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Populärvetenskaplig sammanfattning 

Biokemi; biologins kemi; livets kemi. att studera biokemi är att undersöka de 
kemiska processer som förekommer i allt levande runt omkring oss. Genom 
att studera biokemi kan vi nå en djupare förståelse om vad som sker i den 
värld vi lever vi. Allt från ett enkelt virus till komplexa mänskliga system 
kan undersökas ur en biokemisk synvinkel. De experimentella metoder som 
används inom biokemin ger olika svar och insikter om biologiska system. De 
nya kunskaperna kan därefter kombineras för att ge en tydligare bild av hur 
livet runt omkring oss fungerar.  
 Röntgenkristallografi är en metod som ofta används inom biokemin för 
att få en detaljerad bild av biologiska molekyler. Metoden ger en möjlighet 
att studera 3D-modeller av till exempel enzymer där varje enskild atom in-
volverad i de kemiska processerna kan iakttas. I kombination med annan 
biokemisk kunskap, till exempel hur snabbt, hur mycket eller tillsammans 
med vilka andra ämnen ett enzym fungerar, kan vi få en detaljerad och om-
fattande förståelse om de biokemiska processerna i vår omvärld. Avhand-
lingen du har i handen beskriver arbeten med proteiner från både människa 
och virus. Den inbegriper 3D-modeller framtagna med röntgenkristallografi 
och funktionsstudier av tre virusproteiner, men också tillvägagångssätt för 
att kunna producera proteiner som sedan kan användas inom olika bioke-
miska analyser.  

Produktion av mänskliga proteiner i bakterie och jäst 
Människan producerar tiotusentals olika sorters proteiner. Vissa av dessa 
proteiner förekommer i cellernas membran, den feta avgränsning som om-
sluter varje cell. Dessa proteiner är ofta involverade i viktiga processer som 
transport av energikällor, kommunikation mellan celler och cellers förmåga 
att hålla fast vid varandra eller deras möjlighet att migrera. Tetraspaniner är 
en grupp proteiner i människans cellmembran. Tetraspaniner, av vilka det 
finns cirka 30 olika varianter i människokroppen, är särskilt viktiga för cell-
cell-kontakter och är ofta iblandade i cellers förmåga att migrera. Inbland-
ningen i cellernas förmåga att hålla fast vid andra celler och att förflytta sig 
gör att denna grupp av proteiner ofta är inblandande i olika former av cancer, 
framför allt vid utvecklingen av metastaser. Ett fåtal av de i människan före-
kommande tetraspaniner är också viktiga för virus och bakteriers kapacitet 
att få fäste i människokroppen vid en infektion. De funktionella aspekterna 
av denna grupp av proteiner gör dem högst relevanta för biokemiska studier.  



 

 

 Resultaten från de två första artiklarna i avhandlingen ger nya möjligheter 
att bedriva vidare studier på en antal mänskliga tetraspaniner. Genom att 
producera proteiner i antingen E. coli-bakterier eller vanlig bagerijäst, istället 
för att få proteinerna från mänskliga vävnader, kan man få fram större 
mängder protein, vilket i sin tur möjliggör för fler biokemiska studier av 
tetraspaniner. Membranproteiner är ofta svåra att arbeta med då dessa hellre 
vill vara i en fettrik miljö, än i en vattenlösning. I de två första artiklarna i 
avhandlingen visar vi dock att vi kan producera åtta olika tetraspaniner i 
antingen bakterier eller jäst. Vi kan också separera dessa proteiner från alla 
andra proteiner som förekommer i cellerna. Detta är en grundförutsättning 
för att senare kunna göra enskilda studier av tetraspaniner.  

Röntgenkristallografistudier av virusproteiner 
Den senare delen av avhandlingen beskriver röntgenkristallografistudier av 
tre proteiner från ett virus som infekterar bland annat E. coli-bakterier. Dessa 
tre proteiner styr utvecklingen av virusinfektionen. Infektionen av bakterien 
kan leda till att nya virus-partiklar produceras, bakterien går sönder och viru-
set sprids vidare. En virusinfektion kan också leda till att virusets DNA sätts 
ihop med bakteriens DNA och förvaras där. När bakterien förökar sig, kom-
mer så också DNA:t från viruset förökas, vilket kan pågå till dess att något 
ändras i omgivningen och virusets DNA klipps ut från bakteriens DNA; nya 
viruspartiklar bildas och cellen spricker.  
 Två specifika virusproteiner är ansvariga för att bestämma om och när 
DNA:t ska sättas in i eller klippas ut ur bakteriens DNA. Ett tredje protein är 
det enzym som utför själva klipp-och-klistrandet av DNA. Genom att kom-
binera 3D-modeller framtagna med röntgenkristallografi med andra metoder 
som mäter aktiviteten av proteiner kan vi presentera vilka delar av dessa tre 
proteiner som är viktiga för deras funktion vid en virusinfektion. Denna kun-
skap kan sedan användas för att förstå mer om mekanismerna i stort, men 
också för att försöka förändra enzymerna, vilka sedan kan användas för vida-
reutveckling av nya biokemiska metoder.  
 
  



 

 

Abstract  

Biochemical studies of proteins are crucial for a more detailed view of the 
world around us. The focus of biochemical studies can vary, from a complex 
mammalian system to a more simple viral entity, but the same methods and 
principles apply. In biochemistry one rely on both in vitro and in vivo anal-
yses to understand biological processes. Protein crystallography has since 
the late 1950s been an additional important tool. By visualizing the struc-
tures of molecules involved in a biological process one can truly compre-
hend the molecular mechanisms of an organism or cell at the chemical level. 
This thesis includes structural biochemical work in combination with muta-
tional and functional studies of proteins from both human and virus.  

Human tetraspanins are integral membrane proteins grouped by their con-
served structural features. Many of them have been shown to regulate cell 
migration, fusion, and signalling in the cell by functioning as organizers of 
multi-molecular membrane complexes. Several tetraspanins are also impli-
cated in different forms of human cancers. How tetraspanins perform their 
function is still not known at the molecular level and today very little struc-
tural data exist on complete tetraspanin proteins. Structural biochemical 
studies require mg quantities of purified protein, something that is not easily 
obtained for membrane proteins. This thesis includes a family-wide ap-
proach to achieve full-length tetraspanins for biochemical studies. To facili-
tate this process a GFP-based optimization scheme for production and puri-
fication of membrane proteins in E. coli and S. cerevisiae has been applied. 
By utilizing this approach, we identified 8 human tetraspanins that can be 
produced and isolated from either E. coli or S. cerevisiae, and in one case 
using either system.  
 The temperate bacteriophage P2 is a virus, which can enter both the 
lytic and the lysogenic cycle upon infection of its host. The outcome of the 
infection is regulated by and dependent on several proteins encoded by the 
viral genome. The immunity repressor P2 and the Cox repressor direct the 
phage into either cycle. Integration and excision of the virus DNA requires 
the enzyme P2 integrase. The work in this thesis presents high-resolution 
crystal structures of these key proteins from the regulation of lysogeny in 
bacteriophage P2. By using a crystallographic approach in combination with 
mutational studies, key characteristics of these three proteins are presented.  
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Introduction 

Biochemistry; Biological chemistry; Chemistry of life. To study biochemis-
try is to study the chemical processes involved in life. This can be done by 
studying everything from small ions to large enzymes and other macromole-
cules, which are all needed for life to exist. Biochemistry often aims to ex-
plain structures, functions and interactions between biological molecules. 
Mechanisms involved in virus replication, plant survival, human diseases, 
antibiotic resistance and much more can all be studied in terms of biochem-
istry. Whether to choose a simple system, or to study a small part of a greater 
system are different approaches, which are often combined in the lookout for 
a greater understanding.  

Structural biochemistry is a small part of all biochemical methods used in 
labs around the world. It provides structural, or 3D, models of biological 
molecules to the field of biochemistry. The structural understanding requires 
the combined experience from other biochemical methods to provide a larger 
view on the system studied.  

For structural studies of proteins one commonly used approach is X-ray 
crystallography, which is also the method of choice in this thesis. X-ray 
crystallography offers a way of viewing proteins at an atomic resolution, 
giving a snapshot of the macromolecule present in the crystals used for 
structure determination. Today, macromolecules from all kingdoms of life 
have been structurally determined. Also, proteins, as well as RNA and DNA, 
of various sizes and isolated from different sources and organelles have been 
used successfully within the field of crystallography. The focus of structural 
studies can therefore vary, from a complex mammalian system to a more 
simple viral entity, but the same methods and principles apply. This thesis is 
focused on two very different systems; firstly a family of human proteins, 
the tetraspanins, and secondly proteins involved in a regulatory system of a 
virus, bacteriophage P2.  
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Tetraspanins  

Tetraspanin proteins are found in eukaryotes, with approximately 30 mem-
bers in mammals (1), 17 in Arabidopsis thaliana (2), 37 in Drosophila mela-
nogaster (3), 20 in Caenorhabditis elegans (4) and 13 in the pathogenic pro-
tozoan Trichomonas vaginalis (5) as examples. In mammals, tetraspanins are 
found in nearly all tissue types. Whereas some tetraspanins are ubiquitous, 
others have more tissue specific expression patterns (6). Among the tissue-
specific ones are the uroplakins, which are only found in the bladder epithe-
lium. Another example of a specialized tetraspanin is the peripherin ROM1, 
which has only been identified in the retina. The peripherin RDS on the oth-
er hand is expressed in both the retina and the nervous system. The tetra-
spanins CD37 and CD53 are found only in haemopoietic cells. Some tetra-
spanins do still not have an assigned function or tissue distribution (6). A 
comprehensive overview of the tissue distribution of tetraspanins has been 
published by Detchokul et al (6).  

The involvement of tetraspanins in fertilization, the immune response, vi-
ral infections, cellular motility and adhesion as well as tumour progression 
and metastasis has been studied in great detail for a small subset of the hu-
man homologs since the discovery of this protein family approximately 30 
years ago. The main structural characteristic features of human tetraspanins 
are described below and summarized in Fig. 1.  

Tetraspanin Structure 
The tetraspanin topology consists of four predicted trans-membrane helices 
(TM1-4), the small extracellular loop (SEL) between TM1 and TM2, the 
large extracellular domain (LED) between TM2 and TM3, small intracellular 
loops and short N- and C-termini, see Fig. 1 (7). The large extracellular do-
main is approximately 80-150 amino acids long and is further characterized 
by a CCG motif and 2-6 additional cysteines, forming at least two stabilizing 
disulphide bridges together with the above-mentioned conserved motif (8). 
The LED is often referred to in two parts, the variable and the conserved 
region. The 13-30 amino acids SEL of tetraspanins has not been extensively 
studied.  
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Figure 1. General tetraspanin topology. The conserved CCG motif and additional 
cysteines in the large extracellular domain (LED) are marked with circles. The vari-
able region of the LED is indicated in red. Conserved residues in the transmembrane 
and intracellular regions are indicated with amino acid one-letter abbreviations in 
circles. Possible cysteine-linked palmitoylations are represented by green zig-zag 
lines. Approximate location of predicted glycosylation sites are presented as green 
lollipops. 

Transmembrane Region 
As the name suggests, tetraspanins span the membrane four times, with both 
the N- and C-termini located on the intracellular side of the plasma mem-
brane. The transmembrane region contains several conserved features identi-
fied using bioinformatics and cryo-EM.  

Uroplakins form a crystalline 2D array on the urothelial surface together 
with the single-spanning proteins UPII and UPIIIa, called urothelial plaques 
(9). These naturally occurring arrays are highly suitable for cryo-EM studies. 
In 2006 a 6 Å resolution cryo-EM structure of the uroplakin particle was 
published (9). The structure revealed a hexagonal shape consisting of six 
subunits built up by rod-shaped particles, corresponding to the uroplakins 
and their partner proteins. The overall shape of the tetraspanin uroplakins 



 

 17 

consists of a cylindrically shaped four-helix bundle capped at the extracellu-
lar side with the disulphide-stabilised variable region of the LED. Trans-
membrane helices 2 and 3 are connected to helix A and E of the LED in an 
almost continuous manner. This experimentally based model agrees well 
with the predicted model of CD81 by Seigneuret et al. published the same 
year (10). 

In the absence of a full-length high resolution structure of a tetraspanin, 
sequence analysis has also been used to identify key structural elements 
found in the transmembrane region of human tetraspanins (7). The first TM 
helix contains a conserved asparagine towards the cytoplasmic end of the 
membrane as well as two well-conserved glycine residues. This helix also 
holds several bulky aromatic side chains, such as phenylalanines and trypto-
phans. Numerous conserved glycines are also found in the second TM. In 
some tetraspanins one or several of these are replaced by an alanine or ser-
ine. Substitutions of any of these glycines in TM1 and TM2 of CD9 diminish 
the intermolecular interactions of tetraspanins. Glycines, as well as other 
small amino acids like alanine, serine and threonine, are often found in 
membrane proteins, allowing for tight packing of transmembrane helices, 
thus providing stability (11). TM2 also harbours cysteines found in close 
proximity to the cytoplasmic side, making them available for palmitoylation. 
The third TM also contains cysteines close to the intracellular side. A highly 
conserved glutamate/glutamine residue is found in TM3 together with con-
served aromatic residues like phenylalanine and tyrosine and a highly con-
served leucine. Out of the four predicted helices the last one is the least con-
served. However, this region also contains cysteines available for pal-
mitoylation and a conserved glutamate/glutamine. Remarkably, as prolines 
are often found in TM regions of alpha-helical membrane proteins (12), no 
prolines are present in TM1-3 of tetraspanins (7).  

Tetraspanin Palmitoylation 
The conserved cysteines found in the proximity of the plasma membrane-
cytosol interface of tetraspanins are often palmitoylated. Tetraspanin CD151 
has six cysteines available for palmitoylation, and all of these have to be 
substituted to completely abolish the addition of fatty acids (13). The pal-
mitoylation sites of CD151 are found in all intracellular loops, as well as 
both the N- and C-termini. The removal of palmitoylation sites does not 
impair the direct interactions between CD151 and its partner protein α6β4 
integrin (14). However, the cysteine deficient variant of CD151 lost the ca-
pability to associate with CD63 and CD81, which in turn impaired their in-
teraction with specific integrins. These findings show the importance of tet-
raspanin lipidation in both formation of the tetraspanin web (described be-
low) as well as interaction with partner proteins (13). Already in the early 
days of tetraspanin research CD9 was reported to be palmitoylated (15).  
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 Charrin et al. studied the importance of tetraspanin palmitoylation for 
tetraspanin/tetraspanin interactions. They thereby confirmed the lipidation of 
CD53, CD63, CD82, CD37, CD9, CD81 and CD151 (16). As in the above 
case of CD151, CD9 was genetically modified to remove cysteines available 
for post-translational modifications showing that this tetraspanin is modified 
at several sites. Surprisingly the removal of palmitoylation sites did not in-
fluence the presence of CD9 in membranes, but its interaction with CD81 
and CD53 was destabilized (16).  

The importance of palmitoylation of tetraspanins is supported by the high 
degree of conservation of the intracellular cysteines according to Stipp et al. 
(8), and confirmed by mutagenesis effects on the properties of tetraspanins. 
In humans all tetraspanins but a few contain 1-7 cysteines, available for pal-
mitoylation, in the cytosolic part of the protein (1). However, human CD81 
was recombinantly expressed in the yeast Pichia pastoris with possible pal-
mitoylation sites removed, and was shown, using antibodies, to still be cor-
rectly folded (17). The decision to remove intracellular cysteines was based 
on “unpublished data” stating that removal of palmitoylation sites does not 
affect the overall conformation (17).  

Large Extracellular Domain 
The 70-140 amino acid LED between TM3 and TM4 is less conserved than 
the TM region of tetraspanins (7,8). Nevertheless, it contains some com-
pletely conserved residues, among which the CCG motif is one of the key 
attributes of tetraspanins. The LED is often divided in two parts, as shown in 
Fig. 1: firstly the structurally conserved core of the LED containing α-helices 
A and B, the CCG motif and α-helix E, and secondly the variable region, 
which consists of a variable number or residues. An additional cysteine 
proximal to TM4 and a PXXC motif are found in the variable region of the 
LED in all tetraspanins. These cysteines are involved in the formation of 
stabilising disulphide bonds. More than half of the known tetraspanins con-
tain even more cysteines in this domain, presumably forming yet another 
disulphide bond (8). The nomenclature of the helices is adopted from work 
by Seigneuret et al. (18) in which a comprehensive tetraspanin sequence-
structure analysis was made. 

The crystal structure of the human CD81 LED (hCD81-LED) was deter-
mined over a decade ago and yielded pronounced insight into tetraspanin 
LEDs in general, and the human CD81 in particular (19,20). The stabilising 
disulphide bridges could be characterised and confirmed. The LED adopts a 
mushroom-like fold, with a stem and head region, consisting of the con-
served and variable regions respectively. 
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Figure 2. Cartoon representation of the human CD81 large extracellular do-
main. The structure is coloured in rainbow, with the N-terminal α-helix in blue, α-
helix B in green and the C-terminal α-helix E in red. α-helices C and D are shown in 
yellow and orange respectively. The two stabilizing disulphide bonds are presented 
as sticks and balls. The picture was based on the crystal structure of the human 
CD81 LED (PDB-code:1G8Q) (19). Assignment of nomenclature for helices ac-
cording to Seigneuret et al (18). 

 
In 2014 an NMR (nuclear magnetic resonance) solution structure of the 

LED of TSP-2 of the parasite Schistosoma mansoni, which causes schisto-
somiasis in humans, was published (21). This structure shows the same 
overall fold as the human CD81 LED, see Fig. 3. However, the variable re-
gion, except the conserved disulphide bonds, exhibits very little structural 
conservation compared to the human tetraspanin, confirming the flexibility 
in structural arrangements in this part of tetraspanin proteins. The variable 
region contains a loop stabilized by a disulphide bond, which holds the cen-
tre of the loop closer towards the core of the LED. The glycine in the CCG 
motif is modelled with backbone conformations only allowed for glycine 
residues in both LED structures, supporting the importance of the flexibility 
of this fully conserved residue.   

The crystal structure of hCD81-LED revealed a hydrophobic surface lo-
cated in the conserved region of the tetraspanin LED and shows the protein 
in a dimeric form, implying a possible dimerization interface (19). The two 
monomers in the crystal structure however point away from each other, 
which makes this particular dimerization impossible in nature if the protein 
resides in the membrane. Another group later showed that when recombi-
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nantly produced, in both bacteria and mammalian cells, hCD81-LED forms 
stable dimers (22). It has also been suggested that this hydrophobic patch 
overlaps with the predicted interaction site between the LED and SEL (22). 
The importance of this interface of hCD81-LED for multimerisation still 
needs further investigation. Interestingly, the LED of TSP-2 from S. mansoni 
presents a positively charged surface in the same region, but also only exists 
as a monomer in solution (21,22).  

 
Figure 3. Comparison of the large extracellular domain of human CD81 and 
TSP-2 from S. mansoni. Structural alignment of the large extracellular domains of 
human CD81 (pdb-code: 1G8Q) (19) and TSP-2 from S. mansoni (pdb-code: 2M7Z) 
(21) performed with the Dali-server (23). Presented in two views for clarity. The 
variable region of CD81 is shown in cyan and the variable region of TSP-2 in violet. 
The structurally conserved regions of the large extracellular domains are shown in 
grey.  

The LED Variable Region  
The variable region of the LED shows the lowest sequence conservation 
between human homologs compared to the other subdomains of tetraspanins. 
This region is of great interest as it could explain the wide range of specifici-
ty of various tetraspanins, and is also suggested to be important for specific 
protein-protein interactions.  

The importance of the variable region was confirmed by specific amino 
acid substitutions in helices C and D of CD81, which altered binding capaci-
ty to the E2 envelope protein of the hepatitis C virus, either abolishing or 
enhancing it (24). The Ser-Phe-Gln sequence in the variable region of CD9 
has been shown to be important for sperm fusion with oocytes (25). A short 
amino acid sequence in the same region of CD151 is crucial for a strong 
interaction with the extracellular domain of specific integrins (26). Point 
mutations in the genes of ROM1 and TSPAN7, causing retinal dystrophies 
and mental retardation respectively, are also mainly found in the variable 
regions (27,28).  
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Glycosylation of Tetraspanins 
Most human tetraspanins have one or more predicted sites available for N-
linked glycosylations in the extracellular domains. CD63 is one of the tetra-
spanins that have been identified as being regulated by glycosylation (29). 
When produced in glycosylation deficient cells CD63 was shown to aggre-
gate in close proximity to the nucleus, indicating that the correct localization 
of CD63 is to some extent mediated by glycosylation. The degree of glyco-
sylation of CD63 has also been linked to the outcome of malignancy of 
breast cancer (29).  
  The peripherins ROM1 and RDS are known to form heterotetramers in 
the retina and show very high sequence similarity with each other. Despite 
high sequence similarity, RDS is the only one of these two that is glycosyl-
ated. The importance of glycosylation in RDS and ROM1 multimers is not 
clear, however. A highly conserved N-linked glycosylation site is located at 
Asp229 in the LED of human RDS. The Ser231Ala substitution in the glyco-
sylation motif yields a non-glycosylated form of RDS, which does not show 
any differences in stability and in vivo function compared to wild-type RDS 
(30).  
 The urothelium is a highly glycosylated tissue, and both tetraspanin uro-
plakins (UP1a and UP1b) found in the urothelial plaques are glycosylated 
(31). Both uroplakins have N-linked glycosylations, rich in mannose-sugars, 
on the LED. However, the sugars attached on the extracelluar part of these 
proteins vary between UP1a and UP1b (32). It has been reported that the 
sugars of UP1a are the receptor for the pathogenic type of E. coli causing 
urinary tract infections (31).   

Tetraspanin Enriched Microdomains 
The membrane-inserted nature of tetraspanins gives them the potential to 
form microdomains together with cholesterol and sphingolipids in the mem-
branes (33). These entities are known as tetraspanin webs or tetraspanin en-
riched microdomains (TEMs). The TEMs are stable enough to be isolated 
from the low-density fraction of sucrose gradients (1). The TEMs organize 
different types of membrane proteins, e.g. growth factor receptors, integrins, 
and immunoglobulins (33, 34). The association with different proteins varies 
between different cells and tetraspanin-tetraspanin interactions are highly 
dependent on cholesterol (35).  

The content of the tetraspanin web is remarkably similar between differ-
ent proteins of this family (36). The major groups of tetraspanin interacting 
partners are: integrins and other adhesion proteins, Ig domain proteins, pep-
tidases and metalloproteases, and intracellular signalling molecules (37). 
There are a few instances of tetraspanin webs consisting of several different 
proteins in stoichiometric amounts. Examples of this are the CD151 interac-
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tion with integrins, the urothelial plaques consisting of UP1A/UP1B, the 
peripherin ROM1/RDS complex in retinas and CD9 and CD81 in complex 
with EW1 and EW2 (36).  

 Both the uroplakins and the peripherins form well-defined multimers 
consisting of only a few specific proteins. The retina-specific peripherins 
ROM1 and RDS form heterotetramers, which are also stable after detergent 
solubilisation (38). The tetramer consists of two ROM1 and two RDS mon-
omers, but homotetramers consisting of RDS only can also be isolated from 
bovine retina (39). The UP1B/UP1A complex in the urothelial plaques con-
tains two additional single-spanning integral membrane proteins. Together 
the four proteins form a 16-nm particle with a hexagonal shape and a central 
cavity filled with lipids (9). 

Tetraspanins are often found in detergent-resistant cholesterol-enriched 
membranes, forming a membrane environment similar to, yet distinct from, 
lipid rafts (1). Cholesterol extraction from tetraspanins-enriched membranes 
is less efficient than from lipid rafts, supporting the differences between 
these two kinds of membrane environments. The occurrence of CD81 in 
detergent-resistant-membranes was also slightly reduced by treatment with 
the cholesterol depleting chemical methyl-β-cyclodextrin (MβCD), further 
implicating cholesterol as an important part of TEMs (40). The pal-
mitoylation of tetraspanins has been shown to play a central role in the inter-
actions between them (8,34), most likely due to an interaction with choles-
terol (41).  

Tetraspanin Function 
Even though tetraspanins are ubiquitous, their function in mammalian cells 
is still sparsely understood. A wide variety of functions and diseases involv-
ing tetraspanins have been reported in the literature. There is evidence of 
tetraspanins involved in cancer development as well as in virus entry and 
egg-sperm fusion. The most well characterised tetraspanins in the aspect of 
involvement in various stages and types of cancers are CD151, CD9, 
TSPAN8 (CO-029), CD37 and CD82. The above-mentioned functions of 
tetraspanins are described in general terms, with a few examples, in the sec-
tions below.   

CD9 and Egg-Sperm Fusion 
One of the few functions of tetraspanins that has been described and studied 
in detail and is not involved in disease is the importance of CD9 in egg-
sperm fusion in mammals. Not only CD9, but also CD81, CD151 and CD63 
are expressed in mammalian oocytes (42).  However, CD9 has been shown 
to be abundant in the plasma membrane of egg cells. The LED of CD9, es-



 

 23 

pecially the variable region, has been suggested to be crucial for the sperm-
egg fusion by more than one group (25,43). Other groups have linked the 
interaction between tetraspanins and integrins as important for egg matura-
tion, but not for sperm-fusion (42). CD9 knock-out mouse models have also 
been shown to have impaired fertility, indicating the direct involvement of 
CD in the fertilization process (42). As CD9 expression can be identified in 
both eggs and sperm the precise function of this particular tetraspanin in 
fertilization still remains ambiguous and requires further studies.  

Tetraspanins and Infections 
Several labs have extensively studied the involvement of CD81 in hepatitis 
C virus (HCV) entry. The surface exposed E2 protein from the HCV enters 
liver cells upon specific interaction with the human tetraspanin CD81 (44). 
The interaction between the E2 protein and CD81 can be blocked using anti-
bodies. Antibodies blocking the E2-CD81 interaction are often used as func-
tional assay for recombinant CD81 or CD81-LED protein samples (17,45). 
The main interactions between the E2 protein and CD81 occur at C- and D-
helices in the variable region of the LED (24).  

The papillomavirus causes malignant tumours, such as cervical cancer, 
upon infection in humans. The infection relies on both viral proteins and 
host-encoded cofactors. In recent year evidence has emerged linking tetra-
spanin enriched microdomains to the virus infection. After initial binding to 
heparin sulphate proteoglycans the virions enter the cell at CD151 and 
CD63-rich TEMs, and are thereafter accumulated in CD63-positive intracel-
lular compartments, where the release of viral DNA occurs (46). The im-
portance of CD151 in this process has been shown by siRNA depletion of 
CD151, reducing the infection of papilloma virus as well as confirming the 
co-localization of virus particles and CD151 by confocal microscopy(46).  

Tetraspanins in Cancer 
Most reports on the functions of tetraspanins include different types of can-
cer. Studies involving tetraspanins often link these to the invasion and me-
tastasis behaviour of cancers in humans or mammalian cancer models, e.g. 
mouse. Most tetraspanins are down-regulated in metastatic tumours. Howev-
er, this is not the case for all tetraspanins. Detchokul et al. summarized the 
regulation of tetraspanins in various cancer types in a comprehensive review 
article (6). Below follow a few short examples of tetraspanins involved in 
cancer. A full description of this aspect is outside the scope of this thesis, 
which is focused on the structural aspects of this protein family. 

CD151 acts as a metastasis promotor by being up-regulated. CD151 was 
first shown to promote metastasis in tumour model systems, but was thereaf-
ter also shown to promote spontaneous metastasis in both breast cancer and 
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prostate cancer models. By knocking out CD151, lung metastases were re-
duced (47). CO-029 is also up-regulated in several types of cancers in ad-
vanced stages (47). For some tetraspanins, the reports on regulation of tetra-
spanins in various cancers are contradictory. CD9 is thought to be a suppres-
sor of metastasis, but does not influence the size and proliferation of tumours 
in a mouse prostate cancer model (47). However, CD9 has also been sug-
gested to promote tumour invasion. For instance, CD9 expression in gastric 
cancer correlates with poor prognosis. This particular tetraspanin has been 
shown to be both up and down-regulated, which illustrates the difficulties 
when studying this protein family.  

Several tetraspanins have been suggested as good cancer-drug targets due 
to their strong correlation with disease prognosis. Among the most common-
ly suggested treatment uses for tetraspanins are antibodies used to block 
angiogenesis, metastasis, growth or survival of cancer cells (47). Develop-
ment of specific antibodies would benefit from a more detailed structural 
view of the tetraspanins, and a deeper knowledge of the differences between 
members of the tetraspanin protein family. Also, purified tetraspanins can be 
utilized in the development of other cancer treatments. Therefore the results 
presented in this thesis (paper I and II) should be of interest to the cancer 
research field.  
 
 
  



 

 25 

Recombinant Membrane Protein Production 
Membrane proteins are involved in many cellular processes such as signal 
transduction, energy conversion, and cellular communication. They account 
for at least 50 % of all drug targets (48). The structural information available 
for membrane proteins is rapidly and constantly growing but still sparse 
compared to the existing structural knowledge of soluble proteins (49).  

Structural studies, as well as many other biochemical methods, require 
milligram-quantities of purified protein, amounts that are not easily obtained 
for membrane proteins. Over the years many initial problems have been 
solved, but several bottlenecks are still present in membrane protein produc-
tion and purification. Lower expression levels compared to soluble proteins, 
production or purification are the most common problems. For extraction of 
integral membrane proteins, i.e., solubilisation, from biological membranes 
the use of detergents or other extraction methods are necessary. During solu-
bilisation the hydrophobic embedded part of the membrane protein becomes 
enwrapped in a layer of the protective agent used. Membrane proteins can be 
extracted from membranes to different degrees depending on the method of 
choice, either the protein is purified with some native lipids still bound to it, 
or the protein is completely stripped of native lipids.  The difficulties in puri-
fication and crystallization of correctly folded membrane proteins, coupled 
to a low natural abundance, are other obstacles that need to be overcome.  

Eukaryotic, particularly mammalian, membrane proteins are in most cases 
exceptionally difficult to isolate from their natural sources due to the diffi-
culty and costs of growth of mammalian/animal cells, but are at the same 
time the most interesting to study from a medical point of view. Despite 
these obstacles, the first high-resolution membrane protein crystal structures 
include several eukaryotic proteins isolated from native source, e.g. ATP 
synthase from yeast mitochondria (50), the calcium pump from sarcoplasmic 
reticulum (51) and the cytochrome c oxidase from bovine heart (52). The 
above-mentioned proteins all have a high natural abundance in specific tis-
sues. The number of proteins with unknown structure that are naturally 
abundant is shrinking, with more membrane protein structures solved.  Isola-
tion and purification of human proteins from their natural sources is also 
associated with both practical and ethical issues. To overcome these compli-
cations one may use a different organism for production of the protein of 
interest.  

The large majority of membrane proteins require over-expression, usually 
in heterologous expression systems. The most widely used host for heterolo-
gous protein production is Escherichia coli. However, production of eukary-
otic integral membrane proteins using a bacterial host may result in no (or 
very little) protein, insoluble aggregates or inclusion bodies (53). Protein 
production in eukaryotes such as the yeasts Pichia pastoris and Saccharo-
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myces cerevisiae or higher organisms such as insect and mammalian cells 
provide a good alternative for proteins that cannot be produced in bacteria.  

There are several major differences between mammalian, yeast and bacte-
rial cells, such as the lipid and sterol composition of the membrane and the 
post-translational modification patterns. Mammalian membranes predomi-
nantly contain cholesterol, whereas yeast contains ergosterol and bacteria 
neither of them. Cholesterol has been shown to influence the function of 
membrane proteins (54), also including tetraspanins, and has successfully 
been used as an additive during the purification of membrane proteins to 
maintain the activity (55). Thus, the presence of sterols in the expression 
host could affect the production of membrane proteins. In some reported 
cases lipids have even been captured in membrane protein crystal structures 
(52,56,57). The lipid composition should therefore also be considered when 
choosing expression system.  

Yeast, as well as other higher organisms, also possesses the ability to per-
form post-translational protein modifications like glycosylation. The differ-
ences in protein production machineries between bacteria, yeast and higher 
eukaryotes may explain some of the discrepancies in heterologous protein 
production between different host organisms. This needs to be taken into 
account when choosing a protein production system for membrane proteins, 
especially proteins known to be post-translationally processed in the native 
host. Even though post–translational modifications are important for the 
protein they bring another layer of difficulties for membrane protein crystal-
lisation. Long, branched sugars of different sizes are not particularly suitable 
for high-ordered crystal packing.  

Tetraspanins isolated from natural sources can give rise to difficulties in 
crystallisation due to heterogeneity, e.g., tetraspanin complexes formed by 
different kinds of tetraspanin proteins or with different glycosylation and 
palmitoylation patterns. Therefore, heterologous expression of members 
from this particular protein family could be of particular interest, but also 
especially difficult due to the importance of the post-translational modifica-
tions in protein function of tetraspanins. The production and isolation of 
tetraspanins both from native sources and recombinantly is discussed further 
below.  

Membrane Protein Production in E. coli 
E. coli is still the most widely used host for recombinant protein production. 
The ease of use and handling when it comes to genetic manipulation, culture 
growth, waste handling, up-scaling possibilities, high-throughput methods 
and membrane protein adapted systems makes E. coli a first choice for many 
labs around the world. Being a very good host for prokaryotic membrane 
protein over-expression, it has however been shown not to be the most effi-
cient in several cases for eukaryotic membrane proteins (53). That said, there 
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are still a number of eukaryotic membrane protein crystal structures pro-
duced using a bacterial expression system (58,59). 

Initially, membrane protein production in E. coli was performed just as 
for soluble proteins, driven by the bacteriophage T7 RNA polymerase under 
the control of a strong inducible promoter. This however has later been 
shown to commonly cause over-loading of the translocation machinery of 
the bacterial host leading to non-successful protein production (60). Eukary-
otic membrane proteins produced in a bacterial host often assemble in inclu-
sion bodies (53). This could yield large amount of produced protein, but 
renaturation (or refolding) of aggregated protein from inclusion bodies is not 
trivial for membrane proteins, which often rely on lipids for the correct fold-
ing to occur. To overcome the over-loading of the protein production ma-
chinery, several E. coli strains optimized for membrane protein production 
have therefore been developed, some of which are described below.  

Some of the eukaryotic type of post-translational modifications of pro-
teins are not available in E. coli. Glycosylation can be crucial for the correct 
folding, targeting or activity of eukaryotic membrane proteins.  E. coli, lack-
ing the glycosylation machinery, is therefore not a good choice in cases 
where these modifications are crucial. On the other hand, a non-glycosylated 
protein sample is more likely to be homogenous and therefore more suitable 
for crystallization.  

E. coli Strains Optimized for Membrane Protein Production 
In 1996 Miroux and Walker presented the so-called Walker strains, 
C41(DE3) and C43(DE3), as derivatives from the commonly used E. coli 
strain BL21(DE3) (61). The Walker strains were selected for their capability 
to produce proteins that are toxic to the host cell when produced in 
BL21(DE3). These E. coli variants were shown to be useful also in the pro-
duction of membrane proteins. The Walker strains have thereafter been 
widely used for successful membrane protein production, and were further 
characterised more than a decade after they were first introduced (60), show-
ing that these strains suffer less from saturation of the translocation machin-
ery during over-expression of membrane proteins. 

The characterization of the Walker strains revealed several point muta-
tions in the lacUV5 promoter controlling T7 RNA polymerase expression. 
These changes reverted the lacUV5 promoter into a weaker promoter (60). 
This caused the slower expression observed in the Walker strains. By damp-
ening the T7 RNA polymerase activity with its inhibitor T7Lys, the effect of 
the Walker mutations could be mimicked. Based on those findings, a new 
Lemo21(DE3) strain was created by placing T7Lys under control of an L-
rhamnose inducible promoter introduced to the original BL21(DE3) strain. 
The Lemo21(DE3) strain was shown to perform equally well or better than 
the previously known strains (60).  
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An additional alternative for membrane protein production in E. coli is 
the pBAD-system (62). In this E. coli based expression system the gene of 
interest is controlled by the tightly regulated arabinose promoter. In the pres-
ence of arabinose transcription is turned on, in the absence of arabinose, the 
transcription is instead very low. If grown in a glucose supplemented media, 
the expression is reduced further. This allows for a tight dose-dependent 
regulation of membrane protein production.  

Membrane Protein Production in S. cerevisiae 
To date, only a handful of eukaryotic membrane protein crystal structures 
have been solved from protein produced in E. coli. The remaining were ac-
complished by recombinant protein production using eukaryotic expression 
systems, e.g. yeast, mammalian cells and insect cells, or purified from native 
source. The yeasts S. cerevisiae and P. pastoris are among the simplest of 
the eukaryotic expression systems available for recombinant protein produc-
tion. To date more integral membrane protein structures from higher organ-
isms have been solved using yeast as expression system than from E. coli 
(63). The yeast P. pastoris has been indicated as a good alternative for over-
production of human membrane proteins to both E. coli and mammalian cell 
lines for some specific proteins (53). However, the yeast S. cerevisiae also 
serves as a good host for recombinant membrane protein production and has 
several advantages over P. pastoris, such as rapid cloning of several genes 
into a 2μ plasmid by homologous recombination for direct expression 
screening, and the availability of large diversity of strains and expression 
vectors.  

In 2005 the expression of rabbit Ca2+ ATPase in S. cerevisiae resulted in 
well diffracting crystals (64), showing that S. cerevisiae can yield recombi-
nant eukaryotic membrane proteins suitable for crystallization. More recent-
ly several more crystal structures using this system have been presented, 
such as the P-type proton-pump from A. thaliana (65), the nitrate transporter 
from A. thaliana (66) and the H+-PPase proton transporter from mungbean 
(67). However, to date, no human integral membrane protein crystal struc-
ture has been solved using S. cerevisiae for protein production.  Therefore P. 
pastoris seems like a better alternative, with human membrane proteins pro-
duced in this yeast strain such as human leukotriene C4 synthase (68), the 
human potassium channel K2P1 (69) and the human aquaporin 5 (70) as 
examples. Whether this is due to the characteristics of this species being 
more suitable for human proteins or purely that more labs use P. pastoris for 
the expression of human membrane proteins is not clear.  
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Protein Incorporation in Yeast Membranes  
The correct targeting of proteins is fundamental for their function and crucial 
for the survival of cells. Eukaryotic cells synthesize the majority of all pro-
teins in the cytoplasmic ribosomes, after or during which the proteins are 
targeted to their final destination.  

Protein targeting follows either of the two main pathways in eukaryotic 
cells, the co- or post-translational translocation pathway. Co-translational 
translocation depends on the signal recognition particle (SRP) and the endo-
plasmic reticulum (ER) membrane associated receptor (SR), which both are 
found in all kingdoms of life. SRP binds to a signal sequence or a transmem-
brane segment when either of these emerges at the exit tunnel of the ribo-
some. The SRP-polypeptide-ribosome complex thereafter targets to the SR 
in the ER. The nascent chain is then transferred to the Sec61 translocon, SRP 
is released and translation continues. SRP is non-essential in S. cerevisiae, 
although the growth rate is severely impaired when SRP is deleted (71). 
Sec61 is the major player in membrane protein insertion into the ER mem-
brane upon translation in eukaryotic cells. It is functionally homologous to 
SecY in bacteria. These translocation machineries are however different 
from each other, as Sec61 sits in the ER membrane, whereas SecY resides in 
the plasma membrane in bacteria.  
 The first quality control of newly synthesized membrane proteins in eu-
karyotic cells occurs in the ER. The transport of proteins from the ER to the 
Golgi apparatus is complex but also common for all membrane proteins 
passing this step. In general the quality control machinery recognizes ex-
posed hydrophobic regions, unpaired cysteine residues and tendencies to 
aggregate (72). Misfolding, in regard to these features, will lead to retention 
in the ER and subsequent degradation (72). As these control steps do not 
require any specific signal sequence they apply to both endogenous and het-
erologously expressed proteins. Taking this into account, production of 
membrane proteins in eukaryotic cells seems more difficult as the newly 
synthesised protein needs to pass a much more complex machinery, com-
pared to bacteria, before reaching its final destination, increasing the number 
of steps that can fail during the production of recombinant membrane pro-
teins. On the other hand, the control machinery also works as a quality con-
trol for heterologously produced proteins, making sure that the protein is 
functional when reaching its target localisation.  

GFP-Fusion Proteins 
Eukaryotic membrane proteins are, as emphasised above, difficult to obtain 
in large quantities. This puts high requirements not only on the expression, 
but also on the purification process. Therefore, identification of well-
expressing gene variants is necessary. Thereafter the purification scheme, 
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including membrane solubilisation, has to be optimized to yield a protein 
sample of good quality. In particular the protein sample should be pure, ho-
mogenous, stable over reasonable time and active. In the search for a highly 
expressed, membrane-inserted, functional variant of a recombinant mem-
brane protein in E. coli or S. cerevisiae one typically has to screen large 
numbers of constructs and conditions. As a way to increase the throughput of 
membrane protein production screening, systems using green fluorescent 
protein (GFP) in either E. coli or S. cerevisiae were developed and became 
commonly used in the beginning of this century (73-75). This approach uti-
lizes the possibility to specifically tag a protein with a signal that is easy to 
detect and is not disturbed by presence of lipids, detergents or other proteins. 
This allows to easily differentiate membrane inserted proteins from those in 
inclusion bodies or no protein expression at all in whole cells or cell lysates 
without the need of purification (73).  

Several labs have successfully employed the GFP-based method. Kawate 
et al screened more than 30 orthologs using fluorescence-detection size ex-
clusion chromatography (FSEC) for evaluating stability and monodispersity 
before finding a suitable P2X receptor for crystallization using GFP (76). To 
achieve well-diffracting crystals of the calcium channel Orai, as many as 50 
orthologs and engineered variants of the channel were tested using GFP as a 
reporter (77). Another example of using GFP-fusion proteins is the crystal 
structure of the AMPA-glutamate receptor (78). For this structure the GFP-
method was employed to find a suitable protein construct, optimal solubilisa-
tion settings, a stabilizing ligand and purification conditions to finally pro-
duce well-diffracting crystals.  

GFP as a Folding Reporter 
The use of GFP-fusion proteins as a method for evaluating the production of 
over-expressed proteins in E. coli was first developed for soluble proteins by 
Waldo et al (79). The authors showed that the folding of GFP in a protein-
GFP fusion protein construct is dependent on and sensitive to the folding 
behaviour of the protein upstream of GFP. Inclusion body formation or ag-
gregation both caused a loss of fluorescence, due to the failure in forming 
the GFP chromophore. This enabled the use of GFP as a folding reporter 
also for over-expressed membrane proteins in E. coli (73). The most com-
monly used GFP-variant in E. coli comprises two amino acid substitutions. 
The first is the red-shifted Ser65Thr substitution, which improves the excita-
tion/emission spectrum of the GFP (80). Second, the Phe64Leu substitution 
enhances the folding properties of GFP, thus enabling growth and protein 
production at 37 °C (81).   
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Figure 4. Cartoon representation of the GFP crystal structure (82) (PDB-code: 
1EMA). The chromophore is presentented as blue sticks in the center of the beta-
barrel. 

 
The variant yEGFP specially designed for yeast is most often used in S. 

cerevisiae. This GFP variant has been codon-optimized for yeast expression 
and also includes two amino acid substitutions, Ser65Gly and Ser72Ala, 
which increase both the fluorescence and solubility of the protein (83). 
However, in yeast and other eukaryotic cells GFP-fusion constructs can be 
used for detection of protein production, but cannot be used as a folding 
reporter in the same simple manner as in E. coli. In eukaryotic cells (like 
yeast) it has been shown that GFP may remain fluorescent even if the fusion 
protein is misfolded and retained in the ER (84), paper II).  Even though the 
GFP-based high-throughput system developed for S. cerevisiae (75,85) may 
not provide the same ease of in-cell quality control, the GFP-fusion protein 
is still useful in analysis and optimization of production, extraction and puri-
fication of membrane proteins produced in yeast (84). 

 The complex protein quality control system in S. cerevisiae allows for 
assessment of over-expressed membrane proteins in yeast. Only proteins that 
pass all quality controls, such as folding, partner proteins and post-
translational modifications, leave the ER, whereas misfolded proteins are 
retained in the ER until they pass the quality controls of the host cell or are 
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sent for degradation elsewhere in the cell (72). Using fluorescence micros-
copy the cellular localization of the GFP-fusion protein is easily detected in 
vivo. Combining this information with activity assays helps to narrow down 
the search for the expression construct or conditions most suitable for further 
studies. Correct subcellular targeting is a good indication of an authentically 
folded protein (75). On the other hand, proteins retained in the ER are not 
necessarily misfolded, but could be non-compliant with the quality-
assessment in the host organism.  

It has also been shown for GPCRs that mild detergents are less efficient in 
extracting misfolded proteins (84). Thus, initial detergent solubilisation 
screening can give an indication of the folding-state of a recombinantly pro-
duced membrane protein as well as being used for the selective solubilisation 
of correctly folded proteins.   

Quality Control using Fluorescence Size Exclusion Chromatography 
The first step in purification of membrane proteins is commonly solubilisa-
tion of whole cells or membranes containing the protein of interest using 
detergents and other amphiphilic agents. By monitoring the fluorescence 
during size exclusion chromatography, one can observe the gel filtration 
profile of the desired protein without the need of additional purification 
steps. This allows to establish a choice of conditions, e.g. detergents, salts, 
additives, that are not only efficient in extracting the protein but also yield a 
stable and homogenous protein sample (86). A homogenous protein prepara-
tion will produce a single symmetrical peak in the SEC chromatogram since 
all protein entities will migrate in the same manner through the column. A 
non-homogenous, partially degraded or unfolded protein sample will give 
multiple or asymmetric peaks on SEC, indicating problems. Kawate and 
Gouaux showed that a monodisperse peak observed on FSEC is a good indi-
cator of protein stability (86). By using the fluorescence, and not the absorb-
ance at 280 nm commonly used in gel filtration of proteins, one can assess 
the quality of the over-expressed protein already after solubilisation, without 
any prior purification step, as all other proteins and contaminants stay “invis-
ible” to fluorescence, see Fig. 5. The fluorescence trace will give infor-
mation only of the fusion-protein investigated even though all other solubil-
ised membrane proteins are present in the sample. Fluorescence detection is 
highly sensitive and in turn enables the use of small amounts of the difficult 
to express membrane proteins. As mentioned above, this method has suc-
cessfully been used by several labs to determine membrane protein crystal 
structures and can be used regardless of expression host (87). 
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Figure 5. Illustration of a fluorescence size exclusion chromatogram. The green 
line represents a fluorescence elution profile of solubilised membranes. The black 
line represents a 280 nm absorbance elution profile of the same sample. 

Tetraspanin Isolation and Production (Paper I & II) 
Biochemical characterisation of proteins impacts the possibility to under-
stand mechanisms involved in protein function. This may aid in solving 
medical problems and development of new drugs, diagnostics or treatments. 
Many of these methods, such as X-ray crystallography, NMR and antibody 
generation, require large amounts of proteins. 

As tetraspanins are medically interesting, both recombinant protein pro-
duction and isolation of protein from native sources are valuable techniques 
in the analyses of this protein family. To date, the most well-studied tetra-
spanin variants are CD151, the uroplakins, the peripherins, CD81, CD63 and 
CD9. However, the structural information of this protein family is still 
sparse, partially due to the lack of good protein purification protocols. As 
described above, the production and purification of membrane proteins, hu-
man proteins in particular, is a difficult task. Nevertheless, there are a few 
successful examples of isolation, production and purification of tetraspanins 
from various mammals from the last decades, described below and summa-
rised in Table 1.   

The uroplakin complex consisting of UPK1B/UPK1A can be purified 
from native source, mouse urothelial plaques, in milligram amounts. It al-
lowed for the determination of a 6 Å resolution cryo-EM structure of the 
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uroplakin complex (9). This is to date the only published experimental full-
length structure of a tetraspanin. The peripherin RDS/ROM1 complex, as 
well as RDS homotetramers, can also be isolated from its native source, the 
rod outer segments from mouse retina, in amounts suitable for further struc-
tural biochemical studies (38). RDS can also be heterologously expressed 
and purified using a mammalian cell line (88). The LED of the RDS protein 
has been cloned as a fusion-protein with an N-terminal maltose binding pro-
tein and produced and purified using E. coli (89).  

Another successfully recombinantly expressed full-length tetraspanin is 
human CD81, which has been produced and purified using P. pastoris (17) 
as well as mammalian cells (90). The extensively studied CD81 has also 
been produced as a LED-glutathione S-transferase (GST) fusion protein in E. 
coli by several different groups (22,43,45,91). Additionally, the hCD81-LED 
has been successfully produced in mammalian cells with a C-terminal His-
tag (22). Human CD81-LED produced as an IgG fusion protein in E. coli 
resulted in the high resolution crystal structure described above (19).  

For some tetraspanins there are assays for activity testing and confirma-
tion of folding state, as well as developed antibodies. The envelope protein 
E2 of the hepatitis C virus can for example be used as a binding partner to 
CD81, monitoring the folding of this particular tetraspanin (19). For most 
other tetraspanins there are no easy or straightforward activity assays, how-
ever. 
  Tetraspanin CD9 was purified from human platelets and partially charac-
terized (92). Human CD151 has been isolated and purified from its native 
source using placentas and immunoaffinity chromatography (93). These two 
tetraspanins are not abundantly expressed in a specific tissue type, as op-
posed to the uroplakins and peripherins, and are therefore only purified in 
very small amounts, that allowed identification of the amino acid sequence 
of CD9 (yes, that’s how it was done in the early 1990’s) and identification of 
binding partners of CD151 but could not be used for detailed structural stud-
ies.  
 All previous attempts to produce or isolate tetraspanins have been on a 
single variant basis. The work in this thesis presents a family-wide approach, 
using the GFP-fusion protein method for production of human tetraspanins 
in both E. coli (paper I) and S. cerevisiae (paper II). A subset, consisting of 
roughly half of the available human members of the tetraspanin protein fami-
ly, were tested for expression in the two hosts. The final result yielded de-
tectable protein production of 5 tetraspanins in yeast and 4 in the bacterial 
host, listed in table 1. These results are described in detail in paper I and 
paper II.   
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Table 1. Summary of tetraspanins isolated from native source or recombinantly 
produced. The table was adapted from Paper II and further expanded with the list of 
large extracellular domains. 

Full-length tetraspanins isolated from native source 
Tetraspanin Origin Source  Ref. 
Uroplakin1a/1b  
complexa 

Mouse Urothelium  (9) 

RDS/ROM1 
complex 

Bovine  Retina  (38) 

RDS Bovine Retina  (38) 
CD9  Human Platelets  (92) 
CD151 Human Placenta  (93) 

Recombinantly produced full-length tetraspanins 
Tetraspanin Origin Exp. System Tag Ref. 
RDS Human MDCK1 His6 (88) 
CD81 Human HEK2932 Rho-1D4 (90) 
  P. pastoris His6 (17) 
Uroplakin 1b Human E. coli GFP-His8 Paper I  
CD151 Human E. coli GFP-His8 Paper I  
TM4SF1* Human E. coli GFP-His8 Paper I  
CD63 Human E. coli GFP-His8 Paper I  
  S. cerevisiae GFP-His8 Paper II 
CO-029 Human S. cerevisiae GFP-His8 Paper II 
TSPAN7 Human S. cerevisiae GFP-His8 Paper II 
TSPAN12 Human S. cerevisiae GFP-His8 Paper II 
TSPAN18 Human S. cerevisiae GFP-His8 Paper II 
Recombinantly produced tetraspanin large extracellular domains 
CD81 Human E. coli IgG b  (20) 
  E. coli GST (22,43,45,91) 
  HEK293T His6 (22) 
RDS Mouse  E. coli MBP (89) 
CD9 Human  E. coli GST  (43) 
 Mouse E. coli GST (43) 
CD63 Human E. coli GST (43,45) 
CD151 Human E. coli GST  (45) 
TSPAN31 Human HEK293T His6 (22) 

1. MDCK: Madin-Darby Canine Kidney Epithelial Cells 
2. HEK293: Human Embryonic Kidney 293 cells 
a. The purification of the uroplakin complex yielded a cryo-EM structure to 6 Å. 
b. The purification of human CD81 LED yielded a crystal structure of this domain.  
*  A tetraspanin superfamily member lacking the CCG motif (94). 
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Bacteriophage P2  

Bacteriophages are viruses infecting and replicating within bacteria. In the 
early 1950s Giuseppe Bertani, the person behind the LB-medium, discovered 
bacteriophage P2 in a lysogenic culture of the enterobacterium Shigella (95). 
Phage P2 was soon thereafter also found to infect E. coli. At that time phage 
λ was the most studied bacteriophage and remains so even today. Although 
similar in many ways, the differences between phage P2 and phage λ are 
many. Thus it is of great interest to study phage P2 to shed light on differ-
ences as well as common features.   

Bacteriophage P2, as all temperate phages, can enter both a lytic and a 
lysogenic life cycle upon infection of its host. The lysogenic life cycle caus-
es integration of the viral genetic material into the host genome, forming a 
prophage. In the prophage the phage DNA resides in the bacterial chromo-
some until excised and used in the lytic life cycle. The outcome of a viral 
infection is regulated by and dependent on several proteins encoded by the 
viral genome. Most bacteriophages enter the lytic life cycle upon infection 
with the purpose of self-replication. The lytic activity of phages commonly 
negatively influences the invaded host, whereas the lysogenic stage may lead 
to incorporation of beneficial features in the host cell. The regulation of viral 
life cycles varies between phages. The P2 phage, as opposed to phage λ, is 
non-inducible by ultra violet light and both the integration and excision pro-
cesses require and are regulated by genes encoded in the viral DNA found in 
the transcriptional switch.  

The icosahedral head of phage P2 contains a 33 500 base pairs linear 
double stranded DNA with cohesive ends (accession number AF063097). 
The genes are divided in three groups: Genes involved in lytic growth, genes 
involved in lysogeny, and nonessential genes. In addition to these groups 
there are also several open reading frames in the P2 genome that may encode 
proteins used by the phage or the host.  
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The Transcriptional Switch of Phage P2 
The regulation of life mode, i.e. lytic or lysogenic, in phage P2 is dependent 
on three proteins: the immunity repressor C (P2 C), the Cox repressor (P2 
Cox) and the P2 integrase (P2 Int). Expression of the C and int genes is con-
trolled by the Pc promoter, whereas cox expression is controlled by the op-
posing promoter Pe. The two promoters Pe and Pc are repressed by P2 C and 
P2 Cox, respectively, see Fig. 6. The Pe and Pc promoters are placed over-
lapping each other on the 110 bp stretch of DNA between the C and cox 
genes (96, 97). Integration and excision of the virus genome requires P2 
integrase, the enzyme responsible for recognition, cleavage and joining of 
the DNA backbone during these processes. P2 Int is located in the Pc oper-
on, and is therefore also regulated by P2 Cox. Additionally, the Cox re-
pressor also controls the integration and excision processes by wrapping of 
the DNA at the attachment sites, described in further detail below and in 
paper IV. P2 C has also been found to be autoregulated, i.e. controlling its 
own Pc promoter, by enhancing RNA polymerase binding at the Pc region 
(96).   

During lysogeny, phage P2 integrates its DNA into the host chromosome 
by site-specific recombination performed by P2 Int. At the same time the 
lytic process is blocked by P2 C repressing the expression of the cox gene.   

 

 
Figure 6. The transcriptional switch of phage P2. The position of the int, C and 
cox genes are presented in blue, magenta and green respectively. The opposing Pe 
and and Pc promoters are indicated as arrows. The crystal structures of each gene 
product placed above the corresponding gene. The figure was taken from Paper III. 

 

  The event of spontaneous phage assembly and release of new phages in a 
persistent lysogen is a matter of regulation of the transcriptional switch of 
phage P2.  The level of the P2 C repressor needs to reach below a threshold, 
at which the transcriptional switch will change. Consequently, Pe will be 
turned on, and Pc will instead be repressed by Cox.  
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Satellite Phage P4 
Unlike some phages, P2 prophages cannot be derepressed by ultraviolet 
light, but it can be derepressed by satellite phage P4. Phage P4 is a defective 
phage dependent on helper phages, e.g. phage P2, for lytic growth. On its 
own phage P4 can either form lysogeny or establish itself as a plasmid (98). 
For lytic growth phage P4 relies on genes from the helper phage for structur-
al elements, packaging of its DNA and lysis of the host cell (99). The small 
P4 genome however contains two operons essential for DNA replication and 
particle formation during lytic growth. These genes are controlled by the 
promoters Psid and Pll. Upon superinfection of a lysogenic P2 prophage, the 
prophage can be derepressed and a switch to lytic growth occurs. The switch 
from lysogenic mode to lytic growth is very efficient (100). Responsible for 
the derepression of phage P2 is the ε gene of P4, coding for the P4 protein E 
(P4 E) (101).  

P2 Integrase (paper III) 
To enter the lysogenic life mode, phage P2 utilizes its integrase together with 
the host-encoded protein IHF for insertion of the phage DNA into the host 
genome. The site-specific recombination performed by P2 Int occurs at the 
identical DNA core sequences attP from the phage and attB from the host, 
generating the phage-host junctions attL and attR, see figure 7. The reverse 
process, excision of the phage chromosome, also requires the phage protein 
P2 Cox, described below.  

 
 

Figure 7. The integration and excision processes of phage P2 in E. coli. For inte-
gration of phage DNA into the host genome, both P2 Int and the host-encoded IHF 
proteins are required. For the reverse process, excision, P2 Cox is also needed. The 
figure was adapted from Paper III. 
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The attP and attB sites  
The site-specific recombination of P2 Int occurs between the attP and attB 
sites of the phage and host genomes, respectively. The 210 bp attP site con-
sists of two integrase arm-binding sites, P and P’, and the core-binding site, 
COC’, see Fig. 8 (102). The arm-sites contain two direct repeats of a P2 Int 
recognition sequence at each site. In contrast, the core, which is approxi-
mately 30 bp and resides in the center of attP, consists of an imperfect in-
verted repeat. Situated within attP is also an IHF binding site, found between 
the P-arm and the core. The Cox binding site, involved in control of exci-
sion, is found between the core and the P’-arm, see Fig. 8.  

 
 

Figure 8. The attP site of phage P2. The P2 Int binding sites are indicated in blue, 
the IHF (pdb-code: 1IHF) binding site in grey and the 6 cox-boxes for binding of P2 
Cox in green. The crystal structures of P2 Int (paper III), P2 Cox (paper IV) and IHF 
(103) are presented above their respective binding site. The figure was adapted from 
Paper III. 

 
Several attB sites have been identified in E. coli, among which one site, at 

locI, is the preferred in some E. coli strains, whereas other strains do not 
discriminate between sites (102). The recombination site attB contains 27 bp 
with a weak palindromic symmetry, called BOB’, which is identical to the 
core region of attP (102). The first 10 nucleotides of attB have been shown 
to have no effect on the recombination process (104). With only a few ex-
ceptions, nucleotides in the attB site may be exchanged and integration still 
occurs if the corresponding substitution is made in the attP core sequence 
(104).   

The Tyrosine Recombinase P2 Integrase 
P2 Int protein belongs to the tyrosine recombinases and uses its C-terminal 
domain for recognition of the core sequences and the catalytic cleavage and 
ligation of the DNA strands. The small N-terminal domain recognises the 
arm-sites located on both sides of the core in attP. For binding to the arm- 
and core-sites simultaneously upon integration P2 Int requires the host en-
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coded accessory protein IHF, which bends the DNA, to bring the two se-
quences into close proximity (105). The binding to the inverted repeats in the 
core-region is stronger than the interaction with the direct repeats in the arm-
sites (106).  The P and P’ arm sites together with the N-terminal domain of 
the integrase control the directionality of the recombination process, i.e. 
either towards the integrative or the excisive reaction, in homologous inte-
grases (107), and most likely also possess this feature in P2.    

The tyrosine recombinases, to which P2 Int belongs, form one of two 
classes of site-specific recombinases, the other being serine recombinases. 
The classification is based on the catalytic amino acid utilized. Examples of 
well-studied tyrosine recombinases are the integrase from phage λ (λ Int), 
the Cre recombinase (Cre) from phage P1, the flippase (Flp) from S. cere-
visiae and the Xer recombinase from E. coli. The serine recombinases work 
in a one-step reaction by breaking all four strands at the same time and then 
re-joining them in a new complex after rotation of one of the halves. This 
group of recombinases will not be further discussed in this thesis.  

The tyrosine recombinases use a 2-step mechanism, with the formation of 
a Holliday junction intermediate. The formation of a phosphotyrosyl is char-
acteristic for this group of proteins, and has given the protein family its 
name. In most cases the recombination process occurs at identical sites 
found in both of the recombined DNA sequences. For λ Int, Cre and Flp 
identity between the sites is necessary for recombination, however this is not 
the case for all tyrosine recombinases (108).  

The crystal structure of the catalytic domain of P2 Int, presented in paper 
III, revealed a homodimer with a strong dimerization character. The inte-
grase is held together in an arm-exchange manner. An additionally available 
dimer interface in the symmetry plane of the P2 Int dimer offers no direct 
protein-protein interaction, but is to large extent hydrated and allows for 
substantial movement within the multimer. In paper III, the importance of 
this movement for the function of the entire intasome during the recombina-
tion process is discussed together with functional analysis of several previ-
ously known variants of P2 Int.    

The P2 Cox Repressor (Paper IV) 
The Cox (control of excision) protein of phage P2 is involved in three major 
events: (i) excision of the phage DNA from the prophage genome (109); (ii) 
transcriptional repression of the P2 Pc promoter, i.e. controlling the expres-
sion of the C and int genes (110); (iii) transcriptional activation of the late 
Pll promoter of the satellite phage P4 (111). The actions of these control 
mechanisms are contradictory in some manners. The protein functions as 
both a transcriptional repressor and a transcriptional activator. The fact that 
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P2 Cox is a small protein of only 91 amino acids performing such diverse 
tasks makes it an interesting target to study.  

Early studies of P2 Cox indicated that cox-deficient phages were incapa-
ble of spontaneous phage release and showed a higher frequency of lysogeny 
compared to wild-type strains (112). This indicated that the protein dere-
presses lysogeny and is required for excision of the phage DNA from the 
host genome. P2 Cox, in addition to P2 Int and IHF, is indeed needed for 
attL and attR recombination in vitro (109) during the excision event. For the 
excisive recombination to occur supercoiling of either site is required.   

Cox Boxes 
Comparison of the P2 Cox binding sites at the P2 Pc promoter, the P4 Pll 
promoter and the attP site give the consensus sequence TTAAANNCA (109, 
111, 113, 114). These binding sites are named cox-boxes. DNase I footprint-
ing studying DNA regions protected from nuclease activity in the presence 
of P2 Cox revealed large shielded areas. At the Pe-Pc region, as well as attP, 
70 bp were protected, and at the P4 Pll promoter 90 bp were protected from 
nuclease activity. Under these conditions it was also possible for P2 Cox 
binding to extend outside the attP region (109). The cox-boxes are repeated 
several times at the binding sites, see Fig. 9. Both the number of cox-boxes 
and the directionality of the binding sequences vary between the different 
target DNAs. Additionally, the directionality of cox-boxes also varies within 
one DNA target.  

At attP, 6 cox-boxes are found in two sets of 3 direct repeats in the oppo-
site direction, see Fig. 9 (109). The P2 Cox binding site at the P4 Pll promot-
er is placed upstream of the -10 and -35 region, something commonly seen 
for transcriptional activators in E. coli. The 8 cox-boxes in the Pll promoter 
are positioned in both directions. The Pc promoter includes 6 cox-boxes that 
are also organized in different directions. The implications on the functional-
ity of the directions of the cox-boxes are described in paper IV. 

 
Figure 9. P2 Cox binding sites. The cox boxes at the Pc promoter and the attP site 
of phage P2 and at the Pll promoter of phage P4. Cox boxes are indicated by light 
green and the directionality of the sequence with an arrow. The transcriptional start 
of Pc is indicated by an arrow and the -10 and -35 region underlined. The consensus 
sequence of the 20 cox boxes is also presented (113).  
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The binding of P2 Cox to DNA causes an extreme bend in the DNA. 
However, this bend in the DNA does not occur when less than 3 cox-boxes 
are present. Upon P2 Cox binding to 6 cox-boxes the DNA bend has been 
estimated to 125° (114). The cox-boxes are rich in adenine and thymine base 
pairs, enabling the large distortion of the DNA helix upon Cox binding. In 
vitro studies showed that at least 5 cox-boxes are needed for the restructur-
ing of DNA to occur, however, they need not be in any specific arrangement 
(114). As seen in Fig. 9, the cox-boxes are arranged with different direction-
ality in different orders in the three separate cox-binding sites. The structure 
of P2 Cox, presented in paper III, revealed a crystal packing arranging the P2 
Cox in a continuous helical oligomeric state. As discussed in paper III, P2 
Cox uses this helical packing to presumably wrap the DNA around itself for 
repression, activation or regulation of its targets. 

The P2 Immunity Repressor C (Paper V) 
Early studies showed gene C to be essential for formation and preservation 
of prophages of phage P2 (115). It is thereby also responsible for the immun-
ity against superinfections, which are common among lysogenic strains. The 
P2 C repressor regulates the expression of the cox-gene and to this date no 
anti-repressor has been identified in phage P2. 

A majority of prokaryotic repressors recognizes palindromic repeats of 
DNA. P2 C on the other hand recognizes direct repeats of DNA in the Pe 
promoter, see Fig. 10. The Pe promoter region was identified as containing 
two direct repeats, named halfsites O1 and O2. Both halfsites contain the 
sequence GTTTAGAT. This sequence is repeated once more in this region, 
which could represent a third binding site for P2 C (116). P2 C has been 
shown to bind cooperatively to the direct repeats of the Pe promoter region 
and needs both halfsites for repressor activity. Modifications to O1 demol-
ished the DNA binding capacity of P2 C in vitro (117). The recognition se-
quences O1 and O2 are separated by 22 bp, center-to-center, which corre-
sponds to 2 helical turns of the DNA strand. As with P2 Cox, P2 C also has a 
strong tendency to bend DNA, as much as 90° with the bending center locat-
ed between O1 and O2 (117).  

 
Figure 10. DNA sequence of the Pe operator and the P2 C binding sites O1 and 
O2. The transcriptional start is indicated by an arrow and the -10 and -35 regions of 
the Pe promoter underlined. The figure was adapted from Paper V. 
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A 2-fold symmetric repressor binding a palindromic DNA sequence may 
interact with both the halfsites of the palindromic sequence in the same 
manner. This is due to the 2-fold symmetry found in a palindromic DNA 
sequence of a double stranded helix. Already the first paper describing the 
characteristics of P2 C suggested that the repressor must form a dimer upon 
specific binding to DNA and that this is its most stable form (118). The di-
merization character of P2 C was indeed confirmed by the P2 C crystal 
structure. The crystal structure of P2 C presented in paper V revealed a 
symmetric dimer for the repressor. How this dimer interacts with the direct 
repeats of DNA in the Pe promoter region is described and discussed in fur-
ther detail in paper V.  

The E protein of satellite phage P4 has been identified as crucial for dere-
pression of a P2 prophage (100). A P2 mutant, P2 sos (support of satellite 
phage), was identified as not being derepressed by phage P4 upon superin-
fection (119). A study of peptide epitopes binding to P4 E in vitro revealed a 
possible interaction site on P2 C at amino acid position Thr62-Phe65 (120). 
This suggested that the binding site of P2 C is in close proximity to the posi-
tion of the Thr67Ile substitution in the P2 C sos mutant (121). The crystal 
structure of P2 C presented in this work revealed more insight to this matter, 
see paper V.  
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