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Abstract 
 
During the past three decades it has gained acknowledgment that the formation of new and 
functional genes can take place from previously non-coding regions with as little as one 
mutation.  The aim of this project work has been to address the question if it is possible to 
find new and functional peptides conferring antimicrobial resistance in randomized libraries 
constructed without sequence bias. To answer this question clone libraries containing over 
108 different E. coli clones carrying a plasmid with a random nucleotide sequence inserted 
were screened on different concentrations of antibiotics. In total the libraries were screened 
on 12 different antibiotics, resulting in the identification of 11 new peptides increasing 
resistance to aminoglycosides. Three of those were further characterized in order to try to 
describe the resistance mechanisms involved. The peptides, which all shared sequence 
similarities, were shown to give cross-resistance to all aminoglycosides but no other 
antibiotics tested and they were functional in both E. coli MG1655 and Salmonella enterica 
serovar typhimurium LT2. Chromosomal mutants resistant to aminoglycosides were isolated 
and tested for synergistic effects with the isolated peptides in order to elucidate the 
mechanism of action of the observed resistance phenotype. All mutants acquired mutations 
linked to electron transport and membrane potential and showed no additive effect if the 
resistance peptides were co-expressed, indicating a similar mechanism of action. This thesis 
work has shown that new genes increasing antibiotic resistance can be found in combinatorial 
libraries constructed without a design. 
 
Key words: de novo, aminoglycosides, antibiotic, peptides, resistance, membrane  



UPPSALA UNIVERSITET 
 
 

 iii 

Popular science summary of the study 
 
Scientists create new genes increasing antimicrobial resistance 
Advances in molecular biology have made it possible for scientists to create new and working 
genes from scratch. All genes are made from different compositions of the four nucleotides: 
A, T, G and C that are the building blocks of DNA. It has now been shown that to gain a 
function a new gene does not have to go through years of evolution. Mixing the four 
nucleotides randomly can be enough; you just have to try very many different variations 
before you find one that works.  
During my thesis work I worked with six billion different combinations of random nucleotide 
sequences in order to see if one of them could make bacteria resistant to antibiotics. Before 
the start of my project my supervisor, Michael Knopp, made diverse bacteria libraries where 
each cell of the bacterium E. coli contains a different randomized sequence. I then tested if 
any of the bacteria would be able to grow in the presence of antibiotics that should normally 
kill them. By testing the 600 million different bacteria on different antibiotics at different 
concentrations I was able to find 11 out of 600000000 that made it possible for the bacteria to 
survive. But we did not stop there! We became curious what it was that was making it 
possible for the bacteria to grow. Antibiotic resistance has become a worldwide health 
problem as we all know, and in order to be able to fight it we must first understand how 
bacteria become resistant and where resistance genes come from. To investigate this I first 
tried to see if there was any pattern in how the different A, T, G and C building blocks had 
assembled in the bacteria that could grow. Bacteria all have a membrane/s that acts as a 
protection barrier like the human skin and all of the sequences formed a small protein that 
looked similar to proteins found in those membranes. When I tested if my proteins could give 
resistance to different kind of drugs I saw that they gave resistance to all drugs belonging to 
an antibiotic class named aminoglycosides. Also, the peptides were able to increase resistance 
in a different bacterium than E. coli, namely Salmonella.  
The conclusion we have drawn during the months I have worked on this project is that new 
and working genes can form without undergoing years of evolution. We have found small 
proteins causing resistance in bacteria and in the future the aim is to explain how it is that 
they make it impossible for the different antibiotics to kill the bacteria. 
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1 Background 
 
The formation of new, functional genes that increase fitness of an organism is one of the 
foundations of evolution. In the latter part of the 20th century whole genome sequencing 
revealed that a large amount of genes, so-called orphan genes, do not share a common 
ancestor with other genes. These orphan genes have since been categorised into four groups 
based on the mechanism of their formation: de novo gene origination, gene duplication and 
rapid divergence, horizontal gene transfer (HGT) and frameshift mutations. While some of 
those genes, for example those formed by HGT get termed orphans due to the fact that their 
ancestor has yet to be discovered, others have formed through as little as a single mutation 
(Schlötterer, 2015).  
 The focus of this project has been de 
novo gene origination. In nature de novo gene origination happens when a mutation occurs in 
a previously non-functional region, a change in a single nucleotide can be enough, leading to 
the formation of a new gene (Andersson et al., 2015). The aim of this research was to 
examine if functional genes can be selected from completely randomized sequence libraries. 
To answer this question we used antimicrobial resistance as a tool to identify beneficial 
sequences out of the random sequence pool. 
 
1.1 De novo gene origination 
The fact that functional genes can be formed from previously non-coding DNA has only 
gained wide acceptance in recent years, in large part due to breakthroughs in molecular 
biology. In the past, de novo gene origination was considered almost impossible. Indeed, in 
his paper published in Science in 1977, the Nobel Prize winning French biologist François 
Jacob even went so far as to state that “The probability that a functional protein would appear 
de novo by random association of amino acids is practically zero.” (Jacob, 1977). Researchers 
haves since then proven the opposite. An example is a pioneering paper published by Levine 
et al. in 2006 where they identified genes in the Drosophila genome originated from 
previously non-coding regions (Levine et al., 2006) and today the concept has gained 
widespread acceptance.  
 In the years following acceptance of 
de novo gene origination the focus was mostly on comparative genomics and using the tools 
they provide to find genes of this origin. In latter years advances in synthetic biology have 
made it possible to engineer de novo genes, as opposed to only confirming their existence 
(Schlötterer, 2015). The possibilities of protein combination are theoretically nearly infinite. 
Since there are 20 naturally occurring amino acids, a peptide with the length of 50 amino 
acids has 2050 sequence variants. Most of those peptide sequences do not form functional 
proteins and do therefore not occur naturally (Beasley and Hecht, 1997). This limitation of 
protein studies can nonetheless be overcome by modern technology and vast libraries 
containing random nucleotide sequences can be screened in the search for either a gain or 
loss of function in a functional peptide product. The recent study by Khara et al. featured a 
library containing random nucleotide sequences that was constructed based on established 
knowledge of the secondary structure of antimicrobial peptides. By making a biased library 
containing new sequences with the same structure as known antimicrobial peptides, the 
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researchers were able to produce new peptides with the same desired function (Khara et al.). 
Similar work has been conducted by the Hecht Lab at Princeton University for the past two 
decades. They have used combinatorial libraries constructed by rational design most likely to 
result in correctly folded and functional proteins. Unlike in the library constructed by Khara 
et al. the libraries constructed by the Hecht group were not designed to look for a specific 
function, but to get a specific pattern in the protein structure. (Hecht et al., 2004). These 
libraries have been used in multiple studies. Among them is a study showing it was possible 
to rescue Escherichia coli (E. coli) containing a de novo protein conferring copper resistance 
from cell death when grown at otherwise lethal concentrations of copper and pursuant 
(Hoegler and Hecht, 2016). In another study, using the same libraries, it was possible to 
rescue E. coli containing a gene knockout causing auxotrophy using a de novo protein that 
can replace the products of the knocked out gene (Digianantonio et al., 2017).  
 In this thesis combinatorial libraries 
were used to answer the following question: is it possible to find new and functional proteins 
conferring antimicrobial resistance in completely random libraries constructed without a 
rational design. 
 
1.2 Antimicrobial resistance 
The development of antibiotics led to one of the biggest breakthroughs in medicine and they 
have since become one of the most important cornerstones of modern healthcare. Not only 
are antibiotics crucial in fighting different infectious diseases but they also function as 
prophylactics, commonly used in combination with surgery and immunosuppressive therapy 
(Shi et al., 2013). In vein with increasing antibiotic use, antimicrobial resistance has been on 
the rise. The World Health Organization defines antimicrobial resistance as one of the biggest 
threats the world faces today, not only with regards to health but also food security and 
economic development (WHO, 2016).  
 To battle antibiotic resistance, it is 
essential to first understand resistance mechanisms underlying the ways bacteria fight off 
different antibiotics. A bacterium can either be intrinsically resistant (i.e. inherit properties 
that make it resistant) to certain antibiotics or it can become resistant at a later stage. The 
most common cause of intrinsic resistance is the inability of the antibiotic in question to 
reach its target. Either the bacteria lacks the correct binding site or it has a special cell 
envelope the antibiotic cannot cross. Resistance can be acquired by several mechanisms that 
can be divided into three categories: those that reduce the total drug concentration within the 
bacteria cell, those that modify the antibiotic target and then lastly those that modify the 
antibiotic itself. Some common examples of mechanisms bacteria use in order to reduce the 
total drug concentration within the cell are reduction of membrane permeability and increase 
in antibiotic efflux from the cell. Mutations in the antibiotic target reducing the affinity of the 
antibiotic to bind to the target sites are another common way bacteria gain (Blair et al., 2015). 
 
1.2.1 Resistance to aminoglycosides 
Antibiotics can be divided into different groups based on their mechanism of action. Among 
those, antibiotics that target and inhibit protein synthesis is a clinically important group called 
aminoglycosides, first introduced in 1943. In this thesis work new peptides were isolated on 
different aminoglycosides that were shown to confer cross-resistance to other antibiotics 
within the class. For this reason resistance against aminoglycosides became of big interest as 
focus of the project was shifted towards understanding the resistance mechanism of the 
isolated peptides.  
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 All aminoglycosides share the same 
structural characteristics and consist of a cyclohexane ring (Figure 1) and amino sugars. They 
bind to the small ribosomal subunit of bacteria, thereby inhibiting protein synthesis and 
leading to cell death (Shakil et al., 2008). 

 
Figure 1: The core structures of aminoglycosides. All aminoglycosides, with the exception of Streptomycin, 
have streptamine or 2-deoxystreptamine (to the right) as a core molecule. Streptomycin has streptidine (to the 
left) as a core molecule. The figure was created using the application ChemDraw, as described by Shakil et al. 
(Shakil et al., 2008). 
 
The large, multi-branched aminoglycoside structure makes for an easy target and is 
vulnerable to modifications that render them ineffective (Blair et al., 2015). The 
aminoglycosides themselves are poly-cationic and bind to the negatively charged parts of the 
outer membrane of bacteria. They have a special self-promoted pathway of passing through 
the outer membrane (OM) of gram-negative bacteria, by breaking the Mg2+ bridges 
connecting the lipopolysaccharides to each other. From there they are then actively 
transported across the cytoplasmic inner membrane (IM) and to their target (Shakil et al., 
2008). The most common mechanism of resistance to aminoglycosides is the 
aminoglycoside-modifying enzyme (AME). Over 100 different AMEs that target 
aminoglycosides and render them ineffective have been described, many of which target 
multiple aminoglycoside substrates.  Other mechanisms of aminoglycoside resistance involve 
target modification as well as decreasing the intracellular drug concentration (Shi et al., 
2013). As aminoglycosides have to first pass through the OM of the bacteria cell and from 
there be transported over the IM before it can reach its target, there are different ways that the 
intracellular concentration can be decreased. The drug can be actively pumped out by efflux 
pumps, changes in membrane permeability can cause reduced uptake of the antibiotic or the 
concentration can be kept down via drug trapping (Shakil et al., 2008). The exact mechanism 
of how aminoglycosides are transferred across the IM is not yet fully understood. However, it 
is known that the membrane potential is essential for the uptake of aminoglycosides and that 
disruption of the electron transport chain will cause changes in electrical potential and lead to 
decreased susceptibility to the antibiotics (Damper and Epstein, 1981).   
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2 Materials and methods 
 
In preparation for this project, six libraries of E. coli KEIO wild type (wt) clones carrying a 
plasmid called pRD2 (Figure 2) were constructed. A library containing the empty vector 
without insert was constructed as a control but in the other libraries the plasmid was used as a 
tool to insert and express random nucleotide sequences in the bacteria. The length of the 
random DNA sequences varied between the libraries; completely random sequences coding 
for 10, 20, 50 and 100 amino acids were inserted in four of the libraries. The other two 
libraries are coding for 50 amino acids with a bias towards hydrophilicity or the 12 
‘primordial amino acids’. The latter library is composed of only 12 different amino acids, 
which are simple in structure and synthesis and are believed to have originated early during 
evolution. The libraries carried a diversity of around 108 different inserts for each library. The 
pRD2 plasmid used to express the random sequences carries the bla gene, which gives 
ampicillin (amp) resistance and makes it possible to select for clones carrying the plasmid. 

 
Figure 2: Schematic overview of the pRD2 expression vector. Shown in the figure are the origin of 
replication (p15A), the genes encoded (lacIq, bla and sacB) with their promoters as well as the restriction sites 
(BamHI and PstI) where the random sequences were inserted. The figure was created using the application CLC 
Main Workbench version 7.3.3. 
 
The sacB gene is used to select for loss of plasmid on plates containing sucrose. Expression 
of the plasmid is under the control of the PLlacO promoter and can be induced by Isopropyl 
β-D-1-thiogalactopyranoside (IPTG). 
 
 
2.1 Screening for de novo genes 
For every antibiotic tested the following protocol was followed to select hits within the 
random libraries causing increased antibiotic resistance. 
For each of the six different libraries and the empty vector control strain an aliquot was 
thawed at room temperature (RT) for 20 minutes. From the thawed aliquots 50 µL were 
transferred into 200 mL Erlenmeyer flasks containing 20 mL of Muller Hinton (MH) broth 
with Amp 100 µg/mL and 1 mM IPTG and incubated for 3 hours at 37°C while shaking. 
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After 3 hours incubation approximately 2x109 cells were plated on MH + Amp 100 µg/mL + 
1mM IPTG + different concentrations of the different antibiotics tested and incubated at 37°C 
over night (O/N). Based on how the selective plates looked after O/N incubation one of two 
different pathways was followed.  
 In scenario A the selective plates with 
the libraries had clearly more colonies than the plate with the empty vector control.  
Few colonies from each plate were re-streaked and incubated O/N on plates containing MH + 
100 µg/mL Ampicillin  + 1 mM IPTG and the corresponding antibiotic at the same 
concentration the clones were selected on. O/N cultures were then grown in MH broth 
containing Amp 100 µg/mL and the plasmid that supposedly is giving the bacteria resistance 
extracted from the culture, using a Mini-prep kit (chapter 2.1.1). The DNA concentration was 
measured using NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies Inc.) and 
the samples were frozen at -20°C. 
 In scenario B the selective plates from 
the libraries have approximately the same amount of colonies that the control plate with the 
empty vector has. When this happened an extra step was added to the protocol in order to 
check if some colonies containing a plasmid increasing resistance were present in the 
background of chromosomal mutants. Cells were scraped from the plates using 2 mL of MH 
+ Amp100µg/mL and moved to a 10 mL falcon tube where they were incubated at 37°C until 
full density had been reached. The pool of plasmids was then isolated from the culture using 
a Mini-prep kit (chapter 2.1.1). The Plasmids were transformed into the wild type strain 
(chapter 2.2.1), recovered in MH containing 1mM IPTG for 3 hours and selected on MH 
plates containing both Amp100µg/m, 1 mM IPTG and the antibiotic the original selection 
was done on. If the re-transformation revealed an enrichment of resistant clones the same 
protocol was followed as previously described for scenario A.  
 The antibiotics used for selection of 
random peptides throughout the project were: amikacin, cefaclor, chloramphenicol, 
ciprofloxacin, colistin, kanamycin, nitrofurantoin, phosphomycin, rifampicin, streptomycin, 
tetracycline and trimethoprim. 
 
2.1.1 Mini-prep 
Plasmids were isolated from all cell cultures using the E.Z.N.A.® Plasmid DNA Mini Kit I 
(Omega Bio-tek Inc.). Instructions in the E.Z.N.A.® Plasmid DNA Mini Kit I Spin Protocol, 
that can be found in the E.Z.N.A.® Plasmid DNA Mini Kit I Manual 05/2013 were followed 
in all cases. DNA concentration in the plasmid preps was measured using NanoDrop® ND-
1000 spectrophotometer (NanoDrop Technologies Inc.). 
 
2.2 Testing of hits 
Once the plasmids had been isolated from pure clones, each individual plasmid was 
introduced into the E. coli KEIO wt (BW25113) in order to confirm that the plasmid gives 
resistance to the antibiotic it was selected on. Transformation was done following the 
protocol in chapter 2.2.1 and transformants were selected by plating 100 µL of the recovered 
cell culture on MH + Amp100 µg/mL plates. Colonies were re-streaked on MH + Amp100 
µg/mL at 37°C, ON cultures grown in MH + Amp100 µg/mL at 37°C and cryopreserved in 
10% DMSO at -80°C. 
 The wt carrying the resistant plasmid 
was taken up from the freezer on a MH + Amp100 µg/mL + 1 mM IPTG plates and from that 
plate re-streaked on MH plates containing both Amp100µg/mL + the antibiotic the original 
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selection was done on both with and without 1 mM IPTG. The clones able to grow with IPTG 
induction but not without were sent for DNA sequencing, see chapter 2.2.2.  
 
2.2.1 Transformation 
All work with cells for transformation was done on ice. Cells were cleaned by spinning down 
1900 µL O/N culture at 4°C for 1 minute at 13300 rpm. The supernatant was pored off and 
the pellet washed three times, in 950 µL of 10% glycerol. The cells were taken up in 100-125 
µL of 10% glycerol. 40 µl cells were transformed with 2 µl of the plasmid prep using an 
electroporation cuvette with 1mm diameter in the GenePulser Xcell™ (Bio-Rad Laboratories, 
Inc.) using the following settings: 
 Voltage (V): 1800 

Capacitance (µF): 25 
Resistance (Ω): 200 
Cuvette (mm): 1  

The electroporated cells were quickly moved into 1 mL of MH broth and recovered at 37°C 
and shaking for 1,5 hours. 
 
2.2.2 Sequencing 
Sequencing was done by Eurofins Genomics and samples prepared using a Mix2Seq Kit 
where 10 µL DNA and 5 µL of 1:20 dilution of the corresponding primer were pipetted into a 
pre-labelled Mix2Seq tube and sent for sequencing. List of primers used in this project can be 
found in Table 5 in appendix A. All primers were designed by Michael Knopp. The 
sequencing data was analysed using CLC Main Workbench version 7.7.3 (CLCbio, Qiagen, 
Denmark). 
 
2.3 Characterisation of hits 
2.3.1 MIC tests 
From a 1 mL ON culture 100 µL were diluted in 2 mL of 1x phosphate-buffered saline 
(PBS), spread on plates containing 100 µg/mL Ampicillin and 1 mM IPTG using sterile 
cotton swab and the minimum inhibitory concentration (MIC) was determined using 
commercial e-tests from bioMérieux SA. 
 
2.3.2 Whole Genome Sequencing 
Preparation of genomic DNA wad done following manufacturers instructions for cell samples 
using MasterPure™ DNA Purification Kit (Epicentre® an Illumina company). DNA was 
resuspended in 200 µL of elution buffer (EB) (Thermofisher Scientific Inc.) and incubated at 
RT O/N. Samples diluted in EB until final concentration of 1 ng/µL was reached. Genomic 
DNA concentrations were measured in a Qubit 2.0 Fluorometer (Invitrogen™ via 
Thermofisher Scientific Inc.) Preparation of genomic DNA samples for sequencing, as well 
as the sequencing itself, was performed by other members of the lab, using a MiSeq™ 
desktop sequencer (Illumina Inc.) following manufacturer´s instructions. The sequencing data 
was analysed using CLC Genomic Workbench version 10.0.1 (CLCbio, Qiagen). 
 
2.3.3 Removal of kanamycin cassette 
In order to work with strains from the KEIO collection a necessary preparation step was 
removal of the kanamycin cassette that replaced the target gene. In order to do this the pCP20 
plasmid, which encodes the FLP recombinase, was transformed into the KEIO strains and the 
cells recovered at 30°C as the plasmid has a temperature-sensitive origin of replication. After 
O/N incubation at 30°C the selection plates were moved to 42°C for 6 hours to induce 
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expression of the FLP recombinase. After induction, cells were re-streaked on non-selective 
plates and incubated at 42°C, which causes rapid loss of the temperature sensitive plasmid. 
Clones were re-streaked on non-selective plates and screened for loss of pCP20 and loss of 
kanamycin resistance.  
 
2.3.4 Preparation of pBAD18 
Plasmid was isolated from the strain Neb5-α/pBAD18 (chapter 2.1.1) and digested according 
to the following protocol: 
Plasmid was digested O/N at 37°C using the following reaction: 
 
 100 µL reaction 
H2O 45 µL 
10x AarI buffer 10 µL 
50x oligo 2 µL 
AarI enzyme 3 µL (2 Unit / µL) 
Plasmid DNA 40 µL (5 µg) 

 
The digested plasmid was cleaned up, following manufactures instructions, using GeneJET 
Gel Extraction and DNA Cleanup Micro Kit (Thermofisher Scientific Inc.) after being split 
up in two reactions and DNA concentration measured using NanoDrop® ND-1000 
spectrophotometer (NanoDrop Technologies Inc.) The digested and cleaned plasmid DNA 
was digested in a second reaction for two hours at 37°C using the following reaction: 
 
 100 µL reaction 
H2O 34,4 µL 
10x FD buffer 7,6 µL 
KpnI enzyme 3 µL 
DNA 30 µL (1,2 µg) 

 
The digested plasmid was cleaned up, following manufactures instructions, using GeneJET 
Gel Extraction and DNA Cleanup Micro Kit (Thermofisher Scientific Inc.) after being split 
up in two reactions and DNA concentration measured using NanoDrop® ND-1000 
spectrophotometer (NanoDrop Technologies Inc.).  
 Oligo´s for peptides 1, 2 and 3 were 
designed by Michael Knopp, see Table 6 in appendix A, and ordered from Sigma-Aldrich co. 
LLC. The oligos were diluted to 20 ng/µL in 1x annealing buffer and 50 µL of the 2 
complementary oligos were incubated in boiling water and allowed to slowly cool down for 2 
hours.  
 The annealed oligos were then ligated 
into the digested pBAD18 plasmid using T4 DNA Ligase tubes (GE Healthcare). Into a 
ready-to-go ligase tube a mixture containing 4 µL (80 ng) of the digested plasmid, 2 µL of 
1:10 dilution (4 ng) of the prepared insert as well as 14 µL of H2O were put and allowed to 
stand at RT for 3 minutes, after mixing and spinning down. The mixtures were moved to PCR 
tubes and incubated at 16°C O/N. The ligated plasmids were cleaned up, following 
manufactures instructions, using GeneJET Gel Extraction and DNA Cleanup Micro Kit 
(Thermofisher Scientific Inc.) and DNA concentrations measured in a Qubit 2.0 Fluorometer 
(Invitrogen™ via Thermofisher Scientific Inc.). The cleaned ligation reaction was 
transformed into electrocompetent cells (chapter 2.2.1) and clones carrying the pBAD18 
plasmids selected on MH containing 15 µg/mL chloramphenicol at 37°C. 
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2.3.5 Preparation of pRMC2 
The pRMC2 plasmid was digested for 3 hours at 37°C in a double digested using the 
following reaction: 
 40 µL reaction 
10x FD buffer 4 µL 
DNA 12 µL 
KpnI enzyme 2 µL 
SacI enzyme 2 µL 
H2O 20 µL 

 
The digested plasmid was cleaned up following manufactures instructions using GeneJET 
Gel Extraction and DNA Cleanup Micro Kit (Thermofisher Scientific Inc.) after being split 
up in two reactions and DNA concentration was measured using NanoDrop® ND-1000 
spectrophotometer (NanoDrop Technologies Inc.) 
 Oligo´s for peptides 1, 2 and 3 were 
designed by Michael Knopp, see Table 6 in appendix A, and ordered from Sigma-Aldrich co. 
LLC. The oligos were diluted to 20 ng/µL in 1x annealing buffer and 50 µL of the 2 
complementary oligos were incubated in boiling water and allow to slowly cool down for 2 
hours.  
 The annealed oligos were then ligated 
into the digested pRMC2 plasmid using T4 DNA Ligase tubes (GE Healthcare). Into a ready-
to-go ligase tube a mixture containing 0,7 µL (100 ng) of the digested plasmid, 2,25 µL of 
1:10 dilution (4,5 ng) of the prepared insert as well as 17,05 µL of H2O were put and allowed 
to stand at RT for 3 minutes after mixing and spinning down. The mixtures were moved to 
PCR tubes and incubated at 16°C O/N. The ligated plasmids were cleaned up, following 
manufactures instructions, using GeneJET Gel Extraction and DNA Cleanup Micro Kit 
(Thermofisher Scientific Inc.). The cleaned ligation reaction was transformed into 
electrocompetent cells (chapter 2.2.1) and clones carrying the pRMC2 plasmids selected on 
MH + Amp100 µg/mL plates at 37°C.  
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3 Results 
 
In whole, the project can be divided into two parts: the screening of random libraries for 
functional inserts and their subsequent characterization. 
 
3.1 Screening for de novo genes and testing of hits 
In the beginning of the project combinatorial libraries were used to answer the following 
question: is it possible to find new and functional nucleotide sequences conferring 
antimicrobial resistance in random libraries, constructed without a rational design? In order to 
do this the six different combinatorial libraries and a control strain carrying an empty vector 
were plated on different concentrations of twelve different antibiotics following the protocol 
described in chapter 2.1. Based on the amount of background colonies detected during the 
initial selection, one of two protocols was followed. In scenario B an extra step was added to 
the protocol in order to eliminate chromosomal mutants from the background, which was 
deemed unnecessary for scenario A. The MIC of all antibiotics tested was measured and 
selections were done on plates containing 2, 4 and 8 times MIC, if not stated otherwise. An 
overview over which selections steps were taken for each plate and from which libraries the 
clones isolated and tested came can be seen in Table 7 in appendix A. 
 
 The kanamycin selection was done on 
plates containing 5, 11 and 21 times MIC.  The protocol for scenario B was followed for 
plates with five times MIC and at the end ten clones were frozen and tested. When tested for 
susceptibility six clones turned out to be resistant to kanamycin and were sent for DNA 
sequencing where it was confirmed that they all carry the pRD2 plasmid and five unique 
sequences were identified. For the plates containing 11 times MIC the protocol for scenario B 
was followed and at the end ten clones frozen and tested. When tested for susceptibility six 
clones turned out to be resistance to kanamycin, carrying three unique nucleotide sequences. 
On the plates containing 21 times MIC there was only growth on plate from the 100 library. 
The protocol for scenario A was followed and at the end ten clones were frozen and tested for 
susceptibility. All turned out to be susceptible to kanamycin and were therefor discarded.  
 Amikacin plates inoculated with the 
empty vector control strain had less growth than plates from the selection libraries. A clear 
correlation between decreased colony density and increased amikacin concentration was 
observed. It was decided to discontinue selection on two times MIC and continue only with 
higher concentrations. The protocol for scenario A was followed for plates with four times 
MIC and at the end 19 clones were frozen and tested. When tested for susceptibility only one 
clone turned out to be resistant to amikacin and was sent for DNA sequencing where it was 
confirmed that the clone carries the pRD2 plasmid with a unique insert. The protocol for 
scenario B was followed for plates with eight times MIC and six clones were frozen and 
tested. When tested for susceptibility all six clones turned out to be resistant to amikacin and 
were sent for DNA sequencing where it was confirmed they all carry the pRD2 plasmid. 
From the six plasmids two sequences were identified, both of which had been isolated during 
the previous kanamycin selection. 
 As no difference could be seen 
between the chloramphenicol selection plates at two, four and eight times MIC the lower 
concentration selections were discarded and work continued only with selection at eight times 
MIC. Selection plates for the empty library and 100 libraries had no growth and were thereby 
discarded. For other libraries the protocol for scenario A was followed and at the end 20 
clones frozen and tested. When tested for susceptibility all clones turned out to be resistant to 
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chloramphenicol but sequence analysis showed that this was based on a contaminating cat 
gene. All clones were therefor discarded.  
 After five days of incubation all 
tetracycline selection plates with concentration of two times MIC had approximately the 
same growth, except the 100 library that was discarded.  The protocol for scenario B was 
followed and plates with four and eight times MIC were incubated longer. After 
retransformation there was no growth on MH + Amp100 µg/mL and selection was 
discontinued. After eight days of incubation the selection plates with four times MIC were 
discarded and scenario A followed for plates with eight times MIC. At the end five clones 
were frozen and tested but all turned out to be susceptible to tetracycline.  
 Selection on ciprofloxacin resulted in 
no growth, not even a background of chromosomal mutants, on any of the selection plates 
and selection on ciprofloxacin was therefore discontinued after the initial step.  
 Streptomycin selection plates had 
growth on both two and four times MIC. The protocol for scenario A was followed for plates 
with two times MIC and at the end six clones were frozen and tested but all turned out to be 
susceptible to streptomycin. The protocol for scenario B was followed for plates with four 
times MIC and at the end ten clones frozen and tested. When tested for susceptibility only 
two clones turned out to be resistant to streptomycin and were sent for DNA sequencing 
where it was confirmed that they carry the pRD2 plasmid and a unique insert not isolated in 
previous selections. After three days of incubation the selection plates with 8 times MIC only 
had growth on plate from the 100 library, the protocol for scenario A was followed and at the 
end four clones frozen and tested. When tested for susceptibility all clones turned out to be 
susceptible to streptomycin. 
 Selection plates containing rifampicin 
looked the same at all concentration after O/N incubation and it was therefore decided to only 
continue with plates containing two and eight times MIC. The protocol for scenario A was 
followed for all plates and at the end 37 clones were frozen and tested but all turned out to be 
susceptible to rifampicin. It was decided to redo the rifampicin selections following scenario 
B for all plates but after retransformation of the pooled plasmid preps none were able to 
survive on the selection plates which confirmed that all of the colonies had indeed been a 
background of chromosomal mutants.  
 Trimethoprim selection plates at two 
times MIC had a lawn on all plates after O/N incubation. Those plates were incubated another 
night, resulting in growth of single colonies on top of the lawns. Protocol for scenario A was 
followed for all plates and at the end 22 clones were frozen and tested. All of those turned out 
to be susceptible to trimethoprim when tested and were discarded. On the selection plates 
containing four and eight times MIC the only growth observed were three colonies on a plate 
from the 100 library at the highest trimethoprim concentration. Those did not grow when re-
streaked on the same kind of plate and the selection was therefore discontinued.  
 Cefaclor selection plates had lawns on 
all concentrations, but a difference in density could be seen both in the way that there were 
less cells on plates from the empty library as well as an obvious decrease in density with 
increased cefaclor concentration. The plates containing two times MIC were discarded and 
protocol for scenario B was followed for the other selections. After retransformation of the 
pooled plasmid preps none were able to survive on the selection plates and selection on 
cefaclor was therefore discontinued.   
 After O/N incubation there was only 
growth on the lowest nitrofurantoin concentration. As the plate from the 100 library had less 
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growth than the empty control it was decided to discard of that one at the same time as plates 
from higher concentrations. As the other selection plates from two times MIC had too much 
growth for single colonies to be picked out it was decided to follow protocol for scenario B. 
After retransformation there were cells able to grow when plated on the selection plates, but 
when those were re-streaked on the same antibiotic plates again there was only growth in the 
initial streak for all clones. This observation led to the conclusion being drawn that growth at 
earlier steps had been due to an inoculum effect and not due to resistance from the peptides 
and it was therefore decided to discontinue the nitrofurantoin selection.  
 As phosphomycin selection plates had 
lawns on all of the original selection plates, therefor it was decided to redo the selection using 
plates containing 16, 32 and 64 times phosphomycin MIC. All plates had a lawn after O/N 
growth and selection was discontinued.  
 As all plates from the original colistin 
selection had lawns it was decided to redo the selection using plates containing 16, 32 and 64 
times MIC. The protocol for scenario A was followed for plates with 16 times MIC and at the 
end six clones were frozen and tested. When tested for susceptibility all clones turned out to 
be susceptible to colistin. For plates with 32 and 64 times MIC the protocol for scenario B 
was followed and at the end 22 clones were frozen and tested. Those turned all out to be 
susceptible to colistin and the selection was discontinued.  
 
 In total 187 different clones were 
isolated and tested from the different selections. Of those only 21 were resistant to the 
antibiotic they were originally selected on and DNA sequences then showed that the 21 
clones only carried 11 unique sequences. A list of the sequences identified to give resistance 
throughout the project can be found in Table 8 in appendix A. 
 
3.2 Characterisation of hits 
Of the 11 unique sequences identified during this thesis work it was decided to further 
characterise the first three identified in order to understand the resistance mechanism 
involved. These peptides will be referred to as peptide A, peptide B and peptide C. All three 
peptides were originally selected on kanamycin, but peptide A and peptide B were again 
isolated during selection on amikacin. The sequences for peptide A and peptide C came from 
the random 50 amino acid library constructed without any bias. The sequence for peptide B 
was isolated from the 50 amino acid library constructed with bias for hydrophilicity. The 
amino acid sequences of the three peptides are following: 
 
Peptide A: 
M L L F F C F I F L L I V W L C I L A F R S * 
 
Peptide B: 
M L M F M I L S L I L F A I M L V S A F L N * 
 
Peptide C: 
M I L F T I L V V V V L C L I L I C T V A S L T K * 
 
3.2.1 Resistance level and cross resistance 
The first question addressed was how much resistance are the peptides giving to the 
antibiotics they were selected on and do they confer cross resistance to any other antibiotics. 
In order to answer those questions the MICs of peptides A-C were measured (see chapter 
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2.3.1) using the wt strain carrying the empty plasmid as a control. The results can be seen in 
Table 1.  
 
Table 1: Cross-resistance of the different peptides against different kinds of antibiotics. MIC (µg/mL) of 
the different peptides was tested using e-tests for different antibiotics. TET: Tetracycline, CIP; Ciprofloxacin, 
CST: Colistin, KAN: Kanamycin, STR: Streptomycin, GEN: Gentamycin, AMK: Amikacin, PMB: Polymixin, 
AMX: Amoxicillin, CAM: Chloramphenicol, ETP: Ertapenem, ERY: Erythromycin, CEC: Cefaclor, CAZ: 
Ceftazidime 
 

 TE
T CIP CS

T 
KA
N 

ST
R GEN AM

K 
PM
B 

AM
X 

CA
M ETP ER

Y 
CE
C 

CA
Z 

Empt
y 1,5 0,00

8 0,19 0,75 1 0,09
4 0,5 0,5 >256 8 0,00

4 32 12 0,19 

A 1,0 0,01
2 0,19 12 16 4 24 0,5 >256 4 0,00

6 48 24 0,19 

B 1,0 0,00
8 0,19 4 12 1,5 8 0,5 >256 6 0,00

4 48 12 0,25 

C 1,0 0,00
8 0,19 3 8 1 6 0,5 >256 6 0,00

4 48 12 0,19 

 
Expression of Peptide A caused 2 different morphologies on plate: One population grew 
formed big colonies with wt MIC, while a second population showed a strong increase in 
MIC while forming only smaller colonies.  
 
3.2.2 Subpopulation 
As peptide A showed two different zones of inhibition it raised the question if there were 
more than one population that were showing the different resistance levels, i.e. that only a 
small part of the population was giving the resistance increase observed.  To answer this 
question two linages of each strain were set up and 100 µL of a 10^-6 dilution of each culture 
was plated on MH , MH + Amp100 µg/mL, MH + Amp100 µg/mL + 1mM IPTG and MH + 
Amp100 µg/mL + 1mM IPTG plates containing different kanamycin concentrations. After 
ON incubation CFU were determined for all plates. All data points were normalised to the 
corresponding CFU count on MH + Amp100 µg/mL and the average proportion was 
calculated and plotted as seen in Figure 3. There is a strong decrease in CFU as the antibiotic 
concentration is increased which indicates that a subpopulation is conferring the increased 
resistance.  
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Figure 3: Average difference in CFU on different media. Four different linages of the E. coli keio wt 
carrying the different plasmids were plated on MH plates containing Amp 100 µg/mL, Amp 100 µg/mL and 1 
mM IPTG and on plates containing both Amp 100 µg/mL and 1 mM IPTG as well as different concentrations of 
kanamycin ranging from 0,25 to 24 µg/mL. The figure shows the average CFU count from all plates relative to 
MH + Amp 100 µg/mL. It can be observed that CFU count decreases for all with increased kanamycin 
concentration. 

 
 
3.2.3 Resistance in other strains 
The next question addressed was if it would be possible to express the different peptides in 
other species of bacteria and if they would still give increase in resistance. As all work had 
been done using the E. coli KEIO wt we first transformed the plasmids into different strains 
of E. coli MG1655, both the wt as well as strains harbouring different mutations. The results 
of the MIC tests for E. coli MG1655 can be seen in Table 2.  
 
Table 2: E. coli MG1655 MIC test results 

 MIC KM MIC SM 
Empty plasmid 1 1,5 

Peptide A 8 12 
Peptide B 8 12 
Peptide C 3 4 

 
The plasmids containing the different inserts were then transformed into six different mutants 
of E. coli MG1655. Four strains carried a point mutation in the 30S ribosomal subunit (see 
Table 9 Table 12 in appendix B) and two strains were deletion mutants for genes associated 
with outer membrane permeability (see Table 13 Table 14 in appendix B). The plasmids were 
also transformed into two different strains from the KEIO collection; KEIO201 (ΔoppA) and 
KEIO2761 (ΔoppC). As strains in the KEIO collections have the knocked out genes replaced 
with a kanamycin cassette it was necessary to first flip out the cassettes (see chapter 2.3.3) 
before transforming the plasmids, conferring resistance to kanamycin, into those strains. 
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Results of MIC tests done for those strains can be seen in Table 15 Table 16 in appendix B. 
We also tried to transform the different peptides into other bacteria such as Salmonella 
typhimurium LT2, Bacillus subtilis, Staphylococcus epidermis, Streptococcus pyogenes, 
Klebisella pneumoniae, Vibrio natriegens and Pseudomonas aeroginosa. Unfortunately 
transformations were unsuccessful and further attempts have to be conducted. 
 
 As transformation of the pRD2 
plasmids into Salmonella typhimurium (S. typhimurium) LT2 was unsuccessful an 
intermediate step of passing the plasmids through a restriction minus, modification plus 
Salmonella strain was necessary. By passing the plasmids through this strain it acquired the 
methylation pattern compatible with the salmonella restriction system. Transformation of the 
new plasmid preps into  S. typhimurium LT2 was successful and the results of MIC tests done 
on those strains can be seen in Table 3.  
 
Table 3: Salmonella typhimurium LT2 MIC test results. 

 MIC KM MIC SM 
Empty plasmid 1 3 

Peptide A 4 16 
Peptide B 2 8 
Peptide C 1 6 

 
 Expression of pRD2 in Salmonella 
typhimurium LT2 resulted in mixed colony sizes indicating an instability problem of the 
plasmid in this strain. Therefore it was decided to express the inserts using a different 
expression vector and determine if resistance could still be increased without affecting the 
morphology of the bacteria. For this purpose the inserts were ligated into another vector, 
pBAD18 (see chapter 2.3.4), and tested in E. coli MG1655 to see if a similar resistance 
pattern could be obtained. Additionally they were cloned  into S. typhimurium LT2 as well as 
two rpsL mutants of MG1655 to test if the peptides give the same increase in resistance 
without the change in morphology being observed. The MIC values measured for the 
different strains with the pBAD18 plasmid can be seen in in Table 17 Table 20 in appendix 
B.    
 As attempts of transforming both 
pRD2 and pBAD18 into gram positive bacteria were unsuccessful it was decided to move the 
inserts into a third expression vector, the staphylococcus plasmid pRMC2 (Corrigan and 
Foster, 2009). For this purpose it was attempted to ligate the inserts for peptides A and B into 
the new vector (see chapter 2.3.5). During the first ligation attempt eight clones were isolated 
from each ligation. Of the 16 clones only one turned out to have the correct insert. The 
ligation was then redone in attempt to get the insert for peptide A into the vector as well and 
24 clones were isolated and sequenced. The ligation turned out to be unsuccessful and none 
of the clones carried the correct insert. 
  
3.2.4 Chromosomal mutants 
In order to understand the resistance mechanisms of peptides A-C it was decided to isolated 
chromosomal mutants resistant to kanamycin from kanamycin selection plates and see if 
transforming the peptides into some of those would give even further increase in resistance. 
This was done by plating four different lineages of the E. coli KEIO wt carrying pRD2 on 
plates containing different concentrations of kanamycin (0,75, 1,5, 3,0, 6,0, 12 and 24 µg/mL 
and amikacin (6 µg/mL) and select resistant mutants. In total 43 clones were isolated and the 
MIC of kanamycin and either streptomycin or amikacin was determined. All mutants were 
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then cured from the plasmid by counterseletion on LA plates, without NaCl, supplemeted 
with 5% sucrose. From the 43 clones nine were chosen based on resistance levels and 
morphology observed similar to the one observed with peptide A. The pRD2 plasmids 
carrying the insters for peptide A and B as well as an empy control vector were transformed 
into those nine mutans and the MIC was determinded (see Table 21 in appendix B). Of the 
nine mutants only two showed a slight increase in resistance with the peptides. Six mutants 
were whole genome sequenced (see chapter 2.3.2) to see what kind of mutations they harbour 
and to elucidate the mechanism of resistance. The mutations found have been summarised in 
Table 4. 
 
Table 4: Mutations present in the selected kanamycin resistant clones 

 Gene 
 

Mutations 
Nt change AA change 

Mutant 1 arcB C599A P200H 
fre G283T E95* 

Mutant 2 cydA insH insertion 152us  

Mutant 3 ispA T152A L51Q 
lon IS element insertion 101nt us  

Mutant 4 
abrB T293A V98E 
cydA G767T G256V 
yffS 36nt us + A  

Mutant 5 
potD A445T T149S 
mdtB G1088A R363H 
ubiF Del 31-35  

Mutant 6 
 ygfZ Del 421–ds57  
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4 Discussion 
 
The main aim of this thesis was to try to answer the question if it would be possible to use 
bacteria libraries constructed without a rational design to find functional proteins conferring 
antibiotic resistance. In recent years work on de novo originated genes has gradually moved 
from comparative genomics, with the main goal of confirming the existence of those genes, 
to de novo protein design.  In previous work, where functional proteins have been found 
using sequence libraries, these libraries have been constructed using a rational design and 
contained a bias towards sequences that will code for functional or stable proteins (Smith and 
Hecht, 2011). For this reason we wanted to test if it would be possible to find functional 
proteins in completely randomized libraries. 
 
 The experimental set up of the project 
was to use antibiotics in order to screen the libraries for inserts that enable the bacteria to 
grow on otherwise lethal antibiotic concentrations. If one in a billion sequences confers 
resistance to a certain antibiotic, then it should be possible to isolate the resistant clone, as the 
ones not carrying a sequence increasing resistance would not be able to grow. In total 12 
different antibiotics were tested for this purpose. As different classes of antibiotics in many 
cases use different resistance mechanisms an effort was made to choose antibiotics from 
different classes. Selection on two of the antibiotics, ciprofloxacin and phosphomycin, was 
discontinued and the plates discarded of after the initial selection step. In the case of 
ciprofloxacin there was no growth at all on the selection plates. In the case of phosphomycin 
a lawn of bacteria grew on concentrations as high as 64 times the measured MIC. Both came 
as a surprise and as redoing the selection on new set of plates gave same results there is a 
possibility that the selection failure on those has been do to problems with the antibiotic stock 
solutions rather than with the selections itself. Selections on the 12 antibiotics tested resulted 
in 187 clones being isolated and tested for resistance. In only 21 cases the resistance could be 
linked to expression of an insert and 11 unique sequences were identified from those. The 
low proportion of functional inserts is a consequence of our library design, which is 
completely randomized to large extents. As previously stated, most groups working in this 
field choose to construct their libraries with rational design, following known patterns for the 
very reason that it is thought to be unlikely to select functional peptides during screening with 
completely randomized libraries.  
 During the first two selections the first 
hits were obtained and as a result of that the focus of the project shifted from screening for 
new hits to characterisation of the hits already found. Surprisingly, the amino acid sequences 
of the three peptides showed striking similarities: Despite the fact that all were isolated from 
libraries containing sequences for 50 amino acids all three sequences identified only 
contained 22-25 amino acids. This was caused by premature stop codons present in the 
randomized sequences. The amino acid sequences also shared some significant characteristics 
as 72-82% of all amino acids in the sequences were hydrophobic and all peptides had a polar 
residue at the C-terminus. The strong hydrophobic nature of these sequences is typical for 
trans-membrane domains of membrane proteins. The peptides were shown to give cross-
resistance to all aminoglycosides but no other antibiotics tested and the highest level of 
resistance was observed in peptide A. An interesting observation, shown in Figure 3, was that 
expression of peptide A causes the formation of a resistant, slow-growing sub population. It 
is therefore believed that expressing the peptides confers a fitness cost, but how much 
remains to be tested.  
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 To get a better picture of how and if 
the peptides were conferring resistance to bacteria we transferred them into both different 
strains of E. coli and into other species of bacteria. The pRD2 plasmid with the different 
inserts was transformed into eight different E. coli mutants that all harboured different 
mutations previously reported in literature to give increased kanamycin resistance. The fact 
that expressing the peptides in strains carrying mutations in the 30S ribosomal subunit gives 
even further increase in resistance against aminoglycosides can give indications that the 
peptides use a mechanism unrelated to the 30S ribosomal subunit. It was next tested to 
express the plasmids in different knock out strains and an unexpected observation was that no 
increase in resistance was seen in strains carrying a ΔompCF deletion. We are still lacking an 
explanation for loss of function of the peptides in porin deficient mutants. However, removal 
of the two major porins causes a wide range of physiological changes in a bacterium so the 
effect observed could be indirect.  
 It was attempted without success to 
transform the different pRD2 plasmids into other strains of bacteria: Bacillus subtilis, 
Staphylococcus epidermis, Streptococcus pyogenes, Klebsiella pneumonia, Vibrio natriegens 
and Pseudomonas aeroginose. There were two main reasons why the transformation efforts 
were futile. In some cases the transformation did not work at all, most likely do to the fact 
that the plasmids were isolated from E. coli and therefore carry the E. coli restriction-
modification (R-M) system. The R-M system could be compared to the immune system in 
humans. It provides the organism with defence mechanism as it can differentiate between 
foreign DNA and self DNA and destroy DNA recognised as invading (Vasu and Nagaraja, 
2013). This means that when the plasmids are transformed into other species than E. coli they 
get recognised as foreign DNA and digested, making stable transformation events less likely. 
This was circumvented in S. typhimurium by passing the plasmid through a restriction – 
modification + Salmonella strain. As it is restriction – the bacteria can take up the plasmids 
without recognising them as invading and the plasmids isolated from that strain will then 
carry the modification system of Salmonella, making retransforming them into other 
Salmonella strains possible without the previously encountered problems. Despite the 
following successful transformation of pRD2 into S. typhimurium LT2 we needed to change 
our expression vector, since pRD2 was unstable in this strain. Expression of the peptides in 
pBAD18 showed similar increase in resistance for both E. coli and S. typhimurium as 
previously observed for both peptides A and C without the heterogeneous morphology. 
Surprisingly, expression of peptide B from pBAD18 did not increase resistance. We speculate 
that the transcript in this vector is more unstable or expressed to a lower level. Another thing 
of great interest has been to express the peptides in a gram-positive bacteria. Getting 
information about if the plasmids confer resistance in gram-positives as well as gram-
negatives would be very informative since it would allow us to rule out the outer membrane 
as an essential part of the resistance mechanism. To do this it was decided to move the inserts 
into a third plasmid, the staphylococcus plasmid pRMC2. Due to complications during 
cloning this could not be achieved in course of this project but will be pursued in the future. 
 Another experiment to elucidate the 
mechanisms of action of the aminoglycoside resistance induced by the selected peptides was 
to isolate chromosomal mutants conferring resistance to aminoglycosides. Expressing the 
different peptides in these mutants did not give further increase in resistance, which could 
indicate the same resistance mechanism conferred by the peptides is already in use in the 
resistant bacteria. Six of the random mutants isolated and tested were therefore whole 
genome sequenced and all turned out to carry mutations in genes that play role in membrane 
potential and/or the respiratory chain. It is possible, that peptides disrupting the membrane 
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potential do not offer an additional increase in resistance in strains were the membrane 
potential is already severely diminished.  
  
 It has been stated in work by other 
groups that selecting beneficial inserts from completely randomized libraries without a 
compositional bias would be too unlikely to be achievable in a laboratory setting. However, 
we identified 11 unique sequences that confer aminoglycoside resistance. The mechanism of 
how aminoglycosides reach their target within the cytoplasm has yet to be described in detail. 
Based on the hydrophobic composition of the peptides characterised we have drawn the 
conclusion that they work by inserting themselves into the IM of the bacteria cells and by that 
disrupting the membrane potential. As previously stated it would be of great interest to 
express the peptides in gram-positive bacteria. As gram-positive bacteria lack OM seeing the 
same function in those would allow us to rule out that the peptides work through interfering 
with the OM, supporting the theory that the peptides work through the IM even further. 
Another thing we would like to test is to measure the MIC of strains expressing the different 
peptides for the antimicrobial peptide protamine. It has been reported that bacteria gain 
resistance against protamine via defects in the electron transport and respiration (Andersson 
et al., 2016). As we are proposing the same resistance mechanism for the peptides 
characterised it would be of great interest to see if expressing the plasmids gives additive 
effect or no effect at all.   
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Appendix A 
 
Table 5: List of primers used throughout the project. 
Name Sequence 
pRD2_ins300_fw 5’-CCACCTGACGTCTAAGAA 
pRD2_ins300_rv 5’-CCCCAATGATAACCCCAA 
pBAD18-c_fw 5’-ACCAAAGCCATGACAAAAAC 
pRMC2_seq_4 5’-TAATGCGCTGTTAATCAC 

 
 
Table 6: List of oligos used throughout the project. 
Name Sequence (5’-3’) 
pBAD18_PeptideA_P1 ACATATGCTTTTATTCTTTTGTTTCATTTTTCTCTGTTAATCGTT

TGGTTATGCATCCTTGCATTTCGTTCTTGA 
pBAD18_PeptideA_P2 CTGCTCAAGAACGAAATGCAAGGATGCATAACCAAACGATTA

ACAGAAAAATGAAACAAAAGAATAAAAGCAT 
pBAD18_PeptideB_P1 ACATATGCTAATGTTCATGATACTGTCGTTAATATTATTCGCGA

TAATGCTAGTGTCCGCCTTCCTTAACTAA 
pBAD18_PeptideB_P2 CTGCTTAGTTAAGGAAGGCGGACACTAGCATTATCGCGAATAA

TATTAACGACAGTATCATGAACATTAGCAT 
pBAD18_PeptideC_P1 ACATATGATTTTATTTACTATCCTAGTTGTTGTTGTGTTGTGCTT

AATTTTAATATGTACTGTGGCTTCATTAACTAAGTAA 
pBAD18_PeptideC_P2 CTGCTTACTTAGTTAATGAAGCCACAGTACATATTAAAATTAA

GCACAACACAACAACAACTAGGATAGTAAATAAAATCAT 
pRMC2_PeptideA_P1 CAGGAGGTGGATCCATGCTTTTATTCTTTTGTTTCATTTTTCTGT

TAATCGTTTGGTTATGCATCCTTGCATTTCGTTCTTGAGAGCT 
pRMC2_PeptideA_P2 CTCAAGAACGAAATGCAAGGATGCATAACCAAACGATTAACA

GAAAAATGAAACAAAAGAATAAAAGCATGGATCCACCTCCTG
GTAC 

pRMC2_PeptideB_P1 CAGGTGATCCATGCTAATGTTCATGATACTGTCGTTAATATTAT
TCGCGATAATGCTAGTGTCCGCCTTCCTTAACTAAGAGCT 

pRMC2_PeptideB_P2 CTTAGTTAAGGAAGGCGGACACTAGCATTATCGCGAATAATAT
TAACGACAGTATCATGAACATTAGCATGGATCCACCTCCTGGT
AC 
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Table 7: Selection results. Results from all selections summarised. Which steps were taken for which library 
after the initial selection step, how many hits were isolated and tested and how many of those turned out to truly 
give resistance to the antibiotic tested. 

Antibiotic 

Plate  
concentr

ation 
[µg/mL] 

Times 
MIC Library Initial Selection Hits 

tested 

Hits 
truly 

resistant 

Kanamycin 

4 5 

10 Scraped 0 - 
20 Scraped 1 0 

50A Scraped 6 4 
50B Scraped 3 2 
50C Scraped 0 - 
100 Scraped 0 - 

8 11 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 3 3 
50B Scraped 3 3 
50C Scraped 0 - 
100 Scraped 4 0 

16 21 
10, 20, 50A-C Discarded 0 - 

100 Restreaked 10 0 

Amikacin 

1,5 2 10, 20, 50A-C, 100 Discarded - - 

3 4 

10 Restreaked 4 0 
20 Restreaked 4 0 

50A Restreaked 3 1 
50B Restreaked 2 0 
50C Restreaked 3 0 
100 Restreaked 3 0 

6 8 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 3 3 
50B Scraped 3 3 
50C Scraped 0 - 
100 Scraped 0 - 

Chloram-
phenicol 

12 2 10, 20, 50A-C, 100 Discarded - - 
24 4 10, 20, 50A-C, 100 Discarded - - 

48 8 

10 Restreaked 4 0 
20 Restreaked 4 0 

50A Restreaked 4 0 
50B Restreaked 4 0 
50C Restreaked 4 0 
100 Discarded - - 
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Tetra-
cycline 

3 2 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 0 - 
50B Scraped 0 - 
50C Scraped 0 - 
100 Discarded - - 

6 4 10, 20, 50A-C, 100 Discarded - - 

12 8 

10 Restreaked 0 - 
20 Restreaked 2 0 

50A Restreaked 2 0 
50B Restreaked 1 0 
50C Restreaked 0 - 
100 Restreaked 0 - 

Cipro-
floxacin 

0,024 2 10, 20, 50A-C, 100 Discarded - - 
0,048 4 10, 20, 50A-C, 100 Discarded - - 
0,096 8 10, 20, 50A-C, 100 Discarded - - 

Strepto-
mycin 

3 2 

10 Restreaked 1 0 
20 Restreaked 1 0 

50A Restreaked 1 0 
50B Restreaked 1 0 
50C Restreaked 1 0 
100 Restreaked 1 0 

6 4 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 4 2 
50B Scraped 0 - 
50C Scraped 0 - 
100 Scraped 6 0 

12 8 
10, 20, 50A-C Discarded - - 

100 Restreaked 4 0 

Rifampicin 

24 2 

10 Restreaked 3 0 
20 Restreaked 4 0 

50A Restreaked 4 0 
50B Restreaked 4 0 
50C Restreaked 2 0 
100 Restreaked 3 0 

48 4 10, 20, 50A-C, 100 Discarded - - 

96 8 

10 Restreaked 4 0 
20 Restreaked 3 0 

50A Restreaked 4 0 
50B Restreaked 2 0 
50C Restreaked 4 0 
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100 Restreaked 0 - 

Trimetho-
prim 

  2 

10 Restreaked 3 0 
20 Restreaked 2 0 

50A Restreaked 5 0 
50B Restreaked 5 0 
50C Restreaked 6 0 
100 Restreaked 1 0 

  4 10, 20, 50A-C, 100 Discarded - - 

  8 
10, 20, 50A-C Discarded - - 

100 Restreaked 0 0 

Cefaclor 

24 2 10, 20, 50A-C, 100 Discarded - - 

48 4 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 0 - 
50B Scraped 0 - 
50C Scraped 0 - 
100 Scraped 0 - 

96 8 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 0 - 
50B Scraped 0 - 
50C Scraped 0 - 
100 Scraped 0 - 

Nitro-
furantoin 

8 2 

10 Scraped 0 - 
20 Scraped 0 - 

50A Scraped 0 - 
50B Scraped 0 - 
50C Scraped 0 - 
100 Scraped 0 - 

16 4 10, 20, 50A-C, 100 Discarded - - 
32 8 10, 20, 50A-C, 100 Discarded - - 

Phospho-
mycin 

1,5 2 10, 20, 50A-C, 100 Discarded - - 
3 4 10, 20, 50A-C, 100 Discarded - - 
6 8 10, 20, 50A-C, 100 Discarded - - 
12 16 10, 20, 50A-C, 100 Discarded - - 
24 32 10, 20, 50A-C, 100 Discarded - - 
48 64 10, 20, 50A-C, 100 Discarded - - 

Colistin 

0,25 2 10, 20, 50A-C, 100 Discarded - - 
0,5 4 10, 20, 50A-C, 100 Discarded - - 
1 8 10, 20, 50A-C, 100 Discarded - - 

2 16 
10 Scraped 0 - 
20 Scraped 0 - 
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50A Scraped 4 NA 
50B Scraped 2 NA 
50C Scraped 0 - 
100 Scraped 0 - 

4 32 

10 Restreaked 1 NA 
20 Restreaked 1 NA 

50A Restreaked 5 NA 
50B Restreaked 8 NA 
50C Restreaked 0 - 
100 Restreaked 0 - 

8 64 

10 Discarded - - 
20 Discarded - - 

50A Restreaked 0 - 
50B Restreaked 7 NA 
50C Discarded - - 
100 Discarded - - 

 
 
Table 8: List of new sequences identified to give increased resistance to aminoglycosides. 

The antibiotic the 
sequence was selected on  Amino acid sequence 

Kanamycin 4 µg/mL 

M Y M M K C S F L D L L F I G F R A V G I C W F V L V G S 
L A V F T W A A I C R L S V G R A M A S R N * 
M I F I L C S V R L I F F L C V C M P G R I I F R R R S * 
M H I F R F I I I F L L S I S F F I F F A F C A F L S S I V I F L 
C S  * 
M L L L I L L S L A A L T V S F L M L A S T L T S P L T V V 
F I L V V A V S V I F I I A A L P P I P N * 
M D D R D V T R H V T V V S S V S S M L V F M H Y P * 

Kanamycin 8 µg/mL 
M I L F T I L V V V V L C L I L I C T V A S L T K * 
M L M F M I L S L I L F A I M L V S A F L N * 
M L L F F C F I F L L I V W L C I L A F R S * 

Amikacin 3 µg/mL M I L V P V I L T S I I I F L L L V I I S V S L L I V L V P M S 
F L V L A S M P L I M T M S V L T L N * 

Streptomycin 6 µg/mL 
M I V V F L F V V S V C S C L F L L R F R R I N * 
M R V S S L M L V W V I F A L T A M W C V F C I I W I V G 
C S W R L L F R V P S L W A T G R S R R S N * 
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Appendix B 
 
Table 9: MIC measured for rpsL K42T mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 3 >1024 
Peptide A 24 >1024 
Peptide B 16 >1024 
Peptide C 8 >1024 

 
 
Table 10: MIC measured for rpsLK42N mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 4 >1024 
Peptide A 24 >1024 
Peptide B 12 >1024 
Peptide C 16 >1024 

 
 
Table 11: MIC measured for rpsLK42R mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 1 >1024 
Peptide A 8 >1024 
Peptide B 4 >1024 
Peptide C 6 >1024 

 
 
Table 12: MIC measured for rpsL K87R mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 1,5 >1024 
Peptide A 16 >1024 
Peptide B 4 >1024 
Peptide C 8 >1024 
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Table 13: MIC measured for ΔompR mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 1 2 
Peptide A 6 8 
Peptide B 2 6 
Peptide C 2 4 

 
 
Table 14: MIC measured for ΔompCF mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 1 1,5 

Empty 2 6 
Peptide A 2 6 
Peptide B 4 12 
Peptide C 4 8 

 
 
Table 15: MIC measured for ΔoppA mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 0,75 1 

Empty 2 6 
Peptide A 12 16 
Peptide B 8 16 
Peptide C 8 16 

 
 
Table 16: MIC measured for ΔoppC mutant expressing the different plasmids 

 MIC KM MIC SM 
Wild type 0,75 1 

Empty 2 6 
Peptide A 16 16 
Peptide B 8 16 
Peptide C 3 12 
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Table 17: MIC measured of E. coli MG1655 expressing pBAD18. 

Insert Plate MIC KM MIC SM 

Empty  

MH + Cam15 1 3 
MH + Cam15 + 0,01%arabinose 1 3 
MH + Cam15 + 0,05%arabinose 1 3 
MH + Cam15 + 0,2%arabinose 1,5 4 

Peptide A 

MH + Cam15 1 2 
MH + Cam15 + 0,01%arabinose 2 4 
MH + Cam15 + 0,05%arabinose 6 16 
MH + Cam15 + 0,2%arabinose 12 16 

Peptide B 

MH + Cam15 1 2 
MH + Cam15 + 0,01%arabinose 1,5 2 
MH + Cam15 + 0,05%arabinose 2 4 
MH + Cam15 + 0,2%arabinose 1,5 4 

Peptide C 

MH + Cam15 1,5 2 
MH + Cam15 + 0,01%arabinose 2 4 
MH + Cam15 + 0,05%arabinose 2 8 
MH + Cam15 + 0,2%arabinose 6 16 

 
Table 18: MIC measured of Salmonella expressing pBAD18. 

Insert Plate MIC KM MIC SM 

Empty  

MH + Cam15 1,5 6 
MH + Cam15 + 0,01%arabinose 1,5 6 
MH + Cam15 + 0,05%arabinose 2 6 
MH + Cam15 + 0,2%arabinose 2 8 

Peptide A 

MH + Cam15 1,5 6 
MH + Cam15 + 0,01%arabinose 2 6 
MH + Cam15 + 0,05%arabinose 12 32 
MH + Cam15 + 0,2%arabinose 12 48 

Peptide B 

MH + Cam15 1 4 
MH + Cam15 + 0,01%arabinose 1,5 4 
MH + Cam15 + 0,05%arabinose 1,5 4 
MH + Cam15 + 0,2%arabinose 2 12 

Peptide C 

MH + Cam15 1,5 6 
MH + Cam15 + 0,01%arabinose 1,5 6 
MH + Cam15 + 0,05%arabinose 2 6 
MH + Cam15 + 0,2%arabinose 4 12 
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Table 19: MIC measured of E. coli MG1655 with K42N mutation in rpsL. 

Insert Plate MIC KM 

Empty  

MH + Cam15 3 
MH + Cam15 + 0,01%arabinose 3 
MH + Cam15 + 0,05%arabinose 3 
MH + Cam15 + 0,2%arabinose 4 

Peptide A 

MH + Cam15 4 
MH + Cam15 + 0,01%arabinose 4 
MH + Cam15 + 0,05%arabinose 8 
MH + Cam15 + 0,2%arabinose 32 

Peptide B 

MH + Cam15 4 
MH + Cam15 + 0,01%arabinose 4 
MH + Cam15 + 0,05%arabinose 4 
MH + Cam15 + 0,2%arabinose 4 

Peptide C 

MH + Cam15 3 
MH + Cam15 + 0,01%arabinose 4 
MH + Cam15 + 0,05%arabinose 6 
MH + Cam15 + 0,2%arabinose 24 

 
Table 20: MIC measured of E. coli MG1655 with K42T mutation in rpsL. 

Insert Plate MIC KM 

Empty  

MH + Cam15 2 
MH + Cam15 + 0,01%arabinose 2 
MH + Cam15 + 0,05%arabinose 3 
MH + Cam15 + 0,2%arabinose 4 

Peptide A 

MH + Cam15 2 
MH + Cam15 + 0,01%arabinose 3 
MH + Cam15 + 0,05%arabinose 16 
MH + Cam15 + 0,2%arabinose 24 

Peptide B 

MH + Cam15 2 
MH + Cam15 + 0,01%arabinose 2 
MH + Cam15 + 0,05%arabinose 4 
MH + Cam15 + 0,2%arabinose 6 

Peptide C 

MH + Cam15 2 
MH + Cam15 + 0,01%arabinose 4 
MH + Cam15 + 0,05%arabinose 4 
MH + Cam15 + 0,2%arabinose 4 
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Table 21: MIC of chromosomal mutants of the E. coli KEIO wt. Comparison of the mutants carrying the 
empty pRD2 plasmid both before and after transformation of pRD2 carrying the different inserts into clones that 
had lost the original plasmid after being streaked out on LA plates containing sucrose 
. 

  
MIC after transformation MIC of chromosomal mutant  

MIC KM MIC SM KM SM AK 

Mutant 1 Empty 8 4 

4 12   Mutant 1 50A 2 8 

Mutant 1 50B 2 12 

Mutant 2 Empty 16 24 

16 24   Mutant 2 50A 16 24 

Mutant 2 50B 16 24 

Mutant 3 Empty 3 8 

3   6 Mutant 3 50A 8 16 

Mutant 3 50B 8 12 

Mutant 4 Empty 12 16 

16 24   Mutant 4 50A 12 16 

Mutant 4 50B 16 24 

Mutant 5 Empty 12 24 

16 16   Mutant 5 50A 12 24 

Mutant 5 50B 16 24 

Mutant 6 Empty 4 6 

4 6   Mutant 6 50A 6 8 

Mutant 6 50B 6 8 

Mutant 7 Empty 16 16 

12  12 Mutant 7 50A 16 24 

Mutant 7 50B 16 32 

 Mutant 8 Empty 16 16 

12   32 Mutant 8 50A 12 12 

Mutant 8 50B 12 16 

Mutant 9 Empty 16 24 

16   32 Mutant 9 50A 16 16 

Mutant 9 50B 12 16 
  


