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Abstract 

The heavy dependence and massive consumption of fossil fuels by humans is changing our 

environment very rapidly. Some of the side effects of industrial activity include the pollution of the 

natural resources we rely on, and the reduction of biodiversity. Some chemicals found in nature 

exhibit great potential as medicines, fuels or food for humans. Plants conquered different 

environments thereby developing adaptation strategies based on the biosynthesis of a myriad of 

compounds. Unfortunately they are present in small amounts in plants and are too complex and to 

produce by organic chemical synthesis. In most of biosynthetic pathways leading to these chemicals 

the cytochrome P450 enzyme family (P450s) is responsible for their final functionalization. 

However, the membrane-bound nature of P450s, makes their expression in microbial hosts a 

challenge. In order to meet the global demand for these natural compounds without compromising 

sustainability, biological production needs to substitute the traditional manufacturing methods. 

Thus, new methodologies for expression and characterization of P450 enzymes are in great need. 

This thesis explores state-of-the-art techniques at the core of membrane protein, metabolic 

engineering and protein engineering to provide new solutions to the P450 expression bottleneck in 

bacteria. The work primarily focuses on developing a fluorescence high-throughput platform to 

easily assess proper folding and expression levels of plant cytochromes P450. The platform has 

been designed to fit in metabolic engineering and structural biology applications. Furthermore in 

this thesis a systematic engineering rationale is proposed to improve P450 expression. For this, a 

new set of N-terminal tags has been developed in order to provide a streamlined optimization 

scheme for P450 expression. The application of these N-terminal tags has been also tested to 

elucidate the structure of the plant cytochrome P450 CYP79A1.  

The present work demonstrates the usefulness of the abovementioned technologies to optimize 

P450 expression for biotechnological applications. The thesis provides new P450 engineering 

guidelines and serves as platform to improve performance of microbial cells, thereby boosting 

recombinant production of complex plant P450-derived biochemicals. The knowledge generated, 

could guide future reconstruction of functional plant metabolic pathways leading to high valuable 

chemicals. This work is in the foundations of sustainability, as it contributes to find alternatives that 

limits or relief exploitation of scarce natural resources vital for the survival of our future 

generations.    
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Dansk resumé 

Menneskets afhængighed af fossile brændstoffer er hurtigt på vej til at ændre vores planet. 

Bivirkningerne af den industrielle revolution inkluderer forurening og en reduceret biodiversitet. 

Planter erobrer og tilpasser sig forskellige miljøer vha. en lang række forskellige stoffer og nogle af 

de kemikalier vi finder i naturen har stort potentiale indenfor medicin, brændstoffer og fødevarer.  

Desværre er disse stoffer svært tilgængelige: de er tilstede i meget små mængder i planter og er 

næsten umulige at syntetisere kemisk. De fleste biosynteseveje, der fører til disse stoffer, involverer 

cytokrom P450 enzymer. Desværre er disse enzymer svære at udtrykke i mikroorganismer. For at 

møde et fremtidigt behov for produktion af naturstoffer uden at kompromittere bæredygtighed, må 

biologiske produktionsmetoder erstatte de traditionelle fabrikationsmetoder. Derfor er der et stort 

behov for nye metoder til udnyttelsen af fx sådanne P450 enzymer. 

Denne afhandling udforsker brugen af moderne teknikker indenfor membranproteiner, metabolic og 

protein engineering og beskriver nye løsninger på problemerne med udnyttelsen af P450 enzymer. 

Arbejdet har primært været fokuseret på at udvikle en platform for produktion af korrekt foldede 

P450 enzymer til brug indenfor strukturbiologi og metabolic engineering. Til dette formål har vi 

bla. udviklet brugen af små peptider der forbedrer udtrykkelsen af P450ere og dermed deres 

udnyttelse indenfor bioteknologiske applikationer. Afhandlingen beskriver guidelines og en 

platform til at forbedre mikrobielle cellefabrikker, der producerer P450-afledte biokemikalier og 

den genererede viden vil forbedre vores muligheder for at producere planteafledte højværdistoffer. 

Arbejdet danner dermed grundlaget for bæredygtige alternativer, der kan  sikre overlevelsen af 

fremtidige generationer. 
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2. Cell Factories and metabolic engineering 

A whole microbial, mammalian or plant cell with the ability to produce a certain chemical is considered as a 

cell factory wherein internal metabolic pathways give the properties to convert one or several substrates into 

the product of interest instead of the traditional single reaction concept. Microorganisms are particularly 

versatile cell factories due to their scalability, fast growth rate, well-known physiology and easy 

manipulation. Examples of compounds produced are antibiotics, biofuels, fine chemicals and drugs (Lee, Na 

et al. 2012, Murphy 2012). 

For optimizing cell factories it is crucial to understand metabolic networks from a systems perspective and 

develop tools to manipulate these systems on our will. However, the lack of understanding on complex 

metabolic, gene regulatory and signalling networks leaves us far from this achievement. Metabolic 

engineering represents a technological framework to accelerate and modify existing pathways for the optimal 

production of desired products using cell factories efficiently (Nielsen, Fussenegger et al. 2014). More 

specifically are a handful of techniques to engineer cell factories for the biological manufacturing of 

chemicals and biopharmaceuticals (Stephanopoulos 2012). On the other hand the means by which we learn 

about biological parts and systems to ultimately engineer metabolic pathways is known as synthetic biology. 

The goal of synthetic biology is to simplify biological engineering through the application of engineering 

principles and design.  

2.1. Cell factory development cycle: Design-build-test-analyze (DBTA)   

In a traditional chemical factory it is possible to reconfigure unit operations using design, process control 

systems software and predict the outcome by mathematical modelling, which help maximizing 

production, profits and safety. Unfortunately the complexity of biological systems makes it difficult to 

accurately control metabolic pathways of cell factories to achieve a certain production goal or 

profitability. In this context the implementation of the DBTA cycle, inspired by electronic engineering 

principles, comes as useful approach for cell factory optimization (Fig. 2). Often the DNA parts 

constituting the genetic elements encoding for a metabolic pathway, can be modified through several 

DBTA cycles upon rendering an optimal production yield for example. This can be achieved through 

different DNA editing and assembly methods not discussed in this thesis (Casini, Storch et al. 2015, 

Cavaleiro, Kim et al. 2015). 

The most prominent example of the DBTA cycle implementation can be found in the production of the 

semi-synthetic Artemisinin, a blockbuster anti-malaria drug with 1.5 billion dollar annual sales 

worldwide (Paddon and Keasling 2014). First, the isoprene metabolic pathway leading to the artemisinin 

terpene backbone precursor, amorphadiene, was expressed in E. coli. However this strategy turned out to 

have limited impact on amorphadiene production. A new DBTA cycle iteration was carried out for 
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al. 2012). All knowledge generated during decades has allowed for the establishment of E. coli as one of 

the most versatile and robust hosts or chassis for the development of microbial cell factories.  

2.3. Escherichia coli expression strains 

One of the common problems found in high density cultures of E. coli with glucose as a carbon source, 

is acetate accumulation. Acetate has a major inhibitory effect on cell growth and production of 

heterologous proteins (Eiteman and Altman 2006). B strains tend to accumulate less acetate than K-12 

strains during high cell density cultivation making them more appropriate for protein production 

(Eiteman and Altman 2006). This is why B strains have been traditionally used for overproduction of 

heterologous and endogenous proteins because they display faster cell growth and lower production of 

acetate than K-12 strains.. Analysis of genome sequences of REL606 and BL21(DE3) does not reveal 

difference in genes involved in the central carbon or acetic acid metabolism (Yoon, Han et al. 2012). 

Thus, it is possible that the metabolic genes are under different regulation in these two E. coli strains. 

The most popular expression strain has become BL21(DE3), which harbors a genome-integrated T7 

RNA polymerase under the control of the lacUV5 promoter. The T7 RNA polymerase is found in the T7 

phage as it is responsible for self-replication of the phage DNA. The advantages of the T7 RNA 

polymerase are the high selectivity for its promoters, which do not occur naturally in E. coli, and also the 

remarkably fast transcription rate compared to other polymerases (Studier and Moffatt 1986). In 

addition, B derived strains are defective in lon and ompT proteases, a feature that can reduce degradation 

of heterologous proteins (Terpe 2006). Several commercial strains have been developed for gene 

expression from BL21(DE3) and K-12 (Table 2). Important examples are Rosetta, that carries a plasmid 

that supplies tRNAs complementary to rare codons in order to enhance expression of eukaryotic genes or 

the Origami strain that facilitates disulfide bond formation (Terpe 2006).  

 

Table 2. Some E. coli strains most frequently used for heterologous protein production and their key features 

(Terpe 2006) 

E. coli strain Derivative Key features 

BL21  B834 Deficient in lon and ompT proteases 

JM 83 K-12 Usable for secretion of recombinant proteins into the periplasm 

Origami B  BL21 trxB/gor mutant; greatly facilitates cytoplasmic disulfide bond formation 

Rosetta  

 

BL21 Enhances the expression of eukaryotic proteins that contain codons rarely 

used in E. coli: AUA, AGG, AGA, CGG, CUA, CCC, and GGA; deficient 

in lon and ompT proteases 
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2.3.2. Strains with titratable promoters 

Schlegel and colleagues observed that lower RNA polymerase levels could lead to high amount of 

properly folded proteins, particularly the ones encoding for membrane and periplasmic proteins 

(Schlegel, Rujas et al. 2013). The concept that less T7 RNA polymerase can actually lead to higher total 

amounts of properly folded protein motivated the development of the Lemo21(DE3) strain (Schlegel, 

Rujas et al. 2013). The working foundations of the Lemo21(DE3) rely on a plasmid-based system called 

pLemo in which the T7 lysozyme expression  is under the control of the titratable rhamnose promoter 

(PrhaBAD). Upon addition of rhamnose in cell culture media, T7 lysozyme is produced providing a 

negative regulation of the T7 RNA polymerase in the BL21(DE3) strain (Wagner, Klepsch et al. 2008). 

Rhamnose is then gradually catabolized by E. coli, gradually limiting RNA polymerase inhibition, thus 

allowing for progressive expression of the target gene under the control of the T7 promoter in an 

expression vector  (Fig. 4). This also reduces the amount of protein aggregates as observed by a decrease 

of the IpbA chaperones (Schlegel, Rujas et al. 2013). This system has paved the way for structural 

elucidation of highly relevant drug targets, for example the sodium/proton antiport channel (Lee, Kang et 

al. 2013).  

 

Fig. 4. Lemo21(DE3) working scheme. T7 lysozyme under the control of the PrhaBAD represses the T7 

RNA polymerase. When rhamnose is gradually catabolized T7 RNA polymerase transcribes the target gene 

upon addition of IPTG inducer. Adapted from (Schlegel, Rujas et al. 2013). 

The rhaBAD operon was initially described in 1993 by Egan and Shlief (Egan and Schleif 1993). The 

promoter is regulated by two activators, RhaS and RhaR belonging to the same transcription unit oriented in 

the opposite direction of rhaBAD. When rhamnose is available, RhaR binds to the rhaP RS promoter and 
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activates the production of additional RhaR and RhaS activators. RhaS and rhamnose in turn bind to rhaBAD 

which is then activated (Fig. 5).  

 

Fig. 5. Schematic representation of the rhamnose operon. The tandem composed by the rhamnose promoter 

(rha ABD) expression the T7 RNA polymerase is integrated in the genome in the KRX strain. 

 

This promoter has been subjected to several optimization rounds in order to make it stronger and more 

titratable (Wegerer, Sun et al. 2008). Commercial strains using the rhamnose promoter in other ways has 

been used for expression of toxic genes.  For example the K-12 derived strain KRX, which harbors a 

genome-integrated version of the rhamnose promoter directly controlling the expression of T7 RNA 

polymerase (Giacalone, Gentile et al. 2006).  

Because B strains and K-12 E. coli strains present different metabolic and genetic backgrounds, it is 

expected to find substantial differences in their protein expression profiles. This is why combinatorial and 

high throughput screenings are usually needed to identify the best expression conditions for a certain gene 

and this is one of the key topics covered in this thesis.  

 

 

 

 

 

 







 

11 
 

synthesized proteins (post-translationally) in a state compatible with the translocation.  In eukaryotes this 

system is found in the endoplasmic reticulum (ER), and named Sec61. Several partner proteins such as 

SRP (Signal Recognition Particle) and YidC participate in the co-translational translocation of the 

polypeptide chains through what is known as the SRP-dependent pathway. The SRP binds to highly 

hydrophobic amino acids in the N-terminal of the nascent chain and delivers it to the SecYEG 

translocon. The SRP receptor called FtsY it is also required to release the nascent polypeptide chain in 

the membrane. The nascent chain is then pulled by the SecYEG translocon, a process that consumes 

energy in form of GTP (Fig. 7). (Valent, Scotti et al. 1998).  

 

Fig. 7. Membrane protein biogenesis mechanisms of E. coli. Adapted from (Luirink, Yu et al. 2012). 

In Bacteria the SRP-dependent pathway targets mainly membrane proteins while in eukaryotes this 

pathway is employed by secretory proteins as well (Denks, Vogt et al. 2014). How a cargo protein is 

targeted to the SRP pathway? The answer relies on the hydrophobicity of the N-terminus of the 

target protein, which often is given by N-terminal so-called signal peptides or short sequences with a 

markedly hydrophobic core that are recognized by the SRP. Based on the presence of cleavage 

motifs, and hydrophobicity, signal peptides can be accurately predicted, for example using SignalP 

(www.cbs.dtu.dk/services/SignalP) (Nielsen, Engelbrecht et al. 1997). Other prediction tools like the 

http://www.cbs.dtu.dk/services/SignalP
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Signal-BLAST are also available for the same purpose 

(http://sigpep.services.came.sbg.ac.at/signalblast.html) (Frank and Sippl 2008). In this thesis we 

have used the SignalP prediction tool to search for signal peptide fusions that can be used to 

facilitate better production of membrane proteins (Fig.8).  

 

Fig. 8. On the left side a SignalP 4.0 server prediction of the periplasmic E. coli protein Disfulfide Oxidase 

(DsbA). On the right side the sequence of the predicted signal peptide and the cleavage site shown together 

with a schematic representation of a resulting fusion construct.   

Besides the SRP-dependent pathway, it has been also observed that certain proteins can be inserted 

in the membrane aided by YidC, a small insertase (Luirink, Yu et al. 2012). YidC contains 5 

transmembrane domains and one cytoplasmic domain, and it is speculated to work as dimer. It has 

been identified as an indispensable element for assisting insertion and folding of membrane proteins 

(Samuelson, Chen et al. 2000). It has been shown that inhibition of YidC affects the insertion of 

most of the Sec-dependent proteins (Samuelson, Chen et al. 2000). Interestingly, exported proteins 

are no so much affected by this inhibition. The cytoplasmic domain of YidC does not seem essential 

for its function suggesting that the key relies on the transmembrane domains (Luirink, Yu et al. 

2012). On the other hand SecB is a cytoplasmic chaperone that binds mature domains of proteins and 

targets them to the membrane. When SecA recognizes SecB and the preprotein, is activated and 

binds to the membrane-embedded translocon. SecB is then released from the pre-protein as the SecA 

mediates posttranslationaltranslocation through the SecYEG translocon with the requirement of ATP 

(Valent, Scotti et al. 1998).  

http://sigpep.services.came.sbg.ac.at/signalblast.html


http://www.dgpred.cbr.su.se/
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periplasm as it contains four cysteines residues that must be oxidized for the enzyme to be active 

(Belin 2010).  This way the protein topology can be studied in vivo and the abundance of a 

certain protein estimated with the help of the reporter proteins. GFP fusions are used in this 

thesis to determine not only the right topology of heterologously expressed membrane proteins 

but also proper folding of the same. This platform has been also developed in the yeast 

Saccharomyces cerevisiae, and allows for identification of properly folded eukaryotic membrane 

proteins (Drew, Newstead et al. 2008).  

 

- Protease accessibility: Often inter-transmembrane loops may not be large enough to fuse a 

reporter, or the reporter may not be active. In these cases, radioactively labelled or tagged 

membrane proteins embedded in some of the model lipid systems mentioned above can be 

cleaved with a specific or broad protease generating fragments of different sizes (Fig 11). The 

result is analyzed by traditional SDS-PAGE to confirm expected fragment sizes. This approach 

together with fusion reporters has been used to determine the topology of the Oxa1P homologue 

in E. coli (Saaf, Monne et al. 1998).   

 

 
Fig. 10 Membrane protein topology mapping using fusion reporters. Fusion reporter GFP (left) 

is active in the cytoplasmic side whereas Alkaline Phosphatase (PhoA) on the right, is only 

active in the periplasm.  
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Fig. 11. Schematic representation of a protease accessibility assay. A lipid system such as 

spheroblasts (a bacterial cell without the cell wall) where the membrane proteins are located, is 

digested with a protease that access external loops. The resulting products of the digestion can be 

analyzed by SDS-PAGE. 

 

- Glycosylation motifs: An effective approach to mapping the topology is carried out using an 

oligosaccharyl transferase, which catalyzes addition of oligosaccharides to the amino group of 

asparagine residues within the consensus sequence Asn-X-Thr/Ser. N-glycosylation is a 

common feature of eukaryotic membrane proteins, and the consensus sequence is usually found 

in the largest luminal exposed loops of the protein. Since modification of the glycosylation site 

occurs in a com-partment-specific manner, the presence of glycosylation provides information 

for topological assignment (Bogdanov, Zhang et al. 2005). These motifs can be introduced in 

membrane protein loops by standard recombinant DNA technologies, and expressed in vitro  in 

the presence of canine pancreas microsomes (Goldman and Blobel 1981, Hessa, Kim et al. 

2005). Glycosylation occurs co-translationally, thus glycosylated loops indicate that a given 

protein segment has crossed the ER membrane, and the topology can be determined by SDS-

PAGE based on the different molecular size of the glycosylated and unglycosylated protein. 
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3.3.2 Structure 

Crystallography: X-ray crystallography is one of the most popular techniques for structure 

determination of proteins. Increasingly, researchers interested in all branches of the biological 

sciences require structural information to answer relevant questions. Protein crystallization is a 

process of testing a large number of possible crystallization reagents. Once initial crystallization 

conditions are found, further optimization is usually necessary to obtain well-diffracting crystals. 

Usually the screening starts using 96-well plates. In the past 10 years, the volumes required for 

these crystallization experiments have been substantially reduced. Although there are more than 

30 different 96-well sparse matrix screening systems, membrane proteins are difficult to 

crystallize.  

Screening the detergent is a critical step in crystallization because they are utilized for 

solubilizing  membrane proteins, thereby creating a similar environment to the natural lipid in 

which they are usually embedded. Detergents are amphipathic molecules, consisting of a polar 

head group and a hydrophobic tail. Their display unique features, for example they can organize 

in spontaneously in spherical structures called micelles (Seddon, Curnow et al. 2004). The 

minimum concentration of detergent needed to cluster in micelles is called Critical Micellar 

Concentration (CMC). Some membrane proteins may respond better to detergents with high 

CMCs, while others are more stable at lower CMCs. This is why screening different buffer and 

detergents is often necessary to determine the best combination that gives a monodisperse form, 

namely, micelles of uniform size in the solution (Bogdanov, Zhang et al. 2005). Once well-

diffracting crystals are obtained data from beam diffraction can be obtained. Due to the large 

number of conditions to optimize, high protein amounts are usually required. 

NMR (Nuclear Magnetic Resonance) is another popular way to elucidate protein structures 

based on the unique magnetic properties of nuclei particles, typically from 2H, 15N and 13C 

isotopes. When a magnetic field is applied at a certain frequency to the sample, the atomic nuclei 

particles absorb and emit electromagnetic radiation in different ranges. The magnetization of the 

nuclei can also be transferred to the surrounding atoms producing specific radiation patterns 

depending on the chemical bond. This output can be converted into structural information 

creating a connection map of the atoms conforming the protein. Unfortunately, multidimensional 

NMR still requires high amounts of solubilized and stable protein because they have to be 

labelled with multiple isotopes, being protein expression the main bottleneck. Typically NMR 

methods have been limited to small proteins, and the denaturation process of proteins greatly 

reduces the resolution of this technique. However, recently developed NMR methods may in the 

future allow for elucidation of larger proteins thanks to optimized spectroscopic techniques 
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(Fernandez and Wuthrich 2003).  In addition to the challenges associated to protein size and 

expression levels, not all detergents are suitable for NMR applications. Because of the 

interactions between different detergents and the amino acid side chains located in the flexible 

loops or other intra-molecular backbone regions, most membrane proteins cannot be fully 

characterized using NMR (Fernandez and Wuthrich 2003).  All these factors have delayed the 

use of NMR as a preferred method for structural determination of membrane proteins.  

Microscopy techniques have also received a lot of attention lately.Unlike crystallography 

electron microscopy allows for study membrane proteins in two-dimensional (2D) crystals with 

resolutions that can reach 3 Å or better. 2D membrane protein crystals are frequently grown 

easier than 3D crystals and offer a more native environment than most 3D (Fig. 12). Recent 

technological advances in the cryo-electron microscopy (cryo-EM) equipment has led to the 

expansion of this method in the membrane protein field. For example, the atomic resolution 

structures of bacteriorhodopsin and several other membrane proteins have been determined using 

cryo-EM (Fujiyoshi 2011). In addition, a large number of membrane protein structures were 

studied at a slightly lower resolution, whereby at least secondary structure motifs could be 

identified (Fujiyoshi 2011) Crystallographic and NMR determination of membrane proteins 

requires a large amount of stable protein in a detergent for at least few days during measurement. 

Sometimes this is not possible, especially for many eukaryotic membrane proteins. In contrast, 

in cryo-EM, membrane proteins are quickly frozen and the image of the electrons crossing the 

sample captured as single molecules in a thin film of buffer (Vinothkumar 2015). By averaging a 

large number of particles, high-resolution structures can then be obtained with small amounts of 

expressed protein. This technique allows for capturing multiple structural states of the same 

protein in the solution, which can be computationally separated. Finally it is worth mentioning 

other new microscopy and spectroscopic techniques such as Atomic Force Microscopy (AFM) 

that are promising in the field of membrane proteins. AFM gives the chance to mechanically 

manipulate membrane proteins in its native state and opens the door to discover new properties 

of membrane proteins previously not considered (Muller and Engel 2007). 
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Fig. 12. X-ray crystallography is based in a high intensity radiation beam penetrating protein 

crystals creating a unique scattering pattern (A). In electron microscopy an electron beam 

passes through a frozen protein solution and scattered electrons cross a lens creating a 

magnified image (B). Image copied from Nature©. 

 

A part from experimental methods, there are alternative ways to deduce structural features of 

membrane proteins using computational tools. One of them is homology-based modelling, which 

relies on similarities between unknown and known structures. By exploiting structural 

information from the known structures, the new structure can be approximated computationally. 

This approach may become even more feasible in the future thanks to initiatives such as the 

structural genomics project, which aims to elucidate at least one structure of each protein family 

(Burley, Almo et al. 1999). Homology modeling is typically carried out in four steps: 1) Find 

known structures similar to the target sequence. 2) Sequence alignment. 3) Build a protein  

model. And 4) assess the model. 

 

Known 3D structures, so-called templates, can be found in repositories such as the Protein Data 

Bank (PDB). For modelling, sequence comparison methods or sequence-structure threading 

methods are frequently used. The latter can sometimes reveal more distant relationships than 

purely sequence-based methods as we will point out in chapter 3 of this thesis. There 

cytochromes P450 sequence alignments are largely performed with scoring matrices called 

BLOSUM. The Blosum62 matrix detects distant relationships between the target sequence and 
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all sequences of a certain repository producing an alignment of diverged proteins more accurate 

for sequences with known  three-dimensional structures. The accuracy of a homology model is 

related to the percentage sequence identity between the structural and sequence similarity of the 

sequences. The error is measured as the root mean square (RMS) for the main-chain atoms. 

Homology models can be sorted into three different categories: 1) High accurate models with 

more than 50% sequence identity to their templates, comparable to the accuracy of a medium-

resolution nuclear magnetic resonance (NMR) structure or a low-resolution x-ray structure. Here 

errors are mostly located in side-chain packing, small distortions of the core main-chain regions, 

and occasionally larger errors occur in loops 2) Medium accurate models with 30 to 50% 

sequence identity. Here 90% are errors in the range of 1.5 Å located over the main chain. Side 

chains, core distortion, and loop modelling errors tend to be more frequent. 3) Low accurate 

models with less than 30% sequence identity (Baker and Sali 2001).  

There is a myriad of applications of homology or comparative modelling.  For example, 

validation of functional predictions that have been based purely on a sequence similarity. Ligand 

binding is linked to the structure of the binding pocket and difficult to deduce from the sequence 

composition so a homology model becomes very handy for validation. Moreover the size of a 

ligand may very well be predicted from the volume of the binding pocket, especially with high 

accurate homology models. For these reasons, modelling is very popular in drug discovery, as it 

feeds on known structures to generate models of, for example, unknown receptors that are drug 

targets (Baker and Sali 2001). The ultimate goal of generating models in this case is to perform 

docking studies. Docking studies involve computational calculations to find possible 

thermodynamically relevant states of a ligand in the binding site. Several binding modes can be 

generated and evaluated using scoring systems. This technique has been widely used in drug 

discovery for virtual screening of multiple ligands, and large compound libraries without the 

need for initial experimental work. However, in search for new drugs from natural environments 

homology models and docking are becoming powerful tools for discovery of both intermediate 

chemicals and pathways leading to a certain compound. For example, with this approach, new 

intermediates of the glycolytic pathway have been discovered in E. coli (Zhao, Kumar et al. 

2013). The promising results have inspired us to develop more accurate methods for homology 

models that may be useful in metabolic engineering applications of cytochromes P450. The 

results of our study published in the third chapter of this thesis suggest that homology-model-

based methods may be utilized to decipher key enzymatic mechanisms of structurally unknown 

plant P450s. 
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3.4.  Challenges in membrane protein production 

 

The nature of lipid bilayers and biological membranes represent a technical challenge to study proteins 

embedded in. Their surface is relatively hydrophobic and they have to be extracted from the cell 

membrane using different detergents.  For this reason membrane protein characterization present 

challenges at many levels, including expression, solubilization, purification, crystallization, data 

collection from all crystals generated in the screening and the final structure solution (Carpenter, Beis et 

al. 2008). One of the major bottlenecks in the whole process is undoubtedly protein expression as it 

involves testing of a large number of conditions to find the best one for each protein.  Before some of the 

latest advancements in the membrane protein overexpression technologies another of the concerns was to 

predict or assay whether a certain protein would end up in the membrane or in inclusion bodies.  

Nowadays E. coli is regarded as one of the preferred hosts for membrane protein expression as it 

represents a quick, relatively inexpensive and easy to use system enabling many constructs to be 

screened quickly. However, for some heterologous proteins there is no alternative but the use eukaryotic 

hosts such as the yeast S. cerevisiae. First, membrane proteins have to be targeted to the cell membrane 

so that they are most likely to fold correctly. Several tricks have to be used for targeting hetereologous 

proteins through the Sec translocon in order to be inserted in the membrane, for example signal peptides 

or engineered N-terminus sequences (Schierle, Berkmen et al. 2003).  

Second, as mentioned in the section 3.3.2 the choice of detergent to extract proteins from the membrane 

greatly affects the yield of functional protein. Often several detergents must be screened to identify the 

detergent that extracts the largest quantity of soluble, active, homogeneous, stable protein, provided that 

the cost of the detergent is not limiting. One of the most effective detergents to comply with these 

requirements is dodecyl-maltoside (DDM) as it is relatively cheap and can give stable membrane 

proteins (Carpenter, Beis et al. 2008).  Similarly plants cytochromes P450 are a class of membrane-

bound proteins, that display some of the same challenges in expression and characterization due to its 

hydrophobic nature. All these factors together make the overexpression of membrane proteins more an 

art than a predictable technology. However, recent advancements have contributed to more streamlined 

procedures to tackle membrane protein overexpression, particularly in E. coli. Similar platforms have 

been also developed in the yeast S.cerevisiae by Drew and co-workers, giving a fairly high chance to 

obtain a desired protein with this host (Drew, Newstead et al. 2008). When it comes to expression of 

eukaryotic proteins, yeast offers obvious advantages with respect to E. coli. For example, many 

eukaryotic proteins exhibit post-translational modifications such as glycosylations and yeast contain a set 

of oligosaccharyltransferases capable of transferring sugars to proteins. Yeast has also a different lipid 

composition than bacterial membranes, and the eukaryotic translocation machinery, which specifically 

recognizes eukaryotic signal sequences. Although expression platforms are comparable to the ones 
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developed in yeast, this thesis focuses on membrane protein technologies to solve plant cytochromes 

P450 expression bottlenecks in E. coli. 

 

3.5. Escherichia coli as membrane protein production and screening host 

In the section 2.3 some of the most widely used E. coli expression strains are presented. As stated in the 

same section one of the main advantages of E. coli is the simplicity of its manipulation, and the doubling 

time. Moreover E. coli grows to higher cell densities; therefore scale-up procedures are usually faster. 

Unlike eukaryotes, E. coli does not contain subcellular organelles or endomembranes so all membrane 

proteins must be localized in the cytoplasmic or outer membrane. Another virtue of this microbe is the 

availability of genetic tools and a large mutant collection that in case an endogenous gene interferes with 

the heterologous product, the background can be greatly reduced. Finally transformation of DNA into E. 

coli cells is also a very quick protocol, which enables for high-throughput experiments (Rosano and 

Ceccarelli 2014).     

Given the mentioned challenges in membrane protein production, several solutions have been developed 

thanks to the advantages of this host. In this thesis we discuss two particular technologies to address the 

bottlenecks abovementioned: 1) Strains able to cope with expression of toxic genes. Particularly the use 

of the Lemo21(DE3) strain, and the KRX strain both of which bear a titratable rhamnose promoter to 

allow for gradual gene expression avoiding saturation of the Sec translocon complex and proper co-

translational folding of the target protein (see section 2.3). 2) Screening platforms that discriminate 

properly folded membrane proteins facing the right cell compartment. More specifically a C-terminus 

Histidine-tagged-GFP  reporter serves to quickly asses integration and folding of overexpressed 

membrane proteins. This fluorescence-based optimization scheme not only enables estimation of protein 

production levels but also capture hetereologous protein by the histidine tail, facilitating further 

solubilization screening and purification of the membrane protein fusion (Drew, Lerch et al. 2006).  

 

3.6.  Applications of membrane proteins in metabolic and protein engineering  

 

3.6.1. Metabolite transport 

The main means by which small molecules cross biological cell membranes is through 

proteinaceous transporter molecules, and this gives the cells means by which to control the 

process (Kell, Swainston et al. 2015). An important application of membrane proteins in cell 

factories and metabolic engineering is the use of influx and efflux transporters. For example 

introducing new transporters, can give rise to higher toxicity tolerance or facilitate secretion of 



 

23 
 

the product of interest to avoid its degradation. For this reason there is a great interest in 

balancing an effective efflux of newly synthesized compounds.  More information about 

structure-function relationship is also in great need in order to select for the best transporters 

(Kell, Swainston et al. 2015). Transporters can also provide a solution to osmotic stressed caused 

by the accumulation of high titers of the product inside the cells, acting as a pressure valve to 

relief cells.   

 

3.6.2. Membrane scaffolds 

In nature, an important number of biochemical reactions are not catalyzed by isolated enzymes 

but by multienzyme complexes (Proschel, Detsch et al. 2015). These so-called metabolons 

represent micro-compartments to balance metabolic pathways thereby co-localizing their 

enzymes in a specific location, for example the Endoplasmic Reticulum (ER) membrane 

(Jorgensen, Rasmussen et al. 2005).  Membrane domains may act as scaffolds of a particular 

enzyme, anchoring it to the membrane compartment where several other enzymes are brought 

into close proximity in a semi 2d-space. This may facilitate or accelerate channeling of the 

intermediates through a metabolic pathway. This feature becomes very useful when 

intermediates of the reaction are unstable because they can be quickly converted by the 

neighboring enzymes. Consequently scaffolding aims to co-localize the components of a 

metabolic pathway in order to provide spatial and temporal control of molecules (Proschel, 

Detsch et al. 2015). Endogenous E. coli membrane proteins known to interact in the inner 

membrane, such as the recently discovered periplasmic chaperone YfgM and PpiD (Fig. 13) 

(Gotzke, Muheim et al. 2015) could be used to create artificial metabolic channels.  

 

 
Fig. 13. Schematic representation of YfgM and PpiD interaction in the inner membrane of E. 

coli. 

 

Many natural products such as retinol, show high hydrophobicity and tend to stick to membrane 

compartments (Lhor and Salesse 2014). In this context membrane scaffolds may be 
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advantageous because they would co-localize with the environment where the substrates are 

embedded in, facilitating catalysis. Furthermore the presence of the biocatalysts in the 

membranes may help to relief the physiological stress that represents an organic compound 

within the lipid bilayer (Murinova and Dercova 2014). In the current thesis we apply some of 

these strategies to cytochromes P450 enzymes, proteins naturally found in associated to the ER 

membrane. Many substrates of this enzyme family are indeed hydrophobic as they are derived 

from isoprenoid backbones which are built up from aliphatic chains (Hill and Connolly 2015).  

 

3.6.3. Surface and periplasmic display technologies 

Cell surface display comprises a variety of techniques that allows for expression of proteins or 

peptides on the surface of cells in a stable manner using the surface proteins of bacteria as fusion 

partners. Numerous scaffolds proteins or peptides such as OprF, OmpC, OmpX, and others, have 

been used to present peptides and proteins on the outer surface of E. coli. The scaffold protein 

has to be able to transport the desired passenger protein to the external surface of the cell. The 

size, folding efficiency, and disulfide bond number of the passenger protein can strongly 

influence its ability to be secreted (Mergulhao, Summers et al. 2005). Protein display has been 

used for a broad range of applications, such as vaccine development, peptide libraries screening, 

whole-cell catalysis or biosensors and environmental bioremediation. This technique is 

particularly interesting when for example; the substrate of a certain enzyme cannot passively 

diffuse through the cell membrane due to its size or chemical composition. There could be that 

the substrate does not enter the cell because of the lack of a specific transporter. For example, in 

biomass conversion of cellulose to biofuels or assembly of polymers outside the cell (Mazzoli 

2012).   

In this thesis we have utilized a variant of the surface display technology called Anchored 

Periplasmic Expression Technology (APEx), which was developed to detect high affinity 

antibody-epitope interactions in the periplasmic space of E. coli cells. In the APEx technology, 

the peptide from the lipoprotein NlpA of E. coli acts as scaffold for passenger antibodies that are 

translocated to the periplasm (Jeong, Seo et al. 2007). This highly expressed peptide bears a 

short lipid anchoring sequence (CDQSSS), which localizes to the inner leaflet of the cytoplasmic 

membrane and can also be used to accommodate other proteins such as cytochromes P450 in the 

inner membrane of E. coli (Fig. 14). This technology does not only provide a small peptide 

fusion for improving expression but also a way to specifically target proteins to the inner 

membrane of E. coli (Jeong, Seo et al. 2007). 
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Fig. 14. Application of the APEx technology to the targeting of membrane protein fusions in E. 

coli. The small signal peptide and anchoring sequence from the lipoprotein NlpA is used to 

attach a protein to the inner leaflet of the cytoplasmic membrane of E. coli. 
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4. Plant cytochromes P450 

4.1. General features of cytochromes P450 

Cytochromes P450 (P450s) are a large family of oxidative hemoproteins (containing a porphyrin 

group with an iron atom) that are found in prokaryotic and eukaryotic organisms. Cytochrome P450 

proteins can be classified in two groups; 1) class I (prokaryotic/mitochondrial) and class II 

(eukaryotic microsomes). Most prokaryotes and mitochondria have 3-component P450 systems 

comprising a FAD-containing flavoprotein (NAD(P)H-dependent reductase), an iron-sulphur protein 

and P450. In contrast eukaryotes microsomes have 2-component P450 systems composed by 

NADPH:P450 reductase (FAD and FMN-containing flavoprotein). P450s were first discovered in 

1955 in rat liver microsomes and are characterized by showing an intense absorption peak at 450 

nm wavelength in the presence of carbon monoxide. In 1987 the first X-ray structure of the 

camphor-metabolizing monooxygenase (P450cam) from the bacterium Pseudomonas putida, 

became a structural and mechanistic paradigm for this protein family until the P450 BM3 structure 

was solved in 1993 (Ravichandran, Boddupalli et al. 1993). To a large extent the knowledge about 

the molecular level structure-function relationships in P450s is based on studies with the P450cam 

system(Poulos 2003). 

Importantly, eukaryotic P450s are typically bound to the ER membrane due to the presence of a 

transmembrane helix in their N-terminus (see Fig. 9).  They are co-translationally inserted leaving 

the globular domain exposed to the cytoplasmic side of the ER (Monier, Van Luc et al. 1988). P450s 

also display a remarkably high hydrophobicity because of the presence of several other long and 

conserved helices further downstream in the peptide sequence (e.g. the so-called H, I, and K helices 

(Fig. 15)). Other P450 specific motifs are indispensable for P450 function; 1) A heme binding 

domain that stabilizes the group characterized by a conserved EXXR motif at the end of the so-

called K-helix. 2) Another conserved WXXXR sequence located in the N-terminal side of the C-

helix and 3) a strictly conserved cysteine heme-coordinating amino acid located close to the C-

terminal end (Sezutsu, Le Goff et al. 2013). Besides the well conserved regions, variable elements of 

the P450 structure determine their function. There are up to six of the so-called substrate recognition 

sites (SRS) that play a major role in substrate interaction, and can be identified by their position with 

respect to the conserved regions (Fig. 15) (Sirim, Widmann et al. 2010).  
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Fig. 15. Structurally conserved regions highlighted in blue over the P450 BM3 crystal structure (A). 

Schematic representation of the different conserved and variable motifs found along P450 structures 

(B). Image adapted from Demet Sirim (Sirim, Widmann et al. 2010). 

 

Variable regions are speculated to be involved in substrate access, exit channels, substrate 

selectivity, specificity and stereospecificity of their substrates. However, it is protein dependent 

which of the SRS are involved in the different mechanisms. For this reason methods alternative to X-

ray crystallography or NMR are greatly needed for elucidating structure-function relationships. 

  

4.2. Catalytic cycle of P450s 

Cytochromes P450 catalyze a wide variety of hydroxylation reactions in primary and secondary 

metabolism. However even nowadays, the exact nature of the active species responsible for the 

oxygen insertion step still remain a major point of debate. The consensus mechanism is summarized 

in figure 16 (Meunier, de Visser et al. 2004). Molecular orbitals in the prosthetic group govern the 

initial steps in the catalytic cycle of P450s, whereas the environment of the active site contribute to 

the formation of the catalytically active enzyme. In the second chapter of the thesis, we explore some 

of the reaction mechanisms of P450s related to their structural elements.   
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