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Abstract 

The genomes of diverse organisms are predicted to contain 20 – 30% mem-
brane protein encoding genes and more than half of all therapeutics target 
membrane proteins. However, only 2% of crystal structures deposited in the 
protein data bank represent integral membrane proteins. This reflects the 
difficulties in studying them using standard biochemical and crystallograph-
ic methods. The first problem frequently encountered when investigating 
membrane proteins is their low natural abundance, which is insufficient for 
biochemical and structural studies. The aim of my thesis was to provide a 
simple method to improve the production of recombinant proteins.  
One of the most commonly used methods to increase protein yields is codon 
optimization of the entire coding sequence. However, our data show that 
subtle synonymous codon substitutions in the 5’ region can be more effi-
cient. This is consistent with the view that protein yields under normal con-
ditions are more dependent on translation initiation than elongation. mRNA 
secondary structures around the 5’ region are in large part responsible for 
this effect although rare codons, as well as other factors, also contribute. We 
developed a PCR based method to optimize the 5’ region for increased pro-
tein production in Escherichia coli. 
For those proteins produced in sufficient quantities several additional hur-
dles remain before high quality crystals can be obtained. A second aim of 
my thesis work was to provide a simple method for topology mapping mem-
brane proteins. A topology map provides information about the orientation 
of transmembrane regions and the location of protein domains in relation to 
the membrane, which can give information on structure-function relation-
ships. To this end we explored the split-GFP system in which GFP is split 
between the 10th and 11th β-strands. This results in one large and one small 
fragment, both of which are non-fluorescent but can re-anneal and regain 
fluorescence if localized to the same cellular compartment. Fusing the 11th 
β-strand to the termini of a protein of interest and expressing it, followed by 
expression of the detector fragment in the cytosol, allows determination of 
the topology of inner membrane proteins. Using this strategy the topology of 
three model proteins was correctly determined. We believe that this system 
could be used to predict the topology of a large number of additional pro-
teins, especially single-spanning inner membrane proteins in E. coli. 
The methods for efficient protein production and topology mapping engi-
neered during my thesis work are simple and cost-efficient and may be very 
valuable in future studies of membrane proteins. 
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Introduction 

Proteins constitute the bulk dry mass of most cells and are responsible for 
the majority of cellular functions. Accordingly, they are a very important 
part of biochemical research. Furthermore, protein production is a huge in-
dustry, of importance for several aspects of our everyday lives. Such proteins 
are used in the pharmaceutical, food and agricultural industries as well as in 
the production of detergents, textiles, leather, paper and more. All these ac-
tivities are dependent on the successful overproduction of recombinant pro-
teins, usually in a host organism. Unfortunately, the production of proteins, 
especially membrane proteins, is not as simple and straightforward as one 
would wish. One of the aims of my thesis is to provide a simple method for 
the overproduction of membrane proteins. Further, although a protein may 
be successfully produced, in many instances a crystal structure can’t be ob-
tained. In such cases a topology map could be an alternative that could be 
used to guide structure-function studies. My thesis therefore also aims to 
provide a simple method to determine the topology of membrane proteins. 
I will begin by giving an overview of the two most important tools during 
my graduate studies, namely the bacterium Escherichia coli and green fluo-
rescent protein, GFP. Thereafter, I will address topics related to protein syn-
thesis followed by membrane protein production in E. coli. Finally, I will 
discuss methods to determine the topology of membrane proteins. 
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Escherichia coli 

E. coli was first described and isolated as a laboratory strain in 1885 by The-
odor Escherich, a bacteriologist interested in the bacterial flora of the human 
gut1. It is a Gram-negative bacterium that can grow both aerobically and 
anaerobically and which has two major habitats. The lower intestine of 
warm-blooded animals is its primary habitat, the secondary being water, 
sediment, and soil. A normal human has about 106 E. coli cells per gram in 
the content of the lower intestine2. 
E. coli is a rod-shaped, motile bacterium, about 2 µm in length and 1 µm in 
diameter3. The cell envelope of E. coli and other Gram-negative bacteria 
consists of an inner membrane, an outer membrane and a peptidoglycan lay-
er in-between [Figure 1].  
 

 

Figure 1: The E. coli cell envelope. The outer membrane consists mainly of lipo-
polysaccharide (LPS) in the outer leaflet and phospholipids in the inner leaflet. 
The inner membrane consists mainly of phospholipids. Proteins of the outer 
membrane predominantly form β-barrels. Inner membrane proteins mainly con-
sist of α-helical membrane spanning regions. Lipoproteins are anchored to both 
membranes10. Reprinted with permission. 
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Together, the membranes and peptidoglycan layer provide mechanical 
strength and allow regulated influx and efflux of solutes. The inner mem-
brane encloses the cytoplasm where protein synthesis occurs. The space 
enclosed by both membranes is called the periplasm. Whereas the inner 
membrane faces both the cytoplasm and periplasm, the outer membrane has 
one face to the outside of the cell. These differences are reflected in the 
composition of the membranes. 
The outer membrane is asymmetric, as it consists mainly of lipopolysaccha-
rides (LPS) in the outer leaflet and phospholipids in the inner leaflet. Alt-
hough both the inner and outer membrane contain phospholipids, the outer 
membrane has a slightly higher content of phosphatidylethanolamine (PE), 
which in turn has a higher content of saturated fatty acyl chains than the PE 
of the inner membrane4. Proteins of the outer membrane predominantly form 
β-barrels and serve as substrate specific channels or to allow non-specific 
diffusion of solutes5. In addition, lipoproteins, which are membrane proteins 
with a lipid moiety, can be anchored both to the inner and outer leaflet of the 
outer membrane6. 
The inner membrane consists of 70-80% PE, 20% phosphatidylglycerol (PG) 
and less than 5% cardiolipin7. The integration and translocation of a protein 
is influenced by charged and hydrophobic sequences in the protein8. Conse-
quently, the charge and lipid composition of the membrane also affect pro-
tein targeting and insertion9. Inner membrane proteins consist predominantly 
of α-helical membrane-spanning regions although kinked, highly curved, and 
re-entrant helices, which do not traverse the membrane, also exist10.  
The peptidoglycan layer consists of alternating, β-1,4-linked N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) subunits 
that form long polymers.  The polymers are cross-linked by oligosaccharides 
and function as a cytoskeleton, protecting the cell from lysis due to osmotic 
pressure11. 
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Green fluorescent protein 

 

 
Green fluorescent protein (GFP) [Figure 2]12 is one of the most exploited 
molecules in the biochemical toolkit and was an important part of my stud-
ies. GFP was first discovered as a protein that shifts the blue chemilumines-
cence of the protein aequorin to the green bioluminescence of living tissues 

Figure 2: Structure of GFP. (A) Side view, (B) top view. (C, D) 
The Ser65-Tyr66-Gly67 triad, which forms the chromophore. 
Some nearby residues are also shown12. Reprinted with permis-
sion. 
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in the jellyfish Aequorea victoria13,14. Although the benefit of this shift in 
emission is unclear GFP has become one of the most important tools for 
studies of protein expression and targeting in intact cells. Major landmarks 
in the evolution of GFP towards a biochemical tool was the successful clon-
ing of the gene from Aequorea15 and the subsequent demonstration of GFP 
expression and fluorescence in prokaryotic and eukaryotic cells16. 
Wild type Aequorea GFP is an 11-stranded β-barrel, which is remarkably 
stable and resistant to heat, chemical denaturants and proteolysis. It is a 238 
amino acid polypeptide with a single coaxial helix threaded through the cen-
ter of the barrel. The helix contains a Ser65-Tyr66-Gly67 triad, which is 
spontaneously cyclized, dehydrated and oxidized to form the chromophore17. 
The usefulness of GFP stems from its ability to fold correctly and fluoresce 
in almost any cell type without the aid of any enzymes or cofactors except 
oxygen. Furthermore, GFP has proven to be a versatile tool that can be ma-
nipulated for various purposes.  
Once cloned, the mutagenesis and evolution of GFP could begin. The first 
striking variant was one in which the Tyr66 was mutated to a histidine, re-
sulting in a blue fluorescent protein, BFP. A second variant with excitation 
and emission spectra in-between BFP and GFP, CFP (cyan), was identified 
simultaneously, although it was only weakly fluorescent18. Shortly after, a 
yellow fluorescent protein (YFP) was generated19. 
Wild type GFP suffers from some drawbacks such as weak fluorescence, 
slow maturation, low photostability and dual excitation peaks20,21. Remarka-
bly, using similar mutagenesis strategies as those used to colour shift GFP, it 
was possible to improve several other properties. These efforts lead to vari-
ants such as EGFP (enhanced) and T-Sapphire, with improved brightness, 
faster maturation, single excitation peaks and/or improved photostability22,23. 
Similar improvements were made to BFP24, CFP25 and YFP26.  
Despite efforts to evolve GFP toward orange and red emission, no such vari-
ants have been developed and the limit of the emission wavelength of the 
GFP molecule seems to be in the yellow part of the spectrum19. To address 
this issue researchers turned to the color diversity of coral reefs. A red shift-
ed fluorescent protein from the sea anemone Discosoma striata was identi-
fied, originally named drFP583 but now known as DsRed. Like GFP and its 
derivatives, DsRed suffered from problems such as relatively weak fluores-
cence and slow maturation27. Once again, mutagenesis strategies were suc-
cessfully employed and improved variants such as DsRed-Expresss2 and E2-
Crimson were developed28. Further directed evolution of DsRed and other 
Anthozoa-derived proteins led to the generation and improvement of addi-
tional fluorescent proteins exhibiting emission spectra from yellow to red29,30 
and there now exists fluorescent proteins covering virtually the whole visible 
color spectrum [Figure 3]31. 
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One noticeable downside of wild type GFP is that it does not fold efficiently 
in E. coli32. Although some of the improved GFP variants fold efficiently 
they are sensitive to the aggregation and misfolding of a fusion partner, 
which can be a disadvantage. To circumvent this problem, libraries of GFP 
variants fused to poorly folding polypeptides were created and screened for 
bright clones. One brightly fluorescent clone was identified and subsequent-
ly named superfolder GFP33. Superfolder GFP is insensitive to the solubility 
of the fusion partner and will fluoresce even if the fusion partner misfolds. 
Its fluorescence is directly proportional to the expression level of the fusion 
partner making it well suited as a reporter of protein expression. 
In a fashion similar to that of soluble proteins, GFP is also utilized to quanti-
fy the functional yields of membrane proteins. When fused to a membrane 
protein, GFP will fold and fluoresce as long as the membrane protein is in-
serted into the membrane. If the membrane protein instead aggregates, the 
whole fusion protein will aggregate into a non-fluorescent inclusion body34. 
Whereas the aggregated species are SDS-sensitive, the membrane-inserted 
proteins are partially insensitive to SDS. Each species can therefore be quan-
tified by separation on SDS-PAGE and immunoblotting35. 
Another striking step in the development of the GFP toolkit was the discov-
ery that GFP can be split into two parts, which can be independently ex-
pressed but with loss of fluorescence. However, when the two parts are ex-
pressed in close proximity, they can reassemble into a fluorescent 
tein36,37,38,39. This method, called bimolecular fluorescence complementation 
(BiFC), is frequently used to study protein-protein interactions and protein 
localization in cells [Figure 4].  
 
 
 
 
 

Figure 3: The color palette of fluorescent proteins31. Reprinted with permis-
sion.  
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Although GFP was originally split between residues 157 and 158 yielding 
two fragments approximately equal in size, several versions of split GFP 
have now been engineered. In one useful version of split-GFP, the 11:th β-
strand is separated from β-strands 1-10 leaving one small fragment and one 
large fragment. The small fragment can be fused to a protein without affect-
ing its solubility and it complements efficiently with the large fragment40. 
Recently, a three-split system was also developed in which GFP was split 
between the ninth and tenth β-strands as well as the tenth and eleventh β-
strand41.  
Finally, circular permutations of GFP have been created in which each of the 
11 β-strands were removed. Some of the β-strands support complementation 
with the truncated circular permutant42 and can even be mutated to alter the 
properties of the reconstituted molecule43. 

Figure 4: Principle of bimolecular fluorescence complementation. Protein X 
is fused to the N-terminal fragment of a fluorescent protein (FP) and Protein 
Y is fused to the C-terminal fragment. If protein X and protein Y interact, the 
two FP fragments are brought into close proximity and are able to reassem-
ble into a fluorescent molecule38. Reprinted with permission.  
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Protein synthesis in E. coli 

The bacterial ribosome 
Protein synthesis in the cell is carried out by ribosomes and an understanding 
of their structure is important. The E. coli ribosome is a 70S particle consist-
ing of roughly two-thirds ribosomal RNA (rRNA) and one-third protein. It is 
composed of a 50S (23S rRNA, 5S rRNA and about 30 proteins) and a 30S 
(16S rRNA and 21 proteins) subunit [Figure 5]. The ribosomes of other pro-
karyotes are similar in composition44,45.  

 
The ribosome contains three binding sites for transfer RNAs (tRNAs), the 
adaptor molecules that carry the aminoacyl moieties that are incorporated 
into the growing peptide chain. The aminoacyl (A) site binds the incoming 
aminoacyl-tRNA, the peptidyl (P) site holds the peptidyl-tRNA attached to 
the nascent polypeptide chain, and the exit (E) site is the site from which the 
deacylated tRNAs are ejected. In the 50S subunit, the P and A sites form the 

Figure 5: The bacterial ribosome. Left and right figures show the ribosome in 
a post-termination state and an intermediate state of recycling, respectively. 
The 30S rRNA (light blue) and proteins (dark blue), 50S rRNA (gray) and 
proteins (purple) as well as bound tRNA (orange), mRNA (dark red), and 
ribosome recycling factor (RRF) (green) are shown45. Reprinted with permis-
sion. 
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peptidyl-transferase center (PTC). Proteins are synthesized from the N- to C- 
terminus and are suggested to emerge from the ribosome exit tunnel in a 
vectorial manner. The exit tunnel is a tube-like channel, 80-100 Å in length, 
and 10 and 20 Å at its narrowest and widest sections, respectively. It can 
accommodate a stretch of 30-40 amino acids and seems to contain specific 
“folding zones” in which α-helices and β-hairpins can form46. 

Protein translation 
Bacterial translation takes place in three main stages, initiation, elongation 
and termination/recycling. 
Initiation: Translation is initiated by binding of the initiation factors IF1 and 
IF3 to the 30S subunit. These factors are required for the precise positioning 
of the start codon in the P site and for preventing premature association of 
the 30S and 50S subunits. The 30S subunit binds to the mRNA in the vicini-
ty of the AUG start codon. The ribosome is guided to the start codon by a 
four to nine nucleotide purine rich sequence 8 to 13 base pairs upstream of 
the start codon. This sequence, called the Shine-Dalgarno (SD) sequence, 
base pairs with a pyrimidine rich sequence by the 3’ end of the 16S RNA of 
the 30S subunit. A GTP-bound initiator factor, IF2, joins the 30S initiation 
complex (30S-IC) and the anticodon of a special initiator tRNA, fMet-
tRNAfMet, binds to the start codon in the P site. IF2 hydrolyses its bound 
GTP, which promotes joining of the 50S subunit and places the fMet-
tRNAfMet in the P-site. The 70S-IC thus formed releases the initiator factors 
and is ready for elongation47,48,49. 
Elongation: At the beginning of elongation, the A site of the ribosome is 
empty and the fMet-tRNAfMet is bound to the P site. In contrast, all other 
incoming aminoacyl-tRNAs bind to the A site first. The incoming amino-
acyl-tRNAs are bound to GTP and the elongation factor EF-Tu. Upon hy-
drolysis of GTP, GDP and EF-Tu are released and the N-formylmethionyl 
group is transferred from its tRNA in the P site to the α-amino group of the 
amino acid in the A site. The reaction is catalyzed by the 23S rRNA, the 
peptidyl transferase, producing a dipeptidyl-tRNA in the A site and a 
deacetylated tRNA in the P site. At this stage, the tRNAs shift in respect to 
the 50S subunit so that the deacetylated tRNA spans the P and E site and the 
dipeptidyl-tRNA spans the A and P site. Catalyzed by EF-G, movement of 
the tRNAs and mRNA in respect to the 30S subunit places the deacetylated 
tRNA and the dipeptidyl-tRNA in the E and P sites, respectively. This re-
quires energy provided by GTP hydrolysis. The next aminoacyl-tRNA can 
now bind to the A site for another round of elongation47,48,49.  
Termination: Translation termination occurs when a stop codon is encoun-
tered and recognized by a release factor (RF), which releases the nascent 
chain from the ribosome. Two classes of RFs exist in bacteria. Class I RFs 
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recognize UAA/UAG stop codons whereas class II RFs recognize 
UAA/UGA stop codons. These RFs are in turn released from the ribosome 
by a third release factor RF-3, which requires GTP hydrolysis. Finally, the 
ribosome needs to be recycled. First, the 50S is dissociated from the 30S, 
mRNA and deacetylated tRNA complex by the ribosome releasing factor 
RRF and EF-G at the expense of another GTP. Second, IF-3 replaces RRF 
and EF-G and promotes the dissociation of mRNA and tRNA from the 30S 
subunit47,48,49 [Figure 6].  
Even though our knowledge of protein synthesis is detailed, attempts to hi-
jack the bacterial protein synthesis machinery for heterologous gene expres-
sion are often unsuccessful, reflecting gaps in our knowledge of the regula-
tion of translation.  

Figure 6: Overview of the three main stages of protein synthesis in E. coli; initia-
tion, elongation and termination47. Details are explained in the text. Reprinted 
with permission. 
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Ribosome assisted protein folding 
Following synthesis on the ribosome, the nascent chain needs to fold into its 
correct conformation. Co-translational folding is an area of increasing inter-
est and several recent studies have demonstrated the influence of the ribo-
some on nascent chain folding. At the end of the ribosome exit tunnel is a 
vestibule in which larger tertiary structures could fit.  Indeed, by using ac-
cessibility and intramolecular crosslinking assays as well as cryo-electron 
microscopy, such structures have been visualized50,51, indicating that the 
nascent chain can partially fold within the tunnel although without partici-
pating in the long-range interactions of larger domains. Furthermore, the 
phosphodiester backbone of the rRNA gives the ribosomal surface a highly 
negative surface charge. As the nascent chain emerges from the ribosome, 
electrostatic interactions with the surface constrain the local motions of 
compact domains as well as act as a denaturing agent on the nearby nascent 
chain by keeping it in a highly flexible state52. The ribosome therefore par-
ticipates in folding of the nascent chain in several ways. 

Chaperones and other biogenesis factors 
During biosynthesis, multiple nascent chain interacting factors are recruited 
to assist in further folding and trafficking or to contribute to post-
translational modifications. The ribosome serves as a docking site for several 
of these factors. One of the first engaged is trigger factor (TF), which inter-
acts with nascent chains of mainly soluble proteins although with some se-
creted proteins as well. TF acts in succession to the denaturing action exerted 
by the negative charge of the ribosomal surface53.  By binding to hydropho-
bic regions of the emerging peptide and shielding them from the solvent TF 
prevents premature folding and aggregation of the nascent chain. In addition, 
TF may promote refolding of denatured substrates54.  
Small proteins may fold without the assistance of additional chaperones 
whereas large proteins are transferred to the DnaK or GroEL chaperoning 
systems. DnaK, and its co-chaperone DnaJ, assist co- and post-translational 
folding by an ATP-dependent mechanism after which the substrate is re-
leased for spontaneous folding or transferred to downstream chaperones such 
as GroEL for further folding55 [Figure 7].  
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GroEL is a double-ring complex that together with its co-chaperone GroES 
forms a cylindrical encapsulated protein-folding chamber. The opening of 
the chamber is lined with hydrophobic amino acids to which molten-globule 
like substrates bind.  ATP binding to GroEL leads to recruitment of the lid-
like GroES. This triggers dramatic conformational changes creating a hydro-
philic chamber with a net negative charge. The substrate is simultaneously 
displaced into the chamber. Folding of the enclosed protein may then be 
facilitated by ATP dependent cycles of successive binding and release that 
unfold kinetically trapped intermediates, active folding by ATP-dependent 
movement of the GroEL apical domains and/or steric confinement of folding 
intermediates55,56. Substrate release occurs when ATP binds to the opposite 
ring of the complex and GroES dissociates.  

Figure 7: Biogenesis factors involved in protein 
folding. Proteins exiting the ribosome exit tunnel 
initially interact with trigger factor, after which 
they fold spontaneously or are transferred to 
downstream chaperones such as DnaK/DnaJ and 
GroEL/ES for further assisted folding54. Reprint-
ed with permission. 
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Trafficking of inner membrane and secreted proteins 
Membrane proteins and periplasmic or secretory proteins follow a different 
path than cytoplasmic proteins [Figure 8]. TF preferentially associates with 
the ribosome as the nascent chain reaches about 100 residues. This leaves 
time for other ribosome-binding factors, such as the signal recognition parti-
cle (SRP), to interact with the nascent chain55. 
The E. coli SRP is composed of 4.5S RNA and a protein called the Fifty-
four homologue (Ffh) and carries out co-translational targeting of inner 
membrane proteins. It recognizes a hydrophobic signal sequence in the 
emerging peptide, usually the first transmembrane region (TM) although 
cases exist where the signal sequence is a distant, non-TM region58,59,60. The 
SRP targets the ribosome-nascent-chain complex (RNC) to the membrane 
where it binds to its receptor, called FtsY in bacteria. Dissociation and recy-
cling of the SRP/FtsY complex requires hydrolysis of bound GTP. Next, the 
RNC binds to the Sec-translocon such that the nascent membrane protein can 
move directly into the membrane channel of the translocon. The Sec-
translocon is composed of the three subunits, SecY, E and G. SecY consists 
of 10 TMs and forms an hourglass-shaped channel that is sealed by a hydro-
phobic constriction in the center of the channel and a small α-helical plug. 
During translocation, the translocating peptide itself also may act as a seal 
for the channel. SecE consists of 3 TMs, SecG of 2 TMs, and they both flank 
SecY. TM1-5 and TM 6-10 divides SecY in two halves with a hinge be-
tween TM 5 and 6. During membrane protein integration, a lateral gate 
opens between TM 2 and 7 allowing TM regions to partition into the mem-
brane bilayer. During translocation of secretory proteins, the signal sequence 
is intercalated into the wall of the channel and has been suggested to remain 
stationary as the rest of the protein is threaded through58,59,60. The signal se-
quence is subsequently cleaved by a signal peptidase, called LepB (leader 
peptidase) in E. coli, and released into the periplasm57.  
Secretory proteins, which usually have only moderately hydrophobic signal 
sequences, and proteins too short to be recognized by the SRP are translocat-
ed post-translationally, with the aid of SecA. SecA is a peripheral subunit of 
the Sec-translocon that pushes the substrate through the channel. SecA is 
both an ATPase and driven by the proton motive force, and is essential for 
post-translational protein export. In addition, membrane proteins with 
periplasmic domains that are hydrophilic and larger than 30 amino acids 
require SecA for their translocation 58,59,60. By binding to the translocon, 
SecA is activated for high-affinity recognition of SecB, a cytosolic chaper-
one that delivers secretory proteins to the membrane. SecB does not bind to 
the signal sequence, but to a mature region of the nascent protein. This bind-
ing takes place either late during translation or post-translationally. Once the 
protein has been delivered, SecB is released and the protein translocated by 
SecA/SecYEG61. 
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Determinants of membrane protein topology 
During membrane protein biogenesis, the topology of the inserted protein is 
determined by several topogenic signals. The charge distribution of the pro-
tein is such that amino acids with positive charges are more prevalent in 
cytoplasmic loops, as described by the “positive inside rule”8. It has also 
been shown that negatively charged residues in the loops facing the 
periplasm can be necessary for correct topology62. Another factor influenc-
ing protein orientation, at least in single spanning membrane proteins, is the 
length and hydrophobicity of the TM region. Longer, more hydrophobic 
regions tend to increase the probability of N-terminus translocation, i.e. an 
N-out/C-in orientation. In addition, the length of the N-terminus preceding 
the TM helix affects C-terminal translocation such that longer N-terminal 
domains with higher folding efficiency increase the tendency of an N-in/C-
out orientation63. Finally, the protein components involved in membrane 
protein insertion may play a role. For example, mutations in the Sec-
translocon itself have been shown to alter the orientation of membrane pro-
teins indicating that it is involved in topology determination64.  

Figure 8: Simplified view of membrane protein trafficking in E. coli. Inner mem-
brane proteins are targeted co-translationally through the SRP-pathway. Secretory 
proteins are usually targeted post-translationally through the SecB-pathway59. Re-
printed with permission. 



 25 

Membrane protein production 

Membrane proteins constitute ∼30% of the proteome of diverse organisms65 
and more than half of drug targets represent membrane proteins66.  Nonethe-
less, of all the crystal structures deposited in the protein data bank, only ∼2% 
are structures of membrane proteins, and even fewer at high resolution67. 
This reflects the intrinsic difficulties of working with membrane proteins. 
The explanations are several. Most membrane proteins are simply not syn-
thesized naturally at sufficient levels for functional and structural studies and 
therefore need to be overproduced by recombinant cloning methods68. Once 
produced, studies downstream of protein synthesis are more complicated 
than those of soluble proteins. First, whereas cytosolic proteins are released 
from the ribosome directly into their folding environment membrane pro-
teins need the aid of additional factors to be targeted and inserted into the 
membrane. Overproduction of membrane proteins however, can lead to 
overloading of the protein secretion/insertion machinery. This frequently 
leads to mistargeting or insertion of the protein in a non-functional and/or 
unstable form69. For example, overproduction of the Drosophila Shaker H4 
potassium channel in insect cells results in both mistargeting and misfolding 
of the channel. By the use of a weaker promoter, the proportion of functional 
protein can be increased70. Similarly, heterologous overproduction of the 
Halobacterium halobium bacterioopsin in E. coli resulted in >80% correct 
localization of the protein. However, it was inserted in a non-functional, 
unstable form71. Membrane protein overproduction has also been shown to 
result in an accumulation of cytoplasmic aggregates consisting of the over-
produced protein as well as other periplasmic and outer membrane precur-
sors, chaperones, and proteases. This was shown to be a result of saturation 
of the Sec-translocon, which leads to toxicity through hampered protein ho-
meostasis in the cytoplasm and insufficient targeting of secretory proteins. In 
addition, the efficiency of ATP production was reduced under conditions of 
membrane protein overproduction due to reduced levels of several of the 
respiratory chain complexes72. Second, overproduced membrane proteins 
often aggregate into inclusion bodies. Although some proteins may be puri-
fied from inclusion bodies, such purification is complicated and rarely suc-
cessful73. A third problem with the overproduction of membrane proteins is 
the toxicity that frequently results. For example, it has been shown that 
overproduction of the tetracycline resistance protein, TetA, results in cell 
death due to dissipation of the membrane potential74. Likewise, overproduc-
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tion of the ATP synthase in E. coli results in hampered cell division and 
growth as well as in the formation of intracellular membrane cisterns and 
vesicles75. Fourth, as shown in the aforementioned studies, the membrane 
integrity can be affected by membrane protein overproduction. This was the 
case in a study in which the formation of tubular membrane structures con-
taining crystalline arrays of the sn-glycerol-3-phosphate acyltransferase was 
observed upon its overproduction. Furthermore, the lipid-to-protein ratio was 
higher in the tubules compared to the cytoplasmic membrane76. Similar ef-
fects were observed when overproducing fumarate reductase. In this case, 
the lipid-to-protein ratio remained constant, as protein overproduction was 
accompanied by an increase in the amount of membrane lipid. The lipid 
composition was altered in the enzyme-enriched tubules, however, primarily 
with a large increase in cardiolipin77.  
In light of the high proportion of membrane proteins as drug targets, one 
would expect that increasing our knowledge of them should lead to the de-
velopment of many novel therapeutics. Successful overproduction of mem-
brane proteins is the first step down that path. 
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Methods to improve membrane protein 
production 

There are no magic solutions to alleviate the numerous problems associated 
with the recombinant production of membrane proteins. However, several 
strategies are commonly employed to address these issues. 

Growth conditions 
The simplest strategy to improve membrane protein production is to de-
crease translation rates by a change of growth conditions, e.g. growth tem-
perature, induction time or inducer concentration. This strategy may improve 
protein yields by decreasing the load on the chaperone and translocation 
machineries or by allowing the nascent protein sufficient time for correct co-
translational folding or membrane integration89,78. Furthermore, under condi-
tions of high external salinity, cellular uptake or synthesis of osmolytes is 
induced. Osmolytes are small organic compounds that equilibrate cellular 
osmotic pressure. Some examples are proline, glycine-betaine, trehalose, and 
K-glutamate. Osmolytes can act as “chemical chaperones” by assisting fold-
ing or increasing the stability of native proteins79. 

Host strains 
E. coli is the most widely used expression host for recombinant protein pro-
duction and the model organism used in my work. The wide spread use of E. 
coli as a host for recombinant protein production owes to several factors. E. 
coli is easy to culture and produces proteins rapidly and often in high yields 
80. Protein production in E. coli is cost-effective, making it economically 
feasible to produce therapeutics such as insulin, growth hormone and inter-
feron81. However, proteins overproduced in E. coli often aggregate into in-
clusion bodies, which need to be denatured and refolded in order to produce 
a biologically active protein82.  This process can result in low yields. Anoth-
er drawback of E. coli as an expression host, especially for eukaryotic pro-
teins, is its inability to form disulfide bonds in the cytoplasm83 or perform 
post-translational modifications such as glycosylation84 or acetylation85. 
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Despite these limitations, several improvements have been made to E. coli as 
an expression host, making glycosylation and acetylation possible84,85. There 
are also E. coli strains optimized for membrane protein expression. One of 
the most commonly used E. coli strains is BL21(DE3), which is selected for 
high level protein expression. The absence of the lon and ompT proteases 
minimizes degradation of overproduced proteins and the T7 RNA polymer-
ase promoter and lac operator system allow strong induction of expression86. 
However, the BL21(DE3) strain can be sensitive to overproduction of pro-
teins, including membrane proteins, as attempted overproduction of several 
proteins in BL21(DE3) resulted in low yields or toxicity compared to over-
production in the C41(DE3) or C43(DE3) strains87. The C41(DE3) and 
C43(DE3) strains, which are derivatives of BL21(DE3), have proved superi-
or for membrane protein overproduction. They show improved plasmid sta-
bility and are less affected by protein overproduction88. Another derivative 
of BL21(DE3) is Lemo21(DE3)89. This strain has a pACYC-derived plas-
mid, called pLemo, which contains a tunable rhamnose inducible promoter. 
The pLemo promoter controls the expression of the gene encoding T7Lys, 
the natural inhibitor of T7 RNA polymerase (T7RNAP). This allows precise 
control of the activity of T7RNAP by controlling the levels of T7Lys. Ex-
pression of membrane proteins can therefore be titrated so as not to saturate 
the translocation machinery making the Lemo21(DE3) strain an excellent 
choice for membrane protein overproduction89. Other BL21 derivatives are 
the Rosetta strains. Rosetta 1 expresses six, and Rosetta 2 expresses 7 tRNAs 
that are rare in E. coli. Expression of these tRNAs is intended to enhance the 
expression of eukaryotic proteins in E. coli90. The versatility, cost-efficiency 
and speed at which experiments can be conducted in E. coli will make it the 
go-to host organism for recombinant protein production for some time to 
come. 
Bacillus strains, such as B. subtilis and B. brevis, are Gram-positive bacteria 
that have been used to produce pharmaceutical proteins such as cholera toxin 
B91 and human epidermal growth factor92. One of the major advantages of 
Bacillus strains is the lack of endotoxins. Endotoxins are heat-stable lipopol-
ysaccharides of the outer membrane of E. coli and other Gram-negative bac-
teria. Exposure to bacterial endotoxins induces a variety of responses such as 
pyrogenesis, triggering of a coagulation cascade, modification of haemody-
namics and shock. Therefore, these endotoxins must be removed from pro-
tein solutions before use in food or pharmaceutical applications, which may 
be complicated and costly93. The lack of endotoxins together with a high 
capacity to secrete proteins directly into the extracellular medium makes 
them the preferred host for many applications.  In fact, Bacillus strains are 
responsible for the commercial production of about 60% of available en-
zymes94. Drawbacks of B. subtilis include frequent incorrect protein folding 
and production of proteases, which cause protein degradation. Engineered B. 
subtilis strains in which extracellular proteases have been deleted show im-
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proved quality and quantity of secreted protein94,95. B. brevis has a much 
lower protease activity and usually secretes heterologous proteins in a bio-
logically active form96. However, Bacillus strains suffer from very low trans-
formation efficiencies, which limit their practicality97. 
Lactococcus lactis is a Gram-positive bacterium that is emerging as an alter-
native to E. coli as a host for membrane protein production. Similarly to E. 
coli, L. lactis shows rapid growth, efficient transformation with stable plas-
mids and strong and tightly regulated promoter systems. Furthermore, mem-
brane proteins targeted to the cytoplasmic membrane do not usually form 
inclusion bodies and can be efficiently solubilized with mild detergents98. 
However, heterologous production of membrane proteins in L. lactis can 
result in growth defects and induction of stress responses resulting in severe-
ly reduced protein yields99. 
Yeast strains such as Saccharomyces cerevisiae and Pichia pastoris are eu-
karyotic expression hosts frequently used for heterologous protein produc-
tion. They are well characterized and allow efficient genetic manipulation as 
well as high protein yields. They are cost-effective and can grow to high cell 
densities. Moreover, they can perform glycosylations, disulfide bond for-
mation and other eukaryotic post-translational modifications100. S. cere-
visiae, baker’s yeast, may be the most widely used yeast strain and is respon-
sible for most of todays recombinant therapeutics produced in microbial 
eukaryotes101.  This feat notwithstanding, its use is somewhat limited by a 
tendency to hyper-glycosylate proteins, which may interfere with protein 
function or translocation as well as target the protein for degradation102. It 
also suffers from plasmid instability leading to inconsistent protein yields103. 
P. pastoris has efficient, tightly regulated promoters and can perform post-
translational modifications similar to those in higher eukaryotes104. It is the 
preferred host for the production of eukaryotic membrane proteins, in fact, 
most of the eukaryotic membrane protein structures of 4 Å resolution or 
lower were produced in P. pastoris105. The most common P. pastoris pro-
moters are methanol inducible. This is a limiting factor as methanol is toxic, 
as well as a fire hazard, precluding the use of P. pastoris in certain applica-
tions, such as certain food production106. 
The above-mentioned bacterial and yeast expression hosts are but a few of 
available hosts. In addition, there are several other hosts for recombinant 
protein production. For example, attempts have been made to express mem-
brane proteins in insect cells as well as in mammalian cells. However, it 
seems difficult to achieve high levels of expression in insect cells. Mamma-
lian cells on the other hand, are capable of performing the post-translational 
modifications of higher eukaryotes, but are very demanding and expensive to 
culture making other hosts preferred when feasible107. 
Differences between strains in translation and protein folding rates, lipid 
composition, glycosylation, chaperones, and other biogenesis processes and 
factors also affect the choice of strain. Usually, the best results are obtained 
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when the host is closely related to the source of the protein of interest. How-
ever, with the progress of host strain engineering the choice of host strain 
may soon be made much simpler108,109. 

Scale up with auto-induction 
Increased protein yields can be achieved by culture scale-up and is in many 
cases more efficient when combined with auto-induction. Auto-induction is 
accomplished by the use of lac-inducible vector systems combined with 
addition of glucose, in addition to lactose, to the medium. Glucose is pre-
ferred over lactose as a carbon source and inhibits uptake of lactose. When 
the glucose has been depleted, uptake of lactose and induction of protein 
synthesis can ensue. Auto-induction occurs at higher cell densities and seems 
less toxic than induction with Isopropyl β-D-1-thiogalactopyranoside 
(IPTG). By adding glycerol to the medium as an additional carbon source 
even higher cell densities can be achieved110. One study investigated the use 
of auto-induction as well as the effect of growth conditions on the produc-
tion of nine different membrane proteins. It was shown that although factors 
such as aeration and harvesting time were important, auto-induction on the 
fermenter scale usually resulted in highest protein yields. In addition, auto-
induction removes the need for IPTG, which is quite expensive, as well as 
the need to monitor the cell density in order to induce at the correct time. 
Auto-induction can therefore be both simpler, more cost-effective and in-
crease the yield of the target protein111. 

Co-expression of helper proteins 
Co-expression of chaperones and other helper proteins can be an effective 
strategy to reduce protein misfolding and aggregation. The E. coli chaperone 
systems, DnaK-DnaJ-GrpE, ClpB, GroES-GroEL, and IbpA-IbpB, assist in 
protein folding as well as actively unfold and disaggregate protein aggre-
gates. Co-expression of these chaperones has been successfully employed to 
improve the yields of soluble native proteins112. However, for membrane 
proteins the co-expression of GroEL/GroES seemed less effective than was 
observed for the bacterial magnesium transporter CorA. In this case, co-
expression of DnaK/DnaJ was more effective in preventing inclusion body 
formation and increasing membrane integration. Co-production of the SRP, 
SecA and SecB was ineffective or even detrimental. The authors propose 
that the high levels of SecA production outcompeted CorA production lead-
ing to reduced levels of CorA. The inefficiency of SRP co-production was 
suggested to stem from CorA being targeted to the post-translational path-
way and thus dependent on DnaK/DnaJ but independent of the SRP113.  
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A further complication is evident from a study aimed at overproducing hu-
man G-coupled receptors (GPCRs) in E. coli. In this study co-expression of 
several factors of the membrane protein biogenesis pathway was investigat-
ed. Whereas co-expression of the SRP and FtsY, SecY and SecE, SecB, 
YidC, DnaK/DnaJ, GroEL/GroES and TF gave no or only modest increases 
in expression, co-expression of FtsH, a membrane-associated AAA+ prote-
ase resulted in considerably increased yields of several GPCRs. This effect 
seems specific to FtsH, as other membrane-associated proteases did not in-
crease production of GPCRs114. 
Taken together, the aforementioned results indicate that co-expression of 
helper proteins can be a viable alternative to increase the production of func-
tional membrane proteins, although finding the right chaperone network may 
prove challenging.  

Fusion tags 
Fusion tags have been used to increase the expression, stability and solubili-
ty of membrane proteins. For example, N-terminal fusion of mature Maltose 
binding protein (mMBP) dramatically improved expression of a number of 
test proteins. Furthermore, membrane integration in the native membrane 
was also improved. However, it was reported that this strategy worked best 
for proteins with less than 4 transmembrane regions and a molecular mass 
less than 20 kDa115. 
Recently, the crystal structure of NarK, an E. coli nitrate/nitrite exchanger, 
was published. Previous attempts to overproduce NarK had been unsuccess-
ful. However, using a modified N-terminal 8× His-tag and a thrombin cleav-
age site, investigators were able to produce and crystallize the protein116. The 
crystal structure of another member of the same nitrate/nitrite porter family, 
NarU, was also recently published, this time using a glutathione S-
transferase fusion (GST) tag117. GST can enhance translation initiation as 
well as protect the fusion protein from degradation, however, it does not 
enhance the solubility of the fusion protein118,119.  
Another tag, called Mistic, may prove valuable in improving membrane pro-
tein expression in E. coli, especially eukaryotic proteins. Mistic is a mem-
brane-associated protein from B. subtilis, which can be spontaneously inte-
grated into the membrane120. Variants of Mistic have been engineered and 
shown to have different properties in regards to solubility and expression121. 
It is therefore likely that many thus far unexpressed genes encoding mem-
brane proteins will be successfully expressed by the use of fusion tags. 
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Cell-free systems 
The cellular translational machinery can be extracted from E. coli, rabbit 
reticulocyte, or insect cells and used to synthesize proteins. Advantages of 
cell free systems include their rapidity, no need to support cell viability or 
growth, flexible optimization for the production of a single protein and re-
duced amounts of endotoxin, which simplifies subsequent protein purifica-
tion122.  
Cell-free systems have also been successful in the production of membrane 
proteins. The addition of inner membrane vesicles purified from E. coli has 
been used to express a tetracycline pump as well as mannitol permease123. 
Unilamellar liposomes124 and so called nanolipoprotein particles, lipid bi-
layers confined within a ring of amphipathic protein of defined diameter125, 
are two other methods that are being explored for efficient membrane protein 
production in cell-free systems.  

Optimization of the coding sequence 
Increased protein production has been achieved by codon optimization, 
which involves manipulating the open reading frame of a gene in order to 
maximize its expression. Several variables need to be taken into considera-
tion. Codon bias, mRNA secondary structure, GC-content, cryptic ribosome 
binding and transcriptional termination sites and RNA degradation motifs 
are all considered to affect gene expression. Another objective of codon op-
timization is to modify the codon usage of the cloned gene sequence to the 
tRNA content of the host cell. This should result in a more adapted utiliza-
tion of host cell tRNAs and subsequently more efficient translation126. Alt-
hough codon optimization is frequently used, the outcome is unpredictable 
and may influence processes such as co-translational folding more than pro-
tein yields. The identity of the nucleotides around the start codon often has a 
stronger influence on protein yields than codon choice in the rest of the open 
reading frame. The reasons for this will be discussed in the next few sec-
tions.  

Codons and codon usage 
Proteins are built of a standard set of 20 amino acids encoded by 61 codons. 
In addition, there are three different codons that signal the end of translation, 
the stop codons. The 61 codons are unevenly distributed amongst the 20 
amino acids. Met and Trp are encoded by a single codon each, the remaining 
amino acids are encoded by two to six different codons127.  
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Although the amino acid sequence of the translated protein is unaffected by 
codon choice, the frequency with which synonymous codons (i.e. codons 
encoding the same amino acid) are used is not random.  Some synonymous 
codons are used at higher frequencies than others and this codon bias is dif-
ferent between different organisms130. Furthermore, codon bias is more pro-
nounced in highly expressed genes whereas it is more relaxed in infrequently 
expressed genes128 indicating that highly expressed genes are under stronger 
selection for efficient translation129.  
The abundance of isoaccepting tRNAs, tRNAs that are charged with the 
same amino acid but differ in their anticodon, correlates with codon usage. 
This correlation is seen in E. coli as well as yeast but is often lacking in 
phage or transposon genes130.  Isoacceptor tRNAs usually differ only in the 
third base (known as the wobble base131) and have different binding affini-
ties to their cognate codons. Interestingly, the most abundant tRNAs and the 
tRNA best recognized by their anticodons are more prevalent in highly ex-
pressed genes130.  

Factors affecting codon usage bias 
How codon usage bias evolved, or what is cause and what is effect in the 
correlation between codon usage and tRNA abundance, is still unclear. Sev-
eral factors have been proposed to contribute. Codons decoded by tRNAs 
with high cellular concentration are translated more efficiently than codons 
decoded by tRNAs with low concentration129. Two main reasons for this 
have been proposed. First, the time taken for the first cognate tRNA to arrive 
at the A-site is inversely proportional to its absolute abundance. Second, the 
isoacceptor tRNAs with stronger affinity for the anticodon are translated at 
higher rates132. In unicellular, rapidly multiplying organisms, cellular pro-
cesses such as translation limit cell growth. A high concentration of tRNAs 
is expected to increase the rate of translation. Likewise, it would be benefi-
cial for cell growth to select for codons that are more rapidly translated. In-
creased translation rate increases the rate at which required proteins are syn-
thesized as well as decreases the time each ribosome spends on a transcript, 
thereby freeing ribosomes rapidly for translation of the next transcript133. 
Hence, codon usage and tRNA abundance would be expected to coevolve to 
maximize translation efficiency. 
A second reason could arise from errors occurring during translation, which 
can result in misincorporation of amino acids or in premature termination of 
protein synthesis. The cost of mistranslation can be quite significant, hence, 
translation accuracy has also been suggested to affect the evolution of codon 
bias. Because the cost of producing larger proteins is higher than that of 
smaller proteins, selection against missense errors is expected to result in 
stronger codon bias for longer genes. Similarly, since late nonsense errors 



 34 

causing premature termination are more costly than early errors, selection is 
expected to result in increased codon bias along the length of a gene. Indeed, 
such correlations have been demonstrated giving support to selection for 
translational accuracy134.  
The considerable differences in GC content between the genomes of differ-
ent organisms gives rise to a third hypothesis. For example in Mycoplasma 
capricolum the GC content is 25% whereas it is 75% in Micrococcus lute-
us135. Since the three hydrogen bonds between G and C give GC pairs a 
higher thermal stability than the two between A and T it has been hypothe-
sized that the GC content is a result of thermal adaptation. Because the for-
mation of dsRNA might falsely trigger intracellular alarms, leading to 
mRNA decay and inhibition of protein synthesis, which can be lethal, cells 
may have evolved to avoid such interactions. By having a higher percentage 
of purines on the coding strand, so called purine loading, and consequently, a 
higher percentage of pyrimidines on the non-coding strand, such interactions 
can be avoided without affecting the desired ones. As transient hybridizing 
might increase with increasing temperature, the evolutionary pressure 
against such interactions should be stronger at higher temperatures136,137. 
However, subsequent studies have failed to demonstrate any correlation be-
tween GC content and growth temperature138. Instead, it has been suggested 
that AT-rich genomes result in excess of TT dimers and GC-rich genomes in 
G-rich tracts, which are avoided by varying the compositions of purines and 
pyrimidines in mRNA139. 

Effects of codon bias on protein synthesis 
As mentioned in the previous section, the distribution of codon bias along 
mRNA transcripts is not uniform. In fact, the distribution of optimal and 
non-optimal codons has an important role in gene regulation. It has been 
shown that non-optimal, or rare, codons are used more frequently in the 5’-
region of a gene140. An exception is the second codon, which is usually an 
optimal codon, presumably allowing rapid recycling of the initiator tRNA141.  
Rare codon clustering in the 5’-region results in an observed high density of 
ribosomes in the first 50 or so codons, which was interpreted as a slow aver-
age translation rate of the beginning of a transcript. During translation, sev-
eral ribosomes are bound to the same transcript, which could lead to colli-
sions unless the spacing between ribosomes was adequate. A slow “ramp” at 
the beginning of translation would thus serve to allow a preceding ribosome 
enough time to clear the 5’ region before the next ribosome initiates transla-
tion, thereby avoiding collisions141 [Figure 9].  
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Contradictory to this hypothesis it is suggested that the apparent high density 
of ribosomes in the 5’-region results from short genes having a higher initia-
tion probability. Housekeeping and ribosomal genes tend to be short, are 
constitutively expressed, and must be expressed rapidly, which would ex-
plain a higher density of ribosomes towards the 5’-region142. 
Another factor which has been proposed to affect codon choice is the rate of 
translation, which in turn has been shown to affect co-translational folding. 
In one study, ribosome pausing was attenuated by synonymous codon substi-
tutions or by a global increase in translation rate with excess tRNAs. This 
severely perturbed the folding efficiency of a multi-domain protein. Howev-
er, folding could be rescued by a decreased translation rate as a result of 
lowering the growth temperature. It was proposed that ribosomal pausing 
between segments of the nascent chain allow independent folding of do-
mains during co-translational folding143. A single synonymous rare-to-
frequent codon substitution has also been shown to alter the substrate speci-
ficity of the gene product of the multidrug resistance 1 (MDR1) gene, pre-
sumably through perturbed timing of co-translational folding144. 

Figure 9: The “ramp” hypothesis. Translation is initially 
slow due to the accumulation of rare codons in the 
beginning of the transcript. Translation rates increase 
further downstream as frequent codons become more 
prevalent with increasing distance from the start of the 
transcript141. Reprinted with permission. 
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Some concerns about the interpretation of rare codons in co-translational 
folding have recently been raised.  Ribosomal profiling has shown that inter-
nal SD sequences, and not rare codons, are the major determinants of trans-
lational rates. The non-optimal codons GAG, AGG and GGG are SD-like 
and were shown to hybridize with the 16S RNA of the translating ribosome 
thereby causing translational pausing. This would also provide yet another 
evolutionary driving force of codon bias, as the SD-like codons would be 
disfavored so as not to negatively affect translation rates145.  
Other roles of codon choice in gene regulation include effects on mRNA 
stability, as it has been shown that strong mRNA structures can regulate 
mRNA half-lives146, mRNA localization147 and as RNA thermometers, 
which regulate gene expression under conditions of stress148. 

The 5’-region  
The 5’-region of the mRNA transcript plays a major role in determining the 
efficiency of protein production. It is now clear that codon bias has a strong 
effect on the expression of genes and that the enrichment of rare codons in 
the 5’-region plays a major part in this effect. One study investigated the use 
of the two least favored codons in E. coli, AGA and AGG, both encoding 
arginine. These codons, as well as other minor codons such as AUA, CUA, 
UCA, ACA, AGU, CCC, and GGA, are found more frequently within the 
first 25 codons of a transcript149. It was shown that introducing five AGG 
codons at the eleventh codon substantially reduced the expression of β-
galactosidase. Gene expression could be restored by overexpressing the 
tRNA decoding AGG or by moving the stretch of AGGs further away from 
the start codon. The authors propose that gene expression levels are modu-
lated by tRNA availability in a position-dependent manner. The positional 
dependence is suggested to stem from ribosomal queuing resulting from 
slow translation of the AGG codon. If the rare codons are located far enough 
from the start codon, that is, approximately 60 codons downstream of it, 
corresponding to five ribosomes, the slow translation rate will have no other 
effect than to cause the ribosomes to pause and form a queue. However, if 
the rare codons are close to the start codon, the queue will reach the start 
codon making it unavailable for any additional ribosome to initiate transla-
tion150.  
A second study investigated the effect of codon substitutions in the codon 
immediately downstream of the start codon. Here they substituted the +2 
codon and analyzed the effect of all 64 codons in that position on gene ex-
pression. They showed that a 20-fold difference in gene expression could be 
obtained depending on the +2 codon. Codons rich in adenines were generally 
associated with high expression and AAA, encoding lysine, the highest 
overall. G-rich codons, on the other hand, were associated with low expres-
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sion. No correlation was found with cognate tRNA abundance, mRNA levels 
or mRNA secondary structure151.  In a follow up study, the effects of NGG 
codons (where N can be any base) in the early coding region were studied. 
NGG codons are associated with low gene expression when located at the +2 
to +5 position but not at the +7 position. In this study, the low expression 
associated with these codons could not be rescued by overproduction of the 
cognate tRNA. Furthermore, The NGG triplet has to be an in-frame codon 
and not just an out-of frame mRNA sequence to exert its effect. Ribosomal 
pausing and mRNA degradation were also ruled out as causes of low expres-
sion. Instead, the decrease was attributed to peptidyl-tRNA drop-off from the 
translating ribosome resulting from intrinsically weak NGG codon/anticodon 
interactions. Since the ribosome nascent chain complex is less stable in the 
early elongation phase, peptidyl-tRNA drop-off would be more pronounced 
at the beginning of translation152. 
Given the large effect of the identity of the +2 codon on gene expression, we 
reasoned that such codon substitutions could also influence the levels of 
“difficult-to-express” membrane proteins. To investigate this we selected 
two genes, araH and narK, encoding such proteins. In araH both the +3 and 
+4 codons were substituted whereas in narK only the +2 codon was substi-
tuted, all to synonymous codons, as we did not wish to change the amino-
acid sequence of the proteins. In all cases the substituted codons were rare 
and encoded serine, and were substituted to the more frequent serine codon 
AGC. These substitutions led to a significant increase in protein yields of 
both AraH and NarK. In contrast, genes purchased from commercial vendors 
in which the entire coding sequence had been optimized did not increase 
protein yields (Paper I). We then conducted follow-up experiments in which 
we investigated whether the observed effect was due to the specific AGC 
codon and/or position of the substituted codon. In these experiments, every 
possible synonymous codon up to position +8 for araH and +7 for narK was 
tested. Here, the +4 AGC codon gave the highest total protein yields for 
AraH whereas the +2 UCG was most efficient for NarK indicating that posi-
tion or codon identity alone cannot explain differences in expression (paper 
II).  
In an analysis of the effect of codon choice on protein synthesis, different 
combinations of promoters and ribosome binding sites with 137 different 
sequences, each 11 codons in length, fused N-terminal to GFP were probed. 
Taken together this resulted in >14,000 combinations, which were assayed in 
regards to DNA, RNA and protein levels. A >100-fold difference in protein 
abundance was observed over the entire set, of which <5% could be ex-
plained by codon usage. Because rare codons are common in the 5’-region, 
which is correlated with high gene expression, and rare codons are rich in 
A/Ts, which have a lower propensity of forming mRNA secondary struc-
tures, it is implied that a decrease in mRNA secondary structure in the 5’-
region may lead to increased expression.  For this reason the authors ana-
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lyzed the propensity of mRNA secondary structure formation in the 5’-
region. Indeed, a strong correlation was seen between codons that decrease 
mRNA secondary structure and codons that increase protein abundance. It 
was concluded that more than half of the variation in expression levels could 
be explained by differences in mRNA structure153. mRNA structure inhibits 
translation initiation by occluding and inhibiting access to the SD site and 
start codon. However, if the secondary structure is formed in-between or 
downstream of the SD site and the start codon they may be accessible and 
translation can be initiated154,155,156,157 [Figure 10]. 
 

 

If this is true it should be possible to manipulate the region on either side of 
the start codon in order to relax any mRNA secondary structure. We investi-
gated this by generating a library of clones in which the six nucleotides up-
stream as well as downstream of the start codon were substituted simultane-
ously. The six nucleotides upstream could contain any combination of bases 
whereas the downstream region contained only synonymous substitutions. 
Examining the expression levels of araH, narK and nine additional genes 
encoding membrane proteins, we noticed a wide range of expression levels. 
No correlation between predicted mRNA secondary structure and expression 
levels were observed however, probably due to other factors such as codon 
choice in the +2 to +4 positions influencing expression (Paper II).  
Although mRNA secondary structures in the 5’-region likely are responsible 
for much of the variation in gene expression, there’s still a significant frac-
tion that does not fit this hypothesis. Future studies are required to complete-
ly understand the regulation of gene expression.  

Figure 10: Sequestration of the SD sequence and the start codon can inhibit ini-
tiation of protein translation157. Reprinted with permission. 
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Membrane protein topology  

There are six types of membrane proteins classified according to their orien-
tation in the membrane. Type I and II proteins have a single TM with an N-
out/C-in and N-in/C-out topology, respectively. Type III proteins consist of a 
single polypeptide that traverses the membrane multiple times whereas type 
IV assemble from multiple polypeptides crossing the membrane. Type V 
membrane proteins do not cross but instead are covalently attached to the 
membrane through covalently linked lipids. Type VI proteins have both 
transmembrane regions and lipid anchors49. 
A topology map reports the orientation of transmembrane regions and the 
location and size of domains in membrane proteins. This information gives 
clues about protein structure-function as well as directions for further stud-
ies. In it simplest form, a topology map is a two-dimensional description of 
transmembrane helices and the spatial relationship of their domains in rela-
tion to the membrane.  
Topologies have been determined for a significant number of inner mem-
brane proteins in E. coli, identified by bioinformatics analyses161. One caveat 
to such analyses, however, is that membrane protein prediction relies heavily 
on identifying stretches of hydrophobic amino acids within the gene se-
quence. Signal sequences contain a similar stretch of hydrophobic amino 
acids, therefore the predictors cannot distinguish between transmembrane 
regions and signal sequences. As a consequence, proteins with only one such 
region, amounting to approximately 300 proteins, were omitted from the 
aforementioned study (161) in order to exclude all secreted proteins.  

Membrane protein topology prediction 
One relatively simple way to extract some structural information from a 
sequence predicted to encode a membrane protein is to computationally de-
termine the topology of the protein. There are a number of topology predic-
tion programs available, which are based on different prediction algorithms 
that take into account such factors as the positive inside rule and the hydro-
phobicity of the sequence. The accuracy of these programs differs signifi-
cantly, particularly in the case of proteins predicted to have only one mem-
brane-spanning region. These proteins tend to be more difficult to predict, as 
the hydrophobic membrane-spanning region is undistinguishable from a 
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signal sequence158. This drawback becomes even more evident when trying 
to predict the topology of proteins other than those used for training the pre-
diction programs.  
During the course of my doctoral studies I compared the performance of four 
different prediction programs (TopCons, Phobius, TMHMM and HMMTOP) 
on single-spanning membrane proteins. While comparing the four predictors 
on 17 model proteins, a majority of predictors made the correct prediction 
only slightly more than 50% of the time, with TopCons being the most accu-
rate [Figure 11].  
 

Figure 11: Comparison of membrane protein topology prediction programs. 
See text for details. 
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Consensus predictions in which the results from all prediction programs are 
assessed can eliminate some of the uncertainty159. In 8 out of 17 cases all 
predictors made the correct prediction and in all those cases the consensus 
prediction was correct. However, when predictions on 102 unknown proteins 
were made, a consensus was reached only in 15 out of 102 predictions, clear-
ly demonstrating the shortcoming of these programs in predicting the topol-
ogy of, at least, single-spanning membrane proteins [Figure 12]. 
 

 
Alternative methods to improve the accuracy of the programs include con-
straining the termini using experimental data160. By constraining the termini 
in TMHMMfix, noticeable improvements could be achieved. Constraining 
the C-terminus alone resulted in an improvement from 11 out of 17 correct 
predictions to 15 out of 17 whereas constraining the N-terminus alone result-
ed in 17 out of 17 correct predictions [Figure 11]. It cannot be concluded that 
constraining the N-terminus will consistently enable the correct topology 
prediction of a membrane protein but these data do demonstrate the value of 
determining the location of the N-terminus. Furthermore, experimental data 

Figure 12: Consensus predictions of 17 proteins with known function compared 
with 102 proteins with undetermined function. 
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from a larger number of unknown proteins could be used to improve the 
accuracy of the topology prediction programs. 

Experimental methods in membrane protein topology 
determination 
Several experimental methods to determine the topology of membrane pro-
teins are available. C-terminal fusions involve genetically fusing a reporter 
protein to the 3’ end of the coding sequence and determining the orientation 
of the fusion partner, and hence the protein. By identifying the positions of 
loops, truncating the protein of interest and fusing the reporter protein to the 
resulting 3’ end it is possible to determine the topology of multi-spanning 
membrane proteins. C-terminal fusion assays include the GFP and PhoA 
assays161. GFP contains two cysteine residues normally buried in the interior 
of the barrel. These cysteines do not form any intra-molecular disulfide 
bonds, however, if GFP is exported to the oxidizing environment of the E. 
coli periplasm they are exposed and can form mixed disulfides with other 
GFP molecules or cysteine-containing molecules resulting in a non-
fluorescent protein162. On the other hand, PhoA requires disulfide bond for-
mation for proper folding. These bonds cannot form in the cytosol of E. coli, 
which is reducing, hence, PhoA is only active in the periplasm163. The 
GFP/PhoA assays were successfully used in my doctoral studies to deter-
mine the topology of four previously unstudied proteins in the E. coli inner 
membrane (paper III). Antibiotic resistance genes that function in a specific 
subcellular compartment can also be used as gene-fusions. For example β-
lactamase, the enzyme responsible for ampicillin-resistance is only active in 
the periplasm164 whereas chloramphenicol acetyltransferase, which confers 
chloramphenicol-resistance, is only active in the cytoplasm165. 
The cysteine accessibility approach utilizes reagents that react with accessi-
ble sulfhydryl groups in the cysteine residues of the targeted protein. Native 
cysteines that might react with the reagent are substituted, with care taken to 
preserve the correct folding of the target protein, while individual cysteines 
are introduced into the protein. After expression of the protein, cells are di-
vided into two pools. One pool is treated with a membrane-impermeant rea-
gent, which only reacts with periplasmically located sulfhydryls. The other 
pool is treated with a membrane-permeant reagent labeling both periplasmic 
and cytosolic sulfhydryls. The samples are then immunoprecipitated to iso-
late the target protein and analyzed by SDS-PAGE to establish the accessi-
bility of the cysteines and thus the topology166. 
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Split-GFP 
As mentioned previously, proteins are synthesized from the N- to the C-
terminus, and signal sequences are usually located to the N-terminus. There-
fore, fusing a large protein to the N-terminus of the protein of interest may 
interfere with membrane protein biogenesis and targeting. These facts lead to 
difficulties in tagging the N-terminus, which has been a long-standing prob-
lem for topology mapping. A smaller tag is less likely to interfere with 
membrane protein biogenesis and targeting and the versatility of GFP can be 
exploited for this purpose. Splitting GFP between the 10th and 11th β-strand 
allows the small, 11th strand, to function as a tag when fused to a protein40. 
Induction of the fusion protein followed by induction of the large GFP 1-10 
fragment results in a fluorescent signal when the two are localized to the 
same compartment enabling the topology of the target protein to be deter-
mined [Figure 13].  

Figure 13: Concept of the split GFP system. See text for details. 
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However, as we have seen, the 5’-region of a transcript, corresponding to the 
N-terminus of the translated protein, can have a significant effect on protein 
synthesis, and protein synthesis was frequently prevented when the original 
11th β-strand, called [11M3] was fused to the N-terminus of proteins. To cir-
cumvent this problem several alternative versions of the 11th β-strand were 
tested. One tag that supported protein synthesis especially well was identi-
fied. This tag, called [11H7], contained several amino acid substitutions com-
pared to [11M3] but was able to reassemble with GFP 1-10 to regain fluores-
cence. Using the [11H7]-tag the split-GFP system was employed to determine 
the topology of three proteins of the E. coli inner membrane (paper IV). 
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Summary of papers 

Paper I:  
Improved production of membrane proteins in Escherichia coli by 
selective codon substitutions.  
Nørholm MH, Toddo S, Virkki MT, Light S, von Heijne G, Daley 
DO.  
FEBS Lett. 2013 Aug 2;587(15):2352-8. 
 
Protein production poses a major obstacle in the investigation of membrane 
proteins. A common strategy to overcome this problem is codon optimiza-
tion. This takes into account such factors as codon bias, tRNA abundance 
and mRNA structure. However, it is still not clear exactly how codon usage 
affects expression and it is not possible to predict expression levels by the 
coding sequence alone. In this paper, codon optimization, as well as subtle 
manipulation of the 5’ region, was employed in an attempt to improve the 
expression levels of membrane protein encoding genes. We chose to focus 
on araH and narK, which are two genes known to be difficult to express. 
AraH is an ABC transporter with 10 predicted transmembrane helices and 
NarK is a member of the nitrate/nitrite porter family and has 12 transmem-
brane helices. 
First we ordered genes from two different commercial vendors who opti-
mised the entire coding sequences of araH and narK. We then cloned con-
structs with only one or two synonymous codon substitutions in the 5’ cod-
ing region. The latter strategy was inspired by a previous study in which a 
single codon substitution one position downstream of the start codon was 
shown to result in an up to 20 fold difference in gene expression. Hence, in 
araH two rare UCU serine codons in positions +3 and +4 were substituted to 
the more frequent AGC serine codon whereas a single rare AGU codon in 
position +2 of narK was substituted to AGC. These constructs were called 
araH5’OPT and narK5’OPT. The respective coding sequences were fused up-
stream of the gene encoding GFP and protein production levels were deter-
mined by fluorescence measurements and Western blotting. 
Although the coding sequences that had been optimized by commercial ven-
dors were predicted to give increased translation rates, protein yields were 



 46 

not improved. However, araH5’OPT and narK5’OPT, which only had two and 
one codon substitutions, respectively, showed significant increases in protein 
yields. This was curious since the commercial coding sequences contained 
the same codon substitutions in the 5’-region as those made to the araH5’OPT 
and narK5’OPTconstructs. The fact that the commercial coding sequences 
didn’t improve expression whilst araH5’OPT and narK5’OPT did was difficult to 
explain at this stage. Nevertheless, our results show that it is possible to in-
crease the production of membrane proteins by simple codon substitutions in 
the 5’ coding sequence. 

Paper II:  
 
Efficient protein production requires selection at the vector:coding 
sequence junction.  
Mirzadeh K*, Toddo S*, Guntur S, Martinez V, Nørholm MHH, 
Elofsson A, Daley DO.  
Manuscript 
*These authors contributed equally 
 
To better understand the results of our previous study and the influence of 
the 5’ region on gene expression we continued to investigate the effect of 
different nucleotides on both sides of the start codon. To examine if the ef-
fects of the aforementioned study were due to the rare-to-frequent codon 
substitutions as well as if similar effects could be obtained with codon sub-
stitutions further downstream of the start codon we substituted all codons up 
to the +8 codon of araH and +7 codon of narK. For both genes we were able 
to improve expression significantly. Whereas araH showed improvements 
for two of five possible codons in the +3 position and in three of five codons 
in the +4 position, narK showed improvements for all five codons, although 
these improvements were limited to the +2 position. Our results can there-
fore not be explained by specific codon choice or position. 
The 5’-region is thought to influence gene expression primarily through the 
formation of mRNA structures, which inhibit translation initiation. This im-
plies that a major cause of difficulty in expressing a gene arises from incom-
patibility between the expression vector and the coding sequence. We inves-
tigated this by (1) changing the restriction endonuclease recognition se-
quence immediately upstream of the start codon, and (2) by randomly substi-
tuting six nucleotides on either side of the start codon. 
The vector originally used in our cloning experiments was a pET28a vector 
with a 5’ XhoI recognition sequence. To test if relaxation of mRNA struc-
tures could improve expression, the XhoI recognition sequence was replaced 
by that of EcoRI or DraI. These were selected as they are rich in As and Ts, 
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which have a lower propensity to form mRNA structures. Both recognition 
sequences significantly increased the expression of both araH and narK. 
Computer predictions of mRNA stability showed that replacing the XhoI 
recognition sequence with EcoRI or DraI indeed reduced the stability of 
mRNA structures around the start codon.  
This was further investigated by the generation of libraries with random 
substitutions in the six nucleotides on either side of the start codon. The six 
nucleotides upstream could contain any combination of bases whereas the 
downstream region contained only synonymous substitutions. Libraries were 
created for both araH and narK as well as nine additional membrane protein 
encoding genes. In total, 96 colonies from each of the eleven genes, all of 
which should have different sequences, were assayed. The results showed 
that expression levels differed over a wide range and that it was possible to 
increase the protein yields in all cases compared to wild type. Furthermore, it 
was possible to approximate the expression levels by computer predictions, 
although the correlation was not perfect. This probably reflects the simulta-
neous optimization of mRNA structure and codon choice adjacent to the start 
codon, as well as other factors not yet known. Nevertheless, the simplicity of 
this strategy makes it a useful tool for the cloning toolbox. 

Paper III:  
Systematic analysis of native membrane protein complexes in Esche-
richia coli.  
Maddalo G, Stenberg-Bruzell F, Götzke H, Toddo S, Björkholm P, 
Eriksson H, Chovanec P, Genevaux P, Lehtiö J, Ilag LL, Daley DO.  
J Proteome Res. 2011 Apr 1;10(4):1848-59. 
 
Proteins localized to the inner membrane of E. coli carry out an array of 
essential tasks, however, a significant number of these have no annotated 
function. In order to gain knowledge of the native membrane complexes of 
E. coli we designed a platform that allowed us to identify protein complexes 
as well as map protein interactions in the membrane. This strategy took ad-
vantage of (1) sucrose gradient purification to separate proteins according to 
subcellular localization (2) anion exchange chromatography to separate pro-
teins according to charge and (3) non-denaturing blue-native polyacrylamide 
gel electrophoresis (BN-PAGE) followed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), which separate protein com-
plexes in the first dimension followed by individual proteins in the second 
dimension. Using this approach we identified 30 complexes in the membrane 
of which 6 were previously uncharacterized. One of the complexes consisted 
of PpiD and the previously unstudied protein YfgM. PpiD is a well-
characterized chaperone, and by using the guilt by association principle we 
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proposed that YfgM has a similar function. The remaining complexes con-
sisted of YfhM, SlyB, YggE, YhcB, and YgiM, respectively, and existed 
only as homo-oligomers.  
To learn more about the identified proteins we set out to determine the to-
pology of the identified proteins. A topology map may give valuable insight 
into structure-function relationships and in this study the topology of four of 
the six novel proteins was determined by the GFP/PhoA method. YfhM and 
SlyB were omitted, as they are lipoproteins. In addition, using SignalP 3.0, a 
signal sequence prediction program, the existence of a signal sequence was 
analyzed. Taken together, these results showed that YhcB, and YgiM are 
inner membrane proteins with a cytoplasmic C-terminus whereas YggE is a 
periplasmic protein. YfgM is an inner membrane protein with a periplasmic 
C-terminus and is part of the periplasmic chaperone network. 
Working with these proteins brought our attention to the scarcity of topology 
studies of single-spanning membrane proteins in the literature. It also be-
came very clear how difficult it is to successfully tag the N-terminus for 
topology determination. Although there are several assays, such as the 
GFP/PhoA assays, to determine the location of the C-terminus, there are no 
simple assays that can be used to determine the location of the N-terminus. 
Such an assay would be extremely useful in the studies of inner membrane 
proteins. 
 

Paper IV:  
Application of split-green fluorescent protein for topology mapping 
membrane proteins in Escherichia coli.  
Toddo S, Söderström B, Palombo I, von Heijne G, Nørholm MH, 
Daley DO.  
Protein Sci. 2012 Oct;21(10):1571-6. 
 
As mentioned, the GFP/PhoA assay can be used to determine the topology of 
membrane proteins. Although GFP and PhoA work reasonably well when 
fused to the C-terminus of a protein, they are quite large and are likely to 
perturb the targeting as well as insertion and folding of a protein when fused 
to its N-terminus. A tag that can be used on both termini of a protein and that 
can be detected by simple fluorescence detection would therefore be ex-
tremely valuable. To engineer such a tag we explored the split-GFP system 
developed by Waldo et al40. Here, GFP is split between the 10th and 11th β-
strands yielding one large detector fragment (called [1-10OPT]) and one 
small, 16 amino acid, fragment (called [11M3]). This causes a near total loss 
of fluorescence but when the two fragments are brought into close proximity 
by expressing them in the same compartment, they are able to re-assemble 
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into a fluorescent molecule. Fusing the [11M3] to the N-and C-terminus of a 
protein in parallel experiments, expressing them and then expressing the 
detector to the cytoplasm of E. coli will give a fluorescence profile from 
which the topology of the protein can be determined.  
While developing the split-GFP system it was noted that the original tag, 
[11M3], frequently affected protein synthesis in a negative way when fused to 
the N-terminus of the protein. We attempted to overcome this problem by 
codon optimization as well as amino acid optimization of [11M3]. One tag 
(called [11H7]) was identified that could support protein expression as well 
as complement the [1-10OPT] fragment to yield a fluorescent molecule. Using 
[11H7] this strategy was successfully employed to determine the topology of 
three membrane proteins with a known topology, ZipA, YfgM and PpiD. 
ZipA is a protein involved in cell division and has C-in/N-out orientation167. 
YfgM and PpiD are periplasmic chaperones with C-out/N-in orientations 
(Paper III). 
Export of the [1-10OPT] to the periplasm would expand the usefulness of the 
split-GFP system. We attempted to accomplish this by fusing [1-10OPT] to 
the signal sequences of DsbA and TorA as well as to full-length maltose 
binding protein (MBP). Whereas TorA and MPB fusions were ineffective, 
[1-10OPT] fused to DsbA was correctly localized to the periplasm. However, 
although complementation of the two GFP fragments to regain fluorescence 
was successful in the cytoplasm of E. coli, complementation in the periplasm 
was not. Despite successful export of the detector fragment to the periplasm 
and co-expression with [11H7] fused to the C-terminus of PpiD no fluores-
cence was observed. It was therefore concluded that split-GFP cannot re-
assemble in the periplasm. In short, the split-GFP system was engineered to 
function as a reporter on the localization of both the N- and C-termini of 
membrane proteins.  
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Conclusion and future perspectives 

Protein production is an important part of both biomedical research and 
many industrial applications as proteins are needed for everything from drug 
therapeutics to leather manufacture. For the pharmaceutical industry mem-
brane proteins in particular are of importance, as they constitute more than 
half of all drug targets. However, most membrane proteins are synthesized 
naturally in such low amounts that they need to be overproduced in a host 
organism for biochemical and structural studies. Attempts to overproduce 
membrane proteins frequently fail, therefore one of the aims of my thesis 
was to provide a simple method to improve the production of recombinant 
membrane proteins.  
This was done by first investigating how one and two codon substitutions 
immediately downstream of the start codon affected expression of araH and 
narK, two difficult-to-express genes. For comparison, optimized genes of 
both sequences were ordered from commercial vendors, a strategy frequently 
used when sufficient protein yields cannot be obtained. Whereas none of the 
commercial codon optimized genes improved expression, one or two synon-
ymous codon substitutions immediately downstream of the start codon were 
sufficient to significantly improved expression. Hence, small changes in the 
5’-region might be not only sufficient but superior to codon optimizing an 
entire coding sequence.  
In a follow-up study we included all possible synonymous codons up to po-
sition +8 for araH and +7 for narK. Here it was shown that protein yields 
could vary substantially depending on codon choice but that this effect was 
only apparent up to the +4 codon. It has been suggested that rare codons in 
the beginning of the transcript are responsible for this effect. However, our 
data show that both rare and frequently used codons, as well as the position 
of a particular codon, can dramatically affect protein yields. In addition, it is 
not entirely clear what a rare codon is and different research groups have 
used different definitions. For example, different results may be obtained if 
only the frequency of a specific codon in a given genome is considered or if 
also the gene expression levels or the cognate tRNA concentrations and their 
affinity for their anticodon are taken into consideration168,169. 
mRNA secondary structure around the start codon is probably the most im-
portant factor affecting translation efficiency, however, other factors such as 
synonymous codon choice immediately downstream of the start codon are 
also likely to have an influence. We therefore developed a PCR-based strat-
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egy that allows a large number of nucleotide sequences on both sides of the 
start codon to be probed in a single experiment. This approach allows simul-
taneous optimization of both mRNA structure and synonymous codon choice 
in one PCR and can be used as a post cloning optimization (PCO) step in any 
application requiring reliable proteins synthesis. In addition to araH and 
narK, another nine genes were included in the study. Although we were con-
sistently able to identify clones that produced higher levels of the target pro-
tein than WT we only sampled 96 clones out of possible tens of thousands 
and this was done by visually estimating GFP fluorescence levels. It is there-
fore possible that some of the highest expressing clones were missed. By 
using fluorescence activated cell sorting (FACS) for more efficient screening 
these clones may be isolated. FACS could also be used to sort the whole 
expression library according to protein yields. Combined with next genera-
tion sequencing, the mechanisms governing translation initiation could pos-
sibly be elucidated. In principle it would then be possible to design primers 
in silico for efficient expression without the need for any prior experimenta-
tion, which would reduce the time and cost of recombinant protein produc-
tion.  
So far our PCO approach has only been used to express genes derived from 
E. coli, and all experiments have been conducted using a pET28a expression 
vector. Whereas in prokaryotes the ribosome is guided to the start codon by 
its proximity to the Shine-Dalgarno sequence located a few nucleotides up-
stream of the start codon, translation initiation in eukaryotes is somewhat 
different. In eukaryotes translation initiation requires several initiation fac-
tors, including the eukaryotic translation initiation factor eIF4A, which has 
helicase activity170. eIF4A and other initiation factors form a complex at the 
5’ cap to which the 40S ribosomal subunit is recruited. The pre-initiation 
complex thus formed scans the mRNA transcript until it reaches the start 
codon. Once located at the start codon, the pre-initiation complex recruits the 
60S ribosomal subunit forming the elongation-competent 80S ribosome171. 
During the aforementioned scanning process, eIF4A is thought to unwind 
mRNA secondary structures in the 5’UTR172. Still, it has been shown that 
secondary structures between the 5’ cap and the start codon in eukaryotic 
cells also can influence protein synthesis173. Future investigations are needed 
to determine the efficiency of the PCO method when expressing genes de-
rived from different sources as well as in other hosts or plasmid systems. 
Once the target membrane protein has been successfully produced many 
pitfalls remain before a crystal structure can be obtained. A shortcut to gain-
ing some insight into structure-function relationships is to determine protein 
topology. As both computer based topology prediction methods and experi-
mental methods suffer from drawbacks the second aim of my thesis was to 
develop a method that was fast and simple and that could be used to deter-
mine the orientation of both termini. For this purpose GFP proved useful as 
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it can be used for bi-molecular fluorescence complementation and detected 
by simple whole cell fluorescence measurements.  
The main purpose of engineering the split-GFP system was to determine the 
topology of single-spanning membrane proteins as these proteins have been 
largely excluded from previous studies. There are approximately 300 pro-
teins in E. coli predicted to be single-spanning membrane proteins so deter-
mining their topology would give information about a large number of pro-
teins with no hitherto annotated function. However, the split-GFP system 
need not be limited to single-spanning membrane proteins, as there are still a 
significant number of polytopic inner membrane proteins with no determined 
topology. Similarly, the experimental data obtained with the split-GFP sys-
tem would be extremely useful in determining the topology of inner mem-
brane proteins of other sequenced genomes through homology-based as-
signments174.  
Exporting the 1-10 fragment to the periplasm could further extend the use-
fulness of the split-GFP system. This would give an inverted fluorescence 
profile for inner membrane proteins but would also make it possible to local-
ize periplasmic proteins. Although GFP doesn't normally fold in the 
periplasm and complementation was unsuccessful in our experiments several 
versions of GFP exists. The 1-10 fragment used in our system, called GFP 
[1-10OPT] was evolved from superfolder GFP, which was engineered to fold 
robustly even when fused to a poorly folding polypeptide40. Superfolder GFP 
was in turn evolved from folding-reporter GFP, which is more sensitive to 
the folding state of the fusion protein and has been used as a reporter on 
productive protein yields as it only folds and fluoresces when the fusion 
protein folds33. Superfolder GFP has been shown to fold in the periplasm of 
E. coli when targeted through the co-translational Sec-pathway175. Why full-
length superfolder GFP is able to fold in the periplasm whereas GFP 1-10 
OPT isn’t is not known. However, given the versatility of the GFP molecule 
it is conceivable that a version of the 1-10 fragment can be evolved that can 
not only fold in the periplasm but complement the 11th β-strand as well.  
Finally, the 1-10 fragment can be denatured, and when refolded in the pres-
ence of the 11th β-strand the two parts will reassemble and regain fluores-
cence. If the 11th β-strand is fused to an extra-cellular domain of an outer 
membrane protein, the 1-10 fragment can be added to the medium where it 
can refold and complement with the 11th β-strand. This approach could be 
used to localize outer membrane and secreted proteins. Ideally, the split-GFP 
system could be engineered as a tool for the localization of all types of E. 
coli proteins. 
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Populärvetenskaplig sammanfattning på 
svenska 

Alla levande organismer består av en eller flera celler. I dessa celler pågår 
ständigt livsnödvändiga processer av vilka de flesta utförs av cellernas 
proteiner. Framställning och studier av proteiner är därför av stor vikt inom 
livsvetenskaperna. Även inom industrin sker proteinframställning i stor skala 
då dessa bland annat används i tvättmedel, vid papperstillverkning och i 
läkemedel. Inom läkemedelsindustrin är membranproteiner av särskild 
betydelse då mer än hälften av alla läkemedel verkar på dessa proteiner. 
Storskalig framställning av proteiner i en värdorganism såsom kolibakterien 
Escherichia coli är vanligtvis nödvändigt eftersom de flesta proteiner 
tillverkas i alltför små mängder naturligt i cellen.  
Ett av de viktigaste målen med proteinframställning inom forskningen är att 
bestämma proteinernas kristallstruktur. Genom att studera dessa kan man 
fastställa proteinernas funktion och dess bakomliggande mekanism och en 
struktur är därmed ett ovärderligt hjälpmedel i utvecklingen av nya 
läkemedel. Tyvärr är studier av membranproteiner särskilt svåra eftersom de 
måste integreras i membranet vars hydrofoba miljö skiljer sig radikalt från 
cellens vattenhaltiga interiör, vilket medför stora svårigheter. Många 
proteiner är även svåra att framställa i tillräckliga mängder i 
värdorganismen. 
Under mina doktorandstudier har jag intresserat mig för hur man kan öka 
effektiviteten av proteinframställningen i värdorganismen Escherichia coli 
och hur man experimentellt kan bestämma orienteringen av 
membranproteiner i förhållande till membranet, d.v.s. topologin, som ett 
alternativ till deras kristallstruktur. Genom att bestämma topologin får man 
kännedom om olika proteindomäners lokalisering i cellen vilket kan ge 
viktig information om proteinets funktion. Min forskning har lett fram till 
två enkla och billiga metoder för proteinframställning och 
topologibestämning, metoder som kan användas i praktiskt taget alla 
laboratorier som använder sig av genkloning och som är användbara i 
studierna av membranproteiner. 
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Membrane proteins are extremely challenging to produce in sufficient quantities for biochemical
and structural analysis and there is a growing demand for solutions to this problem. In this study
we attempted to improve expression of two difficult-to-express coding sequences (araH and narK)
for membrane transporters. For both coding sequences, synonymous codon substitutions in the
region adjacent to the AUG start led to significant improvements in expression, whereas multi-
parameter sequence optimization of codons throughout the coding sequence failed. We conclude
that coding sequences can be re-wired for high-level protein expression by selective engineering
of the 50 coding sequence with synonymous codons, thus circumventing the need to consider whole
sequence optimization.
� 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Most membrane proteins are expressed at low levels in their
natural membrane. Prior to structural and functional analyses they
must therefore be recombinantly over-expressed in a microorgan-
ism like Escherichia coli, Saccharomyces cerevisiae or Pichia pastoris
[1]. This is a challenging step and over-expression levels vary con-
siderably for different proteins [2–4]. Those proteins that cannot be
over-expressed are generally more difficult to purify and to study
in isolation.

We do not fully understand why some proteins are more diffi-
cult to over-express than others. One telling observation is that
homologous coding sequences often express at vastly different lev-
els (for example [5,6]), indicating that nuances in the coding se-
quence can play an important role in determining the level of
protein expression. Many groups exploit this fact by substituting
synonymous codons in the coding sequence. In these exercises, co-
dons that, based on statistics, are used less frequently or whose
corresponding tRNA abundance is low are classified as rare, and
are substituted by synonymous codons that are considered to be
more abundant (for reviews on the topic of codon optimization
see [5,7,8]). Re-designed coding sequences can be both designed
and synthesised by commercial vendors.

Frustratingly, bioinformatics analysis of large protein expres-
sion data sets have failed to find any correlation between the cod-
ing sequence (or the physico-chemical properties of the protein)
and the levels of membrane protein expression [9,10]. Thus, it is
not yet possible to manipulate the coding sequence of a membrane
protein for predictable expression, and a trial and error approach is
still the order of the day. In this study we report our experiences in
codon optimization of two difficult-to-express coding sequences
for membrane transport proteins; AraH is a 329 amino acid protein
that forms the membrane component of the arabinose ABC trans-
porter (AraFG2H) and is predicted to contain 10 transmembrane
helices (Fig. 1A). NarK is a 463 amino acid nitrate/nitrite antiporter
from the major facilitator superfamily and is predicted to contain
12 transmembrane helices (Fig. 2A). By fusing the various coding
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Fig. 1. Expression of the arabinose transport protein AraH in Escherichia coli. (A) A
cartoon representation of the topology of AraH in the inner membrane of E. coli,
determined by constraining TMHMMfix with experimental data [9]. (B) An estimate
of the expression level obtained from each coding sequence, obtained by normal-
ising whole cell fluorescence with the OD600 of the culture. The average value and
standard deviation is based on four replicates and statistically significant differ-
ences were determined by an unpaired t test. Note that a matrix of different
induction conditions were used for each coding sequence but only the condition
that gave the highest fluorescence is presented. See Materials and Methods section
for details. (C) Analysis of AraH-TEV-GFP-His8 by SDS–PAGE and detection by in-gel
fluorescence (top panel) or by immuno-decoration with an antibody raised against
GFP (bottom panel). AraH-TEV-GFP-His8 that had been expressed into inclusion
bodies was not fluorescent and is marked by an asterix (*). Note that the aggregated
form of GFP actually migrates at the predicted molecular mass during SDS–PAGE
analysis, but correctly folded GFP migrates slightly faster due to the fact that the
chromophore has retained some structure [21]. (D) Translational efficiency of the
sequences encoding AraH-TEV-GFP-His8 was determined by pulse labelling with
35S-methionine for twenty minutes then separating the translation products by
SDS–PAGE. In the experiment rifampicin was added to shut down synthesis from
endogenous promoters.
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Fig. 2. Expression of the nitrate/nitrite antiporter NarK in Escherichia coli. (A) A
cartoon representation of the topology of NarK in the inner membrane of E. coli,
determined by constraining TMHMMfix with experimental data [9]. (B) An estimate
of the expression level obtained from each coding sequence, obtained by normal-
ising whole cell fluorescence with the OD600 of the culture. The average value and
standard deviation is based on four replicates and statistically significant differ-
ences were determined by an unpaired t test. Note that a matrix of different
induction conditions were used for each coding sequence but only the condition
that gave the highest fluorescence is presented. See Materials and Methods section
for details. (C) Analysis of NarK-TEV-GFP-His8 by SDS–PAGE and detection by in-gel
fluorescence (top panel) or by immuno-decoration with an antibody raised against
GFP (bottom panel). NarK-TEV-GFP-His8 that had been expressed into inclusion
bodies was not fluorescent and is marked by an asterix (*). Note that the aggregated
form of GFP actually migrates at the predicted molecular mass during SDS–PAGE
analysis, but correctly folded GFP migrates slightly faster due to the fact that the
chromophore has retained some structure [21]. (D) Translational efficiency of the
sequences encoding NarK-TEV-GFP-His8 was determined by pulse labelling with
35S-methionine for 20 min then separating the translation products by SDS–PAGE.
In the experiment rifampicin was added to shut down synthesis from endogenous
promoters.
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sequences to the gene encoding the green fluorescent protein
(GFP), we have been able assess protein expression levels through
whole cell fluorescence assays and Western blotting. Our data indi-
cate that exhaustive harmonisation of the entire coding sequence
was less successful than synonymous codon substitutions in the
region adjacent to the AUG start codon. Codons in the 50 coding re-
gion can be substituted during primer design and are therefore a
potentially simple and cheap solution to a complex problem.

2. Materials and methods

2.1. Molecular cloning

The regions encoding araHWT and narKWT were amplified by PCR
from the E. coli strain MG1655, as described previously [9].
araH50OPT was created by substitution of the UCU codons in posi-
tions 3 and 4 to AGC. narK50OPT was created by substitution of the
AGU codon in position 2 to AGC. araHSYN1 and narKSYN1 were de-
signed and chemically synthesized by DNA2.0 (Menlo Park, Califor-
nia). araHSYN2 and narKSYN2 were designed and chemically
synthesized by Genscript (Piscataway, New Jersey). All regions
were sub-cloned into the pGFPe vector [9,11], downstream of a T7
inducible promoter and upstream of the region encoding -tev-gfp-
his8. araHD50 WT and narKD50 WT were constructed by looping out
the 50 regions, corresponding to the first cytoplasmic loop in the
protein sequence (defined by TOPCONS [12]). The 84-nucleotide
extension was modified from the work of Kudla and co-workers
[6] and was added to araH and narK using synthetic oligonucleo-
tides. All molecular cloning and site-directed mutagenesis was car-
ried out using the uracil-excision method [13]. All constructs were
verified by DNA sequencing (Eurofins MWG Operon, Germany).

2.2. Protein expression

Protein expression was carried out as described previously [9],
with a few modifications. Expression vectors were transformed
into the E. coli strain BL21(DE3) pLysS and overnight cultures were
prepared by inoculating a single colony in 800 ll Luria–Bertani
(LB) liquid media with 34 lg/ml chloramphenicol and 50 lg/ml
kanamycin. Cultures were incubated in a 2.2 ml 96-well plate over-
night at 37 �C with shaking. Overnight cultures were back-diluted
1:50 in LB plus antibiotics in a 5 ml 24-well growth plate, and
grown at 37 �C with shaking to an OD600 of approximately 0.3. Syn-
thesis of proteins was induced by addition of either 0.1, 0.5 or
1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and incubation
for a further 20 h at either 25 or 37 �C. Optimum conditions for
araHWT, araH50OPT, araH50OPT-SYN1, araH50OPT-SYN2, araH+84WT,
narKSYN1, narKD50WT and nark+84WT were obtained by induction with
1 mM IPTG at 25 �C. Optimum conditions for araHSYN1, araHSYN2

and narK50OPT-SYN2 were obtained by induction with 1 mM IPTG at
37 �C. Optimum conditions for araHD50WT were obtained by induc-
tion with 0.5 mM IPTG at 25 �C, and for narKWT, narKSYN2, narK50OPT

and narK50OPT-SYN1 by induction with 0.5 mM IPTG at 37 �C. The
OD600 of the culture was measured in a Spectramax M2e (Molecu-
lar Devices). Cells were then harvested by centrifugation at 3220�g
for 20 min, resuspended in buffer (50 mM Tris–HCl at pH 8.0,
200 mM NaCl, 15 mM EDTA) and transferred to a 96-well optical
bottom plate. Fluorescence was read in a Spectramax Gemini
(Molecular Devices) at excitation and emission wavelengths of
485 and 513 nm respectively. The amount of GFP produced (in
mg/l) was calculated using a standard curve obtained from purified
GFP mixed with whole cells (to account for quenching). The
amount of AraH and NarK produced (in mg/l) was derived from
the amount of GFP in the cell (assuming a 1:1 ratio of AraH/NarK
to GFP).
2.3. In-gel fluorescence and Western blotting

A volume of cells corresponding to 0.2 OD600 units was collected
from each sample, suspended in loading buffer and subjected to so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE). Fluorescence emanating from the SDS–PAGE was detected
using a LAS-1000 (Fuji Film) as described by [14]. Proteins from
the same gels were then transferred to nitrocellulose membranes
using a semi-dry Transfer-Blot apparatus (Bio-Rad) and probed
with antibody raised to purified GFP (Daley, unpublished). Detec-
tion of antibody binding was determined using an anti-rabbit IgG
horseradish peroxidase linked whole antibody (from donkey) and
a SuperSignal West Femto Luminol/Enhancer solution (Thermo
Scientific).

2.4. 35S-methionine labelling of proteins

35S-methionine labelling of proteins was performed using a
modified version of the rifampicin blocking technique [15,16].
Plasmids were transformed into the E. coli strain BL21(DE3) pLysS.
A colony was inoculated into a 2 ml tube containing 1 ml of Luria–
Bertani (LB) liquid media with 34 lg/ml chloramphenicol and
50 lg/ml kanamycin, and incubated with vigorous shaking at
37 �C for 16 h. The culture was back diluted, and incubated as be-
fore until the OD600 was between 0.3 and 0.5. Cells were harvested
by centrifugation at 830�g for 5 min and the cell pellet resus-
pended in 1 ml of M9 minimal media, supplemented with thiamine
(10 mM) and all amino acids but methionine. The cells were then
incubated for 90 min to starve them of methionine. To prevent pro-
duction of non-plasmid-encoded proteins, genomic transcription
was suppressed by incubation for 20 min in the presence of
0.2 mg/ml rifampicin. Synthesis of plasmid-encoded proteins,
which were under the control of the T7 RNA polymerase, was in-
duced by the addition of 0.5 mM isopropyl-b-D-thiogalactopyrano-
side (IPTG). Labelling was performed by incubation for 20 min in
the presence of 15 lCi 35S-methionine. Following the pulse label-
ling reaction, a 50 ll aliquot was harvested by centrifugation at
17900�g for 2 min, resuspended in 20 ll of SDS–gel loading buffer
and analysed by 14% SDS–PAGE. Gels were dried and analysed by
exposure on phosphor-imager screens using standard techniques.

2.5. Predictions of translation rate

Estimated translation rates were calculated using the method of
Zhang et al. [17]. In brief, the rate-limiting step in translation is the
search for the cognate aminoacyl-tRNA–EF-Tu-GTP complex to a
codon, a step that relies on the tRNA concentration. The tRNA con-
centrations and isoacceptor specificities were collected from
[18,19]. In the cases where the latter were not available, codon
usage determined by the EMBOSS package [20], served as an esti-
mate of isoacceptor preference. Running averages were used with a
window size of 21 amino acids for codons 10 onward. For codons
2–9 the window size was set to 4.

3. Results

3.1. AraH and NarK – membrane proteins that are difficult to express
in E. coli

In a previous study, we attempted to over-express �400 E. coli
inner membrane proteins [9]. The sequences encoding these pro-
teins were placed downstream of a T7 promoter and expressed
as genetic fusions to a sequence encoding the tobacco etch virus
(TEV) protease site, the green fluorescent protein (GFP) and a poly
histidine tag (His8). The expressed proteins could therefore be
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detected and compared using a simple whole-cell fluorescence as-
say. Significantly, the analysis suggested that many coding se-
quences were not expressed at vastly different levels. Many of
these were expressed in insufficient quantities for biochemical
and structural characterization (Supplementary Fig. 1).

araHWT and narKWT (encoding AraH and NarK, respectively)
were two coding sequences that were difficult to express (the
molecular reasons why are not known). To stimulate expression
of these coding sequences we initially tried varying growth tem-
perature (25 or 37 �C) and inducer concentration (0.1, 0.5 or
1 mM IPTG). However, we could still not detect high levels of fluo-
rescence from cells expressing either coding sequence (Fig. 1B and
2B). To determine if AraH-TEV-GFP-His8 and NarK-TEV-GFP-His8

had been expressed but mis-folded into inclusion bodies, we
looked for non-fluorescent GFP fusions following analysis of whole
cells by SDS–PAGE (as described by [21]). However, we could not
detect either AraH-TEV-GFP-His8 or NarK-TEV-GFP-His8 by in-gel
fluorescence, or by blotting the gels to a nitrocellulose membrane
and probing with an antibody to GFP (Fig. 1C, lane 1; Fig. 2C, lane
1). Thus we conclude that both AraH-TEV-GFP-His8 and NarK-
TEV-GFP-His8 had simply not been expressed. This conclusion
was confirmed by pulse labelling each protein for 20 min with
35S-methionine, and then separating the translation products by
SDS–PAGE (Fig. 1D, lane 1; Fig. 2D, lane 1). In this assay most
membrane proteins can be detected (see below and data not
shown). We therefore conclude that the inability to produce suffi-
cient quantities of AraH-TEV-GFP-His8 and NarK-TEV-GFP-His8

relates to inefficient expression, and not to expression in inclusion
bodies, degradation or toxicity to the host.

3.2. Multi-parameter optimization of the coding sequence

In an attempt to improve the production of AraH-TEV-GFP-His8

and NarK-TEV-GFP-His8, we ordered synthetic genes from two dif-
ferent commercial vendors. The sequences of these synthetic genes
(called araHSYN1, araHSYN2, narKSYN1, narKSYN2) had been ‘re-
designed’ by the commercial vendors using algorithms that con-
sider multiple parameters, such as codon usage, mRNA secondary
structure and cryptic ribosome binding sites [5,7,8]. The synthetic
coding sequences had only limited homology to araHWT/narKWT,
but the encoded amino acid sequences were identical (Fig. 3 and
Supplementary information). When we expressed araHSYN1,
araHSYN2, narKSYN1 and narKSYN2 as fusions to -tev-gfp-his8 we could
not detect appreciable increases in fluorescence from whole cells
(Fig. 1B and 2B). Furthermore we could not detect the proteins
by in-gel fluorescence, Western blotting or pulse labelling (Fig. 1C
and D; Fig. 2C and D). We therefore conclude that these particular
Fig. 3. Sequence alignment of the 50 termini from coding sequences used in this study. (A
type sequence are boxed in grey.
optimizations of the entire coding sequence did not improve pro-
duction of either AraH-TEV-GFP-His8 or NarK-TEV-GFP-His8.

3.3. Selective engineering in the 50 end of coding sequence

In a parallel approach, we tried to improve expression of araHWT

and narKWT by substituting synonymous codons in close proximity
to the AUG start codon. This approach was motivated by the fact
that codon usage in this region can play a pivotal role in determin-
ing translational output in E. coli [22,23]. In araHWT we substituted
two rare UCU serine codons (defined by [24]) in positions 3 and 4
to more frequent AGC serine codons to generate araH50OPT-WT (Fig. 3
and Supplementary information). In narKWT we substituted the
rare AGU serine codon in position 2 to a more frequent AGC serine
codon to generate narK50OPT-WT (i.e. a single nucleotide change)
(Fig. 3 and Supplementary information). Thus in both cases we
had substituted in the AGC codon, close to the AUG start codon.

When we expressed araH50OPT-WT and narK50OPT-WT as fusions
to -tev-gfp-his8 we could detect considerable improvements in
expression for AraH-TEV-GFP-His8, and modest improvements for
NarK-TEV-GFP-His8, as judged by whole-cell fluorescence, in-gel
fluorescence, Western blotting and pulse labelling (Figs. 1 and 2).
Both fusion proteins were detected at the expected molecular mass
when resolved by SDS–PAGE, indicating that they were stable.
Based on the whole-cell fluorescence readings, we estimate that
AraH was expressed at �34 mg/l and NarK at �3.5 mg/l. We con-
clude that engineering in the 50 end of the coding sequence with se-
lected, synonymous codons can dramatically improve production.

Curiously, the synthetic coding sequences that we used previ-
ously contained the AGC codon in close proximity to the AUG start
codon but they did not express (Fig. 3). We therefore asked if we
could improve the expression of these sequences by replacing
the entire 50 end of the coding sequence with the respective re-
gions of araH50OPT-WT and narK50OPT-WT (21 and 24 codons respec-
tively; Fig. 3 and Supplementary information). When we
expressed the hybrid coding sequences (called araH50OPT-SYN1,
araH50OPT-SYN2, narK50OPT-SYN1 and narK50OPT-SYN2) we could detect sig-
nificant improvements in the level of expression, as judged by both
whole cell fluorescence, Western blotting and pulse labelling
(Figs. 1 and 2). Thus engineering of the 50 coding sequence with se-
lected, synonymous codons improved expression of all sequences
tested (i.e. araHWT/araHSYN1/araHSYN2 and narK

WT

/narKSYN1/narKSYN2).

3.4. Generic modifications to the coding sequence

Since the 50 coding regions of araHWT and narKWT are clearly
incompatible with high-level expression, we next wanted to
) araH coding sequences. (B) narK coding sequences. Codons that differ from the wild
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know whether removal of these regions might be an alternative
strategy to stimulate over-expression. We generated araHD50 WT

and narKD50 WT by removing 54 and 66 nucleotides from the 50

coding sequence of araHWT and narKWT, respectively (Supplemen-
tary information). These regions correspond to the sequences that
encode the cytoplasmic loops preceding the first transmembrane
helix, and are predicted to be structurally disordered by the Dis-
EMBL software [25]. When araHD50 WT and narKD50 WT were ex-
pressed as fusions to -tev-gfp-his8 we could detect a small
improvement in expression of araHD50 WT but not of narKD50 WT,
as judged by whole cell fluorescence, Western blotting and pulse
labelling (Figs. 1 and 2). Thus it is unlikely that removal of the 50

coding sequence is a generic engineering strategy for stimulating
expression levels.

We also tested whether a generic addition to the 50 coding se-
quence could stimulate over-expression of araHWT and narKWT.
We chose a stretch of 84 nucleotides that have previously been
shown to improve expression of GFP codon-variants [6] (note that
our sequence contained a single nucleotide (C30G) change). The
84-nucleotide extension was cloned upstream of araHWT and
narKWT to generate araH+84WT and narK+84WT (Supplementary infor-
mation), and the encoded proteins were therefore produced with a
28 amino acid extension on the N-terminus (N28-). The production
of araH+84WT and narK+84WT was significantly better than the wild
type coding sequences in the pulse labelling experiments, indicat-
ing that expression was improved (Figs. 1D and 2D). However we
could not detect significant amounts of the proteins by SDS–PAGE
when the induction was carried out for 20 h (Figs. 1C and 2C). The
N28- tag had therefore destabilised the proteins. Thus the data indi-
cate that selective modifications to the 50 coding region are
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Fig. 4. Estimated translation rates for coding sequences used in this study. A running a
codon in the coding sequence (x-axis). The window size was set to 21 for codons 10 onwa
important region. Translation rates were estimated by the method described by Zhang
preferable to N-terminal tagging (even though the N28- tag im-
proved translation).

4. Discussion

Many membrane proteins cannot be expressed in sufficient
quantities for biochemical and structural analyses. In this study
we attempted to improve the expression of two ‘difficult-to-ex-
press’ membrane proteins using a range of genetic engineering
strategies. In one approach, we used synthetic coding sequences
that had been extensively optimised. The translation rate across
these coding sequences was predicted to be faster than the corre-
sponding wild type coding sequence (Fig. 4), however we did not
detect improved levels of protein expression. Improved levels of
over-expression of membrane proteins have been observed from
synthetic coding sequences [26–28], but failed expression at-
tempts are rarely reported in the literature (see [8,29]). Based on
discussions in the community we believe that the outcome we ob-
served might be a fairly common occurrence.

In a second approach, inspired by the work of Isaksson and col-
leagues [22,23], we substituted either one or two synonymous ser-
ine codons in close proximity to the AUG start codon of the wild
type coding sequence. Serine codons are decoded slowly by the
ribosome when cells are grown in LB [30]. The synonymous serine
codon that we substituted into araHWT and narKWT (i.e. AGC) is de-
coded quicker than the serine codons that were removed (i.e. UCU
and AGU) [30], and the substitutions significantly improved the
expression. Thus we can conclude that, outside of the 50 coding re-
gion, there is no part of the coding sequence that prevents high-
level expression. The expression levels attained (�34 mg/l for AraH
300 400

200 250 300
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verage of the variation of the estimated translation rate (y-axis) is plotted for each
rd. The window size for positions 2–9 was set to 4, thus allowing visualisation of this
et al. [17] (see Section 2).
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and �3.5 mg/l NarK) were sufficient for purification and biochem-
ical/structural analyses, thus the optimised constructs will provide
a platform for studies of both arabinose and nitrate/nitrite trans-
port. It is worth noting that strains that express rare tRNAs, such
a Rosetta™, do not consider the serine codon. In accordance with
this, we did not observe positive effects by expressing araHWT

and narKWT in Rosetta™ (Madsen K.M. and Nørholm, MHH, unpub-
lished observation).

Why are codon substitutions so effective in close proximity to
the AUG start codon? Translational initiation is thought to be the
rate-limiting step in protein synthesis [31] and it is conceivable that
by making it more efficient (with codons that are decoded faster) we
have been able to improve protein production. Isaksson and co-
workers noted higher levels of expression for both lacZ and 3A0 (a
synthetic coding sequence) when the UCU and AGU serine codons
were substituted for AGC in the position adjacent to the AUG start
codon [22,23]. Since the promoter, the 50 untranslated region and
the coding sequences were the same (apart from one codon), they
speculated that the effect therefore related to the efficiency of trans-
lational initiation. In our study, the promoter, the 50 untranslated re-
gion and the coding sequences were also the same (apart from one
or two codons), thus we speculate that the changes we imple-
mented also affected translational initiation. We acknowledge that
secondary structure in the 50 end of the mRNA can also affect protein
expression levels by sequestering the ribosome binding site and/or
the region around the start codon [6,32,33], however we did not ob-
serve any correlation between the levels of protein expression and
the predicted propensity for mRNA structure in the 50 end of our
coding sequences (data not shown).

Why were the synthetic coding sequences not expressed? It
was counter-intuitive to us that the synthetic coding sequences
did not express better than the wild type sequences, as they al-
ready contained the favourable AGC codon adjacent to the AUG
start and they were predicted to be translated faster (Fig. 4). Fur-
ther work is required to understand this observation. One clue
however, was that we could improve their expression when we
fused the optimised 50 coding sequences of araH50OPT-WT and
narK50OPT-WT onto them, indicating that the problem lay in the 50 re-
gion, not the remainder of the coding sequence. Further evidence
that the problem lay in the 50 coding region was obtained when
we introduced rare codons into the 50 end of the coding sequence
of narKSYN2 and observed improved expression levels (data not
shown). The latter observation supports the notion that a slowly
translated 50-‘‘ramp’’ might be necessary for proper expression,
possibly because rare codons can ensure proper spacing of ribo-
somes along the mRNA (see [33] and references therein).

It is more than 50 years since the elucidation of the genetic code
and the realisation that there are synonymous codons for most
amino acids [34]. As we have confirmed in this study, synonymous
codon substitutions constitute a powerful tool for manipulating
protein expression levels. However, we have also demonstrated
that we are still a long way from understanding the full implica-
tions of synonymous codon substitutions and manipulating codons
to predictably engineer coding sequences that are both highly ex-
pressed and correctly folded. Our data does however indicate that
coding sequences of membrane proteins can be re-wired for higher
expression by simply substituting synonymous codons in the 50

end. That this approach worked for six entirely different coding se-
quences (i.e. all wild type and synthetic coding sequences) would
suggest that it has enormous potential for improving the produc-
tion of many difficult to express membrane proteins in E. coli.
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Supplementary Figure 1. Comparison of over-expression levels for 400  E. coli inner 
membrane proteins. Coding sequences were cloned downstream of a T7 promoter and 
upstream of a region encoding the tobacco etch virus (TEV) protease site, the green 
fluorescent protein (GFP) and an oct-histidine purification tag (His8). The proteins were 
expressed in the BL21(DE3) pLysS strain by induction with 0.4 mM IPTG for 3 hours. 
AraH-TEV-GFP-His8 and NarK-TEV-GFP-His8, were two of the many inner membrane 
proteins that were difficult to over-express. Figure adapted from Daley et al. (2005) Science 
308, 1321-1323. Note that the data is presented as GFP fluorescence (AU’s) per mL of 
culture in this figure, whereas  in the manuscript the fluorescent readings have been 
normalised by the optical density of the culture. 



Coding sequences used in the study. Regions that differed from the wild type coding 
sequence are underlined. All changes are motivated in the main text. 
 
 
araHWT  
 
ATGATGTCTTCTGTTTCTACATCGGGGTCTGGCGCACCTAAGTCGTCATTCAGCTTCGGGCGTATC
TGGGATCAGTACGGCATGCTGGTGGTGTTTGCGGTGCTCTTTATCGCCTGTGCCATTTTTGTCCCA
AATTTTGCCACCTTCATTAATATGAAAGGGTTGGGCCTGGCAATTTCCATGTCGGGGATGGTGGCT
TGTGGCATGTTGTTCTGCCTCGCTTCCGGTGACTTTGACCTTTCTGTCGCCTCCGTAATTGCCTGT
GCGGGTGTCACCACGGCGGTGGTTATTAACCTGACTGAAAGCCTGTGGATTGGCGTGGCAGCGG
GGTTGTTGCTGGGCGTTCTCTGTGGCCTGGTCAATGGCTTTGTTATCGCCAAACTGAAAATAAATG
CTCTGATCACGACATTGGCAACGATGCAGATTGTTCGAGGTCTGGCGTACATCATTTCAGACGGTA
AAGCGGTCGGTATCGAAGATGAAAGCTTCTTTGCCCTTGGTTACGCCAACTGGTTCGGTCTGCCTG
CGCCAATCTGGCTCACCGTCGCGTGTCTGATTATCTTTGGTTTGCTGCTGAATAAAACCACCTTTGG
TCGTAACACCCTGGCGATTGGCGGGAACGAAGAGGCCGCGCGTCTGGCGGGTGTACCGGTTGTT
CGCACCAAAATTATTATCTTTGTTCTCTCAGGCCTGGTATCAGCGATAGCCGGAATTATTCTGGCTT
CACGTATGACCAGTGGGCAGCCAATGACGTCGATTGGTTATGAGCTGATTGTTATCTCCGCCTGCG
TTTTAGGTGGCGTTTCTCTGAAAGGTGGCATCGGAAAAATCTCATATGTGGTGGCGGGTATCTTAAT
TTTAGGCACCGTGGAAAACGCCATGAACCTGCTTAATATTTCTCCTTTCGCGCAGTACGTGGTTCG
CGGCTTAATCCTGCTGGCAGCGGTGATCTTCGACCGTTACAAGCAAAAAGCGAAACGCACTGTC 
 
 
araHSYN1 

 

ATGATGAGCAGCGTGTCCACCTCTGGCTCTGGTGCGCCGAAAAGCTCCTTTTCCTTTGGTCGTATC
TGGGACCAGTATGGCATGCTGGTCGTGTTTGCCGTGCTGTTTATCGCGTGTGCCATCTTCGTCCCG
AATTTTGCGACCTTCATTAACATGAAGGGTCTGGGCCTGGCAATTAGCATGAGCGGTATGGTTGCA
TGCGGCATGCTGTTTTGCCTGGCTAGCGGCGACTTCGATCTGAGCGTTGCGAGCGTTATCGCATG
CGCTGGTGTTACGACCGCCGTGGTGATTAATCTGACGGAAAGCCTGTGGATTGGTGTCGCTGCCG
GTTTGCTGCTGGGTGTGTTGTGTGGTCTGGTCAACGGCTTCGTTATCGCGAAGCTGAAGATTAACG
CGCTGATCACCACGCTGGCGACCATGCAGATCGTGCGTGGTCTGGCGTACATCATCAGCGATGGC
AAAGCGGTGGGTATTGAGGATGAGTCCTTTTTCGCGTTGGGCTACGCAAATTGGTTCGGTCTGCCT
GCCCCGATCTGGCTGACCGTGGCGTGCCTGATTATCTTCGGCCTGCTGCTGAACAAGACGACCTT
CGGCCGCAACACTCTGGCAATTGGTGGCAACGAAGAGGCAGCTCGTCTGGCAGGTGTCCCGGTT
GTCCGTACGAAAATCATTATCTTTGTTTTGTCGGGTCTGGTTAGCGCGATTGCGGGCATTATTCTGG
CAAGCCGCATGACCAGCGGTCAACCAATGACGAGCATCGGTTATGAGCTGATCGTGATCTCTGCC
TGTGTTCTGGGCGGTGTTAGCTTGAAAGGTGGTATTGGTAAGATTAGCTATGTTGTAGCCGGTATTT
TGATTCTGGGCACCGTGGAAAATGCTATGAATCTGCTGAATATCAGCCCGTTCGCGCAATACGTCG
TCCGTGGCTTGATTCTGCTGGCAGCGGTTATCTTCGACCGTTACAAACAGAAAGCGAAGCGCACC
GTC 

 

 
araHSYN2 

 

ATGATGAGCTCTGTGTCAACCTCGGGCAGCGGTGCGCCGAAAAGTTCCTTTTCCTTCGGTCGTATT
TGGGATCAGTATGGCATGCTGGTTGTGTTTGCGGTCCTGTTCATCGCATGCGCTATTTTTGTGCCG
AATTTTGCCACCTTCATCAACATGAAAGGCCTGGGTCTGGCTATTTCTATGAGTGGTATGGTCGCGT
GCGGCATGCTGTTTTGTCTGGCCTCTGGTGATTTCGACCTGTCCGTTGCATCAGTCATCGCATGCG
CAGGTGTTACCACGGCTGTCGTGATCAACCTGACGGAAAGCCTGTGGATTGGTGTGGCAGCAGGT
CTGCTGCTGGGTGTTCTGTGTGGTCTGGTGAACGGCTTCGTTATCGCAAAACTGAAAATCAACGCT
CTGATTACCACGCTGGCGACCATGCAGATCGTTCGCGGTCTGGCATATATTATCTCGGATGGTAAA
GCTGTCGGCATTGAAGACGAAAGCTTTTTCGCGCTGGGTTACGCCAATTGGTTCGGTCTGCCGGC
ACCGATCTGGCTGACCGTGGCATGCCTGATTATCTTTGGTCTGCTGCTGAATAAAACCACGTTCGG
CCGTAACACGCTGGCCATTGGCGGTAATGAAGAAGCAGCTCGTCTGGCAGGCGTTCCGGTTGTCC
GCACCAAAATTATCATTTTTGTTCTGTCGGGTCTGGTCAGCGCAATCGCTGGCATCATTCTGGCGT
CTCGCATGACCAGTGGTCAACCGATGACGAGCATTGGCTATGAACTGATCGTGATTTCCGCATGTG
TCCTGGGCGGTGTGTCACTGAAAGGCGGTATCGGTAAAATTTCTTACGTGGTTGCCGGTATCCTGA
TTCTGGGCACGGTTGAAAACGCGATGAATCTGCTGAACATTAGTCCGTTTGCCCAGTATGTCGTGC
GTGGTCTGATCCTGCTGGCAGCAGTGATTTTCGACCGTTACAAACAAAAAGCGAAACGCACCGTT 
 
 
 



araH5OPT-WT 

 

ATGATGAGCAGCGTTTCTACATCGGGGTCTGGCGCACCTAAGTCGTCATTCAGCTTCGGGCGTATC
TGGGATCAGTACGGCATGCTGGTGGTGTTTGCGGTGCTCTTTATCGCCTGTGCCATTTTTGTCCCA
AATTTTGCCACCTTCATTAATATGAAAGGGTTGGGCCTGGCAATTTCCATGTCGGGGATGGTGGCT
TGTGGCATGTTGTTCTGCCTCGCTTCCGGTGACTTTGACCTTTCTGTCGCCTCCGTAATTGCCTGT
GCGGGTGTCACCACGGCGGTGGTTATTAACCTGACTGAAAGCCTGTGGATTGGCGTGGCAGCGG
GGTTGTTGCTGGGCGTTCTCTGTGGCCTGGTCAATGGCTTTGTTATCGCCAAACTGAAAATAAATG
CTCTGATCACGACATTGGCAACGATGCAGATTGTTCGAGGTCTGGCGTACATCATTTCAGACGGTA
AAGCGGTCGGTATCGAAGATGAAAGCTTCTTTGCCCTTGGTTACGCCAACTGGTTCGGTCTGCCTG
CGCCAATCTGGCTCACCGTCGCGTGTCTGATTATCTTTGGTTTGCTGCTGAATAAAACCACCTTTGG
TCGTAACACCCTGGCGATTGGCGGGAACGAAGAGGCCGCGCGTCTGGCGGGTGTACCGGTTGTT
CGCACCAAAATTATTATCTTTGTTCTCTCAGGCCTGGTATCAGCGATAGCCGGAATTATTCTGGCTT
CACGTATGACCAGTGGGCAGCCAATGACGTCGATTGGTTATGAGCTGATTGTTATCTCCGCCTGCG
TTTTAGGTGGCGTTTCTCTGAAAGGTGGCATCGGAAAAATCTCATATGTGGTGGCGGGTATCTTAAT
TTTAGGCACCGTGGAAAACGCCATGAACCTGCTTAATATTTCTCCTTTCGCGCAGTACGTGGTTCG
CGGCTTAATCCTGCTGGCAGCGGTGATCTTCGACCGTTACAAGCAAAAAGCGAAACGCACTGTC 
 
 
araH5OPT-SYN1 

 

ATGATGAGCAGCGTTTCTACATCGGGGTCTGGCGCACCTAAGTCGTCATTCAGCTTCGGTCGTATC
TGGGACCAGTATGGCATGCTGGTCGTGTTTGCCGTGCTGTTTATCGCGTGTGCCATCTTCGTCCCG
AATTTTGCGACCTTCATTAACATGAAGGGTCTGGGCCTGGCAATTAGCATGAGCGGTATGGTTGCA
TGCGGCATGCTGTTTTGCCTGGCTAGCGGCGACTTCGATCTGAGCGTTGCGAGCGTTATCGCATG
CGCTGGTGTTACGACCGCCGTGGTGATTAATCTGACGGAAAGCCTGTGGATTGGTGTCGCTGCCG
GTTTGCTGCTGGGTGTGTTGTGTGGTCTGGTCAACGGCTTCGTTATCGCGAAGCTGAAGATTAACG
CGCTGATCACCACGCTGGCGACCATGCAGATCGTGCGTGGTCTGGCGTACATCATCAGCGATGGC
AAAGCGGTGGGTATTGAGGATGAGTCCTTTTTCGCGTTGGGCTACGCAAATTGGTTCGGTCTGCCT
GCCCCGATCTGGCTGACCGTGGCGTGCCTGATTATCTTCGGCCTGCTGCTGAACAAGACGACCTT
CGGCCGCAACACTCTGGCAATTGGTGGCAACGAAGAGGCAGCTCGTCTGGCAGGTGTCCCGGTT
GTCCGTACGAAAATCATTATCTTTGTTTTGTCGGGTCTGGTTAGCGCGATTGCGGGCATTATTCTGG
CAAGCCGCATGACCAGCGGTCAACCAATGACGAGCATCGGTTATGAGCTGATCGTGATCTCTGCC
TGTGTTCTGGGCGGTGTTAGCTTGAAAGGTGGTATTGGTAAGATTAGCTATGTTGTAGCCGGTATTT
TGATTCTGGGCACCGTGGAAAATGCTATGAATCTGCTGAATATCAGCCCGTTCGCGCAATACGTCG
TCCGTGGCTTGATTCTGCTGGCAGCGGTTATCTTCGACCGTTACAAACAGAAAGCGAAGCGCACC
GTC 

 
 
araH5OPT-SYN2 

 

ATGATGAGCAGCGTTTCTACATCGGGGTCTGGCGCACCTAAGTCGTCATTCAGCTTCGGTCGTATT
TGGGATCAGTATGGCATGCTGGTTGTGTTTGCGGTCCTGTTCATCGCATGCGCTATTTTTGTGCCG
AATTTTGCCACCTTCATCAACATGAAAGGCCTGGGTCTGGCTATTTCTATGAGTGGTATGGTCGCGT
GCGGCATGCTGTTTTGTCTGGCCTCTGGTGATTTCGACCTGTCCGTTGCATCAGTCATCGCATGCG
CAGGTGTTACCACGGCTGTCGTGATCAACCTGACGGAAAGCCTGTGGATTGGTGTGGCAGCAGGT
CTGCTGCTGGGTGTTCTGTGTGGTCTGGTGAACGGCTTCGTTATCGCAAAACTGAAAATCAACGCT
CTGATTACCACGCTGGCGACCATGCAGATCGTTCGCGGTCTGGCATATATTATCTCGGATGGTAAA
GCTGTCGGCATTGAAGACGAAAGCTTTTTCGCGCTGGGTTACGCCAATTGGTTCGGTCTGCCGGC
ACCGATCTGGCTGACCGTGGCATGCCTGATTATCTTTGGTCTGCTGCTGAATAAAACCACGTTCGG
CCGTAACACGCTGGCCATTGGCGGTAATGAAGAAGCAGCTCGTCTGGCAGGCGTTCCGGTTGTCC
GCACCAAAATTATCATTTTTGTTCTGTCGGGTCTGGTCAGCGCAATCGCTGGCATCATTCTGGCGT
CTCGCATGACCAGTGGTCAACCGATGACGAGCATTGGCTATGAACTGATCGTGATTTCCGCATGTG
TCCTGGGCGGTGTGTCACTGAAAGGCGGTATCGGTAAAATTTCTTACGTGGTTGCCGGTATCCTGA
TTCTGGGCACGGTTGAAAACGCGATGAATCTGCTGAACATTAGTCCGTTTGCCCAGTATGTCGTGC
GTGGTCTGATCCTGCTGGCAGCAGTGATTTTCGACCGTTACAAACAAAAAGCGAAACGCACCGTT 
 
 
 
 
 
 
 



araH∆5’ WT  
 
ATGGGGCGTATCTGGGATCAGTACGGCATGCTGGTGGTGTTTGCGGTGCTCTTTATCGCCTGTGC
CATTTTTGTCCCAAATTTTGCCACCTTCATTAATATGAAAGGGTTGGGCCTGGCAATTTCCATGTCG
GGGATGGTGGCTTGTGGCATGTTGTTCTGCCTCGCTTCCGGTGACTTTGACCTTTCTGTCGCCTCC
GTAATTGCCTGTGCGGGTGTCACCACGGCGGTGGTTATTAACCTGACTGAAAGCCTGTGGATTGG
CGTGGCAGCGGGGTTGTTGCTGGGCGTTCTCTGTGGCCTGGTCAATGGCTTTGTTATCGCCAAAC
TGAAAATAAATGCTCTGATCACGACATTGGCAACGATGCAGATTGTTCGAGGTCTGGCGTACATCA
TTTCAGACGGTAAAGCGGTCGGTATCGAAGATGAAAGCTTCTTTGCCCTTGGTTACGCCAACTGGT
TCGGTCTGCCTGCGCCAATCTGGCTCACCGTCGCGTGTCTGATTATCTTTGGTTTGCTGCTGAATA
AAACCACCTTTGGTCGTAACACCCTGGCGATTGGCGGGAACGAAGAGGCCGCGCGTCTGGCGGG
TGTACCGGTTGTTCGCACCAAAATTATTATCTTTGTTCTCTCAGGCCTGGTATCAGCGATAGCCGGA
ATTATTCTGGCTTCACGTATGACCAGTGGGCAGCCAATGACGTCGATTGGTTATGAGCTGATTGTTA
TCTCCGCCTGCGTTTTAGGTGGCGTTTCTCTGAAAGGTGGCATCGGAAAAATCTCATATGTGGTGG
CGGGTATCTTAATTTTAGGCACCGTGGAAAACGCCATGAACCTGCTTAATATTTCTCCTTTCGCGCA
GTACGTGGTTCGCGGCTTAATCCTGCTGGCAGCGGTGATCTTCGACCGTTACAAGCAAAAAGCGA
AACGCACTGTC 
 
araH+84WT 

 

ATGGAATTATCACAAGTTTGTACAAAAAAGGAGGCTGGCGCCGGAACCAATTCAGTCGACTGGATC
CAAGAAGGAGATATAACCATGATGTCTTCTGTTTCTACATCGGGGTCTGGCGCACCTAAGTCGTCA
TTCAGCTTCGGGCGTATCTGGGATCAGTACGGCATGCTGGTGGTGTTTGCGGTGCTCTTTATCGCC
TGTGCCATTTTTGTCCCAAATTTTGCCACCTTCATTAATATGAAAGGGTTGGGCCTGGCAATTTCCA
TGTCGGGGATGGTGGCTTGTGGCATGTTGTTCTGCCTCGCTTCCGGTGACTTTGACCTTTCTGTCG
CCTCCGTAATTGCCTGTGCGGGTGTCACCACGGCGGTGGTTATTAACCTGACTGAAAGCCTGTGG
ATTGGCGTGGCAGCGGGGTTGTTGCTGGGCGTTCTCTGTGGCCTGGTCAATGGCTTTGTTATCGC
CAAACTGAAAATAAATGCTCTGATCACGACATTGGCAACGATGCAGATTGTTCGAGGTCTGGCGTA
CATCATTTCAGACGGTAAAGCGGTCGGTATCGAAGATGAAAGCTTCTTTGCCCTTGGTTACGCCAA
CTGGTTCGGTCTGCCTGCGCCAATCTGGCTCACCGTCGCGTGTCTGATTATCTTTGGTTTGCTGCT
GAATAAAACCACCTTTGGTCGTAACACCCTGGCGATTGGCGGGAACGAAGAGGCCGCGCGTCTGG
CGGGTGTACCGGTTGTTCGCACCAAAATTATTATCTTTGTTCTCTCAGGCCTGGTATCAGCGATAGC
CGGAATTATTCTGGCTTCACGTATGACCAGTGGGCAGCCAATGACGTCGATTGGTTATGAGCTGAT
TGTTATCTCCGCCTGCGTTTTAGGTGGCGTTTCTCTGAAAGGTGGCATCGGAAAAATCTCATATGTG
GTGGCGGGTATCTTAATTTTAGGCACCGTGGAAAACGCCATGAACCTGCTTAATATTTCTCCTTTCG
CGCAGTACGTGGTTCGCGGCTTAATCCTGCTGGCAGCGGTGATCTTCGACCGTTACAAGCAAAAA
GCGAAACGCACTGTC 
 
  



narKWT 

 

ATGAGTCACTCATCCGCCCCCGAAAGGGCTACTGGAGCTGTCATTACAGATTGGCGACCGGAAGA
TCCTGCGTTCTGGCAACAACGCGGTCAACGTATTGCCAGCCGCAACCTGTGGATTTCCGTTCCCTG
TCTGCTGCTGGCGTTTTGCGTATGGATGTTGTTCAGCGCTGTTGCGGTGAACCTACCGAAAGTCGG
CTTTAATTTTACGACCGATCAGCTATTTATGTTGACTGCGCTGCCTTCGGTTTCTGGCGCGTTATTA
CGTGTTCCATACTCCTTTATGGTTCCTATCTTCGGTGGTCGTCGCTGGACGGCGTTCAGCACCGGT
ATTCTGATTATTCCTTGCGTCTGGCTGGGTTTTGCCGTGCAGGATACCTCCACGCCTTATAGCGTCT
TCATCATCATCTCTCTGCTATGCGGCTTTGCTGGCGCGAACTTCGCATCCAGTATGGCAAACATCA
GCTTCTTCTTTCCGAAACAGAAGCAGGGTGGCGCGCTGGGTCTGAATGGTGGTCTGGGAAACATG
GGCGTCAGCGTCATGCAGTTGGTTGCTCCGCTGGTGGTATCACTGTCGATTTTCGCAGTATTTGGT
AGCCAGGGCGTCAAACAGCCGGATGGGACTGAGCTGTATCTGGCGAATGCGTCCTGGATATGGGT
GCCGTTCCTTGCCATCTTCACCATTGCGGCGTGGTTTGGCATGAACGATCTTGCTACCTCGAAAGC
CTCCATCAAGGAGCAGTTGCCGGTACTCAAACGGGGTCATCTGTGGATTATGAGCCTGCTGTATCT
GGCAACCTTCGGCTCCTTCATCGGCTTCTCCGCGGGCTTTGCAATGCTGTCAAAAACGCAGTTCCC
GGATGTTCAGATTCTGCAATACGCTTTCTTCGGGCCGTTTATTGGTGCGCTGGCGCGTTCTGCAGG
TGGTGCATTATCTGACCGTCTGGGCGGAACTCGTGTCACGCTGGTGAACTTTATTCTGATGGCGAT
TTTCAGCGGCCTGCTGTTCCTGACCTTACCGACTGACGGGCAGGGCGGAAGCTTCATGGCGTTCT
TCGCGGTCTTCCTGGCGCTGTTCCTGACAGCTGGGCTGGGTAGTGGTTCCACTTTCCAGATGATTT
CAGTGATCTTCCGTAAACTGACAATGGATCGCGTGAAAGCAGAAGGGGGTTCTGACGAACGTGCG
ATGCGTGAAGCGGCAACCGACACGGCGGCGGCGCTGGGTTTCATCTCTGCGATTGGCGCGATTG
GTGGCTTCTTTATCCCGAAAGCGTTTGGTAGCTCGCTGGCATTAACGGGTTCGCCAGTCGGCGCA
ATGAAGGTATTTTTGATTTTCTATATCGCCTGCGTAGTGATTACCTGGGCGGTATATGGTCGGCATT
CTAAAAAA 
 

narKSYN1 

 

ATGAGCCACAGCTCTGCCCCGGAACGTGCGACCGGTGCCGTTATTACGGATTGGCGTCCGGAGG
ACCCGGCGTTTTGGCAACAGCGTGGTCAACGTATCGCGAGCCGCAATCTGTGGATCAGCGTCCCG
TGCTTGCTGTTGGCGTTCTGTGTATGGATGCTGTTCTCCGCCGTTGCGGTGAACCTGCCGAAAGTG
GGCTTTAACTTCACCACGGACCAACTGTTCATGCTGACCGCACTGCCGTCCGTGAGCGGTGCACT
GCTGCGTGTCCCGTATTCGTTCATGGTTCCGATCTTCGGTGGTCGCCGCTGGACCGCATTCAGCA
CCGGTATTTTGATCATTCCATGTGTGTGGTTGGGTTTTGCAGTCCAGGATACCAGCACCCCGTACA
GCGTGTTCATCATCATCTCTCTGCTGTGCGGCTTTGCCGGTGCAAACTTTGCATCGTCTATGGCGA
ACATTAGCTTTTTCTTCCCTAAACAGAAACAGGGCGGTGCCCTGGGTCTGAATGGCGGTCTGGGCA
ACATGGGTGTCAGCGTTATGCAGCTGGTTGCGCCGCTGGTGGTTAGCTTGAGCATTTTTGCGGTTT
TCGGTAGCCAAGGCGTTAAGCAGCCGGATGGCACCGAGCTGTACCTGGCGAATGCGTCTTGGATT
TGGGTGCCGTTTCTGGCCATCTTTACGATTGCCGCATGGTTTGGTATGAATGATCTGGCGACCTCC
AAGGCGTCGATTAAAGAACAACTGCCGGTCCTGAAACGCGGCCACCTGTGGATTATGAGCCTGCT
GTATCTGGCTACCTTTGGCAGCTTTATCGGTTTCAGCGCAGGTTTCGCGATGTTGAGCAAGACGCA
GTTTCCGGACGTCCAAATCCTGCAGTACGCGTTTTTCGGCCCGTTCATTGGTGCACTGGCGCGCA
GCGCAGGCGGTGCGTTGAGCGACCGTCTGGGCGGCACGCGTGTCACTCTGGTGAATTTCATTCTG
ATGGCTATTTTCTCCGGTCTGCTGTTTCTGACGCTGCCAACCGACGGTCAAGGCGGTAGCTTTATG
GCCTTTTTCGCTGTGTTTTTGGCACTGTTCCTGACCGCGGGTCTGGGTAGCGGTAGCACGTTCCAG
ATGATCAGCGTGATTTTTCGTAAACTGACCATGGATCGTGTCAAGGCTGAGGGTGGTAGCGACGA
GCGTGCCATGCGTGAAGCAGCGACCGATACGGCCGCTGCGCTGGGCTTCATCAGCGCTATCGGC
GCGATTGGCGGTTTCTTTATCCCGAAAGCGTTCGGTAGCTCCCTGGCGTTGACGGGCAGCCCTGT
GGGTGCGATGAAGGTTTTTCTGATTTTCTACATCGCTTGCGTCGTTATCACTTGGGCAGTTTATGGC
CGCCATTCCAAGAAG 
 
 
narKSYN2 

ATGAGCCATAGCTCTGCACCGGAACGTGCTACCGGTGCAGTGATTACGGATTGGCGTCCGGAAGA
CCCGGCTTTTTGGCAGCAACGTGGTCAGCGCATTGCCAGCCGTAACCTGTGGATCTCTGTGCCGT
GCCTGCTGCTGGCGTTTTGTGTTTGGATGCTGTTCTCTGCTGTTGCGGTCAACCTGCCGAAAGTTG
GCTTCAATTTTACCACGGATCAGCTGTTTATGCTGACCGCACTGCCGAGCGTCTCTGGTGCACTGC
TGCGCGTGCCGTATTCATTTATGGTTCCGATTTTCGGCGGTCGTCGCTGGACCGCCTTTTCGACGG
GCATCCTGATTATCCCGTGCGTCTGGCTGGGTTTTGCAGTGCAGGACACCAGTACGCCGTACTCC
GTGTTCATTATCATTAGCCTGCTGTGTGGTTTTGCCGGCGCAAACTTCGCCAGTTCCATGGCAAAC
ATCAGCTTTTTCTTTCCGAAACAGAAACAAGGCGGTGCACTGGGTCTGAACGGTGGTCTGGGTAAT
ATGGGCGTGAGTGTTATGCAGCTGGTTGCACCGCTGGTTGTGAGTCTGTCCATTTTCGCGGTTTTT
GGTAGTCAGGGCGTCAAACAACCGGATGGCACCGAACTGTATCTGGCTAACGCGTCCTGGATCTG
GGTGCCGTTTCTGGCGATCTTCACCATTGCGGCCTGGTTTGGCATGAATGACCTGGCTACGAGCA
AAGCGTCTATTAAAGAACAGCTGCCGGTTCTGAAACGTGGTCATCTGTGGATTATGAGTCTGCTGT
ATCTGGCGACCTTCGGTTCATTTATCGGCTTCTCGGCCGGTTTTGCAATGCTGTCCAAAACGCAATT



CCCGGATGTGCAGATTCTGCAATACGCCTTCTTTGGCCCGTTTATCGGTGCACTGGCACGTAGTGC
TGGCGGTGCACTGTCCGACCGTCTGGGCGGCACCCGTGTGACGCTGGTGAATTTTATTCTGATGG
CGATCTTTAGCGGTCTGCTGTTCCTGACCCTGCCGACGGATGGTCAGGGCGGTTCTTTTATGGCCT
TCTTTGCAGTTTTTCTGGCCCTGTTCCTGACCGCAGGCCTGGGTTCAGGCTCGACGTTTCAAATGA
TCTCAGTCATTTTCCGTAAACTGACCATGGATCGCGTGAAAGCCGAAGGCGGTTCGGACGAACGT
GCAATGCGTGAAGCAGCTACCGATACGGCAGCAGCACTGGGTTTTATCTCAGCTATTGGTGCGAT
CGGCGGTTTCTTTATTCCGAAAGCTTTCGGCTCATCGCTGGCACTGACCGGTAGCCCGGTTGGTG
CGATGAAAGTCTTTCTGATTTTCTATATCGCTTGCGTCGTGATCACCTGGGCGGTGTACGGTCGTC
ACAGCAAAAAA 
 
 
narK5OPT-WT 

 

ATGAGCCACTCATCCGCCCCCGAAAGGGCTACTGGAGCTGTCATTACAGATTGGCGACCGGAAGA
TCCTGCGTTCTGGCAACAACGCGGTCAACGTATTGCCAGCCGCAACCTGTGGATTTCCGTTCCCTG
TCTGCTGCTGGCGTTTTGCGTATGGATGTTGTTCAGCGCTGTTGCGGTGAACCTACCGAAAGTCGG
CTTTAATTTTACGACCGATCAGCTATTTATGTTGACTGCGCTGCCTTCGGTTTCTGGCGCGTTATTA
CGTGTTCCATACTCCTTTATGGTTCCTATCTTCGGTGGTCGTCGCTGGACGGCGTTCAGCACCGGT
ATTCTGATTATTCCTTGCGTCTGGCTGGGTTTTGCCGTGCAGGATACCTCCACGCCTTATAGCGTCT
TCATCATCATCTCTCTGCTATGCGGCTTTGCTGGCGCGAACTTCGCATCCAGTATGGCAAACATCA
GCTTCTTCTTTCCGAAACAGAAGCAGGGTGGCGCGCTGGGTCTGAATGGTGGTCTGGGAAACATG
GGCGTCAGCGTCATGCAGTTGGTTGCTCCGCTGGTGGTATCACTGTCGATTTTCGCAGTATTTGGT
AGCCAGGGCGTCAAACAGCCGGATGGGACTGAGCTGTATCTGGCGAATGCGTCCTGGATATGGGT
GCCGTTCCTTGCCATCTTCACCATTGCGGCGTGGTTTGGCATGAACGATCTTGCTACCTCGAAAGC
CTCCATCAAGGAGCAGTTGCCGGTACTCAAACGGGGTCATCTGTGGATTATGAGCCTGCTGTATCT
GGCAACCTTCGGCTCCTTCATCGGCTTCTCCGCGGGCTTTGCAATGCTGTCAAAAACGCAGTTCCC
GGATGTTCAGATTCTGCAATACGCTTTCTTCGGGCCGTTTATTGGTGCGCTGGCGCGTTCTGCAGG
TGGTGCATTATCTGACCGTCTGGGCGGAACTCGTGTCACGCTGGTGAACTTTATTCTGATGGCGAT
TTTCAGCGGCCTGCTGTTCCTGACCTTACCGACTGACGGGCAGGGCGGAAGCTTCATGGCGTTCT
TCGCGGTCTTCCTGGCGCTGTTCCTGACAGCTGGGCTGGGTAGTGGTTCCACTTTCCAGATGATTT
CAGTGATCTTCCGTAAACTGACAATGGATCGCGTGAAAGCAGAAGGGGGTTCTGACGAACGTGCG
ATGCGTGAAGCGGCAACCGACACGGCGGCGGCGCTGGGTTTCATCTCTGCGATTGGCGCGATTG
GTGGCTTCTTTATCCCGAAAGCGTTTGGTAGCTCGCTGGCATTAACGGGTTCGCCAGTCGGCGCA
ATGAAGGTATTTTTGATTTTCTATATCGCCTGCGTAGTGATTACCTGGGCGGTATATGGTCGGCATT
CTAAAAAA 
 

 

narK5OPT-SYN1  

 

ATGAGCCACTCATCCGCCCCCGAAAGGGCTACTGGAGCTGTCATTACAGATTGGCGACCGGAAGA
TCCTGCGTTTTGGCAACAGCGTGGTCAACGTATCGCGAGCCGCAATCTGTGGATCAGCGTCCCGT
GCTTGCTGTTGGCGTTCTGTGTATGGATGCTGTTCTCCGCCGTTGCGGTGAACCTGCCGAAAGTG
GGCTTTAACTTCACCACGGACCAACTGTTCATGCTGACCGCACTGCCGTCCGTGAGCGGTGCACT
GCTGCGTGTCCCGTATTCGTTCATGGTTCCGATCTTCGGTGGTCGCCGCTGGACCGCATTCAGCA
CCGGTATTTTGATCATTCCATGTGTGTGGTTGGGTTTTGCAGTCCAGGATACCAGCACCCCGTACA
GCGTGTTCATCATCATCTCTCTGCTGTGCGGCTTTGCCGGTGCAAACTTTGCATCGTCTATGGCGA
ACATTAGCTTTTTCTTCCCTAAACAGAAACAGGGCGGTGCCCTGGGTCTGAATGGCGGTCTGGGCA
ACATGGGTGTCAGCGTTATGCAGCTGGTTGCGCCGCTGGTGGTTAGCTTGAGCATTTTTGCGGTTT
TCGGTAGCCAAGGCGTTAAGCAGCCGGATGGCACCGAGCTGTACCTGGCGAATGCGTCTTGGATT
TGGGTGCCGTTTCTGGCCATCTTTACGATTGCCGCATGGTTTGGTATGAATGATCTGGCGACCTCC
AAGGCGTCGATTAAAGAACAACTGCCGGTCCTGAAACGCGGCCACCTGTGGATTATGAGCCTGCT
GTATCTGGCTACCTTTGGCAGCTTTATCGGTTTCAGCGCAGGTTTCGCGATGTTGAGCAAGACGCA
GTTTCCGGACGTCCAAATCCTGCAGTACGCGTTTTTCGGCCCGTTCATTGGTGCACTGGCGCGCA
GCGCAGGCGGTGCGTTGAGCGACCGTCTGGGCGGCACGCGTGTCACTCTGGTGAATTTCATTCTG
ATGGCTATTTTCTCCGGTCTGCTGTTTCTGACGCTGCCAACCGACGGTCAAGGCGGTAGCTTTATG
GCCTTTTTCGCTGTGTTTTTGGCACTGTTCCTGACCGCGGGTCTGGGTAGCGGTAGCACGTTCCAG
ATGATCAGCGTGATTTTTCGTAAACTGACCATGGATCGTGTCAAGGCTGAGGGTGGTAGCGACGA
GCGTGCCATGCGTGAAGCAGCGACCGATACGGCCGCTGCGCTGGGCTTCATCAGCGCTATCGGC
GCGATTGGCGGTTTCTTTATCCCGAAAGCGTTCGGTAGCTCCCTGGCGTTGACGGGCAGCCCTGT
GGGTGCGATGAAGGTTTTTCTGATTTTCTACATCGCTTGCGTCGTTATCACTTGGGCAGTTTATGGC
CGCCATTCCAAGAAG 
 
 
 
 



narK5OPT-SYN2 

 

ATGAGCCACTCATCCGCCCCCGAAAGGGCTACTGGAGCTGTCATTACAGATTGGCGACCGGAAGA
TCCTGCTTTTTGGCAGCAACGTGGTCAGCGCATTGCCAGCCGTAACCTGTGGATCTCTGTGCCGTG
CCTGCTGCTGGCGTTTTGTGTTTGGATGCTGTTCTCTGCTGTTGCGGTCAACCTGCCGAAAGTTGG
CTTCAATTTTACCACGGATCAGCTGTTTATGCTGACCGCACTGCCGAGCGTCTCTGGTGCACTGCT
GCGCGTGCCGTATTCATTTATGGTTCCGATTTTCGGCGGTCGTCGCTGGACCGCCTTTTCGACGG
GCATCCTGATTATCCCGTGCGTCTGGCTGGGTTTTGCAGTGCAGGACACCAGTACGCCGTACTCC
GTGTTCATTATCATTAGCCTGCTGTGTGGTTTTGCCGGCGCAAACTTCGCCAGTTCCATGGCAAAC
ATCAGCTTTTTCTTTCCGAAACAGAAACAAGGCGGTGCACTGGGTCTGAACGGTGGTCTGGGTAAT
ATGGGCGTGAGTGTTATGCAGCTGGTTGCACCGCTGGTTGTGAGTCTGTCCATTTTCGCGGTTTTT
GGTAGTCAGGGCGTCAAACAACCGGATGGCACCGAACTGTATCTGGCTAACGCGTCCTGGATCTG
GGTGCCGTTTCTGGCGATCTTCACCATTGCGGCCTGGTTTGGCATGAATGACCTGGCTACGAGCA
AAGCGTCTATTAAAGAACAGCTGCCGGTTCTGAAACGTGGTCATCTGTGGATTATGAGTCTGCTGT
ATCTGGCGACCTTCGGTTCATTTATCGGCTTCTCGGCCGGTTTTGCAATGCTGTCCAAAACGCAATT
CCCGGATGTGCAGATTCTGCAATACGCCTTCTTTGGCCCGTTTATCGGTGCACTGGCACGTAGTGC
TGGCGGTGCACTGTCCGACCGTCTGGGCGGCACCCGTGTGACGCTGGTGAATTTTATTCTGATGG
CGATCTTTAGCGGTCTGCTGTTCCTGACCCTGCCGACGGATGGTCAGGGCGGTTCTTTTATGGCCT
TCTTTGCAGTTTTTCTGGCCCTGTTCCTGACCGCAGGCCTGGGTTCAGGCTCGACGTTTCAAATGA
TCTCAGTCATTTTCCGTAAACTGACCATGGATCGCGTGAAAGCCGAAGGCGGTTCGGACGAACGT
GCAATGCGTGAAGCAGCTACCGATACGGCAGCAGCACTGGGTTTTATCTCAGCTATTGGTGCGAT
CGGCGGTTTCTTTATTCCGAAAGCTTTCGGCTCATCGCTGGCACTGACCGGTAGCCCGGTTGGTG
CGATGAAAGTCTTTCTGATTTTCTATATCGCTTGCGTCGTGATCACCTGGGCGGTGTACGGTCGTC
ACAGCAAAAAA 
 
 
narK∆5’ WT 

 

ATGGCGTTCTGGCAACAACGCGGTCAACGTATTGCCAGCCGCAACCTGTGGATTTCCGTTCCCTGT
CTGCTGCTGGCGTTTTGCGTATGGATGTTGTTCAGCGCTGTTGCGGTGAACCTACCGAAAGTCGG
CTTTAATTTTACGACCGATCAGCTATTTATGTTGACTGCGCTGCCTTCGGTTTCTGGCGCGTTATTA
CGTGTTCCATACTCCTTTATGGTTCCTATCTTCGGTGGTCGTCGCTGGACGGCGTTCAGCACCGGT
ATTCTGATTATTCCTTGCGTCTGGCTGGGTTTTGCCGTGCAGGATACCTCCACGCCTTATAGCGTCT
TCATCATCATCTCTCTGCTATGCGGCTTTGCTGGCGCGAACTTCGCATCCAGTATGGCAAACATCA
GCTTCTTCTTTCCGAAACAGAAGCAGGGTGGCGCGCTGGGTCTGAATGGTGGTCTGGGAAACATG
GGCGTCAGCGTCATGCAGTTGGTTGCTCCGCTGGTGGTATCACTGTCGATTTTCGCAGTATTTGGT
AGCCAGGGCGTCAAACAGCCGGATGGGACTGAGCTGTATCTGGCGAATGCGTCCTGGATATGGGT
GCCGTTCCTTGCCATCTTCACCATTGCGGCGTGGTTTGGCATGAACGATCTTGCTACCTCGAAAGC
CTCCATCAAGGAGCAGTTGCCGGTACTCAAACGGGGTCATCTGTGGATTATGAGCCTGCTGTATCT
GGCAACCTTCGGCTCCTTCATCGGCTTCTCCGCGGGCTTTGCAATGCTGTCAAAAACGCAGTTCCC
GGATGTTCAGATTCTGCAATACGCTTTCTTCGGGCCGTTTATTGGTGCGCTGGCGCGTTCTGCAGG
TGGTGCATTATCTGACCGTCTGGGCGGAACTCGTGTCACGCTGGTGAACTTTATTCTGATGGCGAT
TTTCAGCGGCCTGCTGTTCCTGACCTTACCGACTGACGGGCAGGGCGGAAGCTTCATGGCGTTCT
TCGCGGTCTTCCTGGCGCTGTTCCTGACAGCTGGGCTGGGTAGTGGTTCCACTTTCCAGATGATTT
CAGTGATCTTCCGTAAACTGACAATGGATCGCGTGAAAGCAGAAGGGGGTTCTGACGAACGTGCG
ATGCGTGAAGCGGCAACCGACACGGCGGCGGCGCTGGGTTTCATCTCTGCGATTGGCGCGATTG
GTGGCTTCTTTATCCCGAAAGCGTTTGGTAGCTCGCTGGCATTAACGGGTTCGCCAGTCGGCGCA
ATGAAGGTATTTTTGATTTTCTATATCGCCTGCGTAGTGATTACCTGGGCGGTATATGGTCGGCATT
CTAAAAAA 
 
narK+84WT 
 
ATGGAATTATCACAAGTTTGTACAAAAAAGGAGGCTGGCGCCGGAACCAATTCAGTCGACTGGATC
CAAGAAGGAGATATAACCATGAGTCACTCATCCGCCCCCGAAAGGGCTACTGGAGCTGTCATTACA
GATTGGCGACCGGAAGATCCTGCGTTCTGGCAACAACGCGGTCAACGTATTGCCAGCCGCAACCT
GTGGATTTCCGTTCCCTGTCTGCTGCTGGCGTTTTGCGTATGGATGTTGTTCAGCGCTGTTGCGGT
GAACCTACCGAAAGTCGGCTTTAATTTTACGACCGATCAGCTATTTATGTTGACTGCGCTGCCTTCG
GTTTCTGGCGCGTTATTACGTGTTCCATACTCCTTTATGGTTCCTATCTTCGGTGGTCGTCGCTGGA
CGGCGTTCAGCACCGGTATTCTGATTATTCCTTGCGTCTGGCTGGGTTTTGCCGTGCAGGATACCT
CCACGCCTTATAGCGTCTTCATCATCATCTCTCTGCTATGCGGCTTTGCTGGCGCGAACTTCGCAT
CCAGTATGGCAAACATCAGCTTCTTCTTTCCGAAACAGAAGCAGGGTGGCGCGCTGGGTCTGAAT
GGTGGTCTGGGAAACATGGGCGTCAGCGTCATGCAGTTGGTTGCTCCGCTGGTGGTATCACTGTC
GATTTTCGCAGTATTTGGTAGCCAGGGCGTCAAACAGCCGGATGGGACTGAGCTGTATCTGGCGA
ATGCGTCCTGGATATGGGTGCCGTTCCTTGCCATCTTCACCATTGCGGCGTGGTTTGGCATGAACG
ATCTTGCTACCTCGAAAGCCTCCATCAAGGAGCAGTTGCCGGTACTCAAACGGGGTCATCTGTGGA



TTATGAGCCTGCTGTATCTGGCAACCTTCGGCTCCTTCATCGGCTTCTCCGCGGGCTTTGCAATGC
TGTCAAAAACGCAGTTCCCGGATGTTCAGATTCTGCAATACGCTTTCTTCGGGCCGTTTATTGGTGC
GCTGGCGCGTTCTGCAGGTGGTGCATTATCTGACCGTCTGGGCGGAACTCGTGTCACGCTGGTGA
ACTTTATTCTGATGGCGATTTTCAGCGGCCTGCTGTTCCTGACCTTACCGACTGACGGGCAGGGCG
GAAGCTTCATGGCGTTCTTCGCGGTCTTCCTGGCGCTGTTCCTGACAGCTGGGCTGGGTAGTGGT
TCCACTTTCCAGATGATTTCAGTGATCTTCCGTAAACTGACAATGGATCGCGTGAAAGCAGAAGGG
GGTTCTGACGAACGTGCGATGCGTGAAGCGGCAACCGACACGGCGGCGGCGCTGGGTTTCATCT
CTGCGATTGGCGCGATTGGTGGCTTCTTTATCCCGAAAGCGTTTGGTAGCTCGCTGGCATTAACGG
GTTCGCCAGTCGGCGCAATGAAGGTATTTTTGATTTTCTATATCGCCTGCGTAGTGATTACCTGGG
CGGTATATGGTCGGCATTCTAAAAAA 
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Abstract 

Here we show that the junction formed when a coding sequence is cloned into an 

expression vector can affect protein production levels by up to a 1000-fold. Optimised 

junctions can be identified after a post-cloning optimisation step, which generates a library 

of sequence variants that differ only in ribosome-binding sites. The approach is simple, 

inexpensive and applicable to any experiment where efficient expression of a cloned coding 

sequence is sought.  
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Protein production in Escherichia coli is a fundamental activity for a large fraction of 

academic, pharmaceutical and industrial research laboratories. Maximum production levels 

are usually sought, as this reduces costs and facilitates downstream purification steps. To 

enable maximum production levels, coding sequences (CDSs) are typically cloned into high-

copy vectors that contain optimised genetic elements, such as promoters selected for high-

level transcription and Shine-Dalgarno sequences (SDs) selected for efficient translation 1,2. 

Curiously expression levels of coding sequences are often unpredictable, even when well-

characterised genetic elements are used 3-6. This problem limits the rational design of 

expression experiments, thus causing time delays and increased costs.  

Previously we cloned 502 CDSs for E. coli membrane proteins into a modified version 

of the pET28a vector (herein called pET28aXhoI) 7. The CDSs were genetically fused to a region 

encoding for a -TEV-GFP-His8 tag (Figure 1a), so that whole cell fluorescence measurements 

could be used to estimate expression levels (Supplementary Figure 1). Whilst working with 

two difficult-to-express CDSs, araHWT and narKWT, we noted that the choice of restriction 

endonuclease used for cloning could affect expression levels. For example, when a XhoI site 

was present araHWT and narKWT both expressed poorly. In contrast, when the XhoI site was 

replaced with either EcoRI or DraI sites, the level of expression dramatically increased 

(Figure 1b). A likely explanation for this observation is that the combination of XhoI 

recognition sequence and the 5’ end of the araHWT / narKWT resulted in a vector: CDS 

junction that formed stable secondary structure when transcribed into mRNA (see also 8). 

Since the vector: CDS junction forms part of the RBS, these structures could inhibit 

translation initiation and limit protein production. Analysis of mRNA structures supported 

this hypothesis and suggested that changing the restriction site relaxed the mRNA structures 

within the RBS (Figure 1c). Based on these data we reasoned that standard cloning practises, 

which generate a vector:CDS junction ad hoc may not be optimal for efficient expression and 

a post-cloning optimisation step would be advantageous. 

To identify an optimal vector:CDS junction, we generated libraries by PCR with 

degenerate primers. In these experiments the six nucleotides upstream of the triplet 

encoding the AUG start codon were changed in all possible combinations whilst the six 

downstream were constrained to nucleotides that encoded synonymous codons (Figure 1d). 

The libraries, called pET28aOPT-araHWT-OPT and pET28aOPT-narKWT-OPT, thus contained up to 

24,576 and 49,152 different vector:CDS junctions respectively. Analysis of expression levels 

from 96 randomly selected colonies indicated a 350-fold difference between the lowest and 

the highest expressing clones (Figure 1e and f). The difference was not caused by cell-to-cell 
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variation, as little variation was observed when we assayed 96 colonies of the original and 

un-optimised pET28aXhoI-araHWT and pET28aXhoI-narKWT clones (see inset boxes). The highest 

expressing clones from both of these small-scale screens were in excess of 60 mg/L, which is 

suitable for any application. Nevertheless, it is worth pointing out that even higher 

expression could be observed when more clones were analysed by flow cytometry 

(Supplementary Figure 3). The flow cytometry also indicated that the difference between 

the lowest and the highest expressing clones in the libraries was on the order of 1000-fold. 

In contrast to previous work (9-13 and above), mRNA structure around the RBS could 

not explain all of the differences in expression levels, as we did not observe an obvious 

correlation when we compared sequences from five highly-expressed and five poorly-

expressed clones in the pET28aOPT-araHWT-OPT and pET28aOPT-narKWT-OPT libraries 

(Supplementary Figure 4). This is most likely because the libraries also sampled synonymous 

codon choice in the +2 and +3 positions. Synonymous codon choice is an important variable 

in its own right, which can affect expression of araHWT and narKWT (14 and Supplementary 

Figure 5) as well as other CDSs 15-17. Thus, although we have not addressed the molecular 

basis for the phenomenon in this manuscript, we speculate that it relates to a combination 

of (1) relaxed mRNA structure in the RBS, (2) a favourable nucleotide sequence for ribosome 

binding, and (3) favourable synonymous codon use in the +2 and +3 positions.  

The generality of post-cloning optimisation at the vector:CDS junction was 

demonstrated using four synthetic CDSs that had been codon optimised by commercial 

vendors (Figure 1g) as well as nine other clones from our membrane protein-TEV-GFP-His 

library (Figure 1h). In these experiments we always observed a range of expression levels 

when we created libraries of vector:CDS junctions and assayed just 96 clones. These 

differences ranged from 280-fold (pET28OPT-flhBOPT) to 7 fold (pET28OPT-agaWOPT). 

Importantly, in most cases we could also increase expression relative to the original and un-

optimised clone. Most notably, we also observed that post-cloning optimisation of the 

native CDS was more effective than purchasing codon optimised CDSs from commercial 

vendors (Figure 1g). Although the latter observation is based on a limited number of 

synthetic CDSs, it demonstrates the importance of our approach. We therefore believe that 

post-cloning optimisation could become an important part of the molecular biology toolbox. 

And since the approach requires only two primers and a single round of PCR, it is a simple 

and inexpensive solution to a common problem.  
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Figure legends 

Figure 1. Selection at the vector: coding sequence junction enables expression of CDSs that 

were previously thought to be difficult-to-express. (a) Overview of the expression cassette 

used in this study. CDSs were cloned into a derivative of the pET28a vector (called pET28aXhoI 

here and pGFPe elsewhere 7) using XhoI and KpnI restriction endonucleases. They were 

genetically fused to a region encoding the tobacco etch virus protease recognition sequence 

(TEV), the green fluorescent protein (GFP) and an octa-histidine purification tag (His8).  In 

some experiments, the original XhoI site, located between the Shine-Dalgarno sequence (SD) 

and the AUG start codon, was changed to DraI or EcoRI (see below). (b) Comparison of 

expression levels for araHWT (red) and narKWT (blue) when expressed from the original vector 

(pET28aXhoI) or vectors where the 5’ XhoI site was changed (pET28aDraI or pET28aEcoRI). The 

constructs were transformed into the BL21(DE3)pLysS strain and expression was induced 

with 1.0 mM IPTG for 5 hours at 25 oC. To estimate the amount of protein produced in mg/L, 

we compared the whole cell fluorescence values to a standard curve obtained with free GFP. 

These estimates were not influenced by free GFP, as we only detected full-length fusion 

proteins when we analysed cellular extracts by Western blotting and in-gel fluorescence 18 

(Supplementary Figure 2). Error bars represent the standard deviation from three biological 

replicates. Statistical significance was determined by an unpaired two-tailed-Student’s test 

assuming unequal variance. Three stars indicate a probability of P< 0.001. Two stars indicate 

a probability of P< 0.01.  (c) Prediction of mRNA stability around the AUG start codon (i.e. -

20 to +37). The free energy (∆G) associated with mRNA folding was calculated in kcal/mol 

using mFold 19, and plotted against the expression level. Numbers correspond to clones 

described in (b). (d) An overview of the random mutagenesis approach that generated 

libraries of vector:CDS junctions. Randomisation of the six nucleotides upstream of the ATG 

allowed all possible nucleotides (denoted N), whilst the six nucleotides downstream were 

restricted to nucleotides that did not change the sequence of the encoded protein (denoted 

N*). (e and f) Comparison of expression levels from 96 randomly selected clones in the 

pET28aOPT-araHWT-OPT and pET28aOPT-narKWT-OPT libraries (red and blue, respectively). The 

clones were assayed as described above. The inset boxes show 96 randomly selected 

colonies of the original clone (or mother plasmid). (g) Box and whisker plot showing the 

differences in expression from 96 clones in the pET28aOPT-araHWT-OPT and pET28aOPT-narKWT-

OPT libraries, as well as libraries generated with synthetic versions of each CDS that had been 

optimised by commercial vendors 14. The top and bottom ends of the line represent the 

highest and lowest expression levels observed. Expression levels of the original (i.e. un-
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optimised) clone are marked with an asterisk (*). (h) As for (g) except that the libraries were 

generated from nine additional CDSs in a previously synthesised library 7. These CDS all 

encode E. coli membrane proteins.  
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ABSTRACT: The cell envelope of Escherichia coli is an essential struc-
ture that modulates exchanges between the cell and the extra-cellular
milieu. Previous proteomic analyses have suggested that it contains a
significant number of proteins with no annotated function. To gain
insight into these proteins and the general organization of the cell
envelope proteome, we have carried out a systematic analysis of native
membrane protein complexes. We have identified 30 membrane protein
complexes (6 of which are novel) and present referencemaps that can be
used for cell envelope profiling. In one instance, we identified a protein
with no annotated function (YfgM) in a complex with a well-character-
ized periplasmic chaperone (PpiD). Using the guilt by association
principle, we suggest that YfgM is also part of the periplasmic chaperone
network. The approach we present circumvents the need for engineering
of tags and protein overexpression. It is applicable for the analysis of
membrane protein complexes in any organism and will be particularly useful for less-characterized organisms where conventional
strategies that require protein engineering (i.e., 2-hybrid based approaches and TAP-tagging) are not feasible.

KEYWORDS: Escherichia coli, cell envelope, proteome, membrane protein, protein complex, BN-PAGE, PpiD, YfgM

’ INTRODUCTION

The cell envelope of Escherichia coli and other Gram-negative
bacteria is comprised of two membranes (an inner and an outer)
that are separated by a periplasm, which contains a layer of
peptidoglycan. Proteins localized to the inner membrane are
embedded as R-helical bundles or peripherally attached through
hydrophobic patches, charge-interactions, or association with the
soluble domains of membrane embedded proteins.1-3 There are
also a small number of lipoproteins tethered to the periplasmic
face of the inner membrane.4 Inner membrane proteins carry out
a vast array of essential functions, such as nutrient uptake, energy
conversion, cell division, signaling and trafficking of proteins and
lipids.5 Proteins localized to the outer membrane are embedded
as β-barrels or peripherally attached to the periplasmic face as
lipoproteins (reviewed in refs 4 and 6-8). The β-barrel proteins
are at the interface with the extra-cellularmilieu and their primary
role is to mediate the uptake of selected molecules by passive
diffusion.9

Intriguingly a significant number of proteins in the cell
envelope have no annotated function.2,10-13 In recent years
some of these proteins have been assigned roles in fundamental
processes, such as β-barrel assembly,14,15 and trafficking of
phosholipids,16 lipopolysaccharides17-19 and peptidoglycan
precursors.20,21 Other fundamental processes in the cell envelope
remain enigmatic. For instance, we do not have a clear picture of
how periplasmic proteins are folded or how β-barrel proteins are
chaperoned through the periplasm (see ref 22). Determining the
function of proteins with no annotated function is an essential
step toward understanding these processes and the full repertoire
of functions in the cell envelope.

One simple way to delineate the function of a protein with no
annotated function is to identify its interacting partner(s)
through analysis of protein complexes or binary interactions

Received: November 3, 2010
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(the “guilt by association” approach23). When carried out in a
systematic manner, protein interaction mapping also provides a
global view of proteome organization and is therefore an
important step toward a systems level understanding of the cell.
In E. coli (as in other model systems) high throughput coaffinity
purification platforms have unearthed a wealth of information
about the organization of soluble proteins.13,24,25 Unfortunately
membrane proteins have been either omitted or lost in these
studies, as they require detergent solubilization and are not
immediately compatible with the platforms.26 Efforts to study
E. colimembrane protein complexes have been made using blue-
native polyacrylamide gel electrophoresis (BN-PAGE).27,28 BN-
PAGE is a gel-based approach that can resolve multiple com-
plexes simultaneously,29-33 but is limiting for analysis of bacterial
membrane proteomes because they are often too “protein-rich”
for a single gel (see refs 27, 28). In this study we present a generic
platform that separates native membrane protein complexes by
three disparate principles. Our data provide a snapshot of
membrane protein complexes in the E. coli cell envelope as well
as novel insights into proteins with no annotated function.

’MATERIALS AND METHODS

Purification of Inner and Outer Membranes
Strain growth and preparation of themembrane fractions were

essentially carried out as described previously,27 with a few
modifications. Briefly, the E. coli strain BL21(DE3) was grown
in Luria-Bertani broth at 37 �Cwith shaking, to anOD600 of∼2.
Cells were harvested by centrifugation at 8823� g for 20 min
at 4 �C and lysed in a French Press. The cell debris was removed
by centrifugation at 8823� g for 20 min at 4 �C and the lysate
was layered onto a two-step sucrose gradient and centrifuged
at 210 000� g for 2.5 h at 4 �C. The membrane fraction was
collected from the sucrose interface, and inner and outer
membranes were separated by centrifugation at 210 000� g for
16 h on a six-step sucrose gradient as described previously.34

Inner and outer membranes were collected and further separated
on additional six-step sucrose gradients. Membrane fractions
were collected and resuspended in 20 mM Tris-HCl pH 8 and
stored at -80 �C. Protein concentration was determined by the
Bradford assay.

Ion-Exchange Chromatography
A 20 mg aliquot of each membrane fraction was resuspended

in 20 mM Tris-HCl pH 8 to a final concentration of 6 mg/mL.
Proteins were solubilized by the addition of 1% (w/v) n-dodecyl
β-D-maltoside (DDM) then stirred slowly for 1 h at 4 �C. DDM
was chosen as we visualized a better “spot pattern” on the BN-/
SDS-PAGE when we used it, compared to other tested deter-
gents (i.e., LDAO, when X-100 and digitonin). The sample was
cleared by centrifugation at 264 000� g for 30 min at 4 �C and
20 mg of lysate was loaded onto a HiPrep 16/10 DEAE FF
column at 4 �C (GE Healthcare) using an

::
AKTA Prime plus

system (GE Healthcare). We also tested six other ion-exchange
columns from the HiTrap IEX Selection Kit (GE Healthcare),
but they did not offer the same resolution. The HiPrep 16/10
DEAE FF column was washed with 10 column volumes of buffer
A [20 mM Tris-HCl pH 8, DDM 0.05% (w/v)] and eluted by
supplementing buffer A with a linear gradient of NaCl (0-400
mM over 10 column volumes). Fractions of the eluate were
collected then exchanged into ACA750 buffer [750 mM
n-aminocaproic acid, 50 mM Bis-Tris, 0.5 mM Na2EDTA, pH
7.0] supplemented with 0.05% (w/v) DDM and concentrated

using a Vivaspin 20 column with a 100 kDa cutoff filter (Sartorius
Stedim Biotech). An 800 μg aliquot of each fraction was used for
BN-/SDS-PAGE.

BN-/SDS-PAGE
Protein samples (800 μg protein in 85 μL of ACA750 buffer

supplemented with 0.05% (w/v) DDM) were mixed with 15 μL
of G250 solution [5% (w/v) Coomassie G250 in ACA750
buffer]. The first dimension BN-PAGE and the second dimen-
sion SDS-PAGE were performed as described previously.27 An
external mass calibration was performed using soluble proteins in
the HMW calibration kit for native electrophoresis (GE
Healthcare). An internal mass calibration was also performed
using three membrane protein complexes that were identified in
the gels; the succinate dehydrogenase (353 kDa), the cyto-
chrome bo3 (142 kDa) and the mechanosensitive channel of
large conductance (74 kDa).

Mass Spectrometry
Protein spots from the BN-/SDS-PAGE were excised manu-

ally and digested with trypsin as described previously.35 Extracted
peptides were concentrated and desalted by ZipTip C18
(Millipore Corporation) then mixed 1:1 with R-cyano-4-hydro-
xycinnamic acid (10 mg/mL) in 50% acetonitrile, 0.1% trifluoro-
acetic acid (TFA) and left to air-dry after spotting on the
MALDI target. MALDI-TOF/TOF analysis was performed on
a 4800 MALDI TOF/TOF instrument (Applied Biosystems).
The instrument was operated in positive ion mode and externally
calibrated in the peptide range using the Sequazyme Peptide
Mass Standard Kit (Applied Biosystems). The mass spectro-
meter was set to perform data acquisition in the mass range of
700-4000 m/z. First a MS spectrum was generated from each
spot on the MALDI target. In each MS spectrum, a maximum of
10 peptides were chosen for fragmentation (only peptides above
S/N 60). The MS/MS spectra were processed using methods
provided by the instrument software (4000 Series Explorer,
version 3.5, Applied Biosystems). The processing included
smoothing with the Savitsky-Golay algorithm, S/N threshold
of 5, no baseline subtraction. Peak lists were generated by the
“Peaks to Mascot” function in the 4000 Series Explorer software.
For the peak lists, the minimum S/N was set to 20 and maximum
20 peaks per precursor. Peptide identification was carried out
using the Mascot Daemon software, version 2.1.6 (Matrix Science
Ltd., London, UK). The searches were performed against anNCBI
nonredundant database, limited to Escherichia coli sequences. As a
control we also searched against the completeNCBI nonredundant
database. Three different versions of the database were used,
depending on time of analysis. The different versions were updated
11/5/2008, 2/8/2009, or 3/14/2010. Mass tolerance for the
peptides was set to 100 ppm and for the fragments 0.5 Da. One
missed cleavage site was accepted. Alkylation by iodoacetamidewas
set as a fixedmodification and oxidation onmethionine as a variable
modification. Mass spectrometry data are shown in Supplementary
Table 1, Supporting Information.

Purification of YfgM-His8
yfgM was amplified (without stop codon) by PCR from the

MG1655 strain and cloned into a pET28a vector upstream of a
poly histidine purification tag (-His8). For protein production,
the construct was transformed into the BL21(DE3)pLysS strain
and induced with 0.5 mM IPTG at an OD600 of 0.5. After 4 h of
induction at 30 �C, the cells were harvested by centrifugation at
10 000� g for 20 min at 4 �C and cell pellets were dissolved in
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ice-cold 1� PBS pH 7.4 (15 mL/1000 OD600 units) containing
Complete Protease Inhibitor Cocktail Tablets (Roche) and
DNaseI. The cells were broken using an Emulsiflex C3
(Avestin). Unbroken cells were cleared by centrifugation at
8000� g for 20 min at 4 �C and the membrane fraction was
collected by ultracentrifugation at 210 000� g for 1 h at 4 �C.
Crude membranes were diluted to 3 mg/mL with solubilization
buffer [1� PBS pH 7.4, 0.15 MNaCl, 0.5% (w/v) DDM, 10 mM
imidazole] and stirred slowly for 1 h at 4 �C. Insoluble proteins
were cleared by centrifugation at 210 000� g for 45 min at 4 �C.
The supernatant was loaded on a 5 mL IMAC HisTrap FF
column (GE Healthcare), which had been equilibrated with
buffer A [1� PBS pH 7.4, 0.15 M NaCl, 0.03% (w/v) DDM,
10 mM imidazole] using an

::
AKTA Prime plus system (GE

Healthcare). The protein solution was cycled through the
column, then the column was washed with 5 column volumes
of wash buffer [1� PBS pH 7.4, 0.15 M NaCl, 0.03% (w/v)
DDM, 70 mM imidazole]. The protein was eluted by 10 column
volumes of buffer A with a linear gradient from 70 mM to 500
mM imidazole. The eluate was further separated using a Super-
dex 200 10/300 GL column (GE Healthcare).

Protein Topology Assays
Protein topology assays and normalization of data were carried

out as described previously.2,36

Phylogenetic Analysis
The phylogenetic tree in Figure 5 was generated using the iTol

tree generator,37 from a selected number of bacteria representing

the bacterial superkingdom. Proteins homologous to RecA, PpiD
and YfgM were identified by searching the Uniprot database38

using the BLAST algorithm (E-value cut off of 10-5).39 The best
hit and its corresponding sequence identity were added to the
phylogenetic tree as extra information. Homologues to YfgM and
PpiD were checked to ensure that they were of appropriate
length and contained a TM-region at the N-terminus (using
Scampi40).

’RESULTS

Proteomic Platform for AnalyzingNativeMembrane Protein
Complexes

We sought to establish a proteomic platform that would
enable us to study a large number of membrane protein com-
plexes simultaneously. At the outset it was our goal to use native
proteins, as this would circumvent the need for genetic engineer-
ing of tags. In turn it would also prevent potential problems that
arise from the use of tags (i.e., displacement of interacting
partners) as well as problems that arise through overexpression
of tagged proteins (i.e., spurious interactions and protein
aggregation). The platform presented utilizes three disparate
principles to separate membrane protein complexes, thereby
enabling components to be identified by mass spectrometry
(Figure 1). First, inner and outer membranes were separated
from wild type E. coli by sucrose gradient centrifugation
(i.e., separation of protein complexes by subcellular location).
Protein complexes were then solubilized with a mild detergent

Figure 1. Overview of the platform used to separate membrane protein complexes.
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(n-dodecyl-β-D-maltoside/DDM) and the protein-micelle com-
plexes were fractionated by anion exchange chromatography
(i.e., separation of protein complexes by surface charge). Finally

the fractions from anion exchange were separated by blue native-
polyacrylamide gel electrophoresis (BN-PAGE)30 (i.e., separa-
tion of proteins by molecular mass). To identify proteins within

Table 1. Intact and Partially Intact Protein Complexes Detected

calculated stoichiometrye

complexa localizationb stoichiometryc
subunits

detected spot #0sd subunits not detected MP calib. markers SP calib. markers

Known complexes that were intact

Succinate dehydrogenase IM (SdhABCD)3 SdhABCD D16,65,76,77 - (SdhABCD)3 (SdhABCD)4
Preprotein translocase IM SecYEG SecYEG A112,114 - SecYEG (SecYEG)2
ATP-binding/permease IM (CydCD)2 CydCD C20,21 - CydCD CydCD

Small-conductance

mechanosensitive channel

IM MscS7 MscS C55 - MscS8 MscS11

Mechanosensitive channel

of large conductance

IM MscL5 MscL B64 - MscL4 MscL11

Putative uroporphyrinogen-III

C-methyltransferase

IM HemXx HemX C34 - HemX4 HemX6

Acridine efflux pump IM AcrB3 AcrB C1 - AcrB3 AcrB4
Polyribonucleotide

nucleotidyltransferase

IM Pnp3 Pnp D18 - Pnp3 Pnp4

Dihydrolipoyl dehydrogenase IM LpdA2 LpdA D105 - LpdA2 LpdA3

Chain length determinant protein IM Cld2 Cld B118 - Cld Cld3
Peptidyl-prolyl cis-trans

isomerase D

IM PpiDx PpiD C17 - PpiD PpiD2

β-barrel assembly complex OM BamABCDE BamABCDE G12,52,74,88,92 - BamABCDE (BamABCDE)2
LPS-assembly lipoprotein complex OM LptDE LptD, E F2,54 - LptDE (LptDE)2
Outer membrane protein TolC OM TolC3 TolC G35,41 - TolC3 TolC5

Outer membrane protein F OM OmpF3 OmpF G55 - OmpF3 OmpF5
Maltoporin OM LamB3 LamB G45,49 - LamB2 LamB4
Outer membrane protein A OM OmpA2 OmpA F36,44 - OmpA OmpA3

Lipoprotein NlpI OM NlpI2 NlpI G67 - NlpI NlpI3
Long-chain fatty acid

transport protein

OM FadL2 FadL E5 - FadL FadL2

Subcomplexes

β-barrel assembly complex OM BamABCDE BamABD G13, 52, 75 BamCE - -
β-barrel assembly complex OM BamABCDE BamACD G14,76,93 BamBE - -

Known complexes that were partially detected

ATP synthase IM AtpA3D3GC-

HBF2E10

AtpADGC D33,34,51,78 AtpHBFE - -

Lipopolysaccharide export

system permease

IM LptB2FGC LptBCG D56,61,73 LptF - -

Cytochrome bo3 oxidase IM CyoABCD CyoAB C103-104,108 CyoCD - -

New complexes

Novel periplasmic chaperone

complex

IM - PpiD, YfgM C16,59 - f f

YggE homo-oligomer IM - YggE A103 - YggE8 YggE12
YgiM homo-oligomer IM - YgiM A109,110 - YgiM6 YgiM10

YhcB homo-oligomer IM - YhcB B63 - YhcB5 YhcB12
YfhM homo-oligomer IM - YfhM C111 - YfhM3 YfhM3

SlyB polymer OM - SlyB F64 - SlyB20 SlyB29
a Protein name extracted from the Swiss-Prot database for E. coli (http://www.expasy.ch). b Localization as determined in this study. cAs reported in
Ecocyc (http://ecocyc.org). X denotes that the exact oligomeric state has not been determined. dNumbering corresponds to the spots in gel images in
Supplementary Figures 1 and 2, Supporting Information. e Soluble and membrane proteins were used to calibrate protein complexes in the BN-PAGE.
These two sets of proteins give significantly different calibration curves owing to differences in the amount of bound Coomassie and detergent.
fNot possible to estimate stoichiometry in this study as there were two proteins in the complex.



1852 dx.doi.org/10.1021/pr101105c |J. Proteome Res. 2011, 10, 1848–1859

Journal of Proteome Research ARTICLE

complexes, the BN-PAGE was coupled to a second dimension
of denaturing SDS-PAGE. In the BN-/SDS-PAGE individual
proteins were resolved as discrete spots that aligned in vertical
channels. This procedure was repeated to ensure spot reproduci-
bility, and spots were picked and analyzed by mass spectrometry.

We picked and analyzed all 611 spots from the BN-/SDS-
PAGE (Supplementary Figures 1 and 2, Supporting In-
formation), which corresponded to 102 unique proteins
(Supplementary Table 1, Supporting Information). The
high level of redundancy arose because most proteins ap-
peared in more than one fraction following anion exchange
chromatography. While using fewer fractions would reduce this
redundancy, the current setup improved the depth of proteome
coverage. It also enabled easier interpretation of the vertical
channels and therefore the assignment of protein complexes due
to less crowded gels. Using database annotations and literature
searching we estimate that 49 of the identified proteins were
integral inner membrane proteins, 13 were outer membrane β-
barrel proteins, 16 were lipoproteins and 24 were peripheral
membrane proteins. Half of the peripheral membrane proteins
were known subunits of membrane protein complexes.

By aligning the identified proteins in vertical channels we
could recognize 19 intact complexes, 2 subcomplexes and 3
partially intact complexes, which have all been well studied
previously (Table 1). These complexes provide internal controls
for the approach. For example, the succinate dehydrogenase
complex [(SdhABCD)3]

41 and the mechanosensitive channel of
small conductance [MscS7]

42 were identified in independent
vertical channels (Figure 2A and B). We also identified the β-
barrel assembly machinery [BamABCDE]14,15 as well as a series
of subcomplexes, which were missing some of the peripheral
subunits (i.e., BamB, BamC or BamE) and therefore resolved at
lower molecular masses in the BN-PAGE (Figure 2c). Unfortu-
nately it was also not possible to confirm whether these sub-
complexes are present in vivo, or whether they arose through
“stripping” of the peripheral subunits by detergent and/or salt

during sample preparation. However, their detection infers that
there might be different functional modules of the BAM complex
in E. coli, as has been suggested for the BAM complex in
Caulobacter crescentus.43

Notably, a majority of the known complexes that we identified
were homo-oligomeric (14 out of 24; Table 1), suggesting that
homo-oligomeric assemblies are more prevalent for bacterial
membrane proteins. This observation is also apparent when 3D
structures are analyzed (see http://blanco.biomol.uci.edu/
Membrane_Proteins_xtal.html). In 6 cases we could clearly
detect a protein complex that had not previously been described
in the literature. These novel complexes are described in more
detail in the sections below. Taken together we detected 30 cell
envelope complexes using the platform (Table 1).

Some areas of the BN-/SDS-PAGE contained closely spaced
vertical channels making it difficult to discern all complexes. To
resolve ambiguities we looked at the shape of the spots and the
centering of their density, as proteins that migrate in complexes
in the BN-PAGE have the same shape in the SDS-PAGE and are
centered in precise vertical channels. We also made use of the
redundancy in the gels and checked for consistency across
multiple gels. Despite these considerations there were 36 pro-
teins (10 with no annotated function) that migrated at a high
molecular mass in the BN-PAGE and whose composition we
were unable to determine (Table 2).

Identification of Five Novel Homo-oligomeric Complexes
In our analysis we identified 7 proteins with no annotated

function in vertical channels that were clearly devoid of other
proteins (Figure 3A and B). For two of these proteins (i.e., YghJ
and YijP) themolecular mass in the BN-PAGEwas similar to that
in the SDS-PAGE, indicating that the protein was probably
monomeric. For five others (i.e., YfhM, YggE, YgiM, YhcB and
SlyB) the molecular mass in the BN-PAGE was significantly
larger than in the SDS-PAGE, indicating that the protein existed
in a homo-oligomeric complex.

Figure 2. Examples of membrane protein complexes that were clearly resolved in the platform. Cropped sections of the BN-/SDS-PAGE showing the
vertical channels containing (A) the hetero-oligomeric succinate dehydrogenase complex (Sdh), (B) the homoheptameric mechanosensitive channel of
small conductance (MscS), and (C) theβ-barrel assemblymachinery (Bam complex). The vertical channel containing the intact Bam complex is marked
with a closed arrow and subcomplexes indicated by open arrows. Names of proteins that are in close proximity to the complex of interest, but which are
not part of that complex are marked with gray arrows. Soluble and membrane proteins were used to calibrate protein complexes in the BN-PAGE. As
these two independent sets of proteins give significantly different calibration curves (see text for details), we have calculated the molecular mass for each
complex using both curves and reported a molecular mass range. All molecular mass markers are in kDa.



1853 dx.doi.org/10.1021/pr101105c |J. Proteome Res. 2011, 10, 1848–1859

Journal of Proteome Research ARTICLE

To accurately assess the molecular mass of the homo-oligo-
meric complexes, we calibrated the BN-PAGE with known
membrane protein complexes as well as with commercially
available soluble markers (see Experimental Procedures). These
two independent sets of proteins give significantly different
calibration curves owing to differences in the amount of bound
Coomassie and detergent between membrane proteins and
soluble proteins.27,44 From our analysis of the 19 intact mem-
brane proteins we noted that the membrane marker was gen-
erally more accurate (Supplementary Figure 4, Supporting
Information). However, as we did not know the molecular mass
of novel complexes a priori, we have reported their molecular
mass in the BN-PAGE using both soluble and membrane protein
calibration curves (Table 1). It is important to note that these

differences reflect the uncertainty raised by the different calibra-
tion curves, not experimental variation. From the molecular
masses we were able to derive a rough approximation of the
stoichiometry for each homo-oligomeric complex (i.e., YfhM3,
YhcB5-12, YgiM6-10, YggE8-12 and SlyB20-29). In these stoi-
chiometries the first subscripted number is derived from the
membrane protein calibration marker and the second sub-
scripted number is derived from the soluble protein calibration
marker.

To better understand the structure of the five new homo-
oligomeric complexes we also looked into their localization.
YfhM and SlyB are lipoproteins in the inner and outer mem-
brane, respectively.45 YggE is predicted to be a periplasmic
protein, and YgiM and YhcB are predicted to be bitopic inner

Table 2. Proteins Detected in High Molecular Mass Complexes whose Composition Could Not Be Resolved

MWr in BN-PAGE (kDa)d

spot #a proteinb acronym Uniprot # MW (kDa)c MP calib. markers SP calib. markers

D71 Uncharacterized protein YrbD (MlaD) MlaD P64604 20 563 584

D71 NADH-quinone oxidoreductase subunit NuoI P0AFD6 21 563 584

D71 Formate dehydrogenase, cytochrome b556(fdo) subunit FdoI P0AEL0 25 563 584

D109 PTS system mannose-specific EIIAB component ManX P69797 62 402 457

G84 Protein RcsF RcsF P69411 14 362 417

G91 Uncharacterized lipoprotein YbjP YbjP P75818 19 216 306

A101 Protease DegQ DegQ P39099 47 148 220

F56 Outer membrane protein Slp Slp P37194 21 144 221

C120 Protein DamX DamX P11557 46 139 204

C31 Cytochrome d ubiquinol oxidase subunit I CydA P0ABJ9 58 135 199

A106 D-methionine-binding lipoprotein MetQ MetQ P28635 29 134 205

G73 Probable phospholipid-binding lipoprotein MlaA MlaA/VacJ P76506 28 132 211

B102 Uncharacterized protein YhjG YhjG P37645 75 110 186

D52 Protease DegS DegS P0AEE3 38 105 173

D52 Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase ArnC P77757 36 105 173

A104 Uncharacterized protein YhiI YhiI P37626 39 101 168

B2 Cyclic di-GMP-binding protein BcsB P37652 86 100 174

C57 Uncharacterized protein YiaF YiaF P0ADK0 26 98 156

A14 Protein HflC HflC P0ABC3 38 96 162

A4 Inner membrane protein OxaA/YidC YidC P25714 62 96 162

B107 Protein YdgA YdgA P77804 55 95 167

D42 NAD(P) transhydrogenase subunit beta PntB P0AB67 49 86 149

A113 Uncharacterized protein YibN YibN P0AG27 16 84 147

C46 Sodium/glutamate symport carrier GltS P0AER8 42 83 138

C46 Anaerobic C4-dicarboxylate transporter DcuA P0ABN5 46 83 138

B51 Glutamine transport ATP-binding protein GlnQ GlnQ P10346 27 77 142

B103 Uncharacterized protein YraM YraM P45464 73 74 138

B115 Proline/betaine transporter ProP P0C0L7 55 60 118

B115 Cation/acetate symporter ActP Act P32705 59 60 118

F57 Outer membrane protein X OmpX P0A917 19 57 105

G20 Probable tonB-dependent receptor YncD YncD P76115 77 55 117

B53 Mannose permease IID component ManZ P69805 31 54 108

B60 Inner membrane protein YagU YagU P0AAA1 23 36 81

B61 Phosphatidylglycerophosphate synthase PgsA P0ABF8 21 36 79

E102 Lipoprotein Bor homologue from lambdoid prophage DLP12 BorD P77330 10 29 75
aNumbering corresponds to the spots in gel images in Supplementary Figures 1 and 2, Supporting Information. b Protein name extracted from the Swiss-
Prot database for E. coli (http://www.expasy.ch). cTheoretical MW as reported in Swiss-Prot database for E. coli (http://www.expasy.ch). dMolecular
mass calculated from migration in BN-PAGE and compared to membrane protein (MP) calibration markers or commercially available soluble protein
(SP) calibration markers.
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Figure 3. Five novel homo-oligomeric complexes formed by proteins with no annotated function. Cropped sections of the BN-/SDS-PAGE showing
the vertical channels containing proteins with no annotated function that were identified in clear homo-oligomeric complexes in the (A) inner and (B)
outer membranes. Names of proteins that are in close proximity to the complex of interest but which are not part of that complex are marked with gray
arrows. Soluble and membrane proteins were used to calibrate protein complexes in the BN-PAGE. As these two independent sets of proteins give
significantly different calibration curves (see text for details), we have calculated the molecular mass for each complex using both curves and reported a
molecular mass range. All molecular mass markers are in kDa. (C) Normalized activities for C-terminal-PhoA, and fluorescence for C-terminal-GFP
fusions to YggE, YgiM and YhcB. Diagonal lines indicate cut-offs for the assignment of Cin (i.e., GFP positive/PhoA negative) and Cout (i.e., GFP
negative/PhoA positive). Normalization of data and cut off values were described previously.2 (D) Experimentally based models of YggE, YgiM and
YhcB. Themodels were generated by constraining TMHMMfix

49 with the GFP/PhoA data. Themodels were overlaid with predictions from SignalP 3.0,
which identified signal sequences (see text for details).
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membrane proteins (see UniProt database). For YggE, YgiM
and YhcB we explored the membrane topology experimentally
using C-terminal fusions to alkaline phosphatase (PhoA) and the
green fluorescent protein (GFP). These fusion partners are only
active in the periplasm or cytoplasm respectively46,47 and can

therefore be used to determine protein localization and topology
(see refs 2, 36, and 48). When we expressed the PhoA and
GFP fusion proteins in E. coli it was evident that the C-terminus
of YggE was in the periplasm (i.e., GFP negative/PhoA positive),
while the C-termini of YgiM and YhcB were in the cytoplasm

Figure 4. YfgM forms a complex with PpiD in the inner membrane of E. coli. (A) Cropped sections of the BN-/SDS-PAGE showing the vertical channel
containing YfgM and PpiD. Soluble andmembrane proteins were used to calibrate protein complexes in the BN-PAGE. As these two independent sets of
proteins give significantly different calibration curves (see text for details), we have calculated themolecular mass for each complex using both curves and
reported a molecular mass range. All molecular mass markers are in kDa. (B) Normalized activity for C-terminal PhoA and fluorescence for GFP fusions
to YfgM and PpiD. Diagonal lines indicate cut-offs for the assignment of Cin (i.e., GFP positive/PhoA negative) and Cout (i.e., GFP negative/PhoA
positive). Normalization of data and cut off values were described previously.2 (C) Experimentally constrained topology predictions of YfgM and PpiD.
(D) Purification of YfgM-His8 by immobilized metal affinity chromatography and size exclusion chromatography, and analysis by SDS-PAGE. The
protein that copurified was identified by mass spectrometry as PpiD.



1856 dx.doi.org/10.1021/pr101105c |J. Proteome Res. 2011, 10, 1848–1859

Journal of Proteome Research ARTICLE

(i.e., GFP positive/PhoA negative) (Figure 3C). We then used
this experimental data to constrain the TMHMMfix predictor

49

and obtain a new prediction of themembrane topology/localization
(see2,50,51). The experimentally constrained topology predictions
were overlaid with SignalP 3.0 predictions52 to identify signal
sequences and are depicted graphically in Figure 3D.

Taken together we have identified 5 novel homo-oligomeric
complexes. These complexes are all formed from proteins with
no annotated function and are localized in different parts of the
cell envelope; YhcB and YgiM are inner membrane proteins,
YggE is a periplasmic protein that associates with the inner
membrane, YfhM is an inner membrane lipoprotein and SlyB
is an outer membrane lipoprotein. The full implications of our
observations are not immediately apparent, as these proteins have
not yet been assigned a function. However, our observations do
provide a platform for more detailed biochemical characterization.

Novel Hetero-oligomeric Complex
Another protein with no annotated function (YfgM) aligned

in a vertical channel with a known periplasmic chaperone
(PpiD), suggesting that they form a detergent stable complex
(Figure 4A). We also identified PpiD in a separate vertical
channel that was devoid of other proteins, indicating that there
was a second form that did not interact with YfgM, or any other
proteins (Figure 4A).

If YfgM and PpiD formed a bona fide complex, we reasoned
that they should also be localized to the same subcellular

compartment. PpiD is known to contain an N-terminal trans-
membrane anchor and a periplasmic C-terminal domain53 but
there is no experimental data for YfgM. In the UniProt database
YfgM is predicted to contain an N-terminal membrane anchor,
but it is not clear which side of the membrane the soluble
C-terminal domain resides. To resolve the issue experimentally,
we fused PhoA and GFP to the C-terminus of YfgM and PpiD
(as a control). When the fusion proteins were expressed in E. coli,
PpiD-PhoA and YfgM-PhoA gave significant signals while PpiD-
GFP and YfgM-GFP did not, indicating that the C-termini of
both proteins are localized to the periplasm (Figure 4B). We
again used the experimental data to constrain the TMHMMfix

predictor49 and obtain a prediction of the membrane topologies
(see refs 2, 50, and 51). In the experimentally constrained
predictions both PpiD and YfgM contain an N-terminal trans-
membrane helix and a large periplasmic domain (Figure 4C). For
YfgM we were able to confirm that the membrane anchor is a
bona fide transmembrane helix (not a cleavable signal sequence)
as we had detected the N-terminal tryptic peptide when we
identified the protein by mass spectrometry. The topologies of
YfgM and PpiD are consistent with our observation that they
could form a complex.

To confirm the physical interaction between YfgM and PpiD,
we expressed YfgM with a C-terminal His8-tag and purified it
from E. coli by immobilized metal affinity chromatography
(IMAC) and size exclusion chromatography (SEC). When the
eluate was analyzed by SDS-PAGE and mass spectrometry it was

Figure 5. Phylogenetic analysis indicates that YfgM and PpiD are both present in allβ- andγ-proteobacteria. Proteins homologous toE. coli PpiD, YfgM
and RecA in a selected number of bacteria (which represent the bacterial superkingdom). A blue bar indicates the presence of a homologue to YfgM, a
green bar represents a homologue to PpiD and a red bar represents a homologue to RecA (a control protein). The sequence identity of the homologue is
indicated by the size of the bar (E. coli at 100%). The absence of a homologue is indicated by a dash.
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evident that PpiD coeluted with YfgM-His8 (Figure 4D). Earlier
high throughput tagging and copurification assays have suggested
a myriad of interaction partners for both YfgM and PpiD. For
example, it has been reported that YfgM interacts with YcaM (an
inner membrane protein) and YgaD (a cytoplasmic protein).13

Furthermore, it has been reported that PpiD interacts with LolB
(an outer membrane lipoprotein), FepB (a periplasmic protein),
PssA, GlpF, YfgM (inner membrane proteins) and YdjJ, DnaE,
SucB, OrdL, Zwf (cytpolasmic proteins).13,24 We did not detect
any of these other interactions when we analyzed the native
complexes, or when we carried out a similar protein tagging
and copurification approach. We conclude that PpiD and
YfgM form a bona fide protein complex in the inner membrane
of E. coli.

’DISCUSSION

Wehave carried out a systematic analysis ofmembrane protein
complexes in the cell envelope of E. coli using a platform that
targets native proteins. The platform contains three modifica-
tions to a previous platform that we have presented.27 Specifi-
cally, we have included an additional round of sucrose gradient
centrifugation to improve the purity of the membrane fractions,
we have prefractionated complexes by anion exchange chroma-
tography to improve the depth of coverage, and we have used
longer gels for the BN-PAGE to improve separation. These
modifications have enabled us to identify six novel complexes
(i.e., this study vs ref 27). Importantly, the modifications have also
enabled us to better resolve protein complexes that comigrate
in the BN-PAGE. For example, in our previous study we noted
that YhcB comigrated with the cytochrome bd-I.27 In this study
however, YhcB resolved separately from the cytochrome bd-I and
we were able to discern that it was actually a separate homo-
oligomeric complex. This later observation is in agreement with
recent work from another group.54

Given that the E. coli cell envelope has been extensively
studied, we believe that the identification of six novel complexes
is a significant outcome. We therefore believe that the platform
will be applicable for membrane protein complexes in any
organism, particularly those where conventional strategies that
require protein engineering (i.e., 2-hybrid based approaches and
TAP-tagging) are not feasible.

A motivation behind the analysis was to gain insight into the
functional context of cell envelope proteins with no annotated
function, as they represent a source of new knowledge. A
significant finding of this study was that YfgM, an inner mem-
brane protein with no annotated function exists in a complex
with PpiD. PpiD has been called a “periplasmic gatekeeper” as it
sits at the exit site of the Sec translocon55 and is involved in
folding of exported proteins.53,56,57 Using the guilt-by-association
principle23 we reason that YfgM works in concert with PpiD and
is therefore part of the periplasmic chaperone network. This
could mean that YfgM is a cochaperone, a scaffold for PpiD, or a
modulator of PpiD activity. Further work will be required to
refine its role in the periplasm.

Further evidence that YfgM was part of the periplasmic
chaperone network could be obtained by looking at its genetic
location.We noted that the gene encoding YfgM is contiguous to
the gene for another periplasmic chaperone (BamB) in the
genome of E. coli.58 On a sequence level we also noted that
YfgM was predicted to contain two tetratricopeptide repeat
(TPR) domains (using TPRpred, http://toolkit.tuebingen.

mpg.de/tprpred). The TPR is a domain that mediates protein:
protein interactions and is commonly (although not exclusively)
found in chaperones and receptors.59-61 For example, TPR
domains are present in the mitochondrial import receptor
Tom7062 and BamD, a peripheral subunit of the β-barrel
assembly machinery in the outer membrane.63

Phylogenetic analysis indicates that there are homologues to
both YfgM and PpiD in all β- and γ-proteobacteria (Figure 5).
Our observations on YfgM therefore provide functional insight
into homologous proteins in numerous other sequenced bacter-
ia. Genome annotation is a major challenge of the coming decade
as over 1000 bacterial genomes have been sequenced and more
than 2300 are in progress.64
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Abstract: A topology map of a membrane protein defines the location of transmembrane helices

and the orientation of soluble domains relative to the membrane. In the absence of a high-
resolution structure, a topology map is an essential guide for studying structure–function

relationships. Although these maps can be predicted directly from amino acid sequence, the

predictions are more accurate if combined with experimental data, which are usually obtained by
fusing a reporter protein to the C-terminus of the protein. However, as reporter proteins are large,

they cannot be used to report on the cytoplasmic/periplasmic location of the N-terminus of a

protein. Here, we show that the bimolecular split-green fluorescent protein complementation
system can overcome this limitation and can be used to determine the location of both the N- and

C-termini of inner membrane proteins in Escherichia coli.

Keywords: topology; membrane protein; split-GFP; inner membrane

Introduction

In the model Gram-negative bacterium, Escherichia

coli, �1130 proteins are embedded in the inner

membrane (�26% of the proteome).1,2 High-resolu-

tion structures are available for only �50 of these

proteins (http://blanco.biomol.uci.edu/mpstruc/listAll/

list); therefore, a topology map is usually used for

structure–function studies (reviewed in Refs. 3

and 4). Topology maps can be predicted directly from

an amino acid sequence, but they are more accurate

if combined with experimental information on the

protein.5 Previously, we generated experimentally

constrained topology predictions for 501 of 1133

inner membrane proteins from E. coli.6–8 In these

experiments, we determined the location of the

C-terminus using the reporter proteins alkaline

phosphatase (PhoA) and green fluorescent protein

(GFP). The location of the N-terminus was not deter-

mined in these studies, as PhoA and GFP are large

and can perturb membrane protein biogenesis when
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fused to the N-terminus. Cysteine accessibility has

been suggested as a solution to this problem,9 but it

is a cumbersome method that requires purification

of the protein before analysis or engineering of the

protein to remove native cysteines. As such, there is

a pressing need for a reporter system that is small

and neutral and that can resolve both the N- and C-

terminal topology.

In this study, we have explored the use of the

bimolecular split-GFP complementation system to

report on the topology of a membrane protein in E.

coli. The version of split-GFP that we tested consists

of a short 16 amino acid peptide and a longer poly-

peptide (called [11M3] and [1–10OPT], respectively).
10

Both [11M3] and [1–10OPT] are nonfluorescent but

can spontaneously assemble into a fluorescent mole-

cule if they are colocalized in the cytoplasm of E.

coli [Fig. 1(A)]. Because [11M3] contains only 16

amino acids, we reasoned that it could be fused to ei-

ther the N- or C-terminus of a membrane protein

without perturbing protein topology or function. We

could then determine which side of the membrane

[11M3] was on by expressing [1–10OPT] in the cyto-

plasm and testing for complementation by fluores-

cence detection. This approach has been used to map

the topology of membrane proteins in the plastids of

Toxoplasma gondii11 and Arabidopsis thaliana.12

However, in these experiments, the [11M3] tag was

never fused directly to the N-terminus of the mem-

brane protein.

Results and Discussion

We selected three model inner membrane proteins

that have a single transmembrane helix and there-

fore a simple topology. ZipA is involved in cell divi-

sion and is inserted in the inner membrane with a

Nout/Cin topology.13 PpiD and YfgM are periplasmic

chaperones, which have the inverted Nin/Cout topol-

ogy14,15 [Fig. 1(B)]. The genes coding for these pro-

teins were fused to a DNA segment encoding [11M3],

cloned in the pBAD24 plasmid, and transformed into

the E. coli strain BL21(DE3)pLysS. Fusion proteins

were expressed by induction with 4 mM arabinose,

and expression was verified by Western blotting with

an antibody raised to the protein of interest [Fig.

2(A)]. Although all C-terminal fusions were detected,

we noticed that N-terminal fusions were often not

detected (i.e., [11M3]-ZipA and data not shown). To

overcome this problem, we tried codon optimizing

the [11M3]-tag; however, we could not detect any

improvement in expression levels (data not shown).

We also tried four alternative peptides that were

described in a patent application on the split-GFP

system (although it was not explicitly stated in the

Figure 1. The split-GFP concept. A: Split-GFP consists of a 16 amino acid peptide called [11M3], which has been evolved

from the 11th b-strand of superfolder GFP and a complementary polypeptide that has been evolved from the first 10 b-
strands, called [1-10OPT]. Both [11M3] and [1-10OPT] are nonfluorescent, but can spontaneously reassemble as a fluorescent

molecule if they are colocalized in the cytoplasm of E. coli. B: A cartoon of the E. coli cell envelope illustrating the membrane

topology of proteins that were fused to the [11M3] tag or an alternative [11H7] tag, in this study. N- and C-termini are indicated.
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patent that they could all complement [1–10OPT]).
16

One of these alternative peptides, called [11H7],

improved expression levels when fused to the N-ter-

minus of membrane proteins [Fig. 2(B)]. The [11H7]

peptide differs from [11M3] by seven amino acids

[Fig. 2(C)] and was used for all further experiments.

Figure 2. Split-GFP can function as a topology reporter in the cytoplasm of E. coli. A: Western blots of cells expressing

[11M3] fusion proteins. In each case, an antibody to the protein of interest was used. B: Western blots of cells expressing

[11H7] fusion proteins. C: Sequence alignment of the [11M3] and [11H7] tags. D: Fluorescence readings from cells co-

expressing a [11H7] fusion protein and cytoplasmic [1-10OPT]. Top panel: Fluorescence values in arbitrary units (AUs)

normalized to the cell density (OD600). Middle panel: Fluorescence values normalized to the protein expression level. Bottom

panel: Confocal fluorescence microscopy image and light microscopy image of a representative cell. The white line is 2 lm.

Note that cells expressing plasmid encoded ZipA were elongated, because cell division is sensitive to ZipA expression levels

(see Ref. 13).
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To determine the topology of the [11H7] fusions,

we cloned the region encoding [1–10OPT] into the

pGFPe plasmid7,8 and then cotransformed it, along

with the plasmids encoding [11H7] fusions, into the

BL21(DE3) pLysS strain. This allowed us to sequen-

tially express the [11H7] fusion followed by [1–10OPT]

by induction with 4 mM arabinose and then with 0.4

mM isopropyl-b,D-thiogalactopyranoside (IPTG). We

also tried coexpressing the [11H7] fusion and [1–

10OPT] from the pDuet vector that contains two T7

promoter sites. Although this approach resulted in

higher fluorescence readings, it also resulted in

high-background readings (data not shown), presum-

ably because the [11H7] fusions could interact with

[1–10OPT] before inserting in the membrane. Follow-

ing sequential expression of the [11H7] fusions and

[1–10OPT], we could detect fluorescence from cells

expressing ZipA-[11H7] but not [11H7]-ZipA, [11H7]-

PpiD but not PpiD-[11H7], and [11H7]-YfgM but not

YfgM-[11H7] [Fig. 2(D)]. Normalization of the fluores-

cence readings by the protein expression levels (i.e.,

the pixel densities obtained from Western blots) was

also carried out. This analysis did not change the

fluorescence ratios but enabled us to account for the

differences in expression levels between the N- and

C-terminally fused proteins [Fig. 2(D)]. Inspection of

individual cells by confocal fluorescence microscopy

indicated that the fluorescence was always localized

as a ‘‘halo,’’ thus confirming that the [11H7]-fusions

were targeted to the inner membrane. In compari-

son, a cytoplasmic [11H7]-fusion gave a fluorescent

signal that was confluent throughout the cell (data

not shown). Because the fluorescence fingerprint for

ZipA, YfgM, and PpiD correlated with correct local-

ization and topology, we conclude that split-GFP can

be used to report on the topology of membrane pro-

teins in E. coli. Significantly, split-GFP gave predict-

able results on both N- and C-termini of all three

proteins.

We were also curious to know if the split-GFP

could reassemble in the periplasm of E. coli, as it

could then be used to obtain an inverted fluorescence

fingerprint with the same [11H7] fusions. To traffic

[1–10OPT] to the periplasm, we cloned the region

encoding the signal peptide from the periplasmic

protein DsbA (DsbA1–19) upstream of the region

encoding [1–10OPT], so that the latter would be

secreted to the periplasm via the SRP/SecYEG path-

way.17 To verify that [1–10OPT] was in the periplasm,

we checked for cleavage of the signal sequence by

comparing DsbA1–19-[1–10OPT] with cytoplasmic [1–

10OPT] [Fig. 3(A)]. Because both proteins migrated at

the same molecular mass, we conclude that the

DsbA signal sequence was cleaved and that [1–

10OPT] was localized in the periplasm [Fig. 3(A)].

Fusions to the signal sequence of TorA (TorA1–39)

and the full-length maltose-binding protein (MBP1–

396) were also tested but were not efficiently secreted

to the periplasm, as judged by cleavage of the signal

sequence [Fig. 3(A)]. We then expressed DsbA1–19-[1–

Figure 3. Split-GFP cannot reassemble in the periplasm of E. coli. A: Western blot of cells expressing either DsbA1-19-[1-

10OPT], TorA1-39-[1-10OPT], or MBP1-396-[1-10OPT]. In each experiment, a truncated form of the protein was analyzed to

determine if cleavage of the signal sequence had occurred. As [1-10OPT] migrates at the same molecular mass when analyzed

by SDS–PAGE, we conclude that the signal sequence of DsbA has been cleaved and that [1-10OPT] is localized in the

periplasm. B: Fluorescence readings from cells co-expressing a [11H7] fusion protein and DsbA1-19-[1-10OPT]. Fluorescence

was normalized to the cell density (OD600).
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10OPT] followed by [11H7]-PpiD or PpiD-[11H7] and

tested for fluorescence complementation. We could

not detect fluorescence from cells expressing PpiD-

[11H7] even though the [11H7] tag was in the peri-

plasm [Fig. 3(B)] and thus conclude that split-GFP

cannot reassemble in the periplasm of E. coli. This

was not surprising, as most versions of GFP cannot

fold in the oxidizing environment of the periplasm.18

Conclusion

A major motivation behind the work presented here

was to identify a robust topology reporter that can

function on both the N- and C-termini of a mem-

brane protein in E. coli. Our data indicate that the

split-GFP system fits this criterion. In the approach,

the protein of interest is fused to the [11H7] tag, and

the detector fragment [1–10OPT] is expressed in the

cytoplasm. The location of the [11H7] tag, and hence

its fusion point, is then simply determined by testing

for whole-cell fluorescence; a fluorescence signal

indicates that the [11H7] tag is in the cytoplasm,

whilst no fluorescence signal indicates that it is in

the periplasm. We see immediate uses for this

approach in determining the topology of bitopic

membrane proteins, as they have not been system-

atically studied. Bioinformatics predictions indicate

that there are �350 of these proteins in E. coli.2

Materials and Methods

Molecular cloning
The regions encoding [1–10OPT] and [11M3]

10 were

chemically synthesized as a single gene (Genscript).

The region encoding [1–10OPT] was then subcloned

into the pGFPe vector,7,8 downstream of a T7 induci-

ble promoter. The [11M3] nucleotide sequence was

cloned into the pBAD24 vector19 downstream of an

arabinose inducible promoter creating pBAD24-

[11M3]. Genes encoding zipA, ppiD, and yfgM were

amplified by PCR from the MG1655 strain and

cloned adjacent to either the 50- or 30 end of [11M3]

gene in pBAD24-[11M3]. The [11H7] tag was created

by site-directed mutagenesis of the [11M3] tag. The

regions encoding MBP1–396 and DsbA1–19 were ampli-

fied by PCR from the MG1655 strain and cloned into

the pGFPe vector, upstream of the region encoding

[1–10OPT]. The region-encoding TorA1–39 was ampli-

fied by PCR from the MG1655 strain and cloned into

the pBAD24 vector, upstream of the region-encoding

[1–10OPT]. All cloning was carried out using the ura-

cil-excision method.20 All constructs were verified by

DNA sequencing (MWG, Germany).

Protein expression

The E. coli strain BL21(DE3) pLysS was trans-

formed with either one or two plasmids, depending

on the experiment. Overnight cultures were pre-

pared by inoculating a single colony in 800 lL

Luria–Bertani (LB) liquid media with appropriate

antibiotics (100 lg/mL ampicillin, 34 lg/mL chloram-

phenicol, and 50 lg/mL kanamycin). Cultures were

incubated in a 2.2-mL 96-well storage plate over-

night at 37�C with shaking. Overnight cultures were

back-diluted 1:50 in LB plus antibiotics in a 5-mL

24-well growth plate and grown at 37�C with shak-

ing to an OD600 of �0.6. Synthesis of [11M3] and

[11H7] fusions was induced by the addition of arabi-

nose to a final concentration of 4 mM and incubation

for 2 h as mentioned earlier. Cells were harvested by

centrifugation at 3220g for 10 min and resuspended

in fresh LB plus antibiotics. Synthesis of the [1–

10OPT] was then induced with 0.4 mM IPTG and

incubated for a further 2 h. Note that, for targeting

DsbA1–19-[1–10OPT] to the periplasm, the order of

induction was reversed (i.e., cells were first induced

with IPTG for 6 h and then arabinose for 2 h). Cells

were harvested by centrifugation at 3220g for 10

min, suspended in GFP resuspension buffer (50 mM

Tris–HCl, 200 mM NaCl, and 15 mM EDTA), and

transferred to a 96-well optical bottom plate and

incubated at 4�C over night. Fluorescence was read

in a Spectramax Gemini at excitation and emission

wavelengths of 485 and 513 nm, respectively.

Western blotting

A volume of cells corresponding to 0.2 OD600 units

was collected from each sample. The sample was

suspended in loading buffer and subjected to sodium

dodecyl sulfate-polyacrylamide gel electrophoresis.

Proteins were transferred to nitrocellulose mem-

branes using a semidry Transfer-Blot apparatus

(Bio-Rad) and probed with protein-specific antibod-

ies. The polyclonal antibody to PpiD and YfgM was

generated by injecting rabbits with the purified

PpiD-YfgM complex (G€otzke and Daley, unpub-

lished). The antibody to ZipA was a gift from Piet de

Boer (Case Western Reserve University).

Confocal microscopy
For the imaging 2 lL of each cell culture was placed

on individual cover glass slips and immobilized by

the addition of 1 lL of 1% (w/v) agar. The images

were acquired on a Carl Zeiss LSM780 using a

C-Apochromat 63� oil objective with a numerical

aperture of 1.4. To excite the GFP, the 488-nm line of

30 mW Argon-ion laser was used. The effective laser

power entering the objective was between 2 and 5

lW. Fluorescence emission was detected using the

preinstalled filter settings for GFP in the ZEN 2010

software. In short, after passing through a dichroic

mirror (MBS 488), a pinhole in the image plane

(edge-to-edge distance 30 lm) and an emission filter

(BP 493-598), it was finally collected by a PMT detec-

tor. The images were acquired and analyzed in Zeiss

software ZEN 2010 and then exported for figure prep-

aration and cropping to Adobe illustrator CS5.
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