coevolution signal is widespread along the phylogeny, suggesting that the constraint acting

on these sites is conserved throughout the bacteria. The majority of observed mutations involve

a change from positive to negative at site 66, compensated by a mutation from negative to

positive at site 170. The inferred compensating mutations on theE. colibranch are unique and

not observed on any other branches of the tree, the Ser and Gln state pair being only present

in E. coli. Interestingly, no polymorphism was observed in the 261 strains ofE. colifor which

a sequence was available for theispH gene. The conserved sequences in all strains ofE. coli

suggests that the mutation are �xed in the population.

Table 3.2 Mutant strains genotypes for the EF4 candidate.

Strain Genotype

Wildtype-606 Ara+ The wildtype strain of present sequence ofE. coliStrain B
REL606 used in the allelic replacement experiment as wild
type. Red colonies on the TA indicator plates.

Wildtype-607 Ara- The wildtype strain of present sequence ofE. coliStrain B
REL607 used in the allelic replacement experiment as wild
type. White colonies in the TA indicator plates.

S66K-LepA Ara- Serine was replaced with Lysine (predicted coevolving amino
acids) inlepAgene called as a single mutant in the background
of E. coliStrain B REL607. White colonies on the TA indicator
plates.

Q170E-LepA Ara- Glutamine was replaced with Glutamic acid (predicted coe-
volving amino acids) inlepAgene called as a single mutant in
the background ofE. coliStrain B REL607. White colonies on
the TA indicator plates.

S66K-Q170E-LepA Ara+ The inferred ancestral state having both substitutions inlepA
gene called as a double mutant in the background ofE. coli
Strain B REL606. Red colonies on the TA indicator plates.
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Figure 3.4 A). The phylogenetic tree of the EF4 protein family used in the CoMap analysis.
Blue highlighted branches show negative change (more negative charge) at position 66. The
red highlighted branches show the more positive charge at position 170.B). Compensogram:
Branches are sorted according to the strength of the compensation signal, and only the top
branches are represented. The red point indicates the compensation index for the branch, and
the blue bars show the null distribution obtained for each branch by resampling all sites in
the alignment. Point: mean, error bar: 95% interval of the distribution. The green line shows
the expected average compensation after randomizing the branches independently for the two
sites, and the green dashed line if the corresponding 95% quantile of this distribution

3.3 Construction of mutant strains

As mutations are far in the primary sequences, we designed the mutant DNA fragments with

the desired mutations: a single mutant with a mutation from Ser to Lys at position 66, another

single mutant mutation from Gln to Glu acid at position 170, and both mutations in the double

mutant (see Figure 3.2). The GenScript Biotech then synthesized these fragments in high copy
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number plasmids (pUK57-kan). Sanger sequencing results for the positive clones con�rmed

the presence of the desired substitution of the EF4 mutants. The scarless allelic replacement

method successfully gave us all three mutant strains (Table 3.2 shows the strain name and their

genotype). Whole-genome sequencing also con�rmed no o�-target substitutions after the ho-

mologous recombination step of generating mutants (Table 3.3). Breseq is a computational

pipeline that allows detecting mutations in a given sample using a reference genome [Deather-

age and Barrick, 2014]. It identi�ed desired mutations in all three mutants, and an additional

signal of the IS150 non-coding region was also detected in wildtype and S66K-LepA samples

(Detailed table is shown in 8.2). The IS150 insertion is a non-coding insertion sequence. Breseq

did not report any mutation in coding regions of all generated mutants, suggesting that any

di�erence in phenotype between the tested strains may be unambiguously attributed to the in-

troduced mutations. After 2x crossing over in allelic replacement, it generates two strains with

mutations and without mutations. The strain without mutations is used as a wild type in the

competition assays Chapter 2, section 2.4).

Table 3.3Columns from the breseq output is shown here to show the desired mutations in the
mutant strains.

Strain Mutation Gene %1 Description

Wildtype-606 N/A N/A 98.7 Repeat region

Wildtype-607
T ! C araA 89.4 L-arabinose isomerase

A ! G recD 89.4 Exonuclease V (RecBCD
complex) alpha chain

S66K-LepA-607

T ! C araA 98.5 L-arabinose isomerase

A ! G recD 98.5 Exonuclease V (RecBCD
complex) alpha chain

3 bp! CCT lepA 98.5 GTP-binding protein

Q170E-LepA-607

T ! C araA 98.6 L-arabinose isomerase

A ! G recD 98.6 Exonuclease V (RecBCD
complex) alpha chain

G ! C lepA 98.6 GTP-binding protein

S66K-Q170E-LepA-606
3 bp! CCT lepA 98.4 GTP-binding protein

2bp! AG lepA 98.4 GTP-binding protein
1 % of the genome where reads could be mapped
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3.4 Expression of mutant strains

In order to validate that potential phenotypic di�erences are not due to a lack of expression of

the LepA protein in the reconstructed strains, the expression oflepAmutant genes was con-

�rmed in all strains. For this, we extracted the whole RNA from all the mutants and wild type

and synthesized cDNA. I checked for the gDNA contamination as PCR-based can give us false-

positive results. So, we sensitive kit to eliminate gDNA from the RNA samples (See Chapter

2, section 2.6). PCR Ampli�cation usinglepA gene-speci�c primers gave us the band size of

800 bp from the mutant strains S66K, Q170E, S66K-Q170E, and wild type. The positive results

of PCR showed that thelepAgene is being expressed in all the mutant strains, at least at the

transcriptional level (Supplement Figure 8.1).

3.5 Competition experiments

We used two environments for the competition experiments: the cells were grown on the LB

broth medium where nutrients were not limiting in the �rst environment. The second environ-

ment was the M9 minimal medium, a de�ned medium with a single carbon source (glucose).

This medium is a stress condition used in competition experiments as it increases competition

between the strains because of the limited resources. Smaller �tness e�ects might therefore

be detected in such stressful environment. Since thelepAgene is directly involved in protein

translation, however, di�erences in �tness e�ects might not be detected if the translation is not

the limiting factor.

3.5.1 LB Broth medium

Competition experiments were conducted in �ve combinations of competing strains, and each

combination was repeated eight times. These combinations were S66K-LepA vs. S66K-Q170E-

LepA ( single mutant 2 competing against double mutant), Q170E-LepA vs. S66K-Q170E-LepA

(single mutant 1 competing against double mutant), S66K-LepA vs. Wild type (one single mu-

tant competing against wild type ), Q170E-LepA vs. Wild type (other single mutant competing

against wild type. Finally, we tested S66K-Q170E-LepA vs. wild type. If the two mutations

Glu ! Gln at position 66 and! at position 170 are compensating, we expect the �tness of

the single mutants to be lower than that of both the wildtype and double mutant. Comparing

the �tness of the wildtype with that of the double mutant can further inform us about the mag-

nitude of the compensation: if the wildtype has a similar �tness to that of the double mutant,
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Figure 3.5 Competition experiments in LB Broth medium; Relative �tness is shown on the Y-
axis, and three time points for the plating are on the x-axis. Lighter color boxplots show the
combination of single mutants vs. double mutant. Darker color boxplots show the wild type
vs. single mutants and wild type vs. double mutant. The red horizontal line is the reference
line for zero �tness di�erence. One sample t-test is used for the statistics here (The mean of
population� = 1). See Table 3.4 for exact p-values, and supp Table 8.3 and 8.4 for the raw data.

the mutations are perfectly compensating. If it is lower than the wild type, the second muta-

tion was only partially compensating if it is higher than the wild type; the second mutation was

overcompensating.

Each combination was plated on TA indicator plates and used for colony counts at 0, 24, 48,

and 72 hours. The single mutant S66K-LepA competed against S66K-Q170E-LepA and the wild

type for up to 72 hours. S66K-LepA against double mutant S66K-Q170E-LepA had no signi�cant

�tness di�erence at 24 hours and 48 hours (Figure 3.5). Later at 72 hours, single mutant S66K-

LepA showed signi�cantly lower �tness (p value = 0.0072057). Also, the wild type against S66K-

LepA showed signi�cantly higher �tness at all time points. Other single mutant Q170E-LepA

showed signi�cantly lower �tness at all time points (Figure 3.5). Both single mutants had a

lower relative �tness compared to the double mutant or wild type. The double mutant had

higher relative �tness than the wild type, suggesting that the second mutation was only partially

compensating.

3.5.2 M9 minimal medium

We used the same experimental setup and a similar number of combinations of strains for

competition experiments in M9 minimal as in the LB-Broth medium. M9 minimal media has a
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Figure 3.6 Competition experiments in M9 minimal medium; Relative �tness is shown on the
Y-axis, and three time points for the plating are on the x-axis. Lighter color boxplots show the
combination of single mutants vs. double mutant. Darker color boxplots show the wild type
vs. single mutants and wild type vs. double mutant. The red horizontal line is the reference
line for zero �tness di�erence. One sample t-test is used for the statistics here (The mean of
population� = 1). See Table 3.4 for exact p-values, and supp Table 8.3 and 8.4 for the raw data.

de�ned concentration of glucose and salts (See Chapter 2). The single mutant S66K-LepA has

competed against the double mutant S66K-Q170E-LepA and the wild type for 72 hours. For the

competition experiments against double mutant S66K-Q170E-LepA, there was no signi�cant

di�erence in �tness at 24 hours (Figure 3.6). Later at 48 and 72 hours, single mutant S66K

showed signi�cantly lower �tness (p values 0.0303313 and 0.00904312respectively). Other single

mutant Q170E-LepA does not show signi�cantly lower �tness at 72 hours. Both single mutants

were lower in �tness as expected. In the competition against wild type, both single mutants

showed non-signi�cant �tness di�erences. However, they followed the same trend as in the

LB broth medium; that is, they had lower relative �tness than that of both the double mutant

and wild type. The double mutant showed a slightly higher �tness but not signi�cant (p value

= 0.1566335). The di�erence in the �tness values was not very large but followed the trends

according to the assumption of compensatory mutations, i.e., both single mutants S66K-LepA

and Q170E-LepA were lower in �tness when they competed against ancestral state and wild

type.
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3.6 Analysis of charge compensation

The EF4 protein was shown to play a role in an essential cellular process, the back translocation

of the ribosomes in the translational machinery[Qin et al., 2006]. Mutations at functionally con-

strained sites can a�ect the stability of protein's 3D structure and adversely impact the function

[Worth et al., 2009]. Mutations at other sites of the protein can compensate for this instability

of the 3D structure [Moore et al., 2000]. As a result, compensatory mutations can be �xed in

the population [Szamecz et al., 2014]. We identi�ed two positions that underwent potentially

compensating mutations throughout the bacterial phylogeny, including mutations present on

E. colibranch. We show that the two single mutations led to a decrease in �tness when tested

separately, but this e�ect was reduced or removed when the two mutations were present, there-

Table 3.4 Mean relative �tness and p values for the competition experiments in LB Broth and
M9 minimal media
Competiting strains Time Medium Mean Rel. �tness p value
S66K-LepA vs. S66K-Q170E-LepA 24 hours LB Broth 0.833261 0.14057
S66K-LepA vs. S66K-Q170E-LepA 48 hours LB Broth 0.936567 0.74062
S66K-LepA vs. S66K-Q170E-LepA 72 hours LB Broth 0.577658 0.00720
Q170E-LepA vs. S66K-Q170E-LepA 24 hours LB Broth 0.898993 0.00314
Q170E-LepA vs. S66K-Q170E-LepA 48 hours LB Broth 0.686918 0.01693
Q170E-LepA vs. S66K-Q170E-LepA 72 hours LB Broth 0.421516 3.41972
Wildtype vs. S66K-LepA 24 hours LB Broth 1.292538 0.02880
Wildtype vs. S66K-LepA 48 hours LB Broth 1.385992 0.01142
Wildtype vs. S66K-LepA 72 hours LB Broth 1.512685 0.00184
Wildtype vs. Q170E-LepA 24 hours LB Broth 1.279975 0.04508
Wildtype vs. Q170E-LepA 48 hours LB Broth 1.372884 0.02841
Wildtype vs. Q170E-LepA 72 hours LB Broth 1.481042 0.01776
Wildtype vs. S66K-Q170E-LepA 24 hours LB Broth 0.838456 0.02814
Wildtype vs. S66K-Q170E-LepA 48 hours LB Broth 0.773631 0.00154
Wildtype vs. S66K-Q170E-LepA 72 hours LB Broth 0.636666 5.06e-05
S66K-LepA vs. S66K-Q170E-LepA 24 hours M9 minimal 0.980562 0.46358
S66K-LepA vs. S66K-Q170E-LepA 48 hours M9 minimal 0.904946 0.03033
S66K-LepA vs. S66K-Q170E-LepA 72 hours M9 minimal 0.903771 0.00904
Q170E-LepA vs. S66K-Q170E-LepA 24 hours M9 minimal 1.028889 0.54727
Q170E-LepA vs. S66K-Q170E-LepA 48 hours M9 minimal 0.971783 0.54968
Q170E-LepA vs. S66K-Q170E-LepA 72 hours M9 minimal 0.939766 0.05183
Wildtype vs. S66K-LepA 24 hours M9 minimal 1.019987 0.59000
Wildtype vs. S66K-LepA 48 hours M9 minimal 1.053200 0.29319
Wildtype vs. S66K-LepA 72 hours M9 minimal 1.084751 0.01438
Wildtype vs. Q170E-LepA 24 hours M9 minimal 0.938541 0.04881
Wildtype vs. Q170E-LepA 48 hours M9 minimal 0.983182 0.72898
Wildtype vs. Q170E-LepA 72 hours M9 minimal 1.048511 0.24893
Wildtype vs. S66K-Q170E-LepA 24 hours M9 minimal 1.014359 0.37327
Wildtype vs. S66K-Q170E-LepA 48 hours M9 minimal 0.966546 0.94870
Wildtype vs. S66K-Q170E-LepA 72 hours M9 minimal 0.942817 0.15663
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fore demonstrating their compensating nature. The reconstructed �tness landscape for the two

positions showed �peaks� for the double mutant and wild type and the single mutants �valleys�.

The reduction of �tness of single mutations might be attributed to an instability of the pro-

tein structure, preventing it from performing its function correctly. In this case, the function

of the EF4 is involvement in the back translocation of the posttranslational complex. Thus, it

might be a�ected by the single mutation, and the process of translation is perturbed overall.

Restoration of the double mutant (ancestral state) �tness suggests that EF4 regained the proper

function and structure in the double mutant and increased the �tness in the competition envi-

ronment.

Furthermore, We tested �tness in two environments that gave us di�erent relative �tness.

M9 minimal media has a limited concentration of salts and a single carbon source that is glu-

cose. There is not a large di�erence in the �tness becauseE. colistrain B has been adapted to this

medium for all the experimental work of [Lenski, 1988]. Protein translation is also compromised

in the M9 minimal stress environment as cells only translate the necessary proteins to perform

in the stress conditions. As we see in the LB Broth environment, the �tness values of single

mutants drop signi�cantly. Given that LB Broth is enriched in nutrients, we speculate that the

strains have enough nutrients to grow on, and both competitors (any combination of compe-

tition experiments used in our experimental setup) were performing their cellular processes at

an optimal level. In the view of lower �tness of single mutants, we hypothesize that the single

mutants behave poorly in growth because the protein translation is not having a proper back

translocation (that provides misincorporation of amino acids in the elongation cycle) [Michel

and Baranov, 2013].

Charge as a biochemical property contributes substantially to the amino acid coevolution

[Chakrabarti and Panchenko, 2010]. InE. coli, our competition results suggest that the ancestral

state is as stable as the presentE. coliwhereas the present sequence does not have any charge

on the tested amino acids (Ser at 66 and Gln at 170). All strains ofE. colihave conserved

amino acids on these positions (Table 3.1). The reconstructed ancestral state has a positive

and negative charge on both predicted coevolving sites. The wild typeE. colihas zero charges

on both sites. Both neutral sites maybe the reason that the double mutant has slightly higher

�tness than the wild type.E. colimight not have a charge on these positions, and both amino

acids might be �xed in theE. colipopulations due to an unknown environmental change and

were stable for the EF4 to perform the optimal function. These laboratory conditions do not

represent the actual environment and hard to replicate in the natural environment. It is noted
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that a suitable stressful environment to assess �tness di�erence is a challenge in these kinds of

experiments. One can try a di�erent range of available laboratory media but still not represent

the natural environment. It needs time to �nd appropriate stress to analyze large di�erences in

�tness. Interestingly the predicted coevolving group in EF4 has perfect compensation for the

charge in other species (Table 3.1). The perfect charge compensation in these bacterial species

opens the future aspects to study coevolving groups in these bacterial species. There might

be more exciting results regarding �tness di�erences in reconstructed ancestral states in these

other species thanE. coliStrain B. There are experimental limitations; for instance, di�erent

colony colors to be used in competition assay are there in the case of other bacterial species.



Chapter 4
Charge-compensating mutation in the IspH protein

TheispH gene encodes a 4-hydroxy-3-methylbut-2-enyl diphosphate reductase. The predicted

coevolving sites in this gene are Asn (N) at position 24 and Alanine (A) at position 27 in theE.

coli sequence. These positions were predicted to be coevolving because of charge compensa-

tion. After reviewing the functional properties of theispH gene, we report the bioinformatic

evidence for coevolution. As for thelepAgene (see Chapter 3), we reconstructed the possible

ancestral states of theispH at the two coevolving positions and assessed their relative �tness

by competing them with the wild type strain in order to infer the local �tness landscape.

4.1 Role of IspH in Isoprenoid Biosynthesis Pathway

IspH is an enzyme involved in the non-mevalonate pathway (MEP). MEP pathway synthesizes

Isoprenoids that are one of the biggest class of naturally occurring compounds [Chandran et al.,

2011]. The second candidate group of predicted coevolving amino acids is in theispH gene.

I �rst describe the MEP pathway and the role of 4-hydroxy-3-methylbut-2-enyl diphosphate

reductase in an organism.

The �ve-carbon hydrocarbon called isoprene (2-methyl-1,3-butadiene) is the isoprenoid

building unit of the diverse organic compounds. These compounds play an essential role in

the growth and survival of prokaryotes. Cell wall and membrane synthesis, conversion of light

into chemical energy, electron transport, and derivatives of secondary metabolites are a few

processes where isoprenoids are present. Metabolic engineering of bacteria helps to under-

stand the function and structure of the desired enzyme. Various studies, for instance, Ajikumar

et al. [2008]; Kirby and Keasling [2009]; Misawa [2011]; Ward et al. [2018] reported the derivates

of enzymes that are involved in the synthesis of isoprenoids.

Isopentenyl pyrophosphate (IPP) or its isomer, dimethylallyl pyrophosphate (DMAPP), is

66
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Figure 4.1 Illustration shows the steps involved in MEP pathways. Three molecules of acetyle-
CoA MEP start with the precursors; Glyceraldehyde 3-phosphate (G3P) pyruvate [Rohmer
et al., 1996]. Intermediate DXP (1-deoxy-D-xylulose-5-phosphate) converts into MEP (2-
C-methylerythritol-4-phosphate) in the presence of reductoisomerase (IspC, MEP synthase)
[Hale et al., 2012]. MEP converts into 4-diphosphocytidyl-2-C-methylerythritol (CDP-Me)
intermediate in the presence of IspD. CDP-Me further converts into 2-C-Methylerythritol-
2,4-cyclodiphosphate (CDP-MEP) in the regulation of IspE. CDP-MEP converts into hydrox-
ymethylbutenyl 4-diphosphate ( HMBPP) in the presence of IspG. HMBPP converts into isopen-
tenyl diphosphate (IPP), and then isoprene is synthesized or be used as a precursor for higher
molecular height isoprenoids (for example, terpenoids). The Illustration is adopted from Ward
et al. [2018] and created byhttps://biorender.com/ .

the isoprenoid precursor and synthesized in the mevalonate pathway (MVA) in all organisms.

There is an alternative pathway non-mevalonate pathway (MEP) present in microorganisms

[Lichtenthaler et al., 1997; Phillips et al., 2008]. The MEP pathway generates only IPP. Only one

pathway is used for the biosynthesis of isoprenoids in one organism. Most of the bacteria use

the non-mevalonate pathway (sometimes called mevalonate-independent pathway) [Boronat

and Rodríguez-Concepciön, 2014; Frank and Groll, 2017].

The ispH genes belong to the MEP pathway, where it encodes the 4-hydroxy-3methyl-2-

enyl diphosphate reductase, which is involved in the last step of the biosynthesis pathway,

responsible for converting HMBPP into IPP. One of the candidate genes that we analyzed in this

study is theispHgene (previously namedlytB). The most accepted explanation for the function

of IspH is that the IspH protein requires a [4Fe-4S] cluster for catalytic activity [Seemann et al.,

2009]. The mechanism catalyzed by IspH requires the removal of the hydroxyl group transfer

of two electrons from the [4Fe-4S] cluster and protonation of an intermediate allylic anion

[Rohdich et al., 2003]. The deletion of this gene leads to cell lysis and cell death, suggesting

that it is essential for the growth of bacterial cells [McAteer et al., 2001]. Another study by
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Figure 4.2 Reconstructed ancestral states and putative compensatory mutations on theE. coli
lineage for theispH gene. Inferred ancestral states are displayed on the left, and theE. coli
(wild type) sequence on the right. The arrow represents the putative mutations and their order
at both sites. The three reconstructed strains used in this study are indicated as a double mutant,
single mutant 1, and single mutant 2.

Double mutant
Arg24, Glu27

Wildtype
Asn24, Ala27

Single mutant 1
Asn24, Glu27

Single mutant 2
Arg24, Ala27

Arg 24 ! Asn24 Glu27 ! Ala27

Glu27 ! Ala27 Arg 24 ! Asn24

Altincicek et al. [2001] showed that bacterial cells are only viable in the medium supplemented

with mevalonate and emphasized the crucial role in the MEP pathway.

Because of its essentiality,isphis a good candidate to study prediction such as coevolving

amino acids. A small change in one of the isoprenoid pathway genes might perturb the pathway

and have �tness e�ects. The pair was predicted for the charge compensation. The predicted

coevolving residues in IspH are at sites 24 and 27 with the amino acids coordinates Asn and

Alanine, respectively (PDB ID:3KE8). We reconstructed the ancestral state for both positions

using the DNA sequence and accounted for the ancestral reconstruction for codon (See Chap-

ter 2, section 2.2). The reconstructed amino acids' ancestral states are Arg at position 24 and

Glutamic acid at position 27, leading to the possible evolutionary scenarios displayed in Figure

4.2. Strains containing the putative ancestral genotypes were reconstructed inE. coliStrain B:

ˆ the strain with the ancestral states at the two positions was reconstructed by introducing

the double mutation N24R-A27E,

ˆ the two possible intermediate genotypes were reconstructed by introducing each of the

two single mutations N24R and A27E.
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Figure 4.3 3D structure of IspH 4 chain A (PDB ID: 3KE8). Orange highlighted residues are the
predicted coevolving amino acids.

We then analyzed the �tness of both single mutants in two competition environments, one

in the M9 minimal medium and the other in the LB nutrient enriched medium. We estimated

the relative �tness of single mutants by comparing them with the double mutant and wild type

for 72 hours. We then inferred the local �tness landscape for the two positions.

4.2 3D structure, Phylogenetic analysis, and evidence for coevo-

lution by compensation

The 3D structure of the IspH protein is shown in Figure 4.3. IspH is a 316 amino acid pro-

tein with a molecular weight of 35 kDa. The IspH protein is characterized by paramagnetic

resonance spectroscopy after reconstitution of the puri�ed protein [Wol� et al., 2003]. The pri-

mary distance between the two coevolving positions was three amino acids. However, these

two positions were close in the 3D structure, and the distance was 5.79Å between two alpha

carbons.

We built the corresponding compensogram and phylogenetic tree for IspH at sites 24 and 27
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