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ABSTRACT 

Membrane proteins play important roles for living cells. They control transportation of ions, 

solutes, and nutrients across the membrane and catalyze metabolic reactions. Transmission 

electron microscopy has its advantages in convenient sample preparation, straightforward 

structural determination, and wide applications for diverse specimens. In this thesis, the structure 

of three membrane proteins are studied by this method. 

Kch, a potassium channel in Escherichia coli, has a transmembrane part and a cytosolic domain. 

Large and well-ordered two dimensional crystals were obtained from both a functional mutant 

(KchM240L) and a modified protein possessing only the transmembrane part (KchTM). Both 

samples crystallize as two symmetry-related overlapping layers. Furthermore, the KchTM 

structure was reconstructed which showed that the transmembrane part of the two adjacent 

proteins are involved in forming the crystal contacts. Thus, the cytosolic domains of Kch in 

crystals are deduced to expose to the solvent and do not interact with each other. 

MGST1 (microsomal glutathione transferase 1) is a detoxification enzyme. It was recombinantly 

over-expressed in the current study, instead of purified from rat liver as before. The crystallization 

condition was adjusted and isomorphic crystals were obtained. The refined model was built from a 

combined data set consisting of previous and new diffraction patterns. More residues at the 

C-terminus of the transmembrane helix 1 were assigned and the residues in the transmembrane 

helices 3 and 4 were remodeled. Several phospholipid molecules were observed and the ligand 

glutathione adopts an extended conformation in the refined model. 

The structure of MelB (a sugar/sodium symporter in Escherichia coli) was determined using a 

refined single particle reconstruction method. This novel method is aimed for processing small or 

locally distorted crystals. In comparison with the previously published single particle 

reconstruction protocol, the current method is improved in several aspects. A more reliable 

reconstruction of MelB was obtained and the resolution was increased. The docking experiment 

indicates that MelB adopts an open conformation under the present two dimensional 

crystallization condition. 

Electron microscopy has developed quickly recently with the help of modern instruments, 

techniques, and software. This method will without doubt play a more critical role in future 

structural biology. 
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ABSTRAKT 

Membranproteiner har viktiga funktioner i levande celler. De kontrollerar transport av joner, 

näringsämnen och andra lösta ämnen över membranet och katalyserar metaboliska reaktioner. 

Transmissionselektronmikroskopi är en analysmetod som kan användas för ett brett spektrum av 

tillämpningar för olika prover. Dess fördelar är bl.a. enkel provpreparering och möjligheten att 

bestämma fasinformationen från bilderna. I denna avhandling studeras tre 

membranproteinstrukturer med hjälp av elektronmikroskopi. 

Kch, en förmodad kaliumkanal i Escherichia coli, har en transmembrandel och en intracellulär 

domän. Stora och välordnade tvådimensionella kristaller kunde fås fram från både en funktionell 

mutant (KchM240L) och ett modifierat protein som utgörs endast av den transmembrana delen av 

proteinet (KchTM). Båda proverna kristalliserade som två symmetrirelaterade överlappande lager. 

En tredimensionell karta från KchTM rekonstruerades, vilket visade att transmembrana delar av 

två intilliggande proteiner är involverade vid bildning av kristallkontakterna. Därför antas 

proteinets cytosoliska domäner vara exponerade till lösningsmedel och inte interagera med 

varandra. 

MGST1 (mikrosomalt glutationtransferas 1) är ett avgiftningsenzym. I den aktuella studien 

överuttrycktes MGST1 som ett rekombinant protein, i stället för att renas från råttlever som 

tidigare. Förhållanden för kristallisering justerades och de producerade kristallerna var isomorfa. 

En förfinad 3-D atommodell byggdes från ett kombinerat dataset bestående av tidigare och nya 

diffraktionsmönster. Fler aminosyror vid C-terminalen av transmembran alfahelix 1 kunde 

bestämmas och aminosyror i transmembran alfahelixar 3 och 4 modellerades om. Flera 

fosfolipidmolekyler observerades och liganden glutation antar en förlängd konformation i den 

förfinade modellen. 

Den tredimensionella kartan av MelB (ett transportprotein som är ansvarigt för i socker/natrium 

symport i Escherichia coli) bestämdes med en förbättrad metod för singlepartikelbearbetning av 

tvådimensionella kristalldata. Denna metod är idealisk för processning av små eller lokalt 

förvrängda kristaller. I jämförelse med den tidigare publicerade metoden, är den nuvarande 

förbättrad i flera avseenden. En mer pålitlig rekonstruktion av MelB skapades och upplösningen 

ökades. Dockning med en atomstruktur av ett besläktat protein indikerar att MelB antar en öppen 

konformation under de rådande villkoren för tvådimensionell kristallisering. 

Elektronmikroskopi har utvecklats snabbt på senare tid med hjälp av moderna instrument, tekniker 

och programvara. Denna metod kommer utan tvekan ha en mer avgörande roll inom framtida 

strukturbiolog. 
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Part I Introduction 

 

1 Membrane proteins 

Proteins perform all kinds of processes for organisms, e.g., maturation and senescence. There are 

two kinds of protein, depending on whether they are embedded in solution or lipid, soluble and 

membrane proteins, respectively.  

 

1.1 Properties of membrane proteins  

About 30% genes in the human genome encode membrane proteins (MPs) (Wallin and von Heijne, 

1998). MPs play vital roles in all biological processes, including transport of solutes and 

macromolecules across the membrane (channels and transporters), signaling in the cell (receptors), 

and carrying out enzymatic reactions (metabolic enzymes). In general, two forms of arrangement 

in the transmembrane part of MPs are observed: α-helical and β-barrels. The majority of 

transmembrane parts are α-helical, while β-barrels have been found only in bacterial outer 

membrane. In my thesis, I will present work on a channel (papers I and II), a metabolic enzyme 

(paper III), and a transporter (paper IV). 

 

1.2 Detergent and lipid 

Since MPs prefer lipid environments, they tend to aggregate in solution and lose their functions. 

Therefore, detergents are used to shield the hydrophobic surface of MPs to mimic the lipids in the 

experiments.  

Detergent monomers are assembled to micelles above the critical micelle concentration, whereas 

below this threshold, the monomeric form of detergent remains. Detergents fall into one of the 

three categories: ionic, nonionic, and zwitterionic, depending on the properties of their headgroups 

(Garavito and Ferguson-Miller, 2001). The strong ionic ones may denature MPs (lose their native 

conformations). The micelles are fluid and exchange with the monomers in solvent rapidly 

(Garavito and Ferguson-Miller, 2001).  

Detergent micelles form sphere-shaped balls and phospholipids are constituted into planar layers 

in the cell membrane. These bilayer cell membranes are mosaic and fluidic (Engelman, 2005). 

Three types of lipids are defined, depending on the interactions with a MP: 1) annular lipids which 

are similar to the ones in the bilayer; 2) non-annular lipids which are frequently located in the 

cavities and clefts of the MP; and 3) integral lipids which specifically bind to the MP (Hunte, 

2005). Phospholipids usually have two fatty acyl chains, whereas detergent has one hydrophobic 

tail. Cholesterol is enriched in lipid raft together with other phospholipids. It consists of four sterol 

conjugated rings and may mediate certain functions of the MP. 

 

1.3 Mutually adapted lipid and protein 

It is expected that the length of each transmembrane α-helix (TM) matches the membrane 

thickness in order to avoid the exposure of its hydrophobic part to solution. However, proteins are 

dynamic and can adopt different conformations in their reaction cycles; the membranes are fluidic 

and may have different thicknesses at different locations and/or different stages. Many factors can 

affect the membrane thickness, including lipid composition, fatty acyl chain length, chain 

saturation, cholesterol content, and temperature. The lipid and protein are suggested to be 

mutually adapted with each other, where a MP can change the thickness of the surrounding lipids 
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and vice versa, a MP can modify itself to accommodate into the membrane (Killian, 1998). 

Several possible adaptations to mismatch are proposed (Killian, 1998), such as protein aggregation, 

acyl chain disordering, surface orientation of TM, helix tilt, and protein backbone conformational 

change.  

 

2 Structural studies 

The natural proteins are made of 20 essential amino acids. These amino acids are arranged in a 

specific way to fold into a protein. Although the structure of a protein is dictated by its amino acid 

sequence, it is actually the folding of the amino acids which results in a functional protein 

(Anfinsen, 1973). The aim of the structural studies is to determine the conformation of the 

proteins. In other words, the structural studies provide direct views of the proteins and other 

macromolecules. With this information, the mechanism of reactions can be explained, which helps 

for designing drugs. 

Four main methods are applied to study a protein structure: x-ray crystallography, nuclear 

magnetic resonance spectroscopy (NMR), electron microscopy (EM, EM stands for transmission 

electron microscopy which is the sole tool used to study the protein structures in this thesis), and 

computational modeling. 

 

2.1 X-ray crystallography 

X-ray crystallography determines a protein structure from a three dimensional (3D) crystal, where 

the protein molecules are ordered in 3D. The basic knowledge of crystallography is described in 

'5.6.2 Common crystallographic terminology'.  

The amplitudes can be measured directly from the diffraction patterns, whereas the phases are lost 

and can be determined by various methods including multiple isomorphous replacement, 

molecular replacement, and multiple-wavelength anomalous dispersion (Chiu, 1993). When both 

amplitude and phase information is known, the electron density map can be calculated followed 

by building the model of the protein structure.  

 

2.2 Nuclear magnetic resonance spectroscopy 

In contrast to x-ray crystallography, this technique can study a low molecular weight (< 40 

kiloDalton (kDa)) protein in solution (Poget and Girvin, 2007). The solid-state NMR method 

could be applied to the MP in an aligned lipid bilayer.  

NMR determines the physical and chemical properties of atoms. The cross-peaks in 2D spectra are 

interpreted as geometrical constraints (Chiu, 1993), thus a family of structures (ensemble) is 

generated. This technique is widely used in studying dynamics, kinetics, and chemical 

environment of the molecules.  

 

2.3 Electron microscopy 

An electron microscope resembles a light microscope, but it can visualize the object in much more 

detail (at higher resolutions). In practice, resolution is defined as the smallest distance between 

two point-like objects at which they can still be distinguished as individual entities. According to 

the Rayleigh criterion, the resolution in the x-y plane (perpendicular to the optical axis) is dx,y = 

0.61λ/NA, where λ is the wavelength of the beam and NA is the numerical aperture of the 

objective lens (Huang et al., 2009). In conventional light microscopy, the resolution limit in the 
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z-direction (along the optical axis) is 2-3 times (500 nm) as large as the one in the x-y plane (200 

nm) due to the point spread function (PSF) (Huang et al., 2009). Since the wavelength is much 

shorter in electron microscope (λ is about 0.035 Å for 120 keV electrons; the higher the 

accelerating voltage of electrons, the shorter the wavelength), the obtainable resolution in EM is 

sufficient to distinguish atomic details. 

Because electrons have a very limited penetrating power, only thin objects (< 300 nm) can be 

analyzed in EM (Hohmann-Marriott et al., 2009). Thick samples, such as tissue, first need to be 

sectioned. One unique feature of EM in structural studies is its broad range of specimens, from 

atoms to cells. Different methods of EM can be applied for different objects including crystalline, 

helical, and single particle samples (see also '3 Electron microscopy'). Compared to x-ray 

crystallography, the convenience of EM is that the phases can be recorded from the collected 

images since the scattered electrons can be focused by the lenses in electron microscope. 

 

2.4 Computational modeling 

The introduction of this section is adapted from a recent review (Werner et al., 2012).  

Protein structure prediction methods can be grouped into two classes: template-based and 

template-free. The template-based methods can be further divided into homology modeling and 

threading, whereas the template-free ones include the de novo and ab initio modeling.  

Homology modeling is based on the assumption that the protein in question (target) adopts a 

similar structure to its evolutionarily related homolog (template). Therefore, the target can be 

predicted if the template structure is experimentally determined. On the contrary, the threading 

modeling designs the target from the recognized folds (fold: a structural motif which includes a 

combination of several structural units) instead of from its homology, since the same fold is shared 

between different proteins. De novo modeling combines the principle of folding with the 

knowledge from references (previously solved structures). The structure of the target is chosen as 

the one having the lowest potential energy in the force field when the target structure changes. Ab 

initio modeling calculates the energy functions based on first principles of energy and atomic 

motion to predict the target structure without prior information from references. Since the all-atom 

models are often used, this method is limited to small molecules (< 10 kDa).  

 

2.5 Other methods 

Various biochemical and biophysical methods complement the ones described above. They are 

also important tools and provide information on the proteins of interest in different aspects. 

Several of them related to the papers in this thesis are mentioned below.  

A). Electrophoretic gel-based separation methods 

Proteins can be separated based on their properties, such as their molecular weights and isoelectric 

points. The SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is often used 

to analyze the quality of the sample. In contrast, blue native-PAGE can analyze the sample in its 

native state since only mild detergents are used to solubilize the MP. Furthermore, 2D gel 

electrophoresis provides a better separation than 1D gel since the samples have an additional 

separation depending on their isoelectric points.  

B). Spectroscopy 

Plenty of spectrometry methods can detect the conformational changes of a MP, e.g., using 

circular dichroism, ultraviolet-visible spectrophotometry, and small-angle x-ray scattering. One of 
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them, mass spectrometry was used in paper I to validate the protein sample. Mass spectrometry 

identifies samples by their mass to charge ratios. Furthermore, the conformational alteration of a 

MP may lead to a change in its solvent accessibility, which can be recorded with the help of the 

mass exchange between the hydrogen and deuterium atoms.  

C). Fluorescence microscopy 

This technique can record the signal from the proteins labeled with fluorescent molecules. Its 

application includes protein-protein interactions, protein folding, and protein location.   

 

2.6 Membrane protein structures 

More than 50% of the current drugs are targeted to MPs (Drews, 2000). However, MP structures 

occupy only approximately 2% among the ones deposited in the protein database (PDB), much 

less than the soluble proteins (98%). The majority of solved MP structures are determined by x-ray 

crystallography, with approximately 2% by EM.  

The first structure solved by x-ray crystallography was a soluble protein (Kendrew et al., 1958). 

Nearly 20 years later, the first MP structure was published to an intermediate resolution 

(Henderson and Unwin, 1975). After another 10 years, the first α-helical MP atomic structure was 

available (Deisenhofer et al., 1985) together with the β-barrels MP structure (Weiss et al., 1990). 

With the advent of cryo (data is collected from the specimens at low temperatures)-EM and 

modern microscopes, Henderson and his colleagues established the method of electron 

crystallography (EC) (Henderson et al., 1990; Henderson et al., 1986) and determined the first MP 

structure at atomic resolution using this method (Henderson et al., 1990). The highest resolution 

(1.9 Å) is obtained by EC (AQP0, PDB: 2B6O, (Gonen et al., 2005)) among all structures 

determined in EM so far. A MP (TRPV1, PDB: 3J5P and EMD-5778, (Liao et al., 2013)) was 

determined at 3.3 Å by single particle reconstruction (SPR) using a direct detector. 

 

3 Electron microscopy 

Since the topic on this thesis is to use EM to analyze the MP structure, EM is discussed in the 

following text.  

 

3.1 The electron microscope 

The electron microscope can provide high resolution information but it is costly. Fig. 1 shows the 

Jeol 3000SFF electron microscope. The main components are: electron source, lens system, 

specimen stage, and recording system.  

 

3.1.1 Source 

Electrons can be generated by different kinds of source. A tungsten or lanthanum hexaboride 

filament is used in the thermal emission gun. The field emission gun can work at room 

temperature, where electrons are emitted by application of a strong electric potential to the tip. 

Since the field emission gun has advantages in providing a more coherent and brighter 

illumination which are beneficial for determination of the structure to a higher resolution, this kind 

of source is most frequently used in data collection. Thermal emission guns can work efficiently in 

screening negatively stained samples (negative staining technique is introduced in '5.4 Sample 

preparation').  
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Fig. 1. The Jeol 3000SFF electron microscope. The schematic drawing (A) and the corresponding 

components of the microscope (B) are linked by arrows. For clarity, the intermediate and 

projector lenses are not shown. These lenses are for magnification purposes. The image plane is 

represented by the phosphorous screen, one of the recording systems. This figure is adapted from 

Martin Lindahl's course slides (HL2026), 2010. 

3.1.2 Lens and aperture 

The electromagnetic lenses in electron microscope perform a similar function as the ones in light 

microscope, to focus the beam. In contrast, they are made of wire coils, instead of the glass in light 

microscope. The current flowing through the coils generates a magnetic field, which rotates the 

beam. The lenses can be divided into three categories: condensor, objective, and projector 

(including the intermediate lenses) lenses. 1) The condensor lenses determine the illuminated area; 

2) The objective lens acts to primarily focus the beam and it initially magnifies the image as well; 

3) The normal function of the projector and intermediate lenses is to magnify the image coming 

from the objective lens and to project the magnified image onto a recording system. Either a 

magnified image or a magnified electron diffraction pattern can be recorded by properly 

positioning the projector lens system. An aperture, a metal disk with a hole in the center, is always 

inserted into the lenses to limit the illuminated angles.  

No lens is perfect and the main aberrations are spherical and chromatic ones, which reduce the 

image resolution. On the other hand, the spherical aberration of the objective lens together with 

defocusing gives contrast to the samples which makes them visible in the image.  

 

 

 

 

 

3.1.3 Stage 

The specimen holder carrying the samples can be inserted into the stage, by either top- or 

side-entering. The axial symmetry design of the top-entry holder minimizes vibration and 

specimen drift induced by thermal expansion of the holder (Fujiyoshi, 1998), whereas the 

advantage of the side-entry holder is its convenience to tilt the specimen in data collection. The 

modern cryo-transfer device allows the exchange of specimen in less than 10 minutes (Fujiyoshi, 

1998).  
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3.1.4 Recording system 

The exit electrons carrying sample information are visualized on the viewing screen or recorded 

on a detector such as photographic film or camera. Photographic film emulsions contain silver 

halide grains. When electrons hit the emulsion, silver halide is converted to metallic silver. After 

developing and fixing, the exposed regions appear as dark areas on the supporting film (Kitts, 

1996). Charge coupled devices (CCDs) collect the data via converting the incident electrons to 

visible light followed by formation of an electronic read-out. Direct detectors avoid the 

intermediate light conversion step and record the incident electrons directly (Faruqi and McMullan, 

2011).  

Detector performance can be evaluated quantitatively using the detective quantum efficiency 

(DQE), which describes how effectively the camera can produce an image. Compared to CCD, 

film has a higher DQE (meaning having a superior contrast performance), detects a larger number 

of available pixels, and works better for information at higher resolutions (Faruqi and McMullan, 

2011). On the other hand, CCD offers much greater linearity in a dynamic range (Wang and 

Downing, 2011) and works better than film for information at low resolutions (Faruqi and 

Henderson, 2007). Besides that, CCD provides on-line results and avoids the tediously digitizing 

process of films. The K2 Summit in super-resolution mode (the new generation of a direct detector 

from Gatan) has the highest DQE among the three detectors mentioned above (Ruskin et al., 2013). 

The properties of having very low noise and a high DQE in the direct detector make it possible to 

detect small and low-contrast samples (Li et al., 2013). Furthermore, since a direct detector 

records the data at high speeds, the beam-induced motion of the particles in data collection can be 

corrected (Li et al., 2013). This rapidly developing technology has already been applied to 

determine the structure of a number of proteins (Allegretti et al., 2014; Amunts et al., 2014; Cao et 

al., 2013a; Li et al., 2013; Liao et al., 2013; Lu et al., 2014). 

 

3.1.5 High voltage and high vacuum 

Since the wavelength is inversely proportional to the square root of the accelerating voltage, a 

higher voltage results in a shorter wavelength, which can theoretically enhance detection of the 

specimen at a higher resolution. Choosing a higher voltage also improves the data collection in 

several aspects: a flatter Ewald sphere, decreased events of double-scattering, and minimization of 

the influence of specimen charging. Thus it makes data collection possible from thicker specimens 

(Henderson, 1995; Massover, 2007). 

When electrons travel through the microscope, they are easily scattered. In order to obtain a 

coherent electron beam, it is necessary to maintain a high vacuum in microscope. Several pumps 

work together, each with its own efficiency. The high vacuum in microscope makes the 

observation of live samples impossible. Therefore, the samples are either directly frozen in 

vitrified ice or embedded in other media which are discussed in ' 5.4 Sample preparation'. 

 

3.2 Methods in electron microscopy 

Only thin samples can be analyzed in EM and these samples usually can only sustain one exposure 

due to the high radiation damage. Therefore, only one image, a projection of a 3D object along the 

beam axis is collected each time. The 'Central Section Theorem' (De Rosier and Klug, 1968) states 

that the Fourier transform of a projection image forms a central section in the 3D Fourier 

transform of the object. Therefore, by combination of images collected at different directions to 
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Fig. 2. 3D reconstruction in EM. The images of an object (represented by a duck) are collected at 

different directions. These images are Fourier transformed and combined together to reconstruct 

back to the duck. The reconstruction process can be performed either in reciprocal space or in real 

space. The black arrows (indicating the beam directions in the left panel), thick lines (representing 

recorded images in the left panel), and thin lines (corresponding to central sections in the middle 

panel) are depicted. 

fill Fourier space, the object can be reconstructed (Fig. 2).  

EC, SPR, and electron tomography (ET) are three major methods in EM. Although these methods 

are suitable for different kinds of sample and differ in detail, the principles (the Central Section 

Theorem and reconstruction process) are similar. 

 

3.2.1 Electron crystallography  

2D crystals, where the protein molecules are ordered in 2D, are analyzed in EC. This method is 

particularly suitable for studying of MPs, which are reconstituted into lipid membranes (see also 

'5.3 Two dimensional crystallization' and '5.5 Electron crystallography image processing'). 

Since the tilt angles accessible in microscope are limited to around ± 70°, a certain part of data is 

missing. This so called missing cone problem leads to elongation of the structure along the beam 

direction (z-axis, perpendicular to the x-y plane) and the resolution along the z-axis is worse, as 

compared to the one in the x-y plane (anisotropic resolution). However, missing cone may not be a 

serious problem when the images tilted to high angles are included (Chiu, 1993; Ford and 

Holzenburg, 2008).  

EC is used to study MP structures in papers I-III and 2D crystals from different MPs are analyzed 

in all papers included in this thesis. 

 

3.2.2 Single particle reconstruction  

SPR is a method to reconstruct the object from images of many identical protein molecules. These 

protein molecules are separated (thus called single particles), instead of forming 2D crystals as in 

EC. Ideally, the particles analyzed in SPR are oriented randomly on the grid, although in some 

cases, they have preferred orientations (Special methods are applied to solve the structure of the 

objects in these cases, such as the random conical tilt reconstruction technique (Radermacher et al., 

1987)). The orientation of each particle is assigned by either the common line method if there is 

no reference or projection matching with a reference. Since the particles are randomly oriented in 

the majority of cases, there is no missing cone problem in SPR. The advantages of SPR are: 1) 

crystal formation is not needed which is still the bottleneck in EC; 2) the data collection can be 

automated; and 3) sample preparation and data collection are easier as compared to EC. The main 
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limitation for this method is that only proteins with large molecular weights (the cutoff is 250 kDa, 

(Unger, 2001)) are suitable, since these particles are large enough to be precisely aligned to each 

other to increase the signal-to-noise ratio.  

I applied a SPR procedure to process the 2D crystal images in paper IV.  

 

3.2.3 Electron tomography  

ET allows determining the structure of individual cell organelles and bacterial cells to nanometer 

resolutions (Unger, 2001). One unique feature of ET is that the whole data set is built from a tilt 

series of images taken of a single copy of the object. Therefore, heterogeneous samples can be 

studied using this method (Zhang and Ren, 2012). Since the same object is exposed several times 

in a tilt series, the sample would be damaged if the same electron dose was used as in EC or SPR. 

Therefore, each image is collected at a lower dose, making the total dose over the entire tilt series 

comparable to the one used in low dose imaging (Subramaniam and Milne, 2004; Unger, 2001).  

When the sample is collected from a single-axis tilt, the data has a missing wedge. The 

improvement using double-tilt can alleviate this problem and gives a missing pyramid in the data. 

Fiducial markers are used for the alignment purpose due to the low contrast and possible sample 

movement induced by the beam (Subramaniam and Milne, 2004).  

  

3.2.4 Helical reconstruction 

Some proteins are arranged to have a helical symmetry, in which the protein molecules can be 

superimposed to each other by rotational and translational movements along the screw axis. 

Therefore in principle, one image contains all views of the protein molecule which are sufficient 

for reconstructing the object (Unger, 2001). Furthermore, there is no missing part in the data. The 

EC and SPR methods can be combined together to solve their structures (Unger, 2001).  

Several MP structures solved by this method have reached near atomic resolutions, such as the 

acetylcholine receptor (Miyazawa et al., 2003).  

 

3.3 Special issues in EM 

Several issues specific to EM are discussed in this section.  

 

3.3.1 Radiation damage 

During data collection, the electrons interact with the sample and inevitably damage it. The 

damage can be caused by heating, mass loss, breakage of covalent bonds, charge alteration and 

ionization, and generation of free-radicals (Massover, 2007). Several approaches have been 

developed to reduce the electron beam damage. Low-dose exposures ( ~15 e
−
/Å

2
) and 'minimum 

dose systems' (three modes of operation: search, focus, and photo modes) are used for data 

collection (Fujiyoshi, 1998). The samples are usually protected at low temperatures during the 

entire procedure. The lower temperature of liquid helium (4K) provides at least two times more 

protection than using liquid nitrogen (77K) (Fujiyoshi, 1998). The higher voltage reduces the 

radiation damage as well (Henderson, 1995; Massover, 2007).  

 

3.3.2 Image and diffraction 

When the electron beam passes through the sample in microscope, it interacts with the sample and 

the interactions can be divided into two classes: elastic and inelastic scattering. In the former, the 
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energy (wavelength) of the electrons does not change but the direction of them changes; in the 

latter, the energy of the electrons changes. The transferred energy in inelastic scattering changes 

the state of the sample and then damages it. Only elastic scattering waves contribute to the sample 

signal in an image and a diffraction pattern, whereas inelastic scattering gives rise to background 

noise (Amos et al., 1982).  

One great advantage of EM is that both images and diffraction patterns can be collected, therefore, 

the amplitudes extracted from the diffraction pattern and phases obtained from the image can be 

combined together to solve the structure. The image formation can be regarded as the interference 

of the elastically scattered waves and the unscattered waves (Amos et al., 1982). On the other 

hand, the diffraction formation does not rely on interference, and only the reflections (spots in the 

diffraction pattern) are recorded. The higher frequency waves give the diffraction spots further 

away from the origin (thus the diffraction extends to a higher resolution). Since only intensity can 

be recorded in the recording system, the phase information in diffraction is lost.  

 

3.3.3 CTF effect 

In reality, image formation is influenced by the phase contrast transfer function (CTF). The final 

image obtained in microscope can be described as the projection of the object convoluted with the 

PSF. Regarding that convolution in real space corresponds to multiplication in Fourier space 

(reciprocal space) mathematically, the previous sentence can be described as: Fourier transform of 

the final image equals Fourier transform of the projection multiplied by the CTF (Wade, 1992). 

The CTF effect is generated by defocusing and the spherical aberration of the objective lens, and 

can be calculated according to the formula: CTF (θ) = -2 sin [(2π/λ)(-zθ
2
/2

 
+ Csθ

4
/4)], where θ is 

the scattering angle; λ is the wavelength; Cs is the spherical aberration; and z is the defocus value, 

positive if the image is taken at underfocus (Wade, 1992). In practice, the CTF effect is modified 

by several other optical factors, including the chromatic aberration of the objective lens, partial 

coherence of the illuminating beam, astigmatism, and amplitude contrast (Amos et al., 1982). 

Due to the sine expression of the CTF effect, the phases are shifted by 180° for the odd-numbered 

Thon ring regions. The CTF effect should be corrected for all images recorded in microscope.  

 

4 Individual projects 

In this thesis, three MP structures are analyzed using EM. They are a putative potassium channel 

(Kch), a metabolic enzyme (MGST1), and a secondary transporter (MelBec). Several important 

issues are picked up, since all these proteins are actively studied.  

 

4.1 Potassium channel 

Potassium (K
+
) channels ubiquitously exist in all kingdoms of life, except for some parasites and 

inner organelles (Kuo et al., 2005). The main function of K
+
 channels is to transport K

+
 ions 

between the extracellular environment and the cell, since the cell membrane is almost 

impermeable to K
+
 ions. Depending on the number of TMs in the protein and different properties 

of the protein, K
+
 channels can be divided into three categories: voltage gated potassium (Kv), 

inwardly rectifying potassium (Kir), and tandem pore domain potassium (K2P) channels 

(Buckingham et al., 2005). Kv channels (6 TMs) sense the membrane potential change (Long et 

al., 2005a, b; Long et al., 2007); Kir channels (2 TMs) transport K
+
 ions from the extracellular 

environment to the cell (Kuo et al, 2003); and K2P channels (4 TMs) are usually constitutively 
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open and set the membrane potential (Butterwick and MacKinnon, 2010; Miller and Long, 2012). 

Furthermore, K
+
 channels can be stimulated by various kinds of ligand. This group of channel is 

called Kligand (ligand gated potassium) channel, which contains either 2 or 6 TMs (Kuo et al., 

2003a).  

Structurally, a K
+
 channel can be divided into two parts: the pore-forming domain and the 

regulatory domain. The pore-forming domain contains 2 TMs in each monomer and the regulatory 

domain is different in each class of K
+
 channels. The pore-forming domains are in charge of 

conduction of K
+
 ions and are embedded in lipid membranes. On the other hand, the regulatory 

domains sense various kinds of stimulus, which control the closing and opening of the 

pore-forming domains (called gating (Jiang et al., 2003)). Four K
+
 channels assemble together to 

form a tetramer and the tetramerization is required for channel functioning (Doyle et al., 1998). 

 

4.1.1 Pore-forming domain 

Pore-forming domain is the smallest functional unit in the channel that can conduct K
+
 ions 

efficiently (10
7
 ions channel

-1
s

-1
) (Sansom et al., 2002). K

+
 ions are selected among other ions 

when transported through the K
+
 channel (the selectivity ratio of K

+
 ions to sodium (Na

+
) ions is 

more than 10000, (Doyle et al., 1998)).  

The pore-forming domain contains an outer helix, a pore helix, the selectivity filter (SF), and an 

inner helix from the N- to C-terminus (Fig. 3). K
+
 ions move down the electrochemical gradient 

from the helical bundle in the intracellular side, to the central water-filled cavity, next through the 

SF, and eventually to the extracellular side. K
+
 ions occupy several positions in the SF. 

 

4.1.1.1 Selectivity filter 

The conventional K
+
 channel has a conserved sequence TVGYG

75-79
 (the sequence is based on 

KcsA, a bacterial K
+
 channel from Streptomyces lividans), called SF, where K

+
 ions are conducted 

efficiently and selectively (Doyle et al., 1998). In the ion conduction pathway shown in Fig. 3, K
+
 

ions are only dehydrated in the SF (S1-S4) and kept hydrated in other regions (Sc at the 

intracellular side and S0 and Sext at the extracellular side). Four oxygens in the main chain of 

TVGY
75-78

 together with the one in the side chain of T
75

 point to the ion conduction pathway and 

surround the dehydrated K
+
 ions. Each K

+
 ion sits in the middle of two oxygen layers and four K

+ 

ions can bind to four such evenly spaced K
+
 binding sites (S1-S4) in the SF, with one K

+
 ion in 

each binding site. Since the free energy difference between the K
+
 ions surrounded by waters and 

the ones surrounded by oxygens in the SF is small, K
+
 ions can be transported across the 

membrane efficiently. On the other hand, binding to the SF for Na
+
 ions is energetically 

unfavorable, which partially explains the selectivity of K
+
 ions (Doyle et al., 1998; Lockless et al., 

2007).  

Four K
+
 ions adopt two configurations in the SF, either 1,3 or 2,4 configuration. In the 1,3 

configuration, two K
+
 ions occupy the S1 and S3 sites with two waters in the S2 and S4 sites. In 

the 2,4 configuration, two K
+
 ions occupy the S2 and S4 sites with two waters in the S1 and S3 

sites (Morais-Cabral et al., 2001; Zhou and MacKinnon, 2004; Zhou and MacKinnon, 2003; Zhou 

et al., 2001). The shift between two configurations can be achieved when a third ion enters from 

one side and pushes one ion away from another side or by movement of the ion-water queue 

(MacKinnon, 2003; Morais-Cabral et al., 2001; Zhou and MacKinnon, 2003; Zhou et al., 2001). 

The energy transfer cost between these two configurations is low (Morais-Cabral et al., 2001). The 
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Fig. 3 The structure of KcsA, a prototype of K
+
 channel. The transmembrane part of KcsA is 

homologous to the pore-forming domain of other K
+
 channels. The conductive state of KcsA 

(PDB: 1K4C) is shown here. K
+
 ions (purple balls) and water (red balls) are depicted. The SF 

together with observed K
+
 ion binding sites (Sext, S0, S1-S4, and Sc) in the ion conduction 

pathway and the glycine hinge (Gly99) are labeled. EC: extracellular side; IC: intracellular side; 

OH: outer helix; IH: inner helix; PH: pore helix; HB: helical bundle. Only two diagonal 

monomers in the tetramer are shown.  

repulsion of two occupied K
+
 ions in each configuration further facilitates the conduction of ions 

(MacKinnon, 2003; Zhou and MacKinnon, 2003). Other factors maintaining the integrity of the 

SF (such as the proteinous environment near the SF and the bound ions) are also important to keep 

conduction of K
+
 ions efficient and selective (Alam and Jiang, 2011; MacKinnon, 2003; Nimigean 

and Allen, 2011).  

 

4.1.1.2 Two gates 

The majority of K
+
 channels are closed in the resting state, opened with certain stimuli, and then 

enter into a nonconductive state (Norton and Gulbis, 2010). Except for some K2P members that 

are constitutively open, gating is tightly regulated in other K
+
 channels (Brohawn et al., 2012; 

Miller and Long, 2012). Two kinds of gate exist, where the extracellular one includes the SF and 

the intracellular one is at the position where the inner helices bend (Imai et al., 2010). 

The intracellular one was proposed originally by a structural comparison of KcsA (closed state) 

and MthK (a calcium induced K
+
 channel from Methanobacterium thermoautotrophicum, in an 
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Fig. 4 Two gates in K
+
 channels controlling conduction of K

+
 ions. (A) The intracellular gate 

where the inner helices bend. KcsA in a closed state (PDB: 1K4C, blue), KcsA in an open state 

(PDB: 3F5W, red), and MthK in an open state (PDB: 3LDC, orange) are viewed from the 

intracellular side. The glycine hinges are located in a similar position in these channels. IH: inner 

helix; OH: outer helix. (B) The extracellular gate in the SF. The conduction (PDB: 1K4C, blue), 

C-type inactivation (PDB: 3F5W, magenta), and flipped (PDB: 2ATK, gray) states of KcsA are 

depicted. Only two diagonal monomers are displayed in (B).  

open state). The inner helices cross to form a helical bundle (Fig. 3) to block the conduction of K
+
 

ions in KcsA; on the other hand, the inner helices are bent and splayed open after a glycine in MthK 

(Jiang et al., 2002b) (Fig. 4A). These glycine hinges are conserved and located in a similar 

position in several bacterial K
+
 channels (such as G99 in KcsA and G83 in MthK shown in Fig. 

4A). In eukaryotic Kv channels, PXP (P is proline and X is any residue) replaces the glycine hinge 

to bend the sixth helices (corresponding to the inner helices in the 2 TMs channel) for conduction 

of K
+ 

ions (Long et al., 2005b).  

The extracellular gate is located in the SF and a subtle conformational change in this gate can 

result in nonconduction. Several distorted SF structures have been observed in KcsA (Fig. 4B), 

including high Na
+
/low K

+
 (PDB: 1K4D, (Zhou et al., 2001)), C-type inactivation (PDB: 3F5W 

and 3F7V, (Cuello et al., 2010)), and flipped (PDB: 2ATK, (Cordero-Morales et al., 2006) and 

PDB: 3OGC (Cheng et al., 2011)) ones. When the SF adopts a structure that deviates from the 

conductive state (PDB: 1K4C, Figs. 3 and 4B), the channel may not be able to conduct K
+
 ions, 

regardless whether the intracellular gate is open or not (Cuello et al., 2010). These two gates are 

regulated by specific regulatory domains located N- and/or C- terminally to the pore-forming 

domain. 

 

4.1.2 Regulatory domains 

Besides the pore-forming domains, Kv, Kir, and Kligand channels possess their own regulatory 

domains which regulate the gating of the channels. All regulatory domains have some freedom 

relative to the pore-forming domains and a channel may have more than one regulatory domains. 

The voltage gated sensor domains (VSDs) are located at the periphery of the Kv channel (Chen et 
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Fig. 5 Extracellular view of MlotiK1 (a 

non-voltage gated K
+
 channel from 

Mesorhizobium loti, PDB: 3BEH). Four 

monomers (in different colors) form a 

biological unit. The VSD (in an ellipse) 

is composed of TMs 1 to 4 (S1-S4) and 

the pore-forming domain (in a 

rectangle) consists of S5 (corresponds 

to the outer helix in KcsA shown in Fig. 

3) and S6 (corresponds to the inner 

helix in KcsA shown in Fig. 3). The 

pore helix is labeled as PH.  

al., 2010; Clayton et al., 2008; Long et al., 2005a; Long et al., 2007) and sense the electron change 

in the membrane (Aggarwal and MacKinnon, 1996; Tombola et al., 2006). The cytosolic domains 

in Kir channels are located below their pore-forming domains and provide the binding sites for 

diverse intracellular regulatory mediators to interact (Hibino et al., 2010). Kligand channels have 

diverse kinds of cytosolic domain for their respective ligands, e.g., CNBD (cyclic 

nucleotide-binding domain, (Clayton et al., 2004)) and RCK (the regulator of the conductance of 

K
+
 ion, (Jiang et al., 2001)) domains.  

 

4.1.2.1 Voltage gated sensor domain 

Since Kch studied in this thesis has a domain that corresponds to the VSD in a Kv channel, VSD 

is introduced in this section.  

The VSDs have been found in other voltage gated channels and enzymes as well (Catterall, 2010b; 

Murata et al., 2005; Ramsey et al., 2006; Sasaki et al., 2006). The VSD separates from its 

pore-forming domain and weakly attaches to the pore-forming domain from the adjacent subunit 

(Fig. 5), which indicates that the VSD has mobility relative to the pore-forming domain. 

 

Up to eight positively charged residues have been found in the fourth helix (S4) in the VSD (Kuo 

et al., 2005), and among them, four residues (R1-R4) at the N-terminus of S4 are the most crucial 

ones responsible for charge movement during activation (Aggarwal and MacKinnon, 1996; Swartz, 

2008). These positive residues are intercalated by hydrophobic residues (Kuo et al., 2005). In fact, 

this pattern rather than the positive residues determines electron charge translocation (Xu et al., 

2010). The positive charges are counter-balanced by several negatively charged residues (E183, 

E226, E154, E236, and D259, based on PDB: 2R9R) located in other helices in the VSD (Chen et 

al., 2010; Long et al., 2005b; Long et al., 2007). These interactions are believed to assist the 

movement of S4 in the focused electric field across the membrane (a hydrophobic region of 

approximately 10 Å thickness, separated by the water assessable crevices at both ends) during 

gating (Catterall, 2010a; Chen et al., 2010; Long et al., 2007; Tombola et al., 2006).  

 

4.1.3 Kch  

Kch, a putative ligand K
+
 channel in Escherichia coli (E. coli), was first reported by Milkman 
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Fig. 6 Demonstration of the octameric gating ring arrangement. (A) Top view. The RCK 

monomer in one layer (blue box) interact with the adjacent RCK monomer in another layer (red 

box) to form a dimer through the flexible interface. The dimer interaction in the gating ring 

corresponds to the one in the isolated dimer in solution. Four such dimers are arranged to form 

an octameric gating ring through the assembly interfaces. (B) Side view, rotated 90° from (A).   

(Milkman, 1994). It has a conserved signature sequence-TVGYG as in other K
+
 channels, but it 

doesn’t have any positively charged residue in S4 (Milkman, 1994). Besides its non-voltage gated 

sensor domain and pore-forming domain, it has a cytosolic RCK domain (Jiang et al., 2001). As in 

MthK, the kch gene encodes both the full-length channel and a soluble RCK domain protein (Jiang 

et al., 2002a; Jiang et al., 2001; Lundback et al., 2009). Free RCK monomers form a RCK dimer 

due to the strong interactions in the dimer interface (Jiang et al., 2001). The RCK dimer structure 

of Kch (PDB: 1ID1) in solution shares a similar fold as the dimer structure of MthK in solution 

and the dimer structures of MthK, BKca (a large conductance K
+
 channel, both voltage and 

calcium gated, from Homo sapiens), KtrA (a component of a prokaryotic K
+
 uptake system), and 

TrkA (a component of a major K
+
 uptake system in prokaryotes) in the octameric gating rings, 

although the RCK domain of Kch does not have a C-terminal subdomain as the one in MthK, 

BKca, or TrkA. Four soluble RCK proteins and four RCK domains in the membrane-bound form 

were proposed to assemble to form an octameric gating ring structure (Fig. 6) (Jiang et al., 2002a). 

The function and regulation of Kch in E. coli are not yet completely understood, neither has the 

ligand for the RCK domain been identified yet (Jiang et al., 2001). Until now, no direct evidence 

shows that Kch forms a functional channel in vivo or in vitro: no discernible phenotype has been 

reported from the mutants, including deletion of the kch gene (Epstein, 2003; Kuo et al., 2003b); 

no report of electric conductance of Kch has been published by reconstitution or by heterologous 

expression. It has been suggested that Kch opens on certain environmental or metabolic conditions 

to maintain the cellular proton (H
+
) motive force constant from a gain of function experiment 

(Kuo et al., 2005; Kuo et al., 2003b). Kch may function to adjust the membrane potential, instead 

of taking up K
+
 ions (Kuo et al., 2005; Kuo et al., 2003b). 
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Fig. 7 Two pathways of generating 

prostaglandins and leukotrienes. AA is 

released from the membrane mainly by 

cPLA2, and then metabolized to 

prostaglandins (left) and leukotrienes 

(right). Different prostanoids can be 

generated from PGH2 by different terminal 

synthases in the prostaglandin pathway. For 

clarity, only the MAPEG members (FLAP, 

MPGES1, and LTC4S are in purple) and 

their respective lipid mediators are 

depicted. MGST1, MGST2, and MGST3 

are introduced in '4.2.3 MGST1, MGST2, 

and MGST3'. 

4.2 MAPEG 

Membrane Associated Proteins in Eicosanoid and Glutathione metabolism (MAPEG) superfamily 

is a group of enzymes embedded in membranes. MAPEG consists of six members in human: 

microsomal glutathione S-transferase 1 (MGST1), MGST2, MGST3, microsomal prostaglandin E 

synthase 1 (MPGES1), leukotriene C4 synthase (LTC4S), and 5-Lipoxygenase activating protein 

(FLAP) (Jakobsson et al., 1999). These enzymes are associated with production of various 

20-carbon lipid (eicosanoid) mediators which are involved in a diversity of human physiological 

activities. MAPEG members ubiquitously exist in all kingdoms of life, except in archaea (Bresell 

et al., 2005). Glutathione (GSH) transferase activity or glutathione-dependent peroxidase activity 

has been demonstrated in most of these members, except for FLAP which has no enzymatic 

activity (Hebert and Jegerschold, 2007). Although the enzymes have different functions, they 

share a common fold where three subunits are arranged into a trimer. 

 

4.2.1 Two main pathways 

The MAPEG members are involved in generation of two groups of eicosanoid mediator, 

prostaglandins and leukotrienes (Fig. 7). With certain stimuli, the phospholipases move to the 

nuclear envelope, endoplasmic reticulum, and Golgi apparatus (Funk, 2001). Several kinds of 

phospholipase can release arachidonic acid (AA), however, the Ca
2+

 activated type IV cytosolic 

phospholipase A2 (cPLA2) is particularly important for production of eicosanoid mediators 

(Uozumi et al., 1997). AA can be converted to a number of lipid mediators in different pathways.  

 

In the cyclooxygenase pathway, prostaglandin H2 (PGH2) is generated from AA through 

cyclooxygenase (COX1 and COX2). PGH2 serves as an intermediate product and is further 

converted to different prostanoids, including prostaglandins, prostacyclin, and thromboxane by 

their respective terminal synthases. One of the prostaglandins, PGE2, is catalyzed by MPGES1, a 

member of MAPEG. PGE2 has diverse functions, including mediating inflammation, pain, and 

fever (Samuelsson et al., 2007). In the lipoxygenase pathway, AA is first converted to leukotriene 

A4 (LTA4) by 5-lipoxygenase (5-LO) with the help of FLAP. The generated LTA4 can be either 
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hydrolyzed to produce leukotriene B4 (LTB4) by LTA4 hydrolase or conjugated with GSH to 

produce leukotriene C4 (LTC4) by LTC4S. LTC4 and its further metabolized products, leukotriene 

D4 (LTD4) and leukotriene E4 (LTE4), comprise the cysteinyl leukotrienes, which are involved in 

the inflammation processes, such as asthma (Evans et al., 2008; Martinez Molina et al., 2007). 

Besides these two well-studied pathways, AA can be metabolized through a third cytochrome 

P450-dependent pathway, where epoxyeicosatrienoic acids are produced (Evans et al., 2008; 

Zeldin, 2001). Since no MAPEG member exits in the third pathway, the enzymes in the first two 

pathways are discussed.  

 

4.2.2 Structures of FLAP, LTC4S, and MPGES1 

The MAPEG members share a common fold. The structure of FLAP (PDB: 2Q7M, (Ferguson et 

al., 2007)) aligns well with the structure of LTC4S (PDB: 2UUH, (Martinez Molina et al., 2007) 

and PDB: 2PNO, (Ago et al., 2007)) as shown in Fig. 8A. The GSH binding site was observed and 

the secondary substrate (LTA4) binding site was proposed from a structurally similar detergent 

molecule (n-dodecyl β-maltoside (DDM)) bound in the LTC4S structure (Martinez Molina et al., 

2007). On the other hand, the FLAP structure (PDB: 2Q7M) provided the first view of a MAPEG 

member with its inhibitor (MK591, depicted in red in Figs. 8A and B) which competes with AA 

(Mancini et al., 1993). The GSH binding site (Fig. 8C) and the inhibitor binding site (Fig. 8B) do 

not overlap. However, the long acyl chain in the secondary substrate may insert into the inhibitor 

binding site (Fig. 8C). Another special feature in FLAP is its long C2 loop between the helices 3 

and 4. Considering its closeness to the proposed secondary substrate binding site and the inhibitor 

binding site, as well as the results from the mutagenesis data (Ferguson et al., 2007), it is possible 

that this loop plays a role in AA transport.  

MPGES1 carrying out the isomerization reaction of PGH2 to prostaglandin E2 (PGE2), is a 

member of MAPEG superfamily. The overall MPGES1 structures in an open conformation (PDB: 

4AL0 and 4AL1, (Sjogren et al., 2013) and PDB: 4BPM, (Li et al., 2014)) are similar to the 

LTC4S structure (PDB: 2PNO and 2UUH). However, the cytosolic half of TM 1 and TM 2 is 

displaced in the closed MPGES1 conformation (PDB: 3DWW, (Jegerschold et al., 2008)) as 

shown in Fig. 8D. Although the GSH binding sites of these two MAPEG members in open 

conformations are conserved (the GSH binding site of LTC4S is shown in Fig. 8C), different 

residues, S127 in MPGES1 and R104 in LTC4S (corresponding to R126 in MPGES1) are 

proposed to stabilize the thiol group of GSH (Hammarberg et al., 2009; Jegerschold et al., 2008; 

Sjogren et al., 2013).  
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Fig. 8 Structural comparison of FLAP, LTC4S, and MPGES1. (A) Alignment of FLAP (PDB: 

2Q7M, blue) and LTC4S (PDB: 2UUH, brown). (B) Inhibitor binding site in FLAP. (C) GSH and 

DDM binding sites in LTC4S. DDM is proposed to occupy the secondary substrate binding site. 

Adjacent subunits in the trimer are depicted in different colors in (B and C). (D) MPGES1 (in a 

closed state, PDB: 3DWW, purple) is compared with LTC4S. The displacement of the cytosolic 

half of TM 1 and TM 2 is via the K26-D75 salt bridge.  

4.2.3 MGST1, MGST2, and MGST3 

Glutathione transferases (GSTs) are a group of phase II detoxification enzymes, which conjugate 

the electrophilic substrates with GSH (Fig. 9A) and make these substrates more water soluble to 

be excreted easily (Hayes et al., 2005). They ubiquitously exist in most life forms and can be 

divided into soluble and membrane-bound families. Although the members in these two classes 
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Fig. 9 GST activities and the rat MGST1 (rMGST1) structure. (A) GSH transferase reaction, 

CDNB (2,4-Dinitrochlorobenzene) conjugates with GSH. (B) The 'dead-end' Meisenheimer 

complex formation with TNB (trinitrobenzene). The crossover arrow indicates that the product 

does not form. (C) Lipid peroxidase reaction. (D) Different GSH positions in MGST1 (newly 

refined model in paper III, red) and MPGES1 (PDB: 4AL0, cyan). The GSH positions in 

MPGES1 and LTC4S are similar and shown in Fig. 8C. The entrance of the secondary substrate 

in rMGST1 is suggested to be located in the interface between two subunits (Holm et al., 2006). 

perform similar reactions, the soluble ones are dimers and the membrane-bound ones are trimers 

(Hayes et al., 2005).  

MGST1, MGST2, and MGST3 are membrane-bound GSTs and all of them belong to the MAPEG 

superfamily. MGST1 is abundant in human liver as well as in rat (McLellan et al., 1989; 

Morgenstern et al., 1984). Besides the GSH transferase activity, it can reduce the oxidized lipids 

by its peroxidase activity as well (Fig. 9C) (Mosialou et al., 1993). MGST1 has a special feature 

that it can be activated to a large degree by various treatments (Morgenstern, 2005). One treatment, 

alkylation of C49 with sulfhydryl reagents, e.g., N-ethylmaleimide can activate MGST1 up to 

30-fold (Svensson et al., 2004). Although MGST1 has a high sequence identity to MPGES1 (38%), 

it does not catalyze the isomerization of PGH2 as in MPGES1. GSH in MGST1 adopts an 

extended conformation (red GSH in Fig. 9D), rather than the horseshoe-shaped conformations in 

MPGES1 (PDB: 3DWW, 4AL0, and 4BPM, cyan in Fig. 9D) and LTC4S (PDB: 2PNO and 

2UUH).  

The functions of MGST2 and MGST3 are less understood in vivo. Both proteins may be involved 

in the lipoxygenase pathway and can produce LTC4 from LTA4 in vitro (Jakobsson et al., 1996; 

Jakobsson et al., 1997). It is suggested that MGST2 and MGST3 are structurally more close to 

LTC4S than to MGST1, although their structures remain to be determined (Martinez Molina et al., 

2008). 

 

4.2.4 Activity of MAPEG members 

A). FLAP does not bind to GSH, nor does it have any enzymatic activity (Ferguson et al., 2007).  

B). LTC4S does not react with CDNB, a typical substrate for measuring the GSH transferase 

activity, nor does it have a lipid peroxidase activity (Ahmad et al., 2013). It catalyzes LTC4 
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production from LTA4.  

C). MPGES1 has both GSH transferase and peroxidase activities (Thoren et al., 2003). Its main 

function is to convert PGH2 to PGE2.  

D). MGST1 has both GSH transferase and peroxidase activities (Morgenstern, 2005). It has broad 

substrate specificities and mainly acts as a detoxification enzyme. It may protect the membrane 

from oxidative stress in cell as well.  

In the GSH transferase reaction, the Meisenheimer complex is formed as an intermediate step 

followed by leaving of the halogen group (Fig. 9A). The Meisenheimer complex is accumulated 

due to the absence of a leaving group when GSH reacts with TNB (trinitrobenzene) (Fig. 9B).  

E). MGST2 reacts with CDNB and it also catalyzes a lipid peroxidase reaction (Ahmad et al., 

2013). It displays LTC4 production from LTA4 as well (Ahmad et al., 2013; Jakobsson et al., 

1996).  

F). MGST3 shows a peroxidase activity, however, it does not react with CDNB (Jakobsson et al., 

1997).  

 

4.3 Transporters 

Cells have their plasma membranes to separate the inner parts of them from the extracellular 

environments. Membranes are impermeable to most ions and substances, which require certain 

proteins for their transportation. These proteins can be classified as channels (see also '4.1 

Potassium channel') and transporters (Gadsby, 2009).  

 

4.3.1 Differences between channels and transporters 

Channels and transporters carry out a similar task for living cells, transporting substrates across 

the membrane. The structure of channels may or may not resemble the structure of transporters. 

The fundamental differences distinguishing them (Gadsby, 2009) are summarized as follows: 

A). The direction of transportation 

Substrates are diffused through channels from the high electrochemical gradient side to the low 

gradient side (downhill), whereas substrates are moved by transporters in an uphill direction. 

Although uniporters transport the substrates down the solution gradient as in channels, the 

substrates bind to the protein on one side and are translocated to the other side. This property 

makes the structures of uniporters and transporters resemble each other.  

B). Energy consumption 

Downhill movement does not require energy, whereas uphill movement consumes energy. Thus, 

either the primary energy (adenosine triphosphate, ATP) or the free energy stored in the 

counter-transported substrate gradient could be utilized for transporters.  

C). Opening in the conduction pathway 

The essential difference between channels and transporters is whether the substrate conduction 

pathway can be opened at both sides or allow opening at one side at a time. In a channel, the 

conduction pathway is permeable at both ends when the gate is open. However, the conduction 

pathway is never opened at both sides in a transporter. Instead, it is always closed at least at one 

side. The transport usually develops occluded states, where the substrates are not accessible from 

either end.  

D). Translocation speed 

The translocation speed for channels is fast, e.g., the K
+
 ions are conducted very efficiently, at near 
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Fig. 10 Alternating access model in a transport 

cycle based on Jardetzky (1966) and Gadsby 

(2009). Three main states are identified as 

inward-facing (left), occluded (middle), and 

outward-facing (right). The substrate 

transported from the intracellular side of the 

cell to the extracellular side is depicted as a 

yellow ball and the counter-transported 

substrate in a reversed direction is shown as a 

red ball. The curved arrows indicate that both 

kinds of substrates are accessible when the 

intracellular gate is open (left) or the 

extracellular gate is open (right). The N- and 

C-terminal domains in a transporter are 

depicted as two ellipses in different colors. 

Notice that a transporter is never accessible to 

both sides and all steps are reversible in the 

cycle.  

diffusion-limited rates (10
7
 ions channel

-1
s

-1
) (Sansom et al., 2002), whereas the speed for 

transporters is several hundred ions per channel per second. The main reasons for a slower 

conduction of the substrates can be due to large conformational changes, substrates binding, and 

closure of substrate conduction pathway in a transport cycle for transporters.   

E). Current recording 

For ion passengers, the current can be recorded from a single channel. However, the current is far 

too small to be detected from a single transporter, since the translocation speed is several orders of 

magnitude slower in transporters as compared to channels.  

 

4.3.2 Alternating access model 

The mechanism of transportation can be well explained by the alternating access model, where the 

essence is that the substrate binding sites are accessible to one side of the membrane at a time in 

one transport cycle (Jardetzky, 1966).  

The cartoon in Fig. 10 demonstrates a simplified transport cycle to explain how the model works.  

 

 

 

 

 

A transporter has three main states: inward-facing, occluded, and outward-facing. The substrate 

conduction pathway is opened at the intracellular side in the inward-facing conformation (left icon) 

and is opened at the extracellular side in the outward-facing conformation (right icon), with both 

sides closed in the occluded conformation (middle icons). In the inward-facing conformation, the 

transporter has a high affinity to the transported substrates, but a low affinity to the 

counter-transported substrates. Then, the transported substrates can bind to the protein. The 

binding triggers the structural rearrangements from the inward-facing to the occluded 

conformation (middle up icon), which is followed by entering into the outward-facing 

conformation. In the outward-facing conformation, the transported substrates are released into the 

extracellular side due to their low affinities to the protein and a downhill gradient. Meanwhile, the 

protein has a high affinity to the counter-transported substrates. After binding of the 
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counter-transported substrates, the protein turns to another occluded state (middle down icon), 

followed by turning to the initial inward-facing state. This cycle can be reversed and the different 

protein conformations and the corresponding affinities to different substrates determine the 

direction of transportation. The alternating access model was proposed to explain the P-type 

ATPases (primary transporters) initially and phosphorylation/dephosphorylation by ATP induces 

the structural rearrangements of it. The original model with small adjustments can be applied to 

other transporters as well.    

 

4.3.3 Classification of transporters 

The bacterial transporters can be classified into three main categories: primary transporters, 

secondary transporters, and group translocation systems (Law et al., 2008). 1) The primary 

transporters, such as ATPases and ATP-binding cassettes use the energy of hydrolysis of ATP for 

pumping the substrates across the membrane; 2) The secondary transporters employ two kinds of 

substrates, in which one kind of substrates travel downhill the gradient and another transport 

uphill. ATP hydrolysis is not involved in this class, instead, secondary transporters use the free 

energy from the movement of the substrates downhill to pump the other substrates uphill; 3) The 

group translocation systems first allow the substrates to bind to the protein at one side of the 

membrane, and then chemically modify them, followed by releasing them to the other side.  

Secondary transporters pump a wide range of substrates and can be divided into symporter and 

antiporter classes, depending on whether the substrates and counter-transported substrates move in 

the same (symporter) or opposite (antiporter) directions across the membrane. Furthermore, 

secondary transporters can be divided into over 100 families and superfamilies (Tsai and Ziegler, 

2005). Since the structural studies of the transporter included in this thesis is from a secondary 

transporter having a major facilitator superfamily (MFS) fold, this fold is discussed in the 

following section. 

The MFS presents the largest superfamily of the secondary transporters 

(http://www.tcdb.org/search/result.php?tc=2.A.1, (Saier, 2000)) and accounts for about 25% of all 

transporter proteins (Saier et al., 1999). The MFS members are ubiquitous in all kingdoms of life 

and play vital roles in numerous physiological processes, e.g., glucose transporters in sugar 

transportation (Shi, 2013; Yan, 2013a).  

 

4.3.4 The major facilitator superfamily fold 

Currently, a number of 3D structures of MFS members have been determined to atomic 

resolutions, including uniporters, symporters, and antiporters (The information can be found at 

http://blanco.biomol.uci.edu/mpstruc/. Several papers (e.g., (Yan, 2013a, b)) have listed some of 

them, in addition to some intermediate resolution structures from EM (Tsai and Ziegler, 2010)). 

Despite low sequence similarities and different kinetic mechanisms, the MFS members share a 

common fold. The following description of the MFS fold is adapted from Shi (2013) and Yan 

(2013a). Fig. 11A illustrates the general feature of the MFS fold.  

All MFS members appear to function as monomers and the core of the MFS fold is composed of 

12 TMs. The fold can be separated into two parts, the N- and C-terminal domains, with 6 

consecutive TMs in each domain. These two domains, despite in a low sequence similarity, are 

related to each other by a pseudo-twofold symmetry axis that is perpendicular to the membrane. 

Furthermore, each domain is evolved from a pair of inverted 3 TMs repeats, which can be 

http://www.tcdb.org/search/result.php?tc=2.A.1
http://blanco.biomol.uci.edu/mpstruc/
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Fig. 11 The MelBst structure (PDB: 4M64, Mol-A). (A) Extracellular side view shows a typical 

MFS fold. The TM 1-3 and TM 7-9 are in yellow; the TM 4-6 and TM 10-12 are in red; and the 

loops are in blue. TM 1-6 and TM 7-12 compose the N- and C-terminal domains, respectively. 

(B) The proposed cation binding (left to the K377 and W128 part) and sugar binding (right to 

K377 and W128) sites.  

matched to each other by an approximate 180° rotation around an axis parallel to the membrane 

(Madej et al., 2013). These two repeats are intertwined with one helix from one pair inserted into 

the center of another pair. Due to the pseudo-twofold symmetry and the 180° rotation, TMs 1, 4, 7, 

and 10 locate in a similar position (in the center); TMs 2, 5, 8, and 11 are also observed in a 

similar position (on the minor axis side); TMs 3, 6, 9, and 12 occupy in a similar position (on the 

major axis side). A long linker between helices 6 and 7 usually exists to connect the N- and 

C-terminal domains and this linker is expected to help the large degree movement between two 

domains in an alternating access cycle.  

 

4.3.5 MelB  

Melibiose permease (MelB) is a secondary transporter, belonging to a 

glycoside-pentoside-hexuronide cation symporter family (TC 2.A.2). It utilizes the free energy 

released from the downhill movement of Na
+
, lithium (Li

+
) or H

+
 to uptake galactopyranosides. 

Although this process can be reversed, in which the protein can take up the monovalent cations 

when moving the sugar downhill (Guan et al., 2011), the cell usually uses this protein to 

accumulate the sugars. The configuration of the sugar affects the coupling of counter-transported 

cations. For instance, α-galactosides (e.g., melibiose and raffinose) can be counter-transported 

with all of the three kinds of cation, whereas β-galactosides (e.g., lactose) are counter-transported 

with Na
+ 

and Li
+
 but not H

+
 (Wilson and Wilson, 1987).  

Recently, the 3D structure of MelB of Salmonella typhimurium (MelBst) was determined (PDB: 

4M64, Mol-A and B) (Ethayathulla et al., 2014). A pocket formed by D55, D59, and D124 is 

suggested as the binding site for all of the three kinds of cation, and D59 is essential for H
+
 

binding (Fig. 11B). The sugar binding site is close to the cation binding site. The closeness 

facilitates the cooperative binding and transportation. The water cavity formed by D19, R149, 

Y120, D124, W128, and K377 is suggested to be the sugar binding site (Fig. 11B). Furthermore, 

the authors determined an inactive structure of MelBst (PDB: 4M64, Mol-B) as well, in which 

both the sugar binding and the cation binding sites are collapsed. Both structures represent the 
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Fig. 12 Flowchart of the experimental steps from sections 5.1 to 5.4. After reconstruction of the 

plasmid harboring the target gene, the target protein can be over-expressed in various kinds of 

system. Purification is normally performed on columns to enrich the target protein. Next, a 

suitable crystallization condition is searched for the target protein to form an ordered 2D array in 

the presence of lipid molecules. The specimen (several microliters) is loaded on the grid 

followed by insertion into microscope. The target gene/proteins (red), impurities (brown), 

purification column (blue), lipids (one head group and two tails), pipette (triangle), grids 

(yellow), and holder (T shape) are depicted. All of the cartoon components are not drawn in their 

real sizes.  

outward-facing occluded states, and the inactivate structure opens larger on the extracellular side. 

Considering its high primary sequence identity to MelBec, MelB of E. coli, (85% identity, 

(Mizushima et al., 1992)) the MelBst structure was used to dock into the MelBec map obtained in 

paper IV.  

 

Part II Method 

 

5 Techniques used in this thesis 

This section covers the main techniques used in this thesis. They are: protein expression, 

purification, 2D crystallization, sample preparation, and image processing. The experimental 

procedure from sections 5.1 to 5.4 is depicted in Fig. 12. The image processing procedure is 

discussed in sections 5.5 to 5.7. 

5.1 Protein expression 

Except for some rare cases where membrane proteins are abundantly rich in their native 

membrane environments (such as bacteriorhodopsin of Halicobacterium salinarium (Henderson 

and Unwin, 1975), water channel 0 (Gonen et al., 2004), and Na
+
,K

+
-ATPase (Jorgensen, 1988)), 

the majority of proteins are usually over-expressed to amplify their amounts. Different expression 
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systems include: bacterium, yeast, insect, mammalian cells, and cell-free expression (Derewenda, 

2004). Each system has its advantages and disadvantages. Among them, the bacterial system is 

easiest to work with and all proteins included in this thesis are over-expressed in E. coli, followed 

by structural studies.  

The gene of the target protein is amplified by polymerase chain reaction and then the resulting 

plasmids are transformed into the competent E. coli cells. Under proper conditions, the target 

protein is stimulated to be produced. However, the over-expression efficiency varies in different 

conditions for each protein. The generally tunable parameters include host strain, plasmid, culture 

medium, inducer concentration, duration of induction, culture temperature, and additive 

(Papaneophytou and Kontopidis, 2014). Kch (papers I and II) and rMGST1 (paper III) were 

over-expressed in C43 and BL21DE3 (the original strain of C43) strains, respectively. The same 

kind of plasmid (pSP19T7LT) and medium (terrific broth) were used for both proteins, but the 

expression conditions were different.  

 

5.2 Purification 

After over-expression of the target protein in the host (including all five kinds of the expression 

systems mentioned above), a purification step is performed to enrich the target protein and to get 

rid of impurities. The separation is based on the properties of the target protein, e.g., affinity 

interaction (affinity purification), molecular weight (size exclusion purification), surface charge 

(ion exchange purification), or hydrophobic interaction (hydrophobic purification) (Saraswat et al., 

2013).  

An extra tag is often exploited to facilitate the recombinant protein expression and/or purification 

(Young et al., 2012). These tags include large (several dozens of kDa, such as Mistic 

(Membrane-Integrating Sequence for Translation of Integral membrane protein Constructs), 

(Kefala et al., 2007; Roosild et al., 2005)) and small (a few amino acids, such as polyhistidine tags) 

ones. Since the large tags may interfere with the oligomeric state, activity, and structure of the 

target protein, they are most frequently cleaved off from the tagged proteins. Different kinds of tag 

and their positions (at the N- or C-terminus) give different expression and purification efficiency. 

All proteins studied in this thesis were over-expressed with additional histidine tags. Size 

exclusion purification was performed to further improve the purity of the Kch proteins (papers I 

and II) and ion exchange purification was applied for rMGST1 (paper III).  

 

5.3 Two dimensional crystallization 

Once a considerable amount of pure sample is obtained after purification, 2D crystallization 

experiments can be performed. In 2D crystals, the protein molecules are ordered in register in two 

dimensions (x-y plane/membrane plane). Since one crystal has one or up to several layers (but 

should be thin enough for electrons to penetrate) in the third dimension, it is suitable for electron 

crystallographic study.  

2D crystal is formed since a net entropy is gained when a detergent solubilized sample is 

embedded in a lipid environment (Kuhlbrandt, 1992). The crystallization experiment is carried out 

by mixing the target protein surrounded by detergent molecules with the lipid-detergent micelles 

and thereafter removing the detergent. Dialysis, dilution, hydrophobic adsorption, and lipid 

monolayer are four common methods to clear away the detergent (Mosser, 2001). Dialysis was 

performed to reconstitute 2D crystals for Kch (papers I and II) and rMGST1 (paper III). 
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Successful crystallization experiment can result in different kinds of crystal, e.g., single layer, 

stacked sheets, tubular, and vesicular types (Mosser, 2001). The majority of Kch crystals were 

stacked sheets (papers I and II) and rMGST1 protein formed stacked sheets and separated single 

layer sheets (paper III). The previously obtained MelBec crystals were of the long tubular type 

(Hacksell et al., 2002). 

Crystal quality varies under different conditions (De Zorzi et al., 2013; Schmidt-Krey et al., 1998). 

In order to obtain large and well-ordered crystals, different parameters are screened. Protein, 

detergent, lipid, buffer, additive, crystal growth temperature, and crystallization procedure are 

general parameters to be considered (Mosser, 2001). However, all of these factors work together. 

For instance, the crystallization condition of rMGST1 from the sample over-expressed in E. coli 

was adjusted. Only small crystals were obtained using the previously published protocol 

(Schmidt-Krey et al., 1998) (Fig. 13A). Additional CaCl2 (Fig. 13B) or crystal growth at 30ᵒC (Fig. 

13C) increases the crystal size, but the obtained crystals were heavily stacked and not sufficiently 

good for data collection. By combining these two factors, much larger crystals were obtained and 

the stacking problem was less severe (Fig. 13D). The electron diffraction data set was collected 

from rMGST1 grown in the adjusted condition (paper III). The crystallization conditions were 

screened manually in the current study. However, automatic screening by robots can facilitate the 

speed and success rate in each project (Hu et al., 2010; Iacovache et al., 2010; Wisedchaisri et al., 

2011).  

 

5.4 Sample preparation 

As mentioned in '3.1.5 High voltage and high vacuum', biological samples are either dehydrated or 

frozen to avoid water evaporation when they are analyzed in electron microscope. Accordingly, 

they can be prepared by either negative staining or cryo, respectively. In negative staining, the 

sample is embedded in heavy metals, in which the background is darker than the specimen; 

whereas the sample is embedded in either vitrified ice or sugar in the cryo method, where the 

contrast is reversed as compared to the negative staining method (Schmidt-Krey and Rubinstein, 

2011).  

The negative staining method is usually used for analysis of the quality of the protein and crystals 

under different conditions. Since it gives a much higher contrast than the cryo method, the 

samples can be easily identified in the negative staining method. On the other hand, the stain may 

distort the protein molecule (De Carlo and Harris, 2011; Stoylova et al., 1998) and only the 

contour of the protein molecule is displayed. The heavy metal grain size limits the final resolution 

(Unger, 2000). The rMGST1 crystals after negative staining by uranyl acetate are shown in Fig. 

13.  

Data is usually collected from cryo samples, where the proteins are preserved in their native states. 

However, this method is much more difficult to perform than the negative staining method, since: 

1) the contrast formed between the specimen (protein or crystal) and the background (ice or 

carbon film) is low; 2) native samples do not tolerate the same amount of radiation damage; 3) 

specimens are easily contaminated by ice crystals; and 4) ice thickness should be proper. The 

protein molecules are often directly plunge-frozen in liquid ethane (Dubochet et al., 1988; Knapek 

and Dubochet, 1980) and the 2D crystals are commonly embedded in sugar medium, which 

mimics the effect of water by hydrogen bonding to the crystals (Wang and Downing, 2011). 

Successful preserving media include glucose (Henderson et al., 1990), tannin (Kuhlbrandt et al., 
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Fig. 13. rMGST1 crystals in different conditions. (A) initial condition (Schmidt-Krey, 1998). (B) 

same condition as in (A) with additional 50 mM CaCl2. (C) same condition as in (A), but 

crystallization was performed at 30ᵒC. (D) adjusted condition with 50 mM CaCl2 and crystals 

were grown at 30ᵒC. The crystal size increased significantly (some reach 5 μm in (D)) as 

compared to the initial condition (A). Although stacked crystals were grown on top of each 

other, one layer crystalline areas were found as indicated by the arrow in (D). The crystals in 

these four conditions were embedded in 1% uranyl acetate and all images were taken at the same 

magnification. The scale bar is 2 μm.   

1994), trehalose (Hirai et al., 1999), and mixture of these (Nogales et al., 1998). The 2D crystals 

of all projects in this thesis were preserved in trehalose. Some MelBec crystals were directly frozen 

in liquid ethane as well. 

Cryo-negative staining method was proposed to take advantages of both having a high contrast 

(from negative staining) and maintaining the native state of the specimen (from cryo) (Adrian et 

al., 1998; De Carlo and Harris, 2011). Diverse stains can lead to significantly different results for 

some proteins (such as the apolipoprotein E (Zhang et al., 2010)). Besides the EC study, the SPR 

method was applied to the Kch sample as well. The single Kch molecules were plunge-frozen, but 
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Fig. 14 Flowchart showing steps in processing 2D crystal images. 

they were not discernible in the image. Cryo-negative staining of Kch sample did not work either. 

Different kinds of grid and stain may be tested in future (De Carlo and Harris, 2011; Quispe et al., 

2007).  

The specimen is loaded on the grid followed by insertion into microscope. Glow discharge 

procedure is a common step to make the grid more hydrophilic for a better specimen adherence 

(Wang and Downing, 2011). However, the efficiency of glow discharge largely depends on how it 

is performed and different proteins may need different discharging treatments (Grassucci et al., 

2007). For Kch (papers I and II) and rMGST1 (paper III), the glow discharge procedure was not 

used since it did not help crystals adsorb to the copper grid. The grids were prepared by the back 

injection method (Wang and Kuhlbrandt, 1991), which helps to preserve the high resolution data 

(Schmidt-Krey and Rubinstein, 2011), and then transferred into microscope for cryo data 

collection.  

 

5.5 Electron crystallography image processing 

The experimental procedure of processing 2D crystalline images is introduced in this section. 

MRC (Crowther et al., 1996) and 2dx (Gipson et al., 2007) program suites were used for 

processing Kch 2D crystal images in papers I and II.  

 

5.5.1 Processing each individual image 

The steps of processing 2D crystal images are summarized in the diagram in Fig. 14. The image of 

2D crystals is collected on photographic film or by other detectors. In the first step, the crystalline 

areas on film are selected by optical diffraction and these areas are digitized on scanner at a step 

size, which should be appropriate to the resolution of the image. On the other hand, the 

digitization is done when the image is recorded in CCD. Next, defocus and tilt geometry values 

are determined. Several programs can perform this task, e.g., CTFFIND3 (Mindell and Grigorieff, 

2003). The defocus values determined by the program are recommended to be evaluated by 

comparing the simulated Thon rings with the experimentally obtained Thon rings. The Fourier 

transform of the image shows the computed diffraction pattern, in which the lattice should be 

correctly indexed. Then, the translational distortion of the crystal can be corrected (called 

unbending, (Henderson et al., 1986)). CTF correction (see also '3.3.3 CTF effect') can be done by 

phase flipping. For high tilted images, the TTF (tilted transfer function) effect, instead of the CTF 

effect is corrected (Henderson et al., 1990). The space group can be determined by the 

ALLSPACE program (Valpuesta et al., 1994) from the listed amplitude and phase values after 

CTF or TTF correction.  
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Fig. 15 Map generation in EC. (Top) The map is calculated from images only. (Bottom) The 

phase information from images and the amplitude information from diffraction patterns is 

combined together to generate the map. Kch is used as an example for image processing and 

rMGST1 is illustrated for diffraction pattern processing.    

5.5.2 Map generation 

After processing all images individually, they can be merged (Figs. 14 and 15). These images are 

moved to the same origin and then aligned. The processing procedure can be iteratively performed 

to obtain a consistent data set. Usually, the projection structure from untilted images is generated 

first. The projection structure only shows the 2D information, where the information along the 

beam axis is added together. Furthermore, a 3D map can be reconstructed by inverse Fourier 

transform of the structure factors of the data set including tilted images.  

Since there is no periodicity in the z-direction (along the beam axis), 2D crystals show continuous 

lines (called lattice lines) along this dimension in reciprocal space. The points where a central 

section intersects the lattice lines are recorded (Amos et al., 1982). Once a sufficient amount of 

these points are collected, a smooth curve can be adapted to generate each lattice line (Agard, 

1983). The discrete points at equidistant sampling (spaced at 1/thickness) in each generated lattice 

line are sinc functions interpolated from the recorded points nearby (Amos et al., 1982). Then, the 

structure factors can be extracted from these discrete points and used to calculate the 3D map.  

 

5.6 Electron diffraction processing 

A structure can be reconstructed from the data consisting of pure images, or it can be obtained 

from combination of phase information from images and amplitude information from diffraction 

patterns (Fig. 15) (Fujiyoshi, 1998). The amplitude information calculated from diffraction 

patterns is more accurate than the one from images, since the diffraction does not suffer from the 

CTF effect (Amos et al., 1982).  

 

5.6.1 Steps in electron diffraction processing 

The crystal needs to be larger for electron diffraction purpose as compared to the one for image 

processing (Unger, 2000). After indexing and tilt geometry determination, the intensities of the 

reflection are integrated. Then various corrections of amplitudes are performed, e.g., deletion of 
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extremely strong densities from 'blooming' and subtraction of the background (Brink and Wei Tam, 

1996). The listed amplitudes can be merged together and refined by the MERGEDIFF program, 

where the initially determined parameters are tuned (Ceska and Henderson, 1990). The quality of 

the data set is measured by Rsym (R-factor between the Friedel pairs in each diffraction pattern) 

and Rmerge (R-factor between the newly added diffraction pattern and the reference) (Ceska and 

Henderson, 1990). Electron diffraction patterns were collected to solve the rMGST1 structure in 

paper III.  

 

5.6.2 Common crystallographic terminology 

Single sheets of 2D crystals can stack together to form the type I 3D crystal (Michel, 1983). The 

basic theories shared by x-ray diffraction and electron diffraction are summarized as follows: 

A). Building block 

The unit cell is the smallest repeating unit to build the entire crystal by only translational 

movements. A unit cell can further be divided into several asymmetric units, which can build one 

unit cell by application of the space group symmetry operation, including both translational and 

rotational movements.  

B). Bragg diffraction  

When the incident beam hits the atoms in the crystal, it scatters in all directions. Only those 

fulfilling the Bragg's law (2dsinθ = nλ, where d is the distance between two crystal planes, θ is the 

angle of the incident beam, n is an integer, and λ is the wavelength of the incident beam) can 

constructively interfere and then a reflection is observed. Each reflection has contributions from 

all atoms in every unit cell.  

C). Structural determination 

Both amplitude and phase information is required to calculate the protein structure. Although the 

phase information can be extracted from images, the molecular replacement method used in x-ray 

crystallography can also be applied in EC. Since the images are distorted by the CTF effect (see 

also '3.3.3 CTF effect'), the phase information obtained from them may not be very accurate. Thus, 

molecular replacement or other phase extension methods may lead to better quality results 

(Wisedchaisri and Gonen, 2011). Besides that, when the structure determined in EC reaches 

atomic resolutions, the differences between electron and x-ray scattering factors are small, thus the 

programs for structural determination in x-ray crystallography can be used in a similar way to 

process the EC data (Gonen et al., 2004; Holm et al., 2006).  

 

5.7 Single particle reconstruction processing 

SPR is most frequently used to determine the structure of complexes (particles with large 

molecular weight) and nowadays, using the advanced direct detector, the reconstructed structures 

can reach atomic resolutions (such as in TRPV1: EMD-5778) (see also '3.2.2 Single particle 

reconstruction'). 

 

5.7.1 Steps in single particle reconstruction 

Fig. 16 summarizes the main steps in SPR using Kch as an example. First of all, images are taken 

from the negative staining or cryo samples. Then, the single particles in each image are picked and 

stacked together, followed by CTF correction. The defocus parameters are determined by Thon 

ring fitting. After combining all picked particles together, 2D classification is performed to group 
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Fig. 16 Processing of separated single particles in conventional SPR. The functional mutant, 

KchM240L is used as an example to illustrate the procedure. The defocus values are determined 

by Thon ring fitting using the 2dx program (right power spectrum). The class averages are 

generated using EMAN2. The Kch 3D map (Lundback et al., 2009) is docked with the atomic 

structures of Kv1.2 (PDB: 2A79, model in blue) and KtrA gating ring (PDB: 2HMW, model in 

yellow). 

them based on their individual orientations. 2D classification includes several steps in sequence: 1) 

the particles are aligned to each other and centered; 2) different algorithms of classification can be 

applied to the aligned particles, e.g., hierarchical ascendant or κ-means classification; and 3) the 

particles in each class are averaged to generate the class average. Next, the corresponding Euler 

angle is assigned to each class average by either common lines in the reference-free method or 

projection matching with a reference. Then, reconstruction is done by inverse Fourier transform in 

reciprocal space or back-projection in real space. The initial model can be iteratively refined by 

the reprojection-classification-reconstruction cycle. The cycle is repeated until the reconstructions 

no longer change and the variation of the Euler angles is below a threshold. Lastly, the external 

model such as the one determined by x-ray crystallography is docked into the entire or part of the 

Coulomb potential map, if the resolution of the map does not allow model building directly. 

A broad spectrum of SPR programs are available at present, e.g., EMAN1 (Ludtke et al., 1999), 

EMAN2 (Tang et al., 2007), Spider (Frank et al., 1996), Imagic (van Heel et al., 1996), BSoft 

(Heymann, 2001), Xmipp (Sorzano et al., 2004), Sparx (Hohn et al., 2007), Frealign (Grigorieff, 

2007), Relion (Scheres, 2012), and Simple (Elmlund and Elmlund, 2012). Each program has its 

own algorithm and may result in different reconstructions from the same data (Murray et al., 

2013). Furthermore, different programs may have slightly modified procedures as described above. 

For example, the CTF effect is corrected on reconstructions in Spider but on picked particles in 

EMAN1 and EMAN2.   

 

5.7.2 Single particle reconstruction to process two dimensional crystal images 

Although normally the separated particles are analyzed in SPR and periodic arrays of unit cells are 

studied in EC, the general principle of these two methods is similar. In addition, since SPR 
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determines the Euler angle for each particle, it can potentially correct for variations of tilt angle, 

rotations of individual unit cells and large translational errors which are not taken into account by 

EC. Therefore, SPR can be adapted to process 2D crystal images (Koeck et al., 2007; Scherer et 

al., 2014). Paper IV presented such a SPR procedure developed from the previous one (Koeck et 

al., 2007).  

EMAN programs were used for all steps, except for CTF determination (performed by CTFFIND3) 

and correction (performed by Spider). The resolution estimation is measured at the point where 

the Fourier shell correlation (FSC) is at 0.5 (FSC = 0.5 criterion) (Penczek, 2010). MelBec 2D 

crystal images were processed by the SPR procedure in paper IV. 

 

Part III Results 

 

6 Aim of investigation 

Membrane proteins play important roles in all processes for living cells. Many of them have 

clinical and pharmaceutical interests. The aim of this investigation is to study structure of 

membrane proteins using electron microscopy in order to better understand their function. Three 

proteins are analyzed: Kch (a putative K
+
 channel in E. coli, papers I and II), rMGST1 (a 

detoxification enzyme from rat, paper III), and MelBec (a secondary transporter in E. coli, paper 

IV). Apart from structural determination, a SPR procedure is developed for analysis of small or 

locally distorted 2D crystals.  

 

Specific aims in each project 

1). Kch project 

A). To study a K
+
 channel in a lipid environment 

B). To identify the position of the RCK domain  

C). To compare the structures obtained from EC and SPR 

 

2). rMGST1 project 

A). To refine the previously experimental procedure 

B). To build a more accurate model  

C). To analyze the ligand conformation 

 

3). MelBec project 

A). To accurately determine and correct the CTF effect from tilted images 

B). To refine the previous SPR procedure  

C). To use both EC and SPR methods to process MelBec images 

 

7 Summary of individual papers 

The experimental steps and the corresponding results are summarized as follows: 

A). Protein expression, purification, and 2D crystallization  

The aim of these experimental steps is to prepare the samples for data collection. These steps are 

included in all projects in this thesis. 

B). Projection structure determination 

It is an intermediate step in image processing. The projection structure in paper I suggests a new 



32 

 

assembly of Kch.  

C). 3D map generation 

The 3D map is generated after calculation of the projection structure. The 3D map of the 

transmembrane part of Kch (KchTM, paper II) suggests that the RCK domain is exposed to the 

solvent.  

D). Electron diffraction process 

Electron diffraction patterns were collected from large rMGST1 2D crystals and this data was 

used to determine its atomic structure in paper III.  

E). Single particle reconstruction process 

Besides the standard EC method, a SPR method was used to process the 2D crystal images of 

MelBec in paper IV.  

F). Structural determination  

The Kch structure was obtained by processing 2D crystal images in paper II. The atomic structure 

of rMGST1 was presented in paper III. The MelBec structure was generated by SPR in paper IV. 

 

7.1 Papers I and II: Projection structures of KchM240L and KchTM 

Kch contains 6 TMs and an RCK domain in the cytosol. The previously x-ray crystallographic 

studies showed that the RCK domain forms an octameric gating ring structure in MthK (Jiang et 

al., 2002a; Ye et al., 2006), BKca (Leonetti et al., 2012; Wu et al., 2010; Yuan et al., 2012; Yuan et 

al., 2010), KtrA (Albright et al., 2006), and TrkA (Cao et al., 2013b). The gating ring in Kch was 

observed in the previous SPR study as well (Lundback et al., 2009). However, the majority of 

studies concerned isolated gating ring domains without their transmembrane parts or analyzed the 

samples surrounded by detergent. Thus, it is interesting to study such a kind of channel in a lipid 

environment.   

Large and well-ordered 2D crystals of both KchM240L, the full-length protein (paper I), and 

KchTM, which lacks the RCK domain (paper II) were obtained. KchM240L contains one point 

mutation at position 240 (methionine is replaced with leucine) and is a functional mutant of Kch 

(Kuo et al., 2003b). The projection structure of KchM240L was merged from the twelve best 

images with Fourier components extending to 6 Å resolution (Fig. 17B) and the projection 

structure of KchTM was averaged from nine images with a resolution cutoff at 8 Å (Fig. 17A). 

Both crystals were assigned the c12 two-sided plane group (Supplementary Fig. S1 for 

KchM240L in paper I and Figure S1 for KchTM in paper II) and the unit cell dimensions were 

similar: a = 144 ± 1.9 Å, b = 84 ± 1.0 Å, γ = 90° for KchM240L (Table 1 in paper I) and a = 143 ± 

0.9 Å, b = 82 ± 0.6 Å, γ = 90° for KchTM (Table 1 in paper II). As the two projection structures 

resembled each other, it indicates that a similar crystal packing exists in both samples and RCK is 

probably flexible thus not affecting the crystal packing.  

In both projection structures, only two kinds of density zone appear which are outlined in a square 

and two circles in Figs. 17A and B. The square region is where the two-fold rotation symmetry 

element is situated and the circle regions are where the two-fold screw symmetry element goes 

through. Based on that, we generated two different models (Supplementary Fig. S4A in paper I 

and Fig. 17C) using a structurally similar K
+
 channel (MlotiK1, PDB: 3BEH) to overlay either of 

these two distinct zones. As explained in paper I, only the model shown in Fig. 17C 

(corresponding to Fig. 6C in paper I) is possible. In this model, the pore-forming domain of 

MlotiK1 is centered on the circle regions and the sensor domain is on the square regions. Both 
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Fig. 17 The c12 symmetrized 

projection structures of 

KchTM (A) and KchM240L 

(B and C). One unit cell (in a 

rectangle), the two-fold 

rotation symmetry elements 

(full arrows), the two-fold 

screw symmetry elements 

(half arrows), a and b axes, 

and two density zones (in a 

square and two circles) are 

depicted in (A and B). In (C), 

Tetramers of MlotiK1 (PDB: 

3BEH, each tetramer has one 

color) are superimposed to the 

KchM240L projection 

structure (B). A temperature 

factor of B = -500 Å
2
 was 

applied to boost the fall-off of 

the amplitudes at intermediate 

and high resolutions in both (B 

and C). The positive contours 

(continuous lines) indicate the 

peaks of density above the 

average and the negative 

contours (dashed lines) are 

below the average.  

KchM240L and KchTM crystallize in shifted double layers, as indicated in Fig. 17C. The 

tetramers in blue, red, and magenta are in the top layer and those in yellow, cyan, and green are in 

the bottom layer. The arrangement of KchM240L under the present 2D crystallization condition is 

not compatible with formation of a dimer of molecules through the RCK gating ring.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2 Paper II: 3D structure of KchTM 

Although the projection structure of KchM240L indicates that the RCK gating ring does not form 

under the present 2D crystallization condition, it is not possible to determine the orientation of the 
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Fig. 18 The 3D map of KchTM with the MlotiK1 model (PDB: 3BEH). Both the complete map 

(A) and the slices ((B) is in a vertical position and (C) is in a horizontal position) are shown. (A) 

and (B) are visualized along the membrane plane with the intracellular side up and the 

extracellular side down. (C) is viewed from the intracellular side. Only the pore-forming domain 

of the model (magenta) and its corresponding map (cyan) are displayed, since there is no 

convincing density of the sensor domain in the map.  

channel molecules from untilted images. The proceeding study (paper II) was carried out to 

analyze the 3D structure of Kch.  

One computed diffraction pattern of an image of the Kch 2D crystals can be indexed in three ways. 

Among them, only one alternative has a correct indexing, where the square regions (Figs. 17A and 

B) in the newly added image match with the corresponding zones in the reference. The other two 

alternatives compare their regions to the different zones, where the circle regions (Figs. 17A and B) 

in the newly added image are aligned to the square regions in the reference, thus they should be 

excluded. However, due to the similarity, but not identity, between the circle and square regions in 

Fig. 17B, choosing the correct indexing in KchM240L is not obvious. This ambiguity becomes 

more severe in particular for processing of tilted images. The projection structures with different 

indexing in each individual image were compared and the ones in which the two-fold rotation 

symmetry elements are located in the square region were considered as having a correct indexing. 

Furthermore, the merging process was also judged by the phase residuals. 

On the other hand, the indexing and merging of the projection images of KchTM were easier than 

for KchM240L, since the two density zones were significantly different (Fig. 17A). However, the 

visibility of the c12 projection symmetry disappeared when tilted images were processed, making 

the choice of correct indexing less certain. Thus the strategy was purely based on choosing the 

alternative that gives a significantly lower phase residual than the other two possibilities after 

origin refinement. In contrast to KchM240L, a 3D map was reconstructed for KchTM.  

Based on the position of the pore-forming domain as shown in Fig. 18 and adjacent molecules 

imposed by the unit cell dimensions and the symmetry elements, the molecular packing in the 

crystal is generated. Although KchTM does not contain an RCK domain, the position of the RCK 

domain can be deduced from the KchTM crystals, since the same crystal packing exists in these 

two crystals. As shown in Fig. 19, the RCK domains are exposed to the solvent and the RCK 

gating ring does not form.  
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Fig. 19 Crystal packing in KchTM. The 

double layered packing is visualized 

along the membrane plane, the same 

view in Figs. 18A and B. As it is rotated 

90° from the view in Fig. 17, the 

MlotiK1 tetramers in the top layer are in 

blue and red while the tetramer in the 

bottom layer is in yellow. The crystal 

contact interfaces are boxed in a 

rectangle, which includes the 

pore-forming domain, the sensor 

domain, and the loops between S5 and 

the pore helix (gray). The RCK domains 

are deduced to be located at both leaflets 

of the crystal. 

 

7.3 Paper III: A refined model of rMGST1 

MGST1 was the first MAPEG member for which an atomic model was determined. This structure 

was solved by EC (Holm et al., 2006). In the present work, the previous procedure was refined in 

several aspects. First of all, the enzyme was previously purified from rat liver and the present 

source for 2D crystallization was from the protein over-expressed in E. coli. In addition, the 

crystallization parameters were adjusted. The crystals grown at the present work were isomorphic 

with those obtained earlier (same unit cell parameters (a = b = 81.8 Å and γ = 120°) and the 

amplitudes showed low deviation over the entire resolution range when compared). Thus the 

newly collected electron diffraction data was combined to the old data. The total number of 

merged electron diffraction patterns extended from 100 to 225. In the final model, all residues 

were in the allowed region in the Ramachandran plot and the R factors of Rwork and Rfree were 

23.6% and 22.4%, respectively. Although the resolution did not increase from the previous work, 

the crystallographic statistics was improved to allow us build a more reliable model. As compared 

to the previous rMGST1 model (PDB: 2H8A), there were frame shifts in both TM 3 and TM 4 in 

the present model. Furthermore, more residues at the C-terminal end of TM 1 towards the 

cytoplasmic side were modeled.  

The final model was built from N10 (the N-terminal residue) to L151 (the C-terminal residue), 

with the absence of the loop between TM 1 and TM 2 (Figs. 20A and B). Several phospholipid 

molecules could be modeled as well. Three GSH molecules were built in one trimer, where each 

one was situated in a similar position as in PDB: 2H8A. As shown in Figs. 20C and D, each GSH 

adopts an extended conformation and is located in a pocket comprised of R38, K42, D66, and R73 

from one subunit and R74, N78, Y121, Q128, N130, and R131 from a neighboring subunit in the 

trimer. Arginine residues at positions 38, 74, and 131 are conserved and have been suggested to 

play key roles in catalyzing the conjugation of GSH to second substrates in other MAPEG 

members (Ago et al., 2007; Jegerschold et al., 2008; Martinez Molina et al., 2007; Sjogren et al., 

2013). The extended conformation of GSH in rMGST1 is unique among the MAPEG members 

and resembles the one in soluble GSTs (Dirr et al., 1994).  
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Fig. 20 The refined model of rMGST1. (A) Top view from the cytoplasmic side. (B) is visualized 

along the membrane plane, rotated 90° from (A). (C) and (D) Enlarged view of the boxed area in 

(B). (D) is rotated 90° from (C). The residues in the GSH binding pocket (C and D) and the 

phospholipid molecules (A and B) are labeled.   

7.4 Paper IV: Single particle reconstruction processing of MelBec images 

In order to study small or locally distorted crystals and take advantage of SPR, a processing 

procedure was developed in paper IV (see also '5.7.2 Single particle reconstruction to process two 

dimensional crystal images').  

The images are processed in a conventional EC procedure described in '5.5 Electron 

crystallography image processing' to generate the 3D map. This reconstruction can be used as the 

initial model in SPR processing. Firstly, the crystalline area in each image is identified based on 

the cross-correlation profiles. Secondly, the defocus parameters are determined and the CTF effect 

is corrected for each image. Since different regions in the grid have different heights in 

microscope when the grid is tilted, the corresponding strips in the image are corrected individually. 

Thirdly, various projections are calculated from the initial model and then used to pick up the unit 

cells in the image. Fourthly, the Euler angles of these cells are assigned by comparison with the 

initial model. If the Euler angle distribution of the picked unit cells matches the tilt angle of the 

recorded image, these cells are stacked together for reconstruction. Otherwise, they are discarded. 

Fifthly, the reconstruction is built up from all picked unit cells passing the Euler angle distribution 

test. Sixthly, the cycle from steps 3-5 is repeated, which reduces the bias from the initial model. 

Lastly, various post-reconstruction processes are performed, such as resolution estimation and 

map sharpening. 
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Fig. 21 The assessments of reconstructed MelBec using the refined SPR procedure. (A) Euler 

angle distribution. The unit cells having similar Euler angles are grouped together and each class 

is represented by a white dot. The brighter the dot, the more unit cells in each class. The altitude 

covers 0–90° tilt angles measured from the top to the bottom. The longitude covers 0–180° 

tilt-axis angles measured from the left to the right. The horizontal line marks the nominally 

maximum tilt angle (45°) in data collection. (B) The resolution curve depicted in red. The 

resolution is chosen at the point where the FSC equals 0.5 (labeled at the cross between two blue 

lines). (C) and (D) Fitting of the MelBst map at a resolution cutoff of 13 Å (purple, surface view) 

into the map obtained by the current SPR procedure (green, mesh view). The threshold values are 

adjusted to keep a similar contouring level for both maps in (C and D). The views are 

perpendicular to the membrane plane (C) and along the membrane plane (D).  

As compared with the previously published procedure (Koeck et al., 2007), the current one was 

refined in several aspects. The improvements contained several new steps, a more accurate CTF 

determination and correction, an automatic unit cell picking, and adjustment of the refinement 

parameters. MelBec 2D crystal images were processed with the current SPR procedure. 67.8% of 

the picked unit cells have their assigned angles equal or below 45° (Fig. 21A); the resolution 

based on the 'gold standard' test (Grigorieff, 2000) is 13 Å (Fig. 21B), where the split of the entire 

data set into two halves is carried out before classification. Docking of the MelBst map (MelBst has 

a sequence identity of 85% to MelBec (Mizushima et al., 1992)) generated from the available 

atomic model (PDB: 4M64, Mol-B) suggests that MelBec in the 2D crystals adopts an open 

conformation (Figs. 21C and D).  
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Part IV Discussion and Conclusion 

 

8 Future perspectives 

Multiple types of protein are analyzed in this thesis using EM. The future work for each individual 

project is discussed. 

 

8.1 Kch 

It would be interesting to determine the 3D structure of the full-length Kch, which possesses both 

the transmembrane part and the RCK domain. Indeed, a number of tilted images of KchM40L 

have been collected and processed. However, the data did not give a reasonable reconstruction. 

The failure may be due to an uncertainty in choosing correct indexing of these images. One 

possible solution is to collect more tilted images with a smaller tilt angle increment. When images 

collected in this way are compared to the reference, the phase residual may reflect the effect of 

indexing rather than from tilting. The low tilted images (10° for instance) can be merged 

proceeding from the untitled projection structure and the resulting data can be used as a reference 

to search for correct indexing of 20° tilted images. This procedure can be iterated to include higher 

tilted images. On the other hand, choosing correct indexing and merging KchTM images are much 

more certain, since the two density zones are significantly different (Fig. 17A). Thus, it is highly 

possible to reconstruct a more accurate 3D map of KchTM when more images are included.  

Different crystallization parameters, e.g., detergent, lipid, pH, salt, additive, temperature, and 

crystallization procedure were screened. The majority of obtained 2D crystals were of the stacked 

sheets type with a few separated single sheets. Other parameters can be adjusted; one of them, 

various kinds of lipid, is of a particular interest. Apart from keeping the integrity of the K
+
 

channels (Jiang et al., 2003; Lee et al., 2005), some lipids are ligands to modulate the function of 

channels (Suh and Hille, 2008). Thus, it is worth trying a mixture of lipids in crystallization. With 

more separated single sheet type crystals, it is possible to analyze the specimen by shadowing or 

atomic force microscopy which can provide additional information of the structure of the RCK 

domain. 

The physiological function of Kch could be studied more closely in the E. coli strain (TK2420) 

which is defective in three major K
+
 ion uptake proteins: Trk/Kdp/Kup (Epstein et al., 1993). 

Considering the indiscernible phenotype of the mutant strain where the kch gene is knocked out 

(Epstein, 2003; Kuo et al., 2003b), harsh conditions (extreme pH and K
+
 concentrations in the 

culture media) may be investigated (Kuo et al., 2005; Kuo et al., 2003b).  

 

8.2 rMGST1 

Although each GSH molecule in rMGST1 adopts an extended conformation, the exact 

conformation, position, and orientation of GSH are not completely certain. The functional studies 

have shown that rMGST1 has one-third-of-the-sites-reactivity, in which three GSH molecules can 

bind to each protein trimer with their own binding affinities (Kd = 20 μM, 0.4-2.5 mM, and 2.5 

mM, respectively), but only one GSH is active (Alander et al., 2009). Since the rMGST1 crystals 

were grown at 1 mM GSH, it is possible that only one or two GSH binding sites among the three 

sites are occupied. Thus, the GSH density would be averaged out and become weaker. One 

solution is to determine the rMGST1 structure from the crystals grown at a higher GSH 

concentration. The initial result showed that the isomorphic crystals could also be obtained at 5 
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mM concentration. In future, a whole data set of rMGST1 can be collected at this concentration. 

Furthermore, the structural and functional studies of rMGST1 can serve as a model for analysis of 

other MAPEG members. MGST2 and MPGES1 own the 'one-third-of-the-sites-reactivity' 

property as well (Ahmad et al., 2013; He et al., 2011), whereas LTC4S has one active GSH in each 

monomer (Ahmad et al., 2013). Another solution is to co-crystallize with an inhibitor and/or a 

substrate. The experiment of co-crystallization with TNB, which results in a dead-end product (Fig. 

9B), can provide the information of an intermediate step in the reaction cycle as well as result in 

an easier assignment of the GSH density due to a bulk benzene ring in TNB. The initial 

experiments showed that soaking the 2D crystals into the TNB solution tended to make them 

fragile, although diffraction patterns have been collected from the intact ones. These TNB soaked 

crystals were isomorphic with the original ones, which were grown at 1 mM GSH. The in-plane 

resolution of the TNB data also extended to 3 Å. However, the data is awaiting further refinement 

and interpretation.  

 

8.3 MelBec 

Docking of the available atomic structure of MelBst into the obtained map is presented in Figs. 

21C and D. Considering the inner symmetry of the transporter (Fig. 11A) and many intermediate 

steps in the entire reaction cycle (Fig. 10), it is worth trying to test docking of the models in 

different conformations. A number of structures crystallized in various conformations (different 

states, with or without ligand) from related MFS members are available now. Thus, homology 

modeling using these structures as the templates (see also '2.4 Computational modeling') may 

improve the docking efficiency and give further information of transition between different states. 

It would also be interesting to grow 2D crystals without sugar. By combination of the apo data 

(without ligand) and the data with sugar (paper IV), it is possible to demonstrate the 

conformational change after sugar binding. The MelBec structures can be further compared with 

the LacY structures (lactose permease of E. coli, homologue to MelBec, (Yousef and Guan, 2009)) 

with (PDB: 4OAA, (Kumar et al., 2014)) and without (PDB: 2CFQ, (Mirza et al., 2006)) ligand. 

The developed SPR method can be applied to process the apo data. The reconstruction obtained 

from the sugar data in paper IV is possible to be used as the initial model for unit cell picking from 

the apo data. Low-pass filtering of the initial model may help to reduce the basis from the sugar 

data.  

 

8.4 Single particle reconstruction processing of two dimensional crystal images 

The developed SPR procedure is semi-automated; commands are typed to run the scripts in each 

step. However, these commands are not based on the choices of users. Therefore, the SPR 

procedure can be improved to be fully automated in future.   

This SPR procedure is aimed for small or locally distorted crystals. Since testing each 

crystallization condition consumes approximately 40 μl concentrated samples in a conventional 

dialysis experiment in the beaker (microdialysis uses less materials, however the result may be 

less reproducible), the total number of screened conditions is normally not very large. Thus, many 

resulting crystals are small and the resolutions of them remain around 10 Å. The 2D crystal of 

Na
+
,K

+
-ATPase from pig kidney (a primary transporter moves K

+ 
and Na

+
 ions in opposite 

directions across the plasma membrane) is such a case. The small crystals usually contain 300-500 

unit cells (0.2 μm, (Hebert et al., 2001)), thus they are suitable to be evaluated by the SPR method.  
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A potential benefit of using the SPR procedure is to include unmerged images in EC. Therefore, 

application of this method to process the KchM240L and KchTM images can avoid the indexing 

problem and the resulting reconstruction is expected to be less affected by personal judgments. 

rMGST1 is also an interesting data to be tested. Previous studies showed that rMGST1 purified 

from rat liver could crystallize in two ways: p6 and p21212 two-sided plane group symmetries 

(Schmidt-Krey et al., 1998). The 3D maps reconstructed from both crystals reached 3.5 Å (Holm 

et al., 2006). However, due to a higher symmetry and completeness in the p6 type, the structure of 

rMGST1 was determined from the p6 type crystals whereas the p21212 data was used as an 

independent control (Holm et al., 2006). On the other hand, the number of p21212 type images was 

more than the p6 type ones (Holm et al., 2006). Thus, the developed SPR method could be applied 

to the p21212 type images to validate whether it works for a near atomic resolution data or not. 

Furthermore, it is possible to distinguish the bound GSH molecules in multiple conformations 

from both data sets using the SPR method.  

 

8.5 Future of electron microscopy 

Until now, x-ray crystallography is the main method to determine a protein's structure. However, it 

still demands suitable well-ordered 3D crystals for data collection, which might be difficult. On 

the other hand, NMR has a limitation on the size of the analyzed sample. EM is a powerful tool 

suitable for a broad range of specimens which are generally easier to be prepared as compared to 

the specimens for x-ray crystallography.  

The great advantage of EM is that phase information can be extracted from an image, whereas 

additional work is required to get the phase information in x-ray crystallography. MPs are suitable 

for EC, where they are embedded in more natural lipid environments. Lipid environment plays 

critical roles at least in some proteins (Zhou and Cross, 2013). Although EC still requires 

repeating work and is a slow process as compared to the other methods, automation is expected to 

improve the speed and success of each project (Hu et al., 2010; Iacovache et al., 2010; 

Wisedchaisri et al., 2011). In cells, MPs are often assembled together to form protein complexes 

(Alberts, 1998). These super-complexes are of central importance for cellular function and they 

are ideal targets to be studied by SPR, e.g., COX2/MPGES1 (Yamagata et al., 2001) and 

BKca/voltage gated calcium channels (Berkefeld et al., 2006). On the other hand, SPR faces the 

problem of processing low signal-to-noise ratio images. However, with the development of 

modern electron microscopes, in particular the direct detectors, and processing software, 

biological samples can reach near atomic resolutions in EM now, which could be obtained only in 

x-ray crystallography in the past. Another advent is to combine fluorescence microscopy and EM 

together, which provides both the functional and structural views of the protein of interest in its 

environment (Agronskaia et al., 2008).  

 

9 Conclusion 

The structure of three MPs: Kch, rMGST1, and MelBec are studied in this thesis. For this, EC is 

mainly used. In addition, a SPR procedure is developed to process 2D crystal images. 

For the Kch project, large and well-ordered 2D crystals were grown for both the full-length 

protein (KchM240L, a functional mutant of Kch) and the channel containing only the 

transmembrane part (KchTM, lacking the RCK domain at the C-terminus). The projection 

structure of KchM240L was calculated at 6 Å resolution and 8 Å for KchTM. These two 
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projection structures resemble each other, indicating a similar crystal packing in both cases. The 

superimposing of a structurally comparable atomic model of a K
+
 channel showed that Kch 

crystallizes as two symmetry-related overlapping layers. The determined 3D map of KchTM 

showed that the crystal contacts are from the extracellular surfaces of the protein. Thus, the RCK 

domain in the intracellular side of Kch is exposed to solvent. This conclusion stands in contrast to 

previous studies which predicted that the RCK domains interact to form an octameric gating ring 

structure. The discrepancy between the current electron crystallographic and previously structural 

studies, including the x-ray crystallographic and single particle reconstruction ones, probably 

reflects the important effect of lipid environment on MPs. 

rMGST1 was over-expressed in E. coli and the 2D crystallization condition was adjusted as 

compared to the previous protocol. In contrast to the previous result, only the p6 two-sided plane 

group symmetry crystals were detected. The refined structure was determined from 225 diffraction 

patterns and calculated at 3.5 Å. The new model contains 123 out of 155 amino acid residues, two 

structured phospholipid molecules, two hydrocarbon chains, and one GSH molecule. Compared 

with the previously determined model (PDB: 2H8A), the present one extends the region at the 

C-terminal end of TM 1 and corrects the frame shifts in both TM 3 and TM 4. Two phospholipid 

molecules glue two adjacent protein trimers together. In addition, one hydrocarbon chain is 

located at the crystallographic symmetry axis and the other is between TM 1 and TM 3 on the 

cytoplasmic side. In contrast to other MAPEG members, the GSH molecules bind in an extended 

conformation at the interfaces between two subunits of the trimer. Each GSH is located in a pocket 

comprised of R38, K42, D66, and R73 from one subunit and R74, N78, Y121, Q128, N130, and 

R131 from a neighboring subunit in the trimer. The location of GSH is supported by the 

mutagenesis data in vitro.  

A refined SPR procedure for processing of 2D crystal images was developed. This method 

combines the advantage of both SPR and EC. It is aimed at processing images of MPs that form 

small or locally distorted 2D crystals. The reconstruction obtained from EC is used as the initial 

model to pick up similar unit cells based on the cross-correlation profiles. The picked unit cells in 

each image are analyzed by their respective Euler angle distributions to sort out the ones which do 

not match their expected tilt angles. The reconstruction is calculated from the newly picked unit 

cells and the resulting map serves as an initial model to repeat the entire procedure in order to 

reduce the model bias in the first run. Other improvements include a strip based CTF 

determination and correction, adjustment of the refinement parameters, and several refined 

post-reconstruction processes. The tested data, MelBec showed that a reliable reconstruction was 

obtained at 13 Å resolution (based on the 'gold standard' test). The docking of the atomic structure 

of MelB from another species into the final map indicated that MelBec adopts an open 

conformation under the present 2D crystallization condition.  

 

Part V Epilogue 
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