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Abstract 
 
Membrane proteins are vital components in the cell and crucial for the proliferation of all 

living organisms. Unfortunately our collective knowledge of structures of membrane proteins 

is very limited, as compared to the information available on soluble proteins. This is to a large 

extent due to the outstanding challenge of working with membrane proteins and the relatively 

high cost associated with determining a membrane protein structure.  Therefore, the 

establishment of efficient methods and means for the production and crystallization of 

membrane proteins is urgently needed. The two methods explored in this thesis  are aimed to 

achieve rapid optimization of expression and purification conditions of membrane proteins, 

thereby allowing for the rapid production of more suitable samples for crystallization trials.  

Despite the challenges in membrane protein structure determination two structures are 

presented in the thesis:  

The first structure determined is of the CorA magnesium transporter from Thermotoga 

maritima will be the focus of this thesis. The CorA revealed a pentameric protein in a closed 

state. The presence of two regulatory metal binding sites is suggested, as well as a putative 

magnesium ion bound in the ion conductive pathway.  

The second structure is of the human enzyme LTC4-synthase, which catalyzes the pivotal step 

in eicosanoid synthesis by the conjugation of glutathione to LTA4, a reactive epoxide-

containing derivative from arachidonic acid. The products of this step, the so-called cysteinyl 

leukotrienes are potent inflammatory mediators making this enzyme a potential drug target. 

The structure reveals a charged binding pocket for a horseshoe-shaped glutathione, and a 

hydrophobic binding pocket for a lipophilic LTA4 molecule. Based on the structure a key 

residue for catalysis has been identified, Arg 104, which is proposed to play a critical role in 

activating the thiol group of glutathione for the nucleophilic attack on LTA4.  
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Introduction 
 

All processes in living organisms are made possible by the actions of proteins. The reactions 

that occur in our bodies - muscle contractions, nerve impulses which make up thought 

processes in our brains, rigidity of hair cells and nails - can all be attributed to the actions and 

specific features of proteins within our cells. Fibrous proteins such as actin and myosin make 

up our muscles giving us the ability to move and to control our bodies with remarkable 

precision and strength. The nervous system conveys the conscious and unconscious electrical 

signals that are transferred throughout out the body with the help of specialized proteins 

residing in the membrane of nerve cells. These remarkable mechanisms allow us to feel, 

smell, see and react within milliseconds of the conscious thought or stimuli. The breakdown 

of metabolites is initiated within our cells starting with ingestion of food and finally with the 

conversion of energy to sustain life. In addition, purging of unwanted substances is also the 

action of proteins. Reactions that would require millions of years to carry out uncatalyzed can 

be completed in milliseconds. Proteins make life possible on our timescale. 

Early in the evolution of life one of the most important steps was the creation of structures 

that allowed the isolation of in- and outside. This made it possible for early organisms to 

separate the contents of the inside of the cell from the ever-changing environment outside. 

The formation of the lipid bilayer made this possible. Inside of this membrane a myriad of 

different molecules reside: nucleotides, lipids, sugars, DNA, RNA and proteins. The proteins 

are the molecular machines that perform the tasks necessary to sustain life. The information 

needed for this is stored in our genes, in DNA. Regions of this DNA are subsequently 

transcribed and give rise to mRNA. The process of translation then transfers this information 

from mRNA to a functional sequence of amino acids giving rise to a polypetide or protein. 

After correct folding the protein is then ready to perform its tasks in the cell. The newly 

synthesized proteins can be generally classified into one of three different groups. It can be 

soluble, i.e., performing its task in the solute portion of the cell or organism. It can also be a 

peripheral membrane protein meaning that it is loosely associated to the lipid membrane 

through weak electrostatic interactions. The proteins that are anchored in the membrane also 

fall into this group although their interaction with the membrane is of a stronger character. 

Last but not least it can be an integral membrane protein (IMP). These proteins span the 

membrane and will be the focus of this thesis.  
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The membrane provides a barrier that shields the cell and allows for the possibility to 

selectively choose which chemical compounds that are needed for metabolism should be 

imported, and which will be expelled. Although the lipid bilayer is permeable to such 

molecules as oxygen together with small hydrophobic compounds, it is not permeable to 

charged molecules and hydrophilic species. A requirement of protein evolution emerged that 

could function in this special barrier as well as solving the problem of the impermeability of 

the lipid membrane. Exactly how this evolution took place is largely unknown but we know 

today that short peptides can traverse the lipid membrane and it is therefore likely that the 

further refinement of these CPPs (cell penetrating peptides) resulted in early membrane 

proteins. Todays research about CCPs has shown that these peptides could function as 

delivery systems for small molecules, proteins, fragments of DNA and PNA into cells [1-4]. 

In the future we might be able to use CCPs as drug delivery systems. The membrane proteins 

have evolved to reside in the hydrophobic environment of the membrane as well as to be able 

to interact with substrates both on the inside, outside and or on both sides of the membrane. 

From this first step of creating a barrier separating in- and outside, lipid membranes have been 

incorporated to function inside the cell, again separating organelles such as mitochondria, 

endoplasmic reticulum, thylakoids, lysosomes and the nuclear envelope of eukaryotic cells 

from the cytosol.  

Proteins 
 
The blueprint for production of proteins is encoded in our DNA. The sequence of the four 

bases organized into triplets is translated into a polypeptide where one triplet gives rise to one 

of the 20 amino acids. This polypeptide is the primary structure. Three additional levels of 

protein structure are present. The secondary structure is primarily contributed by α-helices 

and β-sheets, which are connected by different types of loops and extended regions The 

organization of the secondary structure elements and the connection regions constitute the 

fold or the tertiary structure.  The number of folds used in nature is thought to be limited and 

the large majority of protein domains belong to less than 5000 classes of folds [5-7]. The 

folded protein is stabilized by the hydrophobic effect and polar interactions as well as 

disulfide bridges for many proteins residing in an oxidizing environment. The final level of 

organization is the quarternary structure where multiple domains from homo- or hetero 

polypeptides assembled to result in the final three dimensional structure of the protein. 
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Membrane proteins  
 

Membrane proteins can be divided into several groups depending on organization and 

function. Examples are proteins able to facilitate reorganization of the lipid membrane, e.g. in 

endo-/exocytosis; enzymes that catalyze conversions of substrate molecules residing in the 

lipid bilayer; receptors controlled by extracellular ligands; and transporters that allow  

import/export of hydrophilic molecules or ions.  

This thesis involves work on proteins from both the enzyme family and the transporter family. 

Another type of classification is also used to group membrane proteins- as β–barrel or α–

helical IMPs. The work in this thesis focuses on the α–helical IMPs.  

Examples relevant for the CorA structure in this thesis are the transporters. They can be 

divided into carriers and channels. Carriers can roughly be divided into three different sub-

groups: When transporting a molecule against its concentration gradient, two primary sources 

are used to provide the energy required: 1) Energy from hydrolysis of ATP (primary active 

transport) and 2) energy provided when one species is transported down its concentration 

gradient coupled to the transport of a species moving against its concentration gradient 

(secondary active transport). The third sub-group among the carriers are the uniporters, 

facilitating diffusion down a concentration gradient. Channels differ from carriers in the sence 

that they are usually not saturable and show less stereospecificity towards their substrates. 
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                   Uniport         Antiport                        Symport 
Figure 1. Examples of the three types of transport. The differences are the number of substrates transported 
and the direction of transport. This classification does not take into account whether the process is energy-
dependant, e.g. active transport or energy independent transport, e.g. passive transport.   
 

The transporters are tightly regulated and can respond to both internal and external stimuli. 

When activated they carry out the transport of ions or compounds.   

Membrane proteins perform very important functions and are essential to all living organisms. 

Currently >50% of drugs in the clinic are targeting membrane proteins. At the same time, 

knowledge about their structures, and how it determines their function, is indeed still very 

limited [8, 9]. In the PDB there are approximately 55000 structures of soluble proteins and of 

these roughly 15000 are unique. When comparing this to the ~752 structures of membrane 

proteins of which ~180 are unique it becomes clear that this important area needs more 

progress.  

 

Methods for protein structure determination 
 
The current methods to determine the 3D structure of proteins at higher resolution are electron 

microscopy (EM), nuclear magnetic resonance (NMR) and X-ray crystallography. Ab initio 

protein structure prediction is yet in its early stages and better algorithms are needed for 
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making such predictions useful [10, 11]. Most likely the first step in ab initio structure 

prediction will be to produce satisfactory models to serve as molecular replacement solutions 

in X-ray crystallography. This also seems as a natural step because it will provide an 

important checkpoint and benchmark for these in silico methods. EM has its limitations with 

regards to resolution but new approaches using better data processing techniques are pushing 

the boundaries of this method [12-14]. NMR has limitations with regards to the possible size 

of the protein which can be studied [15, 16]. Unfortunately this problem becomes very 

significant when studying membrane proteins which often are bigger in size. There is 

however research pushing this issue forward and recent results show promise for the future 

[17, 18]. 

Structural genomics 
 
There are many structural genomics projects around the world that aim at establishing 

technologies that allow very efficient structural determination. One way of measuring the 

efficiency is cost. The estimated cost for determining one protein structure within the best 

working structural genomics initiatives is $60.000-$200.000 corresponding to some 0.5-2 

man-years of work [19]. Structure determination of prokaryotic proteins is in the lower range 

while structures of eukaryotic proteins are in the upper range. Structures of soluble proteins 

determined in a traditional structural biology project are estimated to cost significantly more 

than that. Also, these numbers are not valid for membrane proteins, and at present there is no 

well working structural genomics type process for IMPs.  

Streamlined protocols and high-throughput (HTP) methods have been successful in 

establishing the efficient process for soluble proteins.  These developments include strategies 

for parallel cloning, nano-crystallization and digital imaging. In order minimize costs and 

improve reproducibility and logistic handling, many of these steps have been automated. 

Although the HTP methods in structural genomics programs are used to screen many different 

proteins, it is important to realize that the structural genomics approach also allows screening 

of many different constructs and conditions for expression and purification to maximize 

success rates, which has been critical for eukaryotic proteins [20]. 

 

One of the aims of the US structural genomics initiatives has been to determine structures of 

each unique fold, and to populate the Pfam database [21] with homologous structures [22]. In 
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the long run, these could also assist in understanding the protein folding problem to help in 

the prediction of 3D-structures from sequence data.  

Other initiatives focus on solving the structures and functions of proteomes (all proteins from 

an organism), specific protein families or pathways of high biomedical importance, or a 

combination of these. Regardless of the goal of these projects they have one thing in common: 

they all require a large number of targets to be processed in the most efficient manner. This 

puts specific demands on the approaches that can be used, and the traditional approach where 

large resources are put into a single or a few targets is less useful. Instead, high throughput 

and parallel technologies have been developed as a response to these novel needs. As the most 

critical and limiting step for structure determination is the availability of recombinantly 

produced proteins that yield crystals or good NMR spectra, large efforts have been made to 

establish high throughput methods for cloning, overexpression, purification, crystallization 

and NMR screening. In all stages of this process targets are lost from the pipeline and 

minimization of the attrition rates is an important focus of current developments.  

 

High throughput methodology 
 
The genomics revolution in the beginning of the 1990’s quickly led to a massive increase in 

sequenced genomes. It also allowed biochemists to attempt to produce a large number of 

different recombinant proteins. Although giving an overview and speeding up the work in the 

biology field, the large amounts of data from the sequenced genomes did not themselves 

provide us with an understanding of how biological systems work at the molecular level. One 

important piece of information that is lacking is the three dimensional structure of the proteins 

expressed by these sequenced genes; another is how the structure determines the protein’s 

function. While we are far from solving the protein folding problem, allowing the prediction 

of the structure from the sequence, experimental methods are needed to determine the three 

dimensional structure of the protein. These experimental methods are also instrumental for 

studies of interactions with other cellular molecules – critical information as a large fraction 

of the biological functions is carried out through interactions.  

 

In summary, the major benefit of the high-throughput approach is to allow more targets to be 

screened, but also to allow more parameters to be investigated in each step of the process to 

improve success rates. Use of streamlined protocols and high-throughput techniques has 

allowed systematic benchmarking of the parameter space for all steps of the process, allowing 
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these experiments to be based on science rather than guesses in the future. The traditional 

structural biology groups are benefiting strongly from this information and from the 

establishment of many of these process steps in formats suitable for the traditional laboratory.  

 

Working with membrane proteins 
 
Because the membrane proteins reside in lipid bilayers their properties differ from those of 

soluble proteins. The lipid bilayer has a hydrophobic interior with charged groups positioned 

in the contact areas with the solute. Due to this, membrane proteins must have a hydrophobic 

surface region that interacts with the membrane.  The surface of the solvent exposed region is 

instead dominated by by polar and charged residues.  

In vivo, the orientation of the membrane proteins at least in bacteria, is governed by the 

“positive inside rule” [23, 24]. Another feature of membrane proteins in vivo is the 

accumulation of tryptophan and tyrosine residues in the region where the non-polar acyl 

chains meet the polar head group of the lipids [25, 26]. Also positive charges are often found 

at the membrane surface and can interact with negatively charged lipid head groups. 

However, in order to study membrane proteins from a structural and biochemical point of 

view, it is most often required to isolate the protein from the membrane or allow its 

purification. This is accomplished by detergents, small molecules with amphiphilic properties 

that cover the hydrophobic surfaces of proteins.   

 

Detergents 
 
Due to their amphiphilic properties the detergents are very useful when working with 

membrane proteins.  Detergents are composed of a hydrophobic hydrocarbon tail and a 

charged hydrophilic head group. There are currently many different types of detergents 

available to the researcher working with membrane proteins. The most important 

characteristics of detergents are likely to be the length of the hydrocarbon tail and the nature 

of the head group. Three major classes of detergents commonly used in membrane protein 

purification exist and are divided according to the chemical properties of the head group; 

ionic, non-ionic and zwitterionic. The head group of the ionic detergents can be positive or 

negative. The zwitterionic detergents can be positively or negatively charged depending on 

the environment they are in. 
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The detergents used for membrane protein purification are able to form self-assembled, non 

aggregated structures in aqueous solutions, so-called micelles. These are formed above the 

detergent concentration termed the critical micelle concentration (CMC). Below this 

concentration the detergents molecules predominantly reside in the solution as monomers. 

The formation of micelles is absolutely crucial in order to solubilize the protein, i.e. to get the 

membrane protein out from the membrane and into a soluble protein-detergent species. After 

this step detergents have to be present at all times in order to keep the membrane protein 

soluble. The chemical properties of detergents also allow them to self-assemble into much 

more complex forms. Besides the CMC value, detergents also show very complex phase 

behavior depending on detergent concentration, pH, temperature, salt concentration, and 

presence of other commonly used chemical species such as PEGS [27, 28]. This becomes 

very important when crystallizing membrane proteins together with detergents, as such 

complex phases can either disturb the crystallization experiment or provide an advantage.  

Some of these properties and structures are discussed in the next section.  

 

Improving throughput 
 

Going from gene to structure requires the target to be cloned, overexpressed, purified and 

finally crystallized. In all stages of this process targets are lost for different reasons. In this 

thesis I present results that deal with problems from overexpression to crystallization, to 

finally arrive at a structure of the targeted protein. 

Due to the advances in cloning, this step most often proceeds without major problems. This is 

also a step where automation could be used [29, 30].  In order to get enough biological 

material for crystallization experiments, the protein needs to be overexpressed in large 

amounts. The choice of expression host is often crucial for success. Here the cost becomes 

important for high-throughput projects. Escherichia coli (E.coli) has proven to be a robust 

system for HTP expression projects for many reasons. It is a well studied organism, it is cheap 

and it grows quickly under laboratory conditions. It is also free from some of the problems of 

post-translational modifications, which might induce heterogeneities that block 

crystallization. The expression strain can be varied to improve yield and increase success rate 

of expression [31], and, for example,  specific E.coli strains have been generated that are 

more efficient for membrane protein production [32]. Choosing the right expression vector 

can also be important. Promoter strength can greatly affect the amount of soluble protein 
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obtained. In cases when the produced protein is toxic to the cell it may be helpful to supply 

cells with an additional plasmid encoding a repressor gene. For some proteins, co-expression 

with chaperones has proven beneficial [33-35]. Another popular approach is to lower the 

expression temperature [36, 37]. The use of fermentors for cell growth has also contributed to 

increase of the amounts of cell material that can be produced [38]. There are other potential 

expression systems than E.coli, as well as complementary strategies such as refolding or in 

vitro translation, which are not addressed in the present discussion, as they, with the exception 

of in vitro translation, have had relatively limited impact on high throughput applications. 

Purification 
 
In order to perform any kind of biochemical or structural studies the desired protein has to be 

separated from the rest of the cell contents. The most commonly used strategy includes 

column chromatography such as ion-exchange, size-exclusion and affinity chromatography. 

There is also a wealth of conditions and parameters that could be varied, such as buffers, salts, 

pH, etc.  Such an optimization effort was explored in Paper 1.   

 

AmtB a case study on parameter screening (Paper I) 
 

Transport of ammonia/ammonium is fundamental to nitrogen metabolism throughout all 

domains of life [39-42]. The E.coli ammonia channel, AmtB belongs to the Amt/MEP/Rh 

protein superfamily. The ammonia transporters (Amt proteins), whose paralogs in yeast are 

called metylammonium/ammonium permeases (MEP proteins) are usually >420 amino acids 

long and function as trimers [43]. Microorganisms and plants use ammonium as the primary 

source of inorganic nitrogen. In humans, the Rhesus (Rh) family of proteins also share 

conserved regions with the Amt/MEP family throughout their sequence [44]. In humans the 

Rh proteins [Rh-associated glycoprotein (RhAG), RhCE and RhD] act as important blood 

group antigens in the membranes of red blood cells. Nonerythroid Rh proteins (RhBG and 

RhCG) serve as ammonium transporters in liver and kidney – the sites of ammonium 

metabolism [45, 46]. For animals and humans sequestration and excretion of cytotoxic 

ammonia serve as parts of liver and kidney physiology. Elevated blood levels of the 

ammomium ion (NH4
+) can lead to dysfunction of the central nervous system resulting in 

many kinds of neurological disorders, from seizures to stupor and coma [47]. 
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In this paper we used the ammonium transporter from E.coli as a case study to evaluate a 

quick and cheap method for small scale screening for buffer, detergent and purification 

conditions. The small scale experiment were carried out before scale-up experiments required 

to get sufficient amounts of protein for crystallization experiments. 

 

Screening for expression and protein amount 
 
When working with membrane proteins it is vital to choose the right detergent. All 

subsequent steps after the solubilization of the membrane proteins will contain detergents but 

in this first step one needs to determine which detergent to use. Because of the costs of 

detergents it is important to establish a method that uses small amounts of sample in order to 

be cost effective.  

There are many ways of achieving this. GFP-fusion proteins have been employed in order to 

estimate the amount of expressed protein [48]. However this method has some drawbacks. 

Sometimes the addition of a fusion protein to the protein of interest can result in increased 

solubility of the construct. When the fusion protein later is cleaved off, the protein of interest 

may precipitate. Since the introduction of the GFP reporter system, significant efforts have 

been put into developing the system, to obtain more stable GFP variants as well as producing 

more elaborate reporter systems such as the split-GFP [49, 50]. The construct used in our 

work contains a 6-His-tag. This fusion is much smaller and can also be used not only for 

detection of expression or protein amount, but also during subsequent purification as an 

affinity tag.  
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Figure 2. The experimental setup. The use of 96-well plates throughout the experiment allows for a 
comprehensive screen to be performed within one experiment. In order to make sure that the starting material is 
of equal quality and amount, cells were first grown in shake flasks and then later aliquots were added to the 
deep-well plate. The lysis and solubilization was performed in this plate under agitation and the detergents 
explored can be seen in table 1.  
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Detergent name 
 

Abbreviations CMC 
(mM) 

Extraction 
(mM) 

FOS-CHOLINE-10 FC10 11 63(2) 
FOS-CHOLINE-11 FC11 1.85 30(1) 
FOS-CHOLINE-12 FC12 1.5 32(1) 
HEGA-10 HEGA-10 7 54(2) 
Nonyl maltoside NM 6 43(2) 
Decyl maltoside DM 1.8 21(1) 
Undeyl maltoside UDM 0.59 20(1) 
Dodecyl maltoside DDM 0.17 20(1) 
CHAPS CHAPS 8 32(2) 
CHAPSO CHAPSO 8 32(2) 
Nonyl thiomaltoside NTM 3.2 32(1.5) 
Decyl thiomaltoside DTM 0.9 20(1) 
Undecyl thiomaltoside UDTM 0.21 19(1) 
Dodecyl thiomaltoside DDTM 0.05 1.9(1) 
Cymal-6 Cy6 0.56 20(1) 
Cymal-7 Cy7 0.19 19(1) 
LDAO LDAO 1 43(1) 
TDAO TDAO 0.29 39(1) 
C8E4 C8E4 8 64(2) 
C8E6 C8E6 10 51(2) 
C10E5 C10E5 0.81 26(1) 
C12E8 C12E8 0.09 19(1) 
Octyl glucoside OG 18 68(2) 
Nonyl glucoside NG 6.5 65(2) 
Triton X-100 TX100 0.23 15(1) 
Triton X-114 TX114 0.20 36(2) 
Table 1. Values in parenthesis indicate percentages 

 

After lysis and solubilization the samples were subjected to a filtration step in order to remove 

any aggregates and inclusion bodies. The filtrate was directly loaded onto a 96-well plate 

charged with Ni-NTA resin equilibrated in appropriate buffers and detergents. After 

subsequent wash the eluates were analyzed by dot blot. The normalized dot blot intensities 

can be seen in Figure 3. 
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Figure 3. Histograms of the detergent screen analysis of AmtB. From left to right: 
(1) FC10, (2) FC11, (3) FC12, (4) HEGA 10, (5) NM, (6) DM, (7) UDM, (8) DDM, 
(9) CHAPS, (10) CHAPSO, (11) NTM, (12) DTM, (13) UDTM, (14) DDTM, 
(15) LDAO, (16) TDAO, (17) C8E4, (18) C8E6, (19) C10E5, (20) C12E8, (21) OG, 
(22) NG, (23) TX100, (24) TX114. 

 

Screening of purification conditions 
 
The same strategy as in the previous expression screen was used here. The multi parameter 

screen seen in Figure 4 was performed in order to identify optimal purification conditions. 

This included four different affinity resins, three different detergents as well as four buffer 

conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Dotblot showing the results from the buffer screen. 
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The affinity chromatography step is often the most efficient step in protein purification. A 

very valuable strategy is when the protein of interest has a specific ligand, allowing this 

ligand to be added to a stationary surface, thus letting undesired proteins to be washed off. 

This strategy was successfully applied in Paper 4 during the initial purification of LTC4 

synthase. 

However good ligand affinity columns are often not readily available. The construct used here 

contains a 6-His-tag. There are many variations to this tag all based on the same principle. 

Other affinity strategies using fusion proteins and tags can be used; for example, metal ion 

affinity chromatography (IMAC) using His-tags allows many different targets to be purified 

in parallel. Here the tag serves dual purposes, one being the purification and the other 

detection.  

 

Even though this method allows for the selection of detergents that yield high amounts of 

solubilized protein, it is not the recipe for success. Although the filtration step of the 

procedure described in this paper will help to get rid of inclusion bodies and large aggregates 

and hence to estimate the amount of soluble sample, it does not give detailed information on 

the stability or homogeneity of the protein. Some of these issues are addressed in Paper 2 of 

this thesis.   

 

Since this is a perfect prescreening method for crystallizability the researcher will in the end 

have to perform many different experiments, which is why HTP methods are needed. There 

are for example many different types of detergents that can be used during purification and in 

crystallization trials.  Even though some of the detergents used in this screen showed low 

efficiency in extracting AmtB, we decided to include these detergents in the large-scale 

production process to further explore their effects during purification and crystallization. 

Consequently AmtB was extracted with FC12 as identified in the detergent screen and 

subsequently purified with FC12, UDM, DDM, Cy6, Cy7, OG and LDAO. Furthermore we 

decided to proceed with using the TALON resin during purification. Although higher 

amounts of protein could be recovered using the Ni-NTA resin, the recovered protein from 

the TALON resin had a higher degree of purity. 

 

In summary, the first part of the screen was done to allow the identification of detergents 

suitable for solubilization with regards to the amount of purified recombinant protein 

recovered. Indeed a clear difference is seen between the different detergents used in this 
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screen. Another important point that emphasizes the necessity of performing such a screen is 

seen when looking at Figure 2. Samples containing C8E12 and C4E8 allow the purification of 

only very small amounts of protein. If using only these detergents when performing an 

expression screen, one might think that the construct used does not express at all or very 

poorly. In fact the problem lies in the selection of the detergent and not poor expression 

qualities of the construct used. The second part of this paper, the purification optimization, 

allowed us to compare the influence of buffers and detergents during purification. 

In the end the method proved successful and we were able to obtain crystals diffracting to low 

resolution in the presence of DDM and Cy6. Unfortunately during our attempts to improve 

the crystal quality, the structure of AmtB was solved [51]. The structure was of a truncated 

version of the protein. It also included two substitutions.  

 

 

Crystallizing membrane proteins 
 

The determination of a protein structure by X-ray crystallography requires the 

production/formation of crystals that are ordered in three dimensions. The driving force for 

formation of such an ordered species is the lowering of enthalpy, balanced by an increase in 

entropy. The basic physics of crystal growth is similar regardless of the target being a soluble 

or membrane protein. There are several commonly used methods available to produce 

crystals. 

 

In microbatch experiments the crystallization trials are set up and incubated under a low-

density paraffin oil. There are usually no changes in drop volume or pH during the course of 

the experiment. This method could be used with most known precipitants, buffers, additives 

and detergents. The use of detergents in crystallization setup with paraffin oil might 

intuitively seem awkward due to the presence of the lipophilic oil. There are however 

examples of successful membrane protein crystallizations using this method [52, 53]. One 

limitation is the use of small volatile organics solvent such as phenol. They are able to 

dissolve into the oil and are hence less suitable.  
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Perhaps the most widely used method is vapor diffusion. Here the protein solution is set up in 

a sitting or hanging drop experiment that is equilibrated against a reservoir solution 

containing the precipitating agent.  

Usually the protein solution is mixed and diluted with the reservoir solution so that the 

effective concentration of precipitant in the protein solution is lower than in the reservoir. 

This concentration difference drives the solvent from the drop as it equilibrates through vapor 

diffusion with the reservoir solution. The implication of this is a gradual increase of protein 

and precipitant concentration within the drop of protein solution. Since the drop volume and 

concentration of the species change during the course of the experiment it allows for a simple 

way to sample the crystallization parameter space. Both microbatch and vapor diffusion are 

suitable for the use with nano-drop crystallization robots where the amount of  protein used 

can be minimized. 

 

One problem that limits success rates in membrane protein crystallization is the fact that the 

detergents used for crystallization of membrane proteins limit the available surface for  

specific crystal contacts between protein molecules in the solution. Studies of protein 

detergent complexes with small angle X-ray studies and neutron diffraction show that the 

detergent exists as a torus around the hydrophobic parts of the protein [54]. If the torus ring is 

too large it will prevent the formation of specific crystal contacts and result in no crystal 

formation [55].  

 

An important aspect is that a detergent solubilized membrane protein is in a solubilized 

detergent-protein complex and not the native environment for a membrane protein. Such 

complexes often have low stability and the activity of a detergent solubilized membrane 

protein decreases rapidly after solubilization.  The deterioration naturally continues after the 

crystallization experiment has been setup and the result can be aggregation or just amorphous 

precipitation. There are however also membrane proteins that remain stable in detergent 

solution over long time. Nevertheless, it is good practice to work as quickly as possible to get 

the protein into the crystallization experiment. In order to deal with the poor stability of IMPs, 

strategies have been developed to create a more “native” environment for the protein in the 

crystallization experiment. An example is the so-called lipidic cubic phase (LCP) where the 

protein is mixed with a lipid/water solution. The lipid/water mixture in the right proportion 

gives rise to predictable and semi-ordered three dimensional structures that mimic a lipid 

bilayer into which the membrane protein can be incorporated. Some drawbacks are associated 
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with this method. The pores formed within the lipid cubic phase are rather small which can 

potentially prevent the incorporation of membrane protein with large hydrophilic domains. 

The LCP is also viscous and therefore difficult to use in vapor diffusion setups. The 

visualization of crystals within the LCP is difficult and harvesting of crystals could require the 

use of lipases or detergents in order to liquefy it. To overcome some of these problems a 

modification of the LCP called the lipidic sponge phase has been developed [56, 57]. The 

addition of compounds such as PEGs, PG, ethanol, MPD, DMSO, NMP and jeffamine M600 

among others makes the LCP constructed from the lipid/water mixture to swell. This 

increases the pore size up to three times making it possible to incorporate membrane proteins 

with larger hydrophilic domains [58]. The lipid sponge phase also has the advantage of being 

liquid in room temperature, which means that one can utilize the hanging- or sitting drop 

vapor diffusion setups. It also makes the crystal handling much easier.  

 

Although there is no real reliable pre-screen for crystalizability there are some general 

guidelines that are helpful when working with proteins, soluble as well as membrane proteins. 

Optimally the sample should be of highest purity and be as homogenous as possible. Methods 

for the analysis of the protein sample are SDS-PAGE, mass spectrometry, light scattering 

techniques and SEC. There is also a thermal stability assay which recently has been used with 

success for screening buffer conditions and evaluating ligand binding for membrane proteins. 

It requires however some prior knowledge about the structure since it relies on buried cystein 

residues [59].  There are however results that show that proteins can crystallize even when 

they are not the predominant species [60]. A less traditional method that follows this train of 

thought is crystallization setups with added proteases. It has been shown that this strategy can 

increase the success rate of crystallization considerably [61]. Since the experience in many 

laboratories is that the quality of the SEC chromatogram from scale-up IMP purifications 

correlates well with crystallizability, we decided to attempt to establish a screening platform 

using minimal amounts of protein and buffers, and at the same time keeping experiment run-

time to a minimum.  

 

YidC - a case study on stability and solubility (Paper II) 
 
YidC is a component of the SecYEG inner membrane translocase in E.coli. It plays a key role 

in insertion, translocation and assembly of proteins into the inner membrane. Apart from 
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being a component of the SecYEG translocase it has recently been shown that some inner 

membrane protein insertion is mediated by YidC rather then the Sec-translocon [62]. YidC is 

a member of the Oxa1/ALB3/YidC family, which consists of evolutionary conserved proteins 

involved in the biogenesis of membrane proteins in the cytoplasmic membrane of gram-

negative and gram-positive bacteria, the mitochondrial inner membrane and the thylakoid 

membrane in chloroplasts [63]. Oxa1 from yeast was the first member of this family to be 

described. It was identified as an essential factor for the biogenesis of some of components of 

the respiratory complexes in the mitochondria [64, 65]. Alb3 is located in the thylakoid 

membranes of Arabidopsis chloroplast and is involved in the biogenesis of the light-

harvesting complexes [66]. Recently a role in the biogenesis during anaerobic respiration has 

also been discussed [67]. 

 

Aggregation problems 
 
Early work on YidC made it apparent 

that the protein did not behave 

satisfactorily. From the SEC profiles it 

was clear that most of the purified 

protein came out in the column void 

volume and was thus aggregated (Fig. 

5). Furthermore, even the non-

aggregated fractions started to 

aggregate during subsequent 

concentration above 3 mg/ml. 
                Figure 5. SEC profile of YidC in Tris-HCL at 

                pH 8.0. The void peak is indicated with an asterisk,
                and the soluble peak which resulted in  
                precipitation during concentration is indicated 

             with an arrow.           
 
It was evident that a buffer and detergent screen had to be performed in order to maximize the 

recovery of soluble purified protein and to minimize aggregation during concentration. 

Although screening for optimal detergents, buffer types, salts and additives is known to be 

important, it often requires large amount of material and could be very time-consuming. The 

aim of this paper was to devise and test a method that did not require large amounts of 
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proteins and at the same time could be performed rapidly; thereby facilitating the routine 

screening for optimal production conditions for new target proteins.   

 

We decided to use analytical SEC as a way to monitor aggregation of the overexpressed YidC 

protein. Previous large scale purifications indicated salt and pH dependence of the 

aggregation so we set out to explore this further in a systematic way. A screen was setup 

according to Table 2.  
 

 

 

Buffer# Buffer name Buffer (mM) pH NaCl (mM) 
1 Na-acetate 20 5.2 0 
2 Na-acetate 20 5.2 100 
3 Na-acetate 20 5.2 300 
4 Na-phosphate 20 7.5 0 
5 Na-phosphate 20 7.5 100 
6 Na-phosphate 20 7.5 300 
7 CAPSO 20 9.5 0 
8 CAPSO 20 9.5 100 
9 CAPSO 20 9.5 300 
Table 2. 

 

The corresponding gel filtration profiles are shown in Figure 6. 

 

 
Figure 6. Analytical gel filtration profiles using the buffer composition  
from Table 2. 
 

These results confirmed our suspicion that the gel filtration profiles changed dramatically 

with variations in the salt and pH composition of the buffer used. We finally identified the 

optimal conditions in the analytical screen and applied them in a large scale purification 
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experiment. We chose to conduct the experiment at pH 5.2 and 100 mM NaCl. The 

chromatogram for the scale-up experiment can be seen in Figure 7. 

 
Figure 7. SEC profile showing the large-scale purification of YidC in 
Na-acetate at pH 5.2. Asterisk indicates the void peak. The arrow indicates 
the soluble peak, which was concentrated and subjected to SDS-PAGE  
using 100 µg protein. The SDS-PAGE result is shown on the right. 
  

Comparison the initial large scale purification results conducted using pH 8.0 and 100 mM 

NaCl with the newly identified conditions of pH 5.2 and 100 mM NaCl made it clear that we 

were able to shift the equilibrium from predominantly aggregated protein in the void to a 

soluble form. Further more, the soluble portion of the eluate could now be concentrated to 10 

mg/ml without aggregation, and was stable at 4°C for weeks. 

 

The method described here uses 10 µg of protein per gel filtration run; each run can be 

performed in 15 minutes. This makes it a quick and cheap tool for screening buffer 

conditions. Even though the approach used in Paper 1 can be used in order to find conditions 

that favour soluble expression, it was not used to evaluate the stability of the soluble construct 

or how that changes over time. This can be done if aliquots are saved and the experiment is 

conducted again at a later point. 

 

Although the method described here is quick and cheap, it reaches its full potential only when 

automated. Auto injection equipment coupled to the analytical column provides the researcher 
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with the ability to perform a lot of screens and subsequent data outputs. Such a setup has 

recently been established in our laboratory based on the Äkta Xplorer system.  

 

 

Improving crystal contacts and resolution 
 

Because of the before mentioned problem of restricted crystal contacts due to addition of 

detergents, fusion constructs or binding proteins have been successfully utilized to crystallize 

membrane proteins. Fab-antibody complexes have led to several crystal structures. Here the 

Fab fragment provides the necessary spacing and is also responsible for forming crystal 

contacts in the lattice [68]. Recently the challenging task of solving a GPCR structure was 

overcome with the help of a GPCR-lysozyme fusion [69, 70]. Often crystals that diffract 

poorly are obtained, while growing crystals diffracting to high resolution turns out to be very 

challenging. However a lot can be done with regards to optimization of crystallization 

conditions. Finer grid screens can certainly improve crystal size and diffraction. Detergents as 

additives have been used successfully in many solved membrane protein structures.  This was 

also a pivotal factor in obtaining the CorA structure presented in this thesis. Another group of 

additive compounds proven to be successful are small amphiphilic molecules such as 

heptanetriol. It is well accepted that as the chain length of detergents increases so does the 

micelle size. Therefore the addition of shorter chain detergents can result in a decreased 

micelle size and thus also a smaller size of the solubilized protein-detergent complex. The 

shorter the detergent is the higher the CMC; these two factors have to be balanced.  

The lipid bilayer is approximately 30 Å across and some membrane proteins are concentrated 

in lipid rafts that tend to be thicker due to the incorporation of sphingolipids. These lipid rafts 

are thought to be crucial in cell signaling pathways and signal transduction [71-73]. In the 

detergent micelle, ideally, one would like to mimic the span range and the forces from the 

lipid membrane exposed on the protein. The lipid rafts also contain a higher amount of 

cholesterol which, adds rigidity to the lipid raft. Specific binding pockets for cholesterol have 

been found in the recent GPCR structures [74]. If the phenomenon of specific lipid binding 

sites in IMPs is general remains to be seen, as more proteins are studied and structures solved 

[75].  A good overview of detergents and the concept of hydrophobic mismatch with regards 

to crystallization and the influence of chain length on the protein detergent complexes is given 
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in [76]. There are also cases where the correct lipid environment is crucial in order to obtain 

proper function, both through specific and non-specific binding [77-81].  

 

Introducing substitutions of large surface residues such as lysines to smaller ones has been 

used successfully for crystallization of soluble proteins [82, 83]. A more general approach 

that can also be utilized without prior knowledge of the protein structure is the modification 

of lysine residues by reductive methylation [84]. Another strategy that has proven successful 

is to target the same protein from many different organisms, the ortholog approach. This 

approach proved to be successful for both the CorA and the LTC4 structures, which will be 

presented in the following sections.   

 

Introduction CorA (Paper III) 
 
Divalent metal cations are essential cofactors in many proteins. The biological importance of 

magnesium is highlighted by its critical role in cellular energy metabolism, DNA transcription 

and replication, protein translocation and many signal transduction systems, membrane 

stability and hormonal regulation [85-87]. Just as with any other ion or essential molecule 

within the cell, this requires the presence of specialized proteins to regulate and facilitate the 

transport of respective species across the membrane. CorA is considered to be the primary 

Mg2+ transporter of Bacteria and Archaea [85]. It belongs to the 2-TM-GxN proteins part of 

the MIT superfamily [88]. Overall sequence similarity between prokaryotes and eukaryotes is 

weak except for the highly conserved GMN motif close to the C-termini. This motif in 

converted into GIN or GVN in homologues which may preferentially transport zinc or other 

cations [88]. Eukaryotic homologues are the MRS2/LPE10 type in the inner mitochondrial 

membrane of yeast and mammals and ALR/MNR in the plasma membrane of yeast [88, 89] 

 

The CorA structure reported in this thesis is of the thermophile Thermatoga maritima  

protein. This prokaryote was first isolated in volcanic sediments in Italy [90]. Being an 

organism living at optimal temperatures above 85°C it has specifically adapted to survive 

under these extreme conditions. One of these adaptations is the higher GC content, which 

increases stability of the DNA in these mesophilic species. Another adaption seen in proteins 

from thermophilic organisms is the change of the amino acid composition. Features 

contributing to the additional stability of these proteins seem to be an increased number of 
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prolines, decreased number of glutamines, more tightly packed hydrophobic cores, extended 

secondary structure, shorter surface loops and higher oligomerization states [91-94]. The 

stability of a membrane protein is however heavily influenced by the lipid environment.  At 

these temperatures the content of saturated fatty acids in the lipid membranes is markedly 

increased. At the same time the content of unsaturated and branched fatty acids is decreased 

[95, 96]. This is not surprising since it provides the organism with a more rigid membrane. 

The contribution to the stability of membrane proteins in vivo of these different components 

remains at present uncertain. There have been speculations about the crystallization of 

proteins from thermopiles, and results suggest that the additional stability of these proteins 

could influence their ability to crystallize in a positive way. 

   

Magnesium chemistry 
 
Magnesium (Mg2+) is the 8th most abundant element on earth and the fourth most abundant 

element in vertebrates. Within cells it is the most abundant divalent cation [85].  

Supplementary table 1 lists some of its properties compared to those of K+, Na+ and Ca2+. A 

characteristic property is that it has a smaller ionic radius and the largest hydrated radius 

compared to the other cations. The volume change is approximately 400 times when 

comparing the ionic vs. the hydrated form. In contrast the change is only 25 times for Na+ and 

Ca2+ and only 4 times for K+. Another intriguing property is the coordination sphere of the 

hydrated ion. Mg2+ is invariably hexacoordinated, just as  Na+. Ca2+ on the other hand can 

adopt a 6, 7, 8 or even 9 coordinated bonding arrangement. The coordinating octahedron for 

the hexacoordinated cations is highly flexible for Ca2+ but much more constrained for Mg2+. 

Coordination distances for Ca2+ vary between 2.2-2.7 Å whereas for Mg2+ only between 2.05-

2.25 Å. The binding angles are much more restricted for Mg2+. The deviation for Ca2+ could 

be as much as 40o from the expected 90o, while for Mg2+ this is less than 20o. Mg2+ is also the 

most charge-dense of all the biological cations. The implication of this is that it holds the 

waters of its hydration shell tighter by a factor of 103-104 than do Ca2+, K+ and Na2+ [85, 97]. 

These unique properties require special adaptations by the proteins that transport Mg2+. The 

protein has to recognize a very large hydrated ion, remove the tightly bound hydration shell, 

and finally be able to transport a much smaller dehydrated ion. 
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CorA architecture  
 
At present there are three solved structures of CorA from T. martitima, which all show the 

same basic architecture of the protein, a pentamer with the shape of a cone (Fig. 8) [98, 99]. 

The tip of the cone is formed by two transmembrane (TM) helical segments, TM1 and TM2 

from each monomer, and the large opening of the cone by the N-terminal region of CorA. The 

fold of the CorA monomer is composed of an N-terminalα/β domain with a central seven-

stranded mixed β-sheet lined by three small helices. Two longer helices cover one face of the 

α/β-domain and form a bundle together with a very long helix 7 constituted bỳ ~70 residues. 

The C-terminal end of helix 7 constitutes the first transmembrane segments (residues 291 to 

312). Outside of the large helix 7 is helix 8 (residues 327 to 349), which forms the second TM 

helix and packs in a ring around the TM segment of helix 7 (Fig. 8). The conserved GMN 

motif, in this subfamily YGMNF, is located in the loop connecting TM1 and TM2. A second 

conserved motif, MPEL existing in bacterial CorA homologues is also present in this loop.  

Figure 8. General architecture of the CorA monomer on the left,      
and the functional biological unit, a pentamer, shown on the right. 

 

The ion conducting pore of  CorA is approximately 60 Å long. The pore exhibits some 

unusual features. It lacks appropriate polar groups for cation interactions for more than two-

thirds of the pathway. The only polar groups exposed to the interior are those of Ser284, 

Thr287 and Thr305. The pore also contains several narrow regions. In the middle Met291, 

Leu294 and Met302 form constricting regions, which are too narrow for the passage of a 

Mg2+. The pore reaches its widest diameter around Ala288. An aspartate ring formed by 

Asp277 forms the first suitable place of cation binding from the cytosolic side. In our 

structure it is possible to see a residual density in the Fo-Fc map at 3 σ which could putatively 

be bound Mg2+ (Fig. 9). Because this density is not on the 5-fold NCS axle we are quite sure 

that this is not an artifact from the averaging. Another important aspect strengthening this is 
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the fact that this density is only present in one of the pentamers in the asymmetric unit. There 

is no anomalous signal from the Co2+-soaked crystals around this ring so this is likely to be a 

tight Mg2+ binding site. 

 

 
Figure 9. Omit Fo-Fc map in green mesh at 3 σ showing the         Figure 10. Stacking interaction of Pro302 and 
putative Mg2+ ion cooridinated by Asp277 from two separate        Phe300 along helix 7 form two different 
monomers. 2Fo-Fc in blue mesh at 1 σ.            monomers.  
                   

In the upper part of the pore an interesting feature is Pro302 which produces a kink and is 

stabilized by a stacking interaction with Phe300, (Fig. 10).  

 

Although our structure is of the highest resolution of the present full length CorA T.maritima 

strucutres, 2.9 Å, good practice recommends that NCS averaging should be used during 

processing at this resolution. Indeed introduction of averaging greatly improved the electron 

density maps. However experimental processing without the NCS restraints produced some 

interesting features. A major shift in one of the monomers along helix 7 just below the 

conserved Pro302 could be observed judging from the difference fourier. It also produced a 

diversified density distribution in the TM1-TM2 connecting loop. Although this strategy of 

processing might be used to spot differences in individual monomers and give clues to 

structurally important features in NCS containing structures, at present resolution the results 

should not be over interpreted.  

 

Metal binding 
 

Within theα/β domain two metal binding sites have been identified. Co2+, Ca2+ and Mg2+ 

have been shown to bind into these sites [99]. Metal binding site one (M1) seems to be the 

high affinity site and possibly the primary binding site [98-100]. Mg2+ binding in this site was 

also observed in the structure of the soluble domain alone [98]. Here the resolution was good 
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enough to assign a full coordination sphere with five water molecules apart from the 

coordinating Asp89 [98]. The clustering of negative charges towards the N-terminal from 

Glu88, as well as from Asp175 and Asp253 from the adjacent monomer, provides a good 

environment for binding of a second cation, metal site two (M2).  

 

 

 
Figure 11. Bottom view of the CorA pentamer. The M1 and M2 metal 
binding sites are indicated by arrows and represented with red spheres  
The position of density assigned as a Cl- is shown as blue spheres.  
The putative Mg2+ ion bound in the pore is depicted as a green sphere. 
 
Although at the current resolution it is not possible to assign a complete coordination sphere 

for the cation in the M2 site it is clear from the Co2+ anomalous signal in our data that the N-

terminal part also is able to bind a cation. The distances to the probable candidates are 3.5-4 

Å, which is too long for a direct coordination. There are however residual densities in both the 

Fo-Fc and 2Fo-2-Fc maps which probably can be attributed to water molecules. Whether the 

metal coordination in this site is direct or via water molecules is however not possible to say 

at this point. A strong correlation between addition of divalent cations and protection against 

proteolysis has been shown [99].  

 

In our experience the crystallization without divalent cations did not yield crystals but other 

groups have reported that this is possible [101]. Cleary the addition of divalent cations is 

necessary to obtain crystals good enough for X-ray analysis [101].  Co-hexamine which is a 

known inhibitor of some CorA proteins is equivalent in size to a fully hydrated Mg2+ ion 

[102]. Despite attempts to generate complexes by co-crystallization and soaking experiments 
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it has not been possible to see specific binding anywhere on the protein of Co-hexamine. 

However, our co-crystallization and soaking experiments were conducted in the presence of 

high Mg2+ concentrations and it might be that this blocks binding of Co-hexamine into the 

two populated metal binding sites. Suggestions have also been made that the inhibition takes 

place at the pore entry of CorA [103], i.e. the loop containing  the YGMNF motif.  In none of 

the present CorA structures this loop region has been completely resolved. However our 

structure shows distinct residual densities within this region for part the polypeptide chain 

(Supplementory Fig. 1) but an unambiguous tracing cannot be made. Some of the residues in 

this region are also involved in crystal contacts and might have distorted conformations.  

Another interesting question is whether the double proline turn (Pro13 and Pro14) contributes 

to orient the N-terminal around the M2 site. The exact position of these prolines was much 

clearer from our 2.9 Å structure than in the first 3.9 Å published structure [98]. This 

repositioning of the prolines also allowed for assigning density for 3-4 more amino acids in 

the N-terminal in some of the monomers.   

 

 
Figure 12. Anomalous map derived from Co2+ soakes as green mesh contoured  
at 4 σ showing the presence of two bound Co2+ ions in M1 and M2. The 
Co2+ and the Cl- ions are depicted as blue and white spheres respectively. 
 

Structure function relationship 
 
Since two solved CorA structures were published, more recent experiments have given 

additional insights into the functional aspects of this protein. An extensive mutational and 

biochemical study has been conducted by Payandeh et. al. [104] leading to the proposal of a 

mechanism for the opening of channel, as well as a proposed open configuration [99]. A 
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regulatory role for the two metal binding sites has been proposed due to their strategic 

positioning in the protein.  

M1 site 
 
Amino acid substitutions in the M1 site have indeed confirmed its importance. Due to the 

location of Asp89 on the long helix 7 a loss of Mg2+ from this site would produce significant 

charge repulsion. This would most likely lead to a rearrangement of the packing of  the α / β 

domains and also translate into a movement of helix 7 which would propagate all the way up 

to the periplasmic side of the protein. Indeed the Asp253Lys variant shows a strong protection 

from proteolysis in the absence of divalent cations. This suggest that the Lys side-chain 

mimics a bound cation by forming a salt bridge [99]. This variant also displayed a loss of 

function (LOF) in a cellular complementation assay. The corresponding Asp89Lys 

substitution produced a similar pattern with an even higher LOF phenotype [104]. The 

importance of this salt bridge stabilization was further explored by introducing a large 

hydrophobic residue at these positions. The Asp253Trp substitution produced a small gain of 

function (GOF) but was exceeded by the Asp253Phe variant. A Asp89Phe substitution did 

however fail to produce a GOF phenotye. These studies point to the importance of the M1 site 

in the regulation of the activity of CorA. They however do not reveal the nature of the 

structural rearrangements that occur upon these regulatory gating events. Even though the 

authors claim that the Asp253Lys variant readily produces crystals, the subsequent diffraction 

appears to be of limited quality when no structure has been published to date. 

 

M2 site 
 
The function of this site is more elusive and can not be explained structurally in the same way 

as the M1 site. It seems clear that this site is a low affinity binding site compared to M1. The 

anomalous Co2+ signal is also weaker at this site, under the same conditions which produced a 

strong signal in the M1 site. The highly charged environment around this site however might 

function as a attractant for cations since it lies in the path connecting site M1 and the external 

solute.  

As mentioned before the sequence similarity between CorA´s is most conserved in the C-

terminal and decreases in the N-terminal. The Asp88 and Glu89 are conserved in all sub-

groups of CorA (Supplementary Fig. 3). In the sub-group B CorA amino acid 89 is a either a 
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Glu or Asp. The other primary coordinating amino acid at the M1 site, Glu253, is almost 

completely conserved in the B sub-group. Looking further towards the N-terminal one of the 

putative coordinating amino acid around M2 is Leu12 which exposes its carbonyl oxygen 

toward the M2 site and is highly conserved in sub-group A. One could argue that the 

interacting carbonyl could come from any amino acid however, when examining the sub-

group B sequence, a conserved Leu is found towards the end of the N-terminal.  
 
 

Helix 5 and 6 rearrangements and helix 7 distortions 
 
An involvement of  helices 5 and 6 has been discussed in the context of the pore opening 

[104, 105]. The proposed mechanism implies that a stabilization of these helices would result 

in impaired transport properties of CorA, which is supported by the mutational studies. Here 

stabilizing substitutions were produced by introducing  putative salt bridge interactions 

between the two helixes. Val194Glu presumably forms a interaction with Arg210. Further the 

Glu206Arg substitution could presumably generate salt bridges with Glu198 and Glu204. All 

of these substitutions, including the double variant Val194Glu/Glu206Arg have been shown 

to produce LOF (Loss of function) phenotypes [104].  

In contrast, producing mutant which would presumably destabilize or add more flexibility to 

this region resulted in GOF (Gain of function) phenotypes. Insertion mutants, with 1-4 

glycine residues within this region produced statistically significant changes in the Mg2+ 

uptake when the insertion was 2 or more glycines. These variants were also more sensitive to 

proteases with added Mg2+. Taken together these results point to that the substitutions shifted 

equilibrium towards an open state.  

The role of proline inducing kinks in α-helical proteins and their significance in the function 

of some proteins is well established [106-108]. The presence of Pro303, where a trans-peptide 

is present in all structures solved, is resulting in a kink in CorA´s long helix 7. This proline is 

highly conserved and is located near the periplasmic entrance. Substitutions of this residue to 

smaller residues such as Ala or Gly have resulted in GOF phenotypes. One possible 

interpretation of this could be that a straightening of the helix could be one event that leads to 

pore opening.  



 40 

 

 

Conserved motifs 
 

As mentioned before, the GMN motif in the loop region between TM1 and TM2 in 

T.maritima is conserved throughout all CorA´s as well as their eukaryotic homologues 

(Supplementary Fig. 3). Earlier studies have also pointed to the importance of this motif for 

cation transport [88]. Mutational studies conducted by Pai et al. indicate that the detrimental 

LOF due to changes to this sequence can possibly be accounted for by the failure of forming 

stable pentameric species. Mutational studies of the MPEL motif have also been performed. 

This motif has been pinpointed to be important for selectivity as well as acting as an 

electrostatic sink that functions to attract cations into the periplasmic entrance due to the 

presence of a charge in the motif. Substitutions of the Glu residue in this motif to Ala show a 

lowered capacity in Mg2+ transport, though the protein was still active , The corresponding 

Glu to Lys variant could however not be isolated in a stable pentameric form. Unfortunately 

the loop region between TM1 and TM2 cannot be completely resolved in any structure 

published to date. However our structure contains two pentamers in the asymmetric unit. 

Considerable density is present in one of the pentamers in the loop region (Supplementary 

Fig. 1). Due to steric hindrance and the compact structural features in this region there is not 

much space to allow for many conformations in the crystal. Although an unambiguous 

assignment of the sequence cannot be made from present data it gives an indication of the 

main chain trace in this region.  

 

Charge distributions 
 
When examining the available CorA structure an interesting feature is the apparent 

accumulation of positively charged amino acids around the membrane interface on the 

cytosolic side. The contributing amino acids are Lys346, Lys347, Lys348 and Lys349 located 

at the end of TM2. Two more lysine residues, Lys286 and Lys292 contribute from helix 7 and 

point out into solution. Looking at helices 5 and 6 a large number of negatively charged 

residues can be identified, (Fig. 13). Given the already mentioned role that movement of these 

helixes has on the function of Mg2+ transport it is possible that these anomalous charge 

distributions could play an important functional role.  



 41 

 

 
Figure 13. Charge distribution in the CorA pentamer. Positve residues are coloured blue and 
negatively charged residues are coloured red. 

 

Other structures of pentameric channels 
 
Recently structures of two other pentameric ligand-gated ion channels (pLGICs) have been 

solved. The first of these to be solved was the pLGIC from Erwinia chrysanthemi (ELIC) to 

3.3 Å [109]. It transports Na+, K+ and Cs+ in a non discriminating way. The ligand that 

triggers pore opening has however not been identified. The ELIC has a larger transmembrane 

domain with four helices per monomer and a smaller hydrophilic domain then CorA. Also 

this structure appears to be in a closed conformation. As in CorA, the ELIC structure shows 

large hydrophobic residues in the pore which seem to restrict ion movement. Not long after 

the ELIC structure was solved two independent groups presented structures of a homolog 

from Gloebacter violaceus [110, 111]. The protein termed GLIC is gated by protons upon 

decreased pH on the extracellular side. Despite the relatively low sequence conservation of 

20% the two proteins are very similar on a structural level. The GLIC structures however 

seem to be in an open conformation. The main arguments for this is a wider pore observed 

compared to ELIC and molecular dynamics simulations that point to that a less than 2 Å 

widening of the pore at the hydrophobic barrier would result in a permanent open channel. A 

notion that supports this idea is that ELIC, as does CorA, undergoes desensitization after 

prolonged exposure to an agonist. From a crystallographic point of view this would mean that 
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an open channel might be very difficult if not impossible to achieve in the presence of 

agonists. This has been the case with CorA where crystals only form in the presence of 

divalent cations. The GLIC however does not display desensitization and is therefore a good 

candidate for studies of an open conformation. Comparison of the ELIC´s and GLIC´s 

apparent closed and open states reveals a rotation of the β-sandwich in the extracellular 

domain as a rigid body and reorganization of the transmembrane domain involving a tilt of 

the M2 and M3 helices away from the pore axis [110]. 

 

Recently a structure of the cytoplasmic domain of the ZntB transporter was also solved [112]. 

Compared to the cytoplasmic domains of the CorA from T.maritima [98] and Archaeoglobus 

fulgidus [99] which show a dimeric arragement,  the cytoplasmic domain of ZmtB from 

Vibrio parahaemolyticus is a pentamer. In this structure no divalent metal ion binding sites 

were identified, however a total of 25 well-defined Cl- ions were observed in the structure. 

Interestingly our structre of the full length CorA shows densities that we have assigned to be 

Cl- ions.  

CorA summary 
 
Until the structure of an open CorA protein has been solved any comprehensive mechanistic 

suggestion can only be speculative. However the summary of the mutational studies coupled 

with what we know from previous channels have resulted in a theory for the opening and 

closing mechanism. When Mg2+ concentrations are high, the M1 and M2 sites harbor Mg2+. 

This closed conformation results in hydrophobic residues blocking the inside of the ion 

conductive pathway at Met291, Leu294 and Met302. This conformation also produces a kink 

in helix 7 at Pro303. Upon Mg2+ depletion the M1 and M2 sites lose the bound ions. This 

results in charge repulsion within the α-β-α domain with a subsequent rearrangement of 

the 5 and 6 helices. The movement of these helices closer to the positive charge accumulation 

just above might neutralize some of the charge and result in a relaxation of one of the ion 

pathway constricting Met291 in the middle of this region. The loss of Mg2+ from the M1 site 

would also directly influence the rotation and position of helix 7. These two events could then 

allow for straightening of the Pro303 kink and also move the hydrophobic constrained regions 

out from the pore.  
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Introduction LTC4 synthase (Paper IV) 
 
LTC4 synthase (LTC4S) is a 18 kDa integral membrane enzyme belonging to the MAPEG 

(membrane-associated proteins in eicosanoid and glutathione metabolism) proteins 

superfamily. Other members include the relatively homologous 5-LO activating protein 

(FLAP), the more distantly related microsomal glutathione-S-transferase (MGSTs) and 

microsomal 

prostaglandin E2 

synthase type 1 

(MPGES-1) [113]. 

LTC4S constitute the 

committed step in the 

biosynthesis of so 

called cysteinyl 

leukotrienes [114].  
         
         

Figure 14. The LTC4 synthase reaction where the reactive epoxide LTA4 derived  
from  arachidonic acid is conjugated with glutathione resulting in the formation of LTC4. 
 

 

The reaction catalyzed by LTC4S is a conjugation between the allylic epoxide intermediate 

LTA4 and glutathione. Other molecules belonging to the cysteinyl leukotrienes are LTD4 and 

LTE4. This group of substances is well known for their involvement in hypersensitivity and 

inflammation acting as bronchoconstrictive and oedema promoting agents [115-117]. These 

events are a result of smooth muscle contractions in the respiratory tract and microcirculation 

initiated by leukotriene production by eosinophils, monocytes and activated mast cells [118]. 

The precursor molecule for the leukotrienes is arachidonic acid. Other signaling molecules 

derived from arachidonic acid are prostaglandins and thromboxanes [119, 120]. Both these 

signal pathways are targets for the commonly used nonsteroidal antiinflammartory drugs 

(NSAIDS) such as aspirin and ibuprofen [121]. The leukotrienes are targets for antiasthmatic 

durgs such as prednisone. The full understanding of structure and function of the leukotriene 

synthesis enzymes could aid in discovering better and more effective drugs against 

inflammatory conditions.  
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LTC4-synthase structure 
 
The biologically active structure of LTC4S is a homotrimer where each monomer is 

composed of four transmembrane domains. A short segment after helix 4 is designated as 

helix 5, which appears to extend out of the membrane envelope. Due to the high 

hydrophobicity of this helix segment it is likely that in vivo this part interacts or is integrated 

into the membrane. 

 
Figure 15. Left, front view of the LTC4S monomer showing helices 1-5 in successive coloring. Middle, the  
biologically active unit, the homotrimer with protomers colored in orange, green and blue. The active site is 
indicated by a ball and stick representation of glutathione. Rifht,, cytosolic view of the trimer showing the three 
active sites covered by loop 1. Glutathione is depicted in ball and stick representation.  

 

Three active sites of LTC4S are found in 

the trimer and reside at the monomer 

interfaces. The GSH coordinating 

residues come from interfaces between 

helix 1 and 2 from one monomer and 3 

and 4 from the neighbouring monomer 

(indicated with ´ in figure 16). This 

creates a polar pocket for GSH, which 

binds in a horse-shoe shaped 

conformation.  
 

 

Figure 16. Electron density map in blue (Fo-Fc 
contoured at 3 σ) for bound glutathione 
shown in ball and stick 
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The carboxylates of GSH make salt bridges to Arg51 ´and Arg30. Additional polar 

interactions to GSH are made by Gln53, Asn55, Glu58,´ Tyr59,´ Tyr93 ´and Tyr97.´ Ile27, 

Pro37 and Leu108 provide non-polar interactions with GSH. 

 

The binding site for the co-substrate LTA4 is located on top of the GSH. To directly study the 

structure of LTA4 binding is very difficult, due to the short half-time of this epoxide 

containing compound (~10 s). However, a DDM molecule binds close to GSH and we 

propose that this DDM molecule serves as a good  

substrate model due 

to its structural 

similarities with 

LTA4. The 

hydrophobic crevice 

formed provides a 

good binding site for 

the lipophilic LTA4. 

We believe that  

Trp116 plays a key 

role in pinning down 

the substrate by 

forming a lid over the 

ω-end.  

Figure 17. Substrate binding site. Only one monomer is depicted for clarity. The removed monomer contributes 
hydrophobic residues to the binding cleft and polar residues to glutathione. The glutathione is shown as a orange 
ball and stick. The bound DDM molecule from the GSH-complexed form and the DDM in the apo structure is 
depicted in green and red ball and stick respectively.   
 

Together with residues from both monomers it seals off the binding pocket and might 

function as a ruler to properly position the C6 of the LTA4 expoxide close to the reactive thiol 

of GSH. In the apo structure, a DDM molecule is also bound in this region but the ω-end of 

the molecule sits on the outside of Trp116 and not in the pocket as in the GSH-complexed 

structure. This puts the detergent carbon atom corresponding to C6 of LTA4 some 8 Å away 

from where the thiol of GSH would be located. The GSH binding pocket is also occupied 

with a tentative sulphate ion most likely a remains from the crystallization conditions. This 

might indicate that GSH binding is important for the formation of a suitable lipid binding 
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pocket for LTA4 which could be achieved by covering of charged groups in the active site and 

thereby also enhancing the interaction surface of the lipophilic substrate. A comparison of the 

apo- and the GSH-complexed structures reveals that only local rearrangements of polar amino 

acid side chains are made upon GSH binding. It also appears that loop 1 partially covers the 

access of GSH into its binding pocket therefore flexibility in this loop might be required 

during the reaction cycle.  

 

Conjugation reaction 
 
The conjugation between GSH and the LTA4 is probably promoted by the deprotonation of 

the GSH thiol by the positive charge of Arg104, which is perfectly positioned to mediate a 

polar interaction with the GSH sulphur. It is clear in our structure that the reactive thiolate is 

then perfectly positioned for a nucleophilic attack on the allylic C6 of the oxirane ring of 

LTA4. It remains unclear however how the proton is provided to the C-O group of the 

substrate. Arg104 which is located close to the expected C5 of the substrate could potentially 

stabilize the oxy-anion formed, minimizing the requirement for protonation concerted with 

the nucleophilic attack.  Based on the structural data we have proposed a schematic 

mechanism for substrate binding and catalysis for LTC4S shown in Figure 18. 

Figure 18. A schematic representation of the conjugation reaction. H in brackets show that a thiolate might be 
cenerated already upon binding of GSH and that the initial product might be anionic. 
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Future prospects 
 
Structural genomimcs and high-throughput methods have played an important role in 

generating data and providing researchers with vital insights into proteins function. No doubt, 

this will continue to do so in the future. With fast, cheap and easy methods such as described 

in this paper our knowledge about membrane proteins and their behavior will increase. It will 

also hopefully enable more labs and research groups to start working with membrane proteins.  

 

The structure of the CorA was the first one solved of a divalent ion transporter. More recently 

solved structures from the MIT family have increased the knowledge about the structure 

function relationship but many questions still reamian. Exactly how are the ions being 

transported in the pore? Does CorA function as a uniporter or a symporter and what are the 

roles of the two metal binding sites? Is there a way to obtain an open pore conformation with 

the help of site directed mutagenesis or truncated variants?   

 

The structural elucidation of the LTC4 synthase has provided a basis for the structure function 

relationship but again there are questions that are unanswered. How does LTA4 bind into the 

active site of LTC4? Is it presented by another protein or does it simply diffuse through the 

lipid billayer into the binding pocket? Due to the importance of this protein for human 

diseases hopes are high that a better understanding of the LTC4 and the other MAPEG family 

members will result in better pharmaceuticals towards asthma and chronic inflammatory 

diseases. 
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Supplementary information 
 

 
Supplementary Figure 1. Residual density present in one of the pentamers in the asymmetric unit.  
2Fo-Fc contoured at 3 σ and Fo-Fc at 1 σ. 
 
 
 

 
Supplementary Figure 2. Phylogenetic tree showing the presence of two 
groups within the CorA family.  
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Ion Ionic radius 
(Å) 

Hydrated radius 
(Å) 

Ionic volume 
(Å3) 

Hydrated volume 
(Å3) 

Ratio of 
volumes 

Mg2+ 0.65 4.76 1.2 453 394 
Ca2+ 0.99 2.95 4.1 108 26.3 
Na2+ 0.95 2.75 3.6 88.3 24.5 
K+ 1.38 2.32 11.0 52.5 24.5 
Supplementary Table 1. Proterties of the common biological cations. Values taken from [85].  
 
 
 
 
 

 


