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Aim and outline 

Aim and outline 

This thesis describes the results of structural characterization of large proteins complexes 

by single particle electron microscopy. The main aim of this project was to determine the 

structures of multi-protein complexes and to localize subunit positions within these 

multi-protein complexes. This information provides insights to better understand 

protein-protein interaction within complexes. The obtained results describe novel multi-

protein complex structures. 

Chapter 1 - Introduction  

The first chapter gives general descriptions about the three multi-protein complexes that 

were examined. The chapter ends with a brief description concerning the main analysis 

method used for that particular research study.  

Chapter 2 - Megacomplex organization of the oxidative phosphorylation system 

by structural analysis of respiratory supercomplexes from potato 

The second chapter describes the structural characterization of stable mitochondrial 

supercomplexes which were isolated from potato tubers. A number of projection maps of 

such supercomplexes could be analysed. Some of them are likely breakdown products of a 

hypothetical complex that is organized into a string. Based on our assignment of 

individual complexes in the supercomplexes we propose a structural model for the largest 

supercomplex. The presented model of the respiratory string is a repetition of this 

proposed supercomplex and is in agreement with all projections of the identified 

supercomplexes. 

Chapter 3 - The vesicle-inducing protein 1 (Vipp1) from Synechocystis PCC 6803 

organizes into diverse higher-ordered ring structures 

The third chapter describes the subcellular localization and the oligomeric organization of 

Vipp1 from the cyanobacterium Synechocystis PCC 6803. We show, by using different 

biochemical and biophysical experiments, that Vipp1 forms stable dimers and higher-

ordered oligomers. Vipp1 is localized in the cytoplasm as well as at the cytoplasmic and 

thylakoid membrane. The higher-ordered oligomers are organized in ring structures with 

a variable diameters and molecular masses. Six different types of rings are present with an 
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unusual 12–17-fold symmetrical conformation. The simultaneous existence of multiple 

types of rings is extraordinary and suggests a special function of Vipp1.  

Chapter 4 - Vipp1 and PspA: Related but not twins 

After the initial characterization of Vipp1 from the cyanobacterium Synechocystis PCC 

6803, a comparison with its bacterial homologue Phage Shock Protein A (PspA) is 

described. Both proteins have similar secondary structures and also form large 

homooligomeric rings with high molecular masses but their ring dimensions differ 

significantly. The structural differences such as rotational symmetry are compared. 

Furthermore, we suggest a spatial structural model of the observed Vipp1 rings. 

Chapter 5 - Structural basis for CRISPR RNA-guided recognition of DNA by 

Cascade 

Chapter five describes the biochemical and biophysical characterization of a 

ribonucleoprotein complex called Cascade. This multi-protein complex is part of the 

CRISPR immune system in prokaryotes which utilizes small guide RNAs to neutralize 

invading viruses and plasmids. We present the composition, protein stoichiometry and 

low-resolution structure of Cascade and show how it recognizes double-stranded DNA 

targets. The structure of Cascade reveals an unusual seahorse-shape that undergoes 

conformational changes upon target DNA binding. A structural model is presented 

providing insight into the molecular basis of crRNA-guided target DNA recognition. 
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Chapter  1 

Preface 

In this thesis, three different topics are described. At first sight, these three topics, (i) 

respiratorial supercomplexes of mitochondria, (ii) the Vipp1 protein of cyanobacteria and 

(iii) the prokaryotic Cascade protein complex involved in immunity, share no resemblance 

at all. However, these protein complexes all have a direct or indirect relationship with 

oxygen. This similitude will be introduced in the coming paragraphs and used throughout 

the rest of the introduction. 

The oxygen soap 

In 1772 the Swedish chemist Carl Wilhelm Scheele discovered oxygen, which he called fire 

air. However, he couldn’t get his work published until the year 1777, when his book 

Chemische Abhandlung von der Luft und dem Feuer came out. Meanwhile, in 1774, a British 

clergyman called Joseph Priestley, who wasn’t familiar with the work done by Scheele, did 

a series of experiments and also discovered oxygen. He published his findings in 1774 and 

therefore he was the first one to describe oxygen, although he used the term 

dephlogisticated air. In 1778, the French chemist Antoine Laurent Lavoisier published 

General Considerations on the Nature of Acids were he claimed that he independently 

discovered oxygen. This can’t be true because Priestley visited Lavoisier in October 1774 

and they talked about the experiment how to get the dephlogisticated air. Furthermore, 

Scheele described in a letter to Lavoisier he mailed in September 1774 his discovery of a 

new unknown compound, but Lavoisier never confirmed he received this letter. Scheele’s 

contribution, however, is less than trivial, because Lavoisier gave Scheele’s fire air the 

name as we all know it today: oxygène. This is Greek for acid (oxys) and producer (genēs) 

because Lavoisier thought that it was part of all acids, which in the end was proved to be 

wrong. Actually, this description fitted better to hydrogen, but things went differently. 

English scientists were not so happy with the name oxygen, because to them Priestley was 

the first person that isolated and published about oxygen. Therefore, he should have been 

the one to give the name to the new element. However, it was already too late, the name 

was established. Especially the poem titled Oxygen written by Erasmus Darwin (the 

grandfather of Charles Darwin) and part of the popular book The Botanic Garden (1781) 

closed the door for changing the (English) name for oxygen. In the end, it was not so bad 

that the English people couldn’t change the name of oxygen because this would not have 

given justice to Scheele who was the first to discover oxygen and no one else. 
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Oxygen and Life 

Since Scheele’s discovery of oxygen (O2) scientific knowledge increased tremendously and 

nowadays we know many details about oxygen’s crucial role for life. Most organisms 

require oxygen in oxidative reactions to live. Some of them use simple diffusion for 

oxygen uptake, whereas others have internal tubes through which air can freely diffuse, or 

through which it is actively pumped around (trachea). Higher organisms have special 

organs (lungs, gills or skin) for oxygen uptake together with a highly branched 

distribution system (cardiovascular system). After uptake, the oxygen will end up in a 

special compartment of the cell called mitochondrion. Here, together with a carbon 

source, it will be stepwise converted into carbon dioxide (CO2) and water (H2O). The 

structures of protein complexes involved in this conversion of oxygen are described in 

chapter 2. Most importantly, breakdown of oxygen is coupled to storage of chemically 

fixed energy, for instance in the form of adenosine-5'-triphosphate (ATP). This type of 

energy enables most organisms to live, which means to let take place all unfavourable or 

endergonic reactions.  

However, without any recycling, the stock of oxygen and suitable carbon sources 

would deplete quickly and life, as we know it, would abruptly come to an end. Fortunately, 

nature found its way to overcome this problem in photosynthesis. Photosynthetic 

reactions take place in the membranes of microorganisms like algae and cyanobacteria, 

whereas higher organisms have a special cell compartment called the chloroplast for the 

same purpose. A structural study about a protein that is somehow involved in shaping the 

membranes within cyanobacteria and chloroplasts is described in chapters 3 and 4. The 

microorganisms and chloroplasts capture energy from light and use this energy to convert 

CO2 and H2O (produced by the mitochondria mentioned before) into carbohydrates and 

O2 and thereby complete the oxygen cycle. 

Oxygen and Death 

Everybody knows that lack of oxygen can kill you, but also high concentrations of oxygen 

are damaging. Healthy persons that, for a short period, are exposed to high 

concentrations of oxygen will suffer from disorientation, breathing problems, and vision 

changes. The long-term effects are more serious: cell damage, collision of the alveoli in the 

lungs, retinal detachment or even death.  

The last phenomenon, cell death due to exposure to high concentrations of oxygen, 

has been utilized by nature, such that humans (and all other animals) are able to kill 

invaders of their body with the use of oxygen. A white blood cell recognizes the invader as 
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harmful and ingests it within a membrane-bounded structure called phagosome. 

Activated white blood cells (or macrophages) will produce a number of antimicrobial and 

toxic molecules that can destroy the engulfed microorganism. Many of these toxic 

molecules are reactive forms of oxygen and originate from a metabolic process known as 

the respiratory burst. This process activates a phagosomal membrane protein complex, 

which reduces oxygen to superoxide (O2-), an extremely reactive oxygen intermediate that 

is very toxic for ingested microbial invaders. Since superoxide is very reactive, it produces 

a whole spectrum of other toxic compounds inside the phagosome, like hydroxyl radicals 

and hydrogen peroxide. In specific occasions, the macrophage starts to express nitric 

oxide synthetase. This enzyme catalyzes a reaction between arginine and oxygen whereby 

nitric oxide (NO) is one of the products. Nitric oxide is also very toxic and extremely 

reactive and, combined with superoxide, it can result in even more antimicrobial 

compounds (Knight, 2000; Russell, 1995). Altogether, the potentially harmful invader will 

be destroyed, partially due to the oxygen-dependent killing mechanism. However, at the 

level of invasive DNA, oxygen is less effective and other defense tricks are in demand. 

Chapter 5 describes a study on a protein complex, the Cascade protein complex, that is 

involved in killing invading DNA in prokaryotes without the use of oxygen.  

Scheele’s other discoveries 

Apart from the discovery of oxygen, Scheele can be held responsible for the fact that 

Sweden is one of the main producers of matches, because he found a way to produce large 

quantities of phosphorus. Next to that, he discovered several other elements, like barium, 

manganese, molybdenum, and tungsten. 

The last two elements are presently quite useful to enhance the contrast in biological 

electron microscopy specimens. For practical reasons they can’t be used in their pure form 

but are applied as salts, dissolved in water or buffer. These stain solutions are mixed with 

large macromolecules in a technique called negative staining. In negative staining, a thin 

layer of stain is allowed to dry in on a support film on which macromolecules have been 

absorbed. In practice, ammonium molybdate and methylamine tungstate have proven to 

give superior results of stain embedding. Together with uranyl acetate (a salt of uranium 

that was discovered by the German chemist Martin Heinrich Klaproth in 1781) they 

greatly enhance the contrast in standard samples of large protein complexes. The negative 

staining technique has been used in all studies presented in this thesis. 
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Mitochondria, respiratorial complexes and oxygen 

The main eukaryotic cell compartment for ATP production is the mitochondrion. This 

organelle has two membranes, as shown in figure 1. The outer membrane is easily 

permeable for small molecules and ions, which is facilitated by a group of integral 

membrane proteins called porins. The inner membrane is impermeable for almost all 

small molecules and ions. Transport of these compounds across this membrane is only 

possible by specific transporters. The two membranes divide the space inside the 

mitochondrion into two aqueous compartments, the inter membrane space (IMS) and the 

matrix (Figure 1). The composition of small molecules and ions of the IMS is similar to 

that of the cytoplasm due to the permeability of the outer membrane. Larger compounds 

are translocated to the IMS by specific membrane-bound proteins that recognize specific 

targeting and sorting sequences of their substrates. The same applies for proteins within 

the matrix, the aqueous compartment enclosed by the inner membrane. Protein 

translocation is an important process, because most mitochondrial proteins are encoded 

by the nuclear genome and synthesized in the cytoplasm by cytoplasmic ribosomes 

Therefore they require translocation over both the outer and the inner membrane. The 

matrix is a compartment where multiple processes take place, for instance the citric acid 

cycle and the oxidation of fatty acids and amino acids. Many highly complex proteins are 

present, like the pyruvate dehydrogenase complex with its 60 subunits (Mattevi et al., 

1992).  

As mentioned before, the inner membrane is impermeable to most small molecules 

and ions and in particular to protons. The transport of protons across the inner 

membrane into the matrix is carried out by three respiratory protein complexes (NADH 

dehydrogenase - complex I, dimeric cytochrome c reductase - complex III2, cytochrome c 

oxidase - complex IV) leading to an accumulation of  protons within the matrix. The 

resulting electrochemical proton gradient is utilized by ATP synthase (referred to as 

complex V) to synthesize ATP from ADP and Pi. Proton translocation depends on the 

transfer of electrons from NADH or FADH2, via complexes I and III and succinate 

dehydrogenase (complex II), to complex IV, where oxygen is reduced to water. Electron 

flow between the complexes is mediated by two mobile electron carriers, ubiquinone and 

cytochrome c, which are located in the inner membrane and IMS, respectively (Saraste, 

1999).  
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Figure 1. Structural features of the mitochondrion with a scheme of the respiratory chain. Typical mitochondria 
consist of an outer and inner membrane, but the size, shape and degree of convolution of the inner membrane 
varies among organisms. The space between the two membranes is called inter membrane space (IMS), whereas 
the space enveloped by the inner membrane is known as matrix. The heavily folded inner membrane provides a 
very large surface area that is many times larger than that of the outer membrane. The respiratory chain protein 
complexes are located in the inner membrane and consist of complex I (light blue), complex II (green), dimeric 
complex III (red), complex IV (yellow), and complex V (dark blue). Quinone (purple) and cytochrome c (orange) 
are two small mobile electron carriers that mediate electron flow (thick black arrows) between the complexes. 
Green arrows indicate the proton translocation direction as performed by the complexes. 

Models for the overall organisation of the oxidative phosphorylation system 

The five complexes together form the oxidative phosphorylation (OXPHOS) system. The 

overall organization of these complexes in the inner membrane has been explained by two 

models: the “fluid-state model” and the “solid-state model”. The first model, the fluid-

state model, states that the OXPHOS complexes diffuse freely in the inner membrane, 

and that random collision of the single complexes results into electron transfer. This 

model is supported by the finding that all individual OXPHOS complexes can be acquired 

as homogeneous and enzymatically active units (see reviews Hackenbrock et al., 1986; 

Lenaz et al., 2009). In contrast, the solid-state model postulates that specific OXPHOS 

complexes have stable interactions with other OXPHOS complexes, leading to the 

presence of so-called supercomplexes. This model is supported by several experimental 
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findings. First of all, these supercomplexes were resolved by native polyacrylamide gel 

techniques (Eubel et al., 2003; Schägger et al., 2000). Other support for the model was 

shown by in-gel activity measurements in native polyacrylamide gels (Eubel et al., 2004; 

Schägger et al., 2000). Furthermore, electron microscopy studies revealed defined 

interactions of OXHPOS complexes within the OXPHOS supercomplexes (Bultema et al., 

2009; Dudkina et al., 2005a; Dudkina et al., 2005b; Eubel et al., 2004; Heinemeyer et al., 

2007; Minauro-Sanmiguel et al., 2005; Schäfer et al., 2006; Schägger et al., 2000). In 

addition, flux control experiments confirmed that the respiratory chain operates as one 

functional unit (Bianchi et al., 2004; Boumans et al., 1998). The stability of one OXPHOS 

complex can be affected by one single point mutation introduced in genes encoding 

another complex. For example, it was shown in mouse and human cell cultures that 

complex I was only stable in the presence of mutant-free complex III. One single point 

mutation in complex III affected the stability of complex I unfavourably (Acín-Pérez et al., 

2004). In a similar way, complex IV was shown to be essential for assembly or stability of 

complex I in mouse fibroblasts (Diaz et al., 2006). Further support was obtained from 

oxygen uptake assays with isolated potato mitochondria, which correlated the oxygen 

uptake with the abundance of supercomplexes (Eubel et al., 2004). Also the need for 

cardiolipin for the formation of some OXPHOS supercomplexes (Pfeiffer et al., 2003; 

Zhang et al., 2002) is in favour of the solid-state model. 

The focus in chapter 2 is mainly one the structure of respiration complexes and 

supercomplexes. Therefore, a more detailed description of these large protein complexes 

will follow in the section below. 

Respiratorial supercomplexes 

Besides the fact that three of the four OXPHOS complexes can associate into specific 

supercomplexes composed of 1-2 copies of two different complexes, three OXPHOS 

complexes (I, III and IV) can also form the so called respirasome (I + III2 + V1-2). This 

supercomplex can autonomously carry out respiration in the presence of ubiquinone and 

cytochrome c. Interestingly, a recent publication on the mouse OXPHOS system reported 

that by native PAGE techniques a supercomplex containing also complex II was detected 

(Acín-Pérez et al., 2008). It is also believed that respiratory supercomplexes co-exist in the 

inner membrane with single OXPHOS complexes.  

Complex I can form a stable association with the complex III dimer of the respiratory 

chain (Eubel et al., 2003; Schägger et al., 2000) and its structure has been studied by 

electron microscopy and single particle image analysis. This technique will be briefly 
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discussed in more detail below. In top-view projection maps, the membrane arm of 

complex I has a slightly curved shape. The dimeric complex III associates to the inside, at 

the tip of the curved membrane part of complex I in Arabidopsis (Dudkina et al., 2005a), 

Zea mays (Peters et al., 2008) and potato (Bultema et al., 2009). The top-view projection 

maps of this supercomplex in plants are rather similar. The bovine I + III2 supercomplex 

shows a similar association between complexes I and III2 (Dudkina et al., 2010a). From 

this we suggest that the interaction between the two complexes is conserved among many 

organisms. 

A second supercomplex, comprising complex III2 and one to four copies of complex 

IV, has been described for potato (Eubel et al., 2004), spinach (Krause et al., 2005), 

Asparagus (Dudkina et al., 2006a) and beef (Schägger et al., 2000). Association of these two 

complexes within the inner mitochondrial membrane depends on the presence of 

cardiolipin (Pfeiffer et al., 2003; Zhang et al., 2002). The first detailed projection maps of 

the mitochondrial III2 + IV1–2 supercomplex were obtained for Saccharomyces cerevisiae 

(Heinemeyer et al., 2007). This result was possible because of the high stability of this 

supercomplex in yeast. Moreover, this organism lacks complex I, which can associate to 

complex III as described before, leaving complex IV as the only association partner for 

complex III. Supercomplex particles were imaged under different angles, because they 

have different orientations on the support films of the EM specimens. This made it 

possible to closely compare them with high-resolution 3D data from X-ray diffraction 

studies and to generate a hybrid pseudo-atomic 3D model. The model shows that two 

monomeric copies of complex IV are attached at opposing sides of dimeric complex III 

with their convex sides facing the complex III2. This is in contrast with the side involved 

in the formation of complex IV dimers as described by X-ray crystallography.  

The above mentioned largest OXPHOS supercomplex termed respirasome consists of 

complex I, dimeric complex III and complex IV (Schägger et al., 2000). It appears that in 

the respirasome Complex III2 attaches to complex I in a similar way as described for the I + 

III2 supercomplex (Dudkina et al., 2010a). Because the supercomplex I + III2 moiety is 

easily recognizable within the respirasome structure, comparison of the two projection 

maps reveals a small density at the tip of complex I and next to the complex III2 as a 

specific difference. This density could represent a complex IV monomer. The rotational 

orientation of complex IV could not be determined yet and requires further investigation 

(Dudkina et al., 2010a). Determination of the handedness of complex I + III2 and the 

respirasome from the projection maps was quite difficult from the 2D maps only. 

However, the 3D model of complex I (Radermacher et al., 2006) and the 2D cryo-EM 

projection map of the membrane arm of complex I (Baranova et al., 2007) both show a 
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curved shape for the membrane arm of complex I. This curved feature can be used as a 

motif for determining the handedness. This indicates that the first model for the 

structure of the I+III2 supercomplex from Arabidopsis (Dudkina et al., 2005a) had the 

wrong handedness. It should be mentioned though, that the curved feature of the 

membrane arm of complex I was not available at that time. Probably for the same reason, 

the 3D model proposed for the bovine respirasome (Schäfer et al., 2007) was not assigned 

correctly. Examination of this 3D model viewed from the IMS clearly shows the typical 

curvature of the membrane part of complex I (Dudkina et al., 2010a).  

Higher organization of respiratory supercomplexes 

In few cases it appears that supercomplexes are further organized into larger structures 

called strings. The clearest example is the ATP synthase complex (complex V), which 

assembles into long oligomeric chains (Allen et al., 1989; Dudkina et al., 2005b; Krause et 

al., 2005; Strauss et al., 2008). Recently, a BN-PAGE study showed an odd and even 

number of associated mammalian ATP synthases within one fragment (Krause et al., 

2005), while another study revealed only ATP synthase fragments with an even number of 

ATP synthase complexes (Wittig et al., 2008). The latter was also shown for osmotically 

shocked mitochondria from Polytomella (Dudkina et al., 2006b), which suggests that 

higher organisation of ATP synthases is a consequence of multimerization of  dimers. To 

date, 2D maps of dimeric ATP synthase are available for bovine (Minauro-Sanmiguel et al., 

2005), the colorless green alga Polytomella (Dudkina et al., 2005b), S. cerevisiae (Dudkina 

et al., 2006b) and potato (Bultema et al., 2009), all obtained by single-particle electron 

microscopy. In all organisms two monomers associate via the membrane Fo parts and 

make an angle, which can be fixed or variable between 35° and 90°, depending on the 

organism.  

Recently cryo-electron tomography (cryo-ET) studies with fragmented bovine and rat 

mitochondria demonstrated long rows of dimers located at locally curved cristae 

membranes (Strauss et al., 2008). Averaging revealed larger angles between monomers 

than reported for isolated bovine dimeric ATP synthase (Minauro-Sanmiguel et al., 2005). 

In another study, dimeric ATP synthase was studied in intact Polytomella mitochondria 

embedded in amorphous ice. Cryo-ET experiments showed the presence of oligomeric 

rows of ATP synthases in mitochondrial cristae (Dudkina et al., 2010b). Details of the 

rows were obtained at a resolution of 5.7 nm by averaging sub-volumes of tomograms; 

this shows that the oligomeric chain is composed of repeating dimeric units with a spacing 

of 12 nm. The monomers make contact via the membrane part and the peripheral stalk 
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and individual dimers resemble very well the projection maps of isolated dimers in 

negative stain (Dudkina et al., 2005b) and amorphous ice (Dudkina et al., 2010b). So far, 

the tomography data convincingly shows the oligomeric state of the ATP synthase 

complex, but due to the limited resolution interactions between individual subunits could 

not be revealed yet. 

Besides the oligomeric chains of the ATP synthase complex there appears to be 

another example for the higher level of OXPHOS organization. A row-like organization of 

OXPHOS complexes I, III and IV into respiratory strings has been proposed, based on 

biochemical evidence. It was suggested that respirasomes are interconnected with III2 + 

IV4 supercomplexes (Wittig et al., 2006). It appears that such transient strings cannot be 

purified after detergent solubilization, which limits structural studies. However, one can 

study all its possible breakdown products that result from detergent solubilization. This 

was done for potato mitochondria where the breakdown products were analyzed with 

transmission electron microscopy and an extensive analysis of a large heterogeneous 

single particle dataset (Bultema et al., 2009).  This resulted in projection maps for at least 

five different supercomplexes, including I + III2, III2 + IV1, V2, I + III2 + IV1 and I2 + III2 

supercomplexes in different positions. Based on assignment of the individual complexes 

within the supercomplexes combined with the different views of these supercomplexes, 

the structure for the largest unit, the I2 + III2 + IV2 supercomplex, was proposed. This 

allowed us, in combination with early electron microscopic observations (Allen et al., 

1989), to propose a consistent model of the respiratory string for potato mitochondria, 

which is composed of repeating I2 + III2 + IV2 units (Bultema et al., 2009). This model 

modifies and extends the hypothetical scheme presented before (Wittig et al., 2006). 
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Cyanobacteria 

In contrast to other photosynthetic bacteria, cyanobacteria perform oxygenic 

photosynthesis and, together with diatoms and green plants, they are the main producers 

of oxygen on Earth. Since some of the experiments described in this thesis were carried 

out with cyanobacteria, we will first describe some important aspects of the organisms. 

Ancient microorganisms  

Scheele discovered oxygen just over two centuries ago but free oxygen had already been 

present present on the earth for billions of years. The minimum time for the existence of 

free oxygen, based on geochemical research, is 2.3 billion years (Bekker et al., 2004). Since 

cyanobacteria are kept responsible for the generation of free oxygen, they should have 

been present at that time or even longer. And indeed, the study of a 3.4 billion year old 

sedimentary formation called “Buck Reef Chert”, which is located in South Africa, revealed 

that it was shaped by photosynthesizing organisms that were able to perform carbon 

fixation (Tice et al., 2006). This suggests that these photosynthesizing organisms, or 

cyanobacteria, are at least 3.4 billion years old and that they developed somewhere 

between 3.4 billion to 2.3 billion years ago a system capable of oxygenic photosynthesis 

(Allen et al., 2007). Although the time range for the origin of photosynthetic 

cyanobacteria and free oxygen is rather large, one can conclude that cyanobacteria are one 

of the oldest groups of species that are still living today.  

Morphology  

Apart from being very old, cyanobacteria are rather small and usually unicellular. 

However, some species also grow in colonies, which can be filamentous to branched in 

form. In some filamentous colonies, cells show the ability to differentiate into several 

different types. Examples are (i) the normal, vegetative cells that form under favourable 

growth conditions, (ii) the akinetes that are resting cells resistant to harsh climatological 

conditions and, (iii) heterocysts that are specialized nitrogen-fixing cells formed during 

nitrogen starvation. Furthermore, cyanobacteria are widespread and found in a diverse 

range of environments, including soil, seawater and freshwater habitats.  
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Photosysthesis and the origin of chloroplast 

Within the prokaryotic domain there are four main groups (phyla) of bacteria that contain 

species performing photosynthesis: (1) Proteobacteria, also known as purple bacteria, (2) 

Chloroflexi, which were formerly known as green non-sulfur bacteria, (3) Chlorobi, the 

green sulphur bacteria, and last but not least (4) Cyanophyta, which are more commonly 

known as cyanobacteria (see Bryant et al., 2006 for an overview of prokaryotic 

photosynthesis).  

As said, all four mentioned phyla are able to utilize phototrophic processes where 

light energy is captured and stored chemically as ATP. However, there is one important 

feature that sets the Cyanophyta members apart from the other three phyla: 

cyanobacteria perform oxygenic photosynthesis whereas the other prokaryotes carry out 

anoxygenic photosynthesis. In other words, cyanobacteria split water and produce oxygen 

as a kind of “waste” (2H2O  4H+ + O2 + 4e-), whereas the members of the remaining 

three phyla split other molecules like H2S to transform light energy into chemical energy. 

One trivial name for cyanobacteria is "blue-green algae" since they are photosynthetic 

and mostly aquatic. This name is convenient for talking about organisms in water that 

make their own food, but it does not reflect any taxonomic relationship between the 

cyanobacteria and the real algae. Cyanobacteria are prokaryotes, not eukaryotes, and it is 

only the chloroplast in eukaryotic algae and plants to which the cyanobacteria are related. 

Besides being the first producers of free oxygen, there is another great contribution of the 

cyanobacteria, which is the origin of plants. The chloroplast within plants can be seen as a 

modified cyanobacterium living within the plant's cells. Sometime between 0.54 and 1.0 

billion years ago certain eukaryotic cells engulfed cyanobacteria, which make food for the 

eukaryote host, in return for a home. This event is known as endosymbiosis, and is also 

the origin of the eukaryotic mitochondrion. 

Membrane Systems in Cyanobacteria 

Cyanobacteria have a cell wall similar to Gram-negative bacteria, which comprises a 

plasma membrane, a peptidoglycan layer, and an outer membrane. What sets 

cyanobacteria apart from other prokaryotes is an internal membrane system, which is 

present in virtually all cyanobacteria. This internal membrane system, the so-called 

thylakoid membrane, separates the cytoplasm from the lumen and contains both 

photosynthetic and respiratory electron transport chains. These electron transport chains 

partly utilize the same components in the membrane. The respiratory electron transport 

chain proteins are also located in the cytoplasmic membrane, which separates the 

 16 



Introduction 

cytoplasm from the periplasm. However, there are no photosynthetic complexes in the 

cytoplasmic membrane and therefore, in most cyanobacteria, photosynthetic electron 

transport occurs solely in thylakoid membranes, whereas respiratory electron flow takes 

place in both the thylakoid and cytoplasmic membrane systems. 

A long-standing controversy concerning the cellular ultrastructure of cyanobacteria 

has been whether the thylakoid membranes exist inside the cell as separate 

compartments, or whether they have physical continuity with the cytoplasmic membrane. 

Several recent structural studies suggest that thylakoids are separated membrane entities 

in cyanobacteria (Liberton et al., 2006; Nevo et al., 2007; Schneider et al., 2007; van de 

Meene et al., 2006). Possibly, both options, separated membranes or a continuation of the 

cytoplasmic membrane, could co-exist within cyanobacteria but more research has to be 

done to end this long-standing controversy. The formation of thylakoid membranes 

inside chloroplasts is better understood: vesicles that originate from the chloroplast inner 

membrane are transformed into a completely separated membrane system within the 

chloroplasts (Vothknecht et al., 2001). 

Vipp1 and the biogenesis of thylakoid membranes 

The biogenesis of thylakoid membranes requires many cellular processes that all have to 

be organized in a chronologically aligned and controlled way. For many years the genes 

and proteins that are specifically involved in formation and biogenesis of the thylakoid 

membranes remained elusive. This changed in 2001 when a protein was found that was 

important for thylakoid membrane biogenesis in plant chloroplasts and cyanobacteria 

(Kroll et al., 2001; Westphal et al., 2001). Upon deletion of the open reading frame hcf155 

in Arabidopsis thaliana, the complete absence of thylakoid membranes was observed. This 

indicated that the encoded protein is involved in thylakoid membrane biogenesis. 

Furthermore, it was suggested that the protein might be involved in vesicle trafficking 

between the inner envelope and thylakoid membranes of chloroplasts (Kroll et al., 2001). 

Consequently, the protein was named vesicle-inducing protein in plastids 1 (Vipp1). 

Depletion of Vipp1 in the cyanobacterium Synechocystis PCC 6803 strongly affected the 

ability of cyanobacterial cells to form thylakoid membranes (Westphal et al., 2001) and, 

consequently, also in cyanobacteria Vipp1 appears to be involved in thylakoid membrane 

formation. Depletion of Vipp1 in both Arabidopsis and Synechocystis PCC 6803 affected 

photosynthetic capability. The photosynthetic dysfunction in Arabidopsis is probably 

caused by dysfunction of the entire photosynthetic electron transfer chain (Aseeva et al., 
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2007) and Synechocystis PCC 6803 showed a significant reduction of active photosystem 1 

proteins (Fuhrmann et al., 2009).  

Vipp1 shows a high degree of sequence similarity to the phage shock protein A 

(PspA), a protein that stabilizes the cytoplasmic membrane under stress conditions, from 

Escherichia coli and other eubacteria, and Vipp1 can functionally replace PspA in E. coli 

(DeLisa et al., 2004). The low-resolution structure of the E. coli PspA has been resolved by 

electron microscopy (EM) and single-particle analysis (Hankamer et al., 2004). The 

homooligomeric PspA organizes into a ring structure with ninefold rotational symmetry 

and a molecular mass of ~1 MDa. Formation of ring structures has also been suggested for 

Vipp1 from A. thaliana (Aseeva et al., 2004). However, the oligomeric organization and 

structure of both PspA and Vipp1 has been challenged recently. Vipp1 from the green alga 

Chlamydomonas reinhardtii forms very long rod-like structures in vitro (Liu et al., 2007), 

which, according to authors, might function as tracks for the transport of proteins and/or 

lipids that are required for the biogenesis of thylakoid membranes. Another possible role 

for these rod-like structures might represent an inert storage form, from which Vipp1 

subunits may be rapidly recruited when they are required (Liu et al., 2007). Furthermore, 

it has been suggested that PspA from E. coli forms cage-like structures that mimic 

eukaryotic clathrin coats (Standar et al., 2008), rather than ring structures. These 

contradicting structural data make further studies relevant. 

Cyanobacteria: biofuel of the future? 

The need for energy is increasing ever since the industrial revolution and it seems that the 

energy consumption will increase to higher levels year by year. Especially the fast-growing 

developing economies of Brazil, Russia, India, and China (also known as the “BRIC 

countries”) demand more energy with the increase of the standard of living for their 

inhabitants, which is about 40 percent of the world's population (~6.8 billion people at 

the 1st of January 2010, estimated by the United States Census Bureau). This will further 

increase depletion of the fossil fuel sources and once depleted other sources should 

provide for our energy. Beside renewable energy (such as sunlight, wind, rain, tidal energy 

and geothermal heat) biofuels obtained from waste plant/organic material could become 

very important. 

There are three generations of biofuels. The first-generation biofuels are produced 

with conventional methods from feedstock like wheat or sugarcane. However, there has 

been a lot of criticism about this way of producing biofuels since it leads to food shortages 

and price rises. Second-generation biofuels are produced from non-food crops (you can 
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think of grass) that require development of elaborated technologies that, for instance, 

mimic the enzymatic digestive processes as observed in ruminants. The third generation 

comprises a number of different biofuels (bio-diesel, bio-gas and bio-hydrogen), which are 

produced by microorganisms such as algae and cyanobacteria. 

Advantages and disadvantages of biofuels 

Biofuel production using microorganisms offers several advantages. First, (i) the 

efficiency of biomass production per hectare by autotrophic microorganisms (e.g. algae 

and cyanobacteria) is estimated to reach 5– 30 times that of crop plants (Sheehan et al., 

1998), (ii) the cultivation of the microorganisms consumes less water than land plants 

and with the use of marine algae and cyanobacteria usage of freshwater can be completely 

eliminated, (iii) bioreactors can be located on nonarable land eliminating competition 

with food production. However, there are also some disadvantages of biofuel production 

by microorganisms. The concentration of cells within a culture has to be relative low due 

to the limit of light penetration. This problem can be solved by increasing the surface 

between cultures and light source in combination with stirring or mixing of these 

cultures. Such kind of improvements of the bioreactors increases the operational costs. 

Moreover, the care required for these cultures is more intense than that for growing 

conventional crops for producing biomass (Li et al., 2008). 

Bio-fuels 

Algae and cyanobacteria require light, carbon dioxide, water and inorganic nutrients 

(mainly nitrates, phosphates, sulphates, iron and some trace elements) to produce lipids, 

proteins and carbohydrates that enable them to grow, or regarding this topic, to create 

new biomass. Some microorganisms can accumulate lipids to a significant portion of their 

biomass. Solvent extraction of these lipid-rich microorganisms results in an oily mixture, 

which can be converted to bio-diesel with existing methods (Chisti, 2007). The protein- 

and carbohydrate-rich residue of the biomass that remains after extraction can be 

anaerobically processed by fermentative bacteria producing, depending on the chosen 

conditions and bacteria, bio-gas (Lantz et al., 2007) or bio-hydrogen (Rupprecht et al., 

2006). An advantage of bio-diesel is that its combustion properties are similar to those of 

diesel (Marchetti et al., 2007) and added to diesel they fit with today’s engine technologies 

and distribution infrastructures (Posten et al., 2009). Bio-diesel was originally produced 

from animal fats and plant oils, which competed with food production.  However, the 

cyanobacterial way of bio-diesel production does not compete with food production. 
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Moreover, the residual waste can be fermented to generate energy that is required for the 

production of and processing of biomass. Furthermore, the CO2 generated from 

combustion of bio-gas or -hydrogen can be recycled directly for the production of biomass. 

Thus, in an ideal situation, bio-diesel can be produced in a carbon-neutral way, since all 

the power needed for producing and processing the algae could potentially come from bio-

diesel itself and from bio-gas produced by anaerobic digestion of the biomass residue (Li 

et al., 2008). 

Bio-hydrogen can also be produced by most cyanobacteria and algae without the 

processes described above. At anaerobic conditions, hydrogenases get activated and 

reduce protons to hydrogen (extensively reviewed by Rupprecht et al., 2006). This way of 

bio-hydrogen production by cyanobacteria  requires more sophisticated and closed 

bioreactors (Li et al., 2008). Such systems have the advantage that it is easier to prevent 

infections, to maintain the optimal parameters for cultivation and to reach maximal 

exposure to light (Hankamer et al., 2007). At present, almost all hydrogen is produced 

from non-renewable resources as natural gas by steam reformation, petroleum refining, 

coal gasification and nuclear powered water electrolysis. The production of hydrogen by 

microorganisms is a clean and sustainable way of generating this promising fuel for the 

future (Hankamer et al., 2007). However, whether this fuel will be used to power cars 

equipped with fuel cells, is still the question. The setting up of a large distribution 

infrastructure requires big investments. However, hydrogen can also be used in a power 

plant to generate electricity and for this the infrastructure is already present. Moreover, 

this way of electricity production doesn’t emit CO2, which is another advantage compared 

to fossil fuels. 

 Engineering cyanobacteria 

Apart from improving and optimizing the closed bioreactors for cultivation of 

cyanobacteria, the cyanobacteria themselves can also be altered to produce, for instance, 

more hydrogen. Fortunately, the genomes of many cyanobacteria are known and freely 

accessible (http://genome.kazusa.or.jp/cyanobase), which makes it possible for scientists 

to tune cellular processes such that in the end the cyanobacteria are easier to cultivate or 

produce more specific biomolecules (lipids, carbohydrates, etc.) or hydrogen. A few 

examples will be discussed here. 

Recently, researchers used several recombinant strategies to make a cyanobacterium 

lyse at the appropriate time. The nickel inducible lysis system that they took from 

bacteriophages and incorporated into the genome of Synechocystis PCC 6803 proved to be 
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functional and controllable. This inducible cyanobacterial lysing system eliminates the 

need for mechanical or chemical cell breakage and thereby lowers the amount of energy 

needed to process the cyanobacterial biomass (Liu et al., 2009). Another study showed 

that, upon deletion of an assembly gene for a specific hydrogenase, the light-driven H2 

production was increased five times (Cournac et al., 2004). In the case of depleting Vipp1 

in the cyanobacterium Synechocystis PCC 6803, research showed that the thylakoid 

membrane system was lost (see above; Westphal et al., 2001). Moreover, it could well be 

that Vipp1 is involved in certain biochemical pathways. All this information could be used 

to enhance the amount of correctly formed thylakoid membranes and thereby increase 

the efficiency of solar energy conversion. Thus, (genetic) engineering of microorganisms 

holds considerable promise for the future (Rupprecht et al., 2006). 
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CRISPR/Cas: killing without oxygen 

The ongoing war between bacteria and bacteriophages (viruses that infect bacteria) is one 

that will never end. As a response to viral attack, prokaryotes have developed several 

defense systems against bacteriophages during millions of years. Generally, these systems 

interfere with specific stages of bacteriophage infection such as the adsorption step to the 

membrane, or RNA/DNA injection. On the other hand, bacteriophages found their own 

way to be smarter than the bacteria. Altogether, both bacteria and bacteriophages are 

progressively altering their systems to be one step ahead of the other. Here we describe 

the recently discovered adaptive microbial immune system named CRISPR/Cas. The 

acronym CRISPR was introduced in 2002 by Jansen and colleagues when they found a 

novel family of repetitive DNA sequences (Jansen et al., 2002). These Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) have now been identified in most of the 

archaeal and bacterial genomes, with an abundance of ~90% and ~40 %, respectively 

(Jansen et al., 2002; Sorek et al., 2008; van der Oost et al., 2009).  

Mechanism of CRISPR immunity 

In order to explain the mechanism of the CRISPR/Cas system it is useful to know the 

general structural characteristics of a CRISPR/Cas locus. A typical CRISPR/Cas locus, as 

shown in figure 2, starts with several conserved CRISPR-associated (cas) genes followed by 

a leader sequence. The CRISPRs are located behind the leader sequence and consist of 

spacer-repeat sequences. 

 

Figure 2. A general representation of the CRISPR/Cas locus as found in prokaryotes. Three different segments 
can be distinguished. First, the Cas (CRISPR-associated) genes, which interact in some way with RNA and DNA. 
Second, the leader sequence that might play a role during incorporation of new spacers and possibly can act as a 
promoter region for transcription of the last part, the CRISPR-units. Each CRIPSR-unit consists of a repeat 
sequence and a spacer sequence. 

The mechanism of the CRIPSR/Cas system (CASS) is not yet fully understood. 

However, thanks to ongoing research programs that question specific parts of the 

mechanism, a hypothesis on the general course of action of CASS has been developed. As 

reviewed (Horvath et al., 2010; Karginov et al., 2010; van der Oost et al., 2009), three 

particular phases of the mechanism can be distinguished (figure 3): (i) CRISPR 

immunization, in which foreign genetic elements are recognized by certain Cas proteins, 
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processed and integrated into the bacterial chromosome as a new repeat-spacer unit at 

the leader end of the chromosomal CRISPR locus.  This provides prokaryotes and archaea 

immunity against future attacks by bacteriophages with identical genetic elements, 

 

Figure 3. Overview of three distinct phases of the CRISPR/Cas defense system. First, new spacers from injected 
exogenous dsDNA are recognized by Cas proteins and intergrated at the leader end of the CRISPR locus. Second, 
the CRIPSR locus is transcribed into pre-cdRNA, which is processed by Cascade into mature crRNAs. During the 
third phase Cascade uses the bound crRNA as a guide to search for complementary exogenous dsDNA. If there is 
a match, Cascade and Cas proteins will degrade the exogenous dsDNA preventing proliferation of 
bacteriophages. Figure adapted from (Karginov et al., 2010). 
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(ii) CRISPR expression, in which an RNA polymerase binds at a promoter region, which is 

presumably located in the leader sequence and which transcribes the CRISPR locus into a 

long single stranded (ss) RNA sequence called pre-crRNA, which in turn is followed by 

binding to a protein complex called Cascade (CRISPR-associated complex for antiviral 

defense). This complex processes the pre-crRNAs into smaller RNA sequences consisting 

of a spacer flanked at both sides by half repeats, also known as crRNAs. (3) These crRNAs 

act as guide sequences for CRISPR interference whereby complementary foreign genetic 

elements are blocked such that phage replication isn’t successful. 

The Cas Protein families 

Studies that analyzed the composition of CRISPR/Cas loci and classified the cas genes 

showed that at least four Cas proteins (i.e. Cas1-4) from different families are present in 

all CRISPR/Cas loci (Haft et al., 2005; Jansen et al., 2002; Makarova et al., 2006). Two 

other Cas proteins (Cas5 & 6), also from different families, are present in most 

CRISPR/Cas loci (Haft et al., 2005; Makarova et al., 2006). This section describes some 

details known about Cas protein families Cas1, Cas2, Cas3 and Cas6. At present, almost 

no information is available on the Cas4 and Cas5 families leaving those two unmentioned. 

It was suggested that Cas1 could act as a nuclease/intergrase, which might be 

involved in processing and incorporating new spacers into CRISPR loci (Makarova et al., 

2006). Recently, the crystal structure of Cas1 from P. aeruginosa was solved (Wiedenheft 

et al., 2009). Biochemical characterization showed that Cas1 is a metal-dependent DNA-

specific endonuclease that cuts double-stranded (ds) DNA fragments into ~80 bp. Since 

the lengths of these fragments are larger compared to the integrated spacer length (32 

nucleotides (nt) for P. aeruginosa), the authors expect that Cas1 recognizes or interacts 

with additional protein(s), nucleic acid(s), and/or nucleic acid modifications (Wiedenheft 

et al., 2009).  

Cas2 proteins are small (less than 100 amino acids) and it was suggested that they 

have nuclease activity (Makarova et al., 2006). The crystal structure of Cas2 from 

Sulfolobus solfataricus revealed a ferredoxin-like fold (βαββαβ) (Beloglazova et al., 2008). A 

study investigating the function of Cas2 proteins obtained from different organisms 

showed that they are specific for single-stranded (ss) RNA substrates, preferentially with 

an uracil-rich region and only in the presence of a metal ion (Beloglazova et al., 2008). 

Because the examined Cas2 proteins didn’t show nuclease activity against ssDNA or 

dsDNA (Beloglazova et al., 2008), it is likely that they are not involved in the first phase 

(immunization) of the CRISPR/Cas defense system. 
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Cas3 proteins are big (>100 kDa) and contain a predicted helicase domain together 

with a small N-terminal HD-domain (Jansen et al., 2002; Makarova et al., 2006). Enzymes 

with such a HD-domain are either known or are predicted to possess phosphohydrolase 

activity. They occur in bacteria, archaea and eukaryotes and it has been suggested that 

they can be involved in nucleic acid metabolism, signal transduction and possibly other 

functions (Aravind et al., 1998). Biochemical characterization of the CASS from E. coli K12 

showed that Cas3 is required to protect the cell against phage infection (Brouns et al., 

2008). 

A biochemical and structural study of Cas6 from P. furiosus showed that this protein 

cuts long pre-crRNA transcripts into small units at one distinct position of a repeat 

sequence. All resulting RNA fragments are equal in length and each fragment consists of 

one spacer sequence flanked by a short repeat sequence at the 5′ end and a long 3′ end 

repeat sequence. Processing of this intermediate RNA fragment into crRNA involves 

another (Cas) protein which shortens the 3′ end (Carte et al., 2008; Hale et al., 2009) 

leading to mature prokaryotic silencing RNAs (psiRNA) with two discrete sets of 

nucleotide lengths (Hale et al., 2008). The structure of Cas6 revealed a duplicated 

ferredoxin-like fold similar to that of Cas2 (Carte et al., 2008). 

Although not much information about the activity of the different Cas protein 

families is available, it is clear that the mechanism as depicted in figure 3 gives an overall 

overview. Each phase itself requires presumably several biochemical steps that will be 

executed by several Cas proteins.  

The leader sequence 

Leader sequences are AT-rich, vary in length from 20 to 564 basepairs, are non-coding and 

resemble low structural complexity (Hale et al., 2008; Horvath et al., 2009; Jansen et al., 

2002; Lillestøl et al., 2006). Although the leader sequences are not conserved in the 

different species, they can show homology in case several of them are present on the same 

chromosome (Sorek et al., 2008). A study analyzing the leader sequences of lactic bacteria 

showed that no sequence conservation was observed between identified CRISPR repeat 

families (Horvath et al., 2009). The leader sequence is believed to act as a promoter region 

for the transcription of repeat-spacer units (Jansen et al., 2002; Lillestøl et al., 2006). 

Furthermore, new repeat-spacer units are almost always added between the leader and 

the previous repeat-spacer unit indicating that the leader may have a function during the 

acquisition of new spacers (Barrangou et al., 2007; Mojica et al., 2009; Pourcel et al., 

2005). Thus, the leader sequences facilitate binding of certain Cas proteins that are 
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involved in repeat-spacer unit transcription and/or the incorporation of new spacers at 

the leader end of the chromosomal CRISPR locus. 

The repeat and spacer sequences  

A typical repeat sequence can be defined as the most frequently occurring sequence within 

a CRISPR locus. Normally, the repeats within one CRISPR locus are identical but variation 

among them may occur due to single nucleotide polymorphisms (Horvath et al., 2008). 

Normally, the length of the repeats varies between 21 to 47 bp (Godde et al., 2006; Grissa 

et al., 2007; Horvath et al., 2010). Each repeat contains a short palindrome of 5 to 7 bp 

that can form a RNA stem-loop secondary structure (Kunin et al., 2007). Beside this 

structural characteristic, many repeats have a conserved GAAA(C/G) 3′ end which might 

serve as a recognition site for Cas-proteins (Kunin et al., 2007; Sorek et al., 2008). A 

typical spacer is flanked by two repeats and its sequence varies from 20 up to 72 bp 

(Grissa et al., 2007; Horvath et al., 2010). In contrast with the sequence homology of the 

repeats, the spacer sequences are very different and share no homology whatsoever. 

Studies investigating sequence similarities between CRISPR spacers and 

extrachromosomal elements showed that the spacers match to phage, prophage, plasmid 

or chromosomal sequences (Barrangou et al., 2007; Bolotin et al., 2005; Horvath et al., 

2008; Horvath et al., 2009; Mojica et al., 2005; Sorek et al., 2008). Spacers and repeats 

together form a unit and once processed and bound by Cascade, the ss-crRNA (sequence 

composition: half repeat - spacer - half repeat) acts as a guide sequence for CRISPR 

interference, whereby complementary foreign genetic elements are blocked such that 

phage replication isn’t successful. 

The CRISPR/Cas system of E. coli K12  

The CRISPR/Cas system from Escherichia coli K12 consists of eight cas genes that all are 

located at the 5′ end of the CRISPR locus. The eight genes are cas3, casABCDE, cas1 and 

cas2. Brouns et al. demonstrated that different Cas proteins form a stable complex, which 

consists of CasA, CasB, CasC, CasD and CasE with one small single-stranded CRISPR-RNA 

(crRNA) fragment of 61 nucleotides (nt) bound. The complex was denoted as Cascade, 

CRISPR-associated complex for antiviral defense. The stoichiometry of the proteins 

within Cascade (determined by native mass spectrometry, chapter 5 of this thesis) was 

shown to be 1:2:6:1:1 (for A:B:C:D:E). 

Binding studies showed that Cascade is guided by the crRNA to dsDNA sequences 

without the need for supplementary co-factors co-factors such as ATP. In addition to 
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sequence-specific DNA recognition, Cascade also interacts non-specifically with DNA. 

Cascade thus appears to interact with DNA in two different modes, non-specific and 

sequence-specific. It was suggested that the non-specific affinity of Cascade for DNA 

enables Cascade to associate fast enough with incoming foreign DNA to neutralize a 

rapidly proliferating phage or conjugative plasmid in a cell (Chapter 5, this thesis). Results 

from other studies also suggest that crRNAs directly target invader DNA (Brouns et al., 

2008; Marraffini et al., 2008) indicating that the primary target of Cascade for interaction 

is dsDNA (Chapter 5, this thesis). 

 

Figure 4. Schematic overview of cas genes from E. coli K12 and T. thermophilus HB8. Genes are drawn as block 
arrows (not to scale).  The E. coli K12 primary gene names are given above the block arrows, those for T. 
thermophilus HB8 directly below each block arrow. The Cas protein family nomenclature is as described in 
(Brouns et al., 2008; Haft et al., 2005; Houwing et al., 2007). The PDB entry of published protein structures is 
given below the corresponding T. thermophilus HB8 genes. The proteins that are part of Cascade as found in E. 
coli K12 are coloured purple (CasA), blue (CasB), green (CasC), orange (CasD) and yellow (CasE). The 
corresponding T. thermophilus genes were identified based on sequence alignment with the E. coli genes. The grey 
coloured block arrows represent the proteins Cas1, Cas2 and Cas3. Gene tthb186, which is located directly before 
tthb187 (cas3), was not identified as a Cas protein. The gene maps were obtained from www.genome.jp for both 
prokaryotes. 

The CRISPR locus of E.coli K12 is homologous to the Thermus thermophilus HB8 

CRISPR locus except for an additional gene located adjacent to the cas3 gene (figure 4). 

This uncharacterized gene tthb186 could be a putative transcriptional regulator. The first 

~80 amino acids of TTHB186 show sequence homology to the TRAM domain of the 

crystallized protein RumA (ribosomal RNA 5-methyluridine methyltransferase from E. 

coli) (Lee et al., 2004). The TRAM domain, a five-stranded antiparallel β-barrel, is present 

in several other proteins associated with the translation machinery, and it is predicted to 

be an RNA binding domain (Lee et al., 2004). On the other hand, TTHB186 is 

characterized as a COG2378 protein family member that does not belong to the CRISPR 

associated protein family, according to the cas gene classifications available today (Haft et 

al., 2005; Makarova et al., 2006). 
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At present, two T. thermophilus Cas proteins structures are available, but none of the 

E. coli Cas proteins. On the other hand, a low-resolution structure of E. coli’s Cascade is 

available but structural information of Cascade from T. thermophilus is lacking. However, 

since E. coli and T. thermophilus have the same CRISPR locus organization (CASS subtype 

Cse), combining structural and biochemical data could give more insights into the Cse 

subtype.  

CRISPR-based practical applications 

To keep things simple, bacteria can either be good or bad for humans. Good bacteria are 

used for food production as well as non-food applications (e.g. diary products and insulin, 

respectively). The applied cultures have to stay bacteriophage free; infection would lead to 

death of all bacteria and high costs due to the loss of the culture and products. Adjusting 

the CASS of these bacteria such that they become immune for (most common) 

bacteriophages would result in lower production costs and higher production rates. The 

“bad” or pathogenic bacteria make people sick. Because of antibiotic abuse, drug-resistant 

harmful bacteria become more and more problematic. However, CASS may provide one 

way to defeat the drug-resistant bacteria. Instead of tuning the CASS, the bacteriophages 

could be engineered in such a way that the CASS from drug resistant bacteria doesn’t 

recognize injected genetic elements anymore, which eventually could lead to their death. 

To establish any CRISPR-based application, profound and multi-disciplinary fundamental 

research programs are required. 

Remaining questions 

Although the knowledge about the CRISPR/Cas systems is increasing rapidly, many 

questions still remain unanswered. For instance, what are the expression levels? Is the 

system expressed all the time at a certain level or is it induced only by an attack of 

bacteriophages? If so, what is the signal and how and at which stage is its transduction 

regulated?  

It is clear that new spacers are incorporated adjacent to the leader sequence, which 

gives CRISPR/Cas systems their inheritable and adaptive properties. However, the 

number of repeat-spacer units per CRISPR locus has to be regulated otherwise the locus 

could expand to detrimental dimensions. Spacer removal has been reported to occur via 

homologous recombination between two spacers (Deveau et al., 2008; Horvath et al., 

2008; Jansen et al., 2002) but the exact underlying mechanism and involved proteins 

remain yet elusive. Another question related to incorporation of new spacers is the 
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requirement of an extra repeat sequence located between the leader and the new spacer. Is 

it recycled when an antiquated spacer is removed? 

The challenge for the CRISPR community is to answer all these (and other) questions 

for all CASS subtypes. Although some CASS components are present in all subtypes, the 

majority is not. Especially the large variety of the Cas proteins (45 families) makes one 

think that there is not only one CRISPR mechanism. 
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Single particle averaging  

Electron microscopy projections of particles composed of light elements, such as protein 

complexes, are very noisy and the raw data cannot be interpreted in detail. To retrieve the 

signal there is only one way, which is to average large sets of images of the molecules in 

the same position. By adding hundreds or, if possible, hundreds of thousands of 

projections the signal to noise improves substantially and trustworthy electron density 

maps are obtained. The first image analysis methods were developed to process images of 

periodic systems, such as two-dimensional crystals by Nobel laureate Aaron Klug and his 

group of colleagues (De Rosier et al., 1968). The growth of such crystals is laborious and 

unpredictable and as an alternative, single particle averaging has been developed (Frank, 

2002; van Heel et al., 2000). This method does not depend on crystals and can deal with 

the projections of randomly oriented single molecules. This is a great advantage over 

methods that need protein crystals. The single particle method has become increasingly 

popular because it also turned out that high resolution is within reach. Single particle EM 

has been used in all chapters of this thesis to determine the structure of various 

macromolecules and the method is described below. 

Basically, the method of single particle analysis consists of only a few crucial steps. If 

projections result from one type of orientation on the support film, averaging is possible 

when the projections are brought into equivalent positions by computing rotational and 

translational shifts. After alignment, particles can be summed and by increasing the 

number of summed projections the noise is gradually fading away. However, 

macromolecules usually exhibit a full range of orientations on a carbon support film, 

which means that more elaborated data processing steps are necessary. Treatment of the 

data set with additional steps like multivariate statistical analysis together with 

automated classification (see Frank, 2002; van Heel et al., 2000) can separate different 

angular projections prior to the averaging step. As a result of the statistical analysis and 

classification only those images that are most similar are grouped together. The results of 

the classifications are “classes” with homogeneous projections. In many cases it turned 

out that iterative processing of the projections within each class gradually improves the 

resolution of the final sums. The method is applicable for ice-embedded, unstained 

specimens, as well as the classical negatively stained particles. Ice-embedded single 

particles are preferred above air-dried specimens, because they allow higher resolution 

upon averaging. Very recently, the resolution of single particle averaging was pushed up to 
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3.3 Å for a virus protein of the aquareovirus ISVP, which allowed not only precise fitting 

of the polypeptide chain, but also to propose a priming mechanism for cell entry (Zhang et 

al., 2010). Single particle averaging applied to viruses takes advantage of the high-

symmetry of the analyzed structures. Atomic resolution of a non-periodic object such as 

the ribosome has not yet been achieved. 

Negatively stained particles are still attractive if the samples cannot be purified to 

homogeneity or if the protein assembles into multiple types of structures, as will be 

discussed in chapter 3. In contrast to the widely accepted current belief that negatively 

staining does not allow to obtain a resolution below 20–25 Å, results on catalase crystals 

showed that negative staining preserves structural information at the high-resolution 

range of 4.0 Å (Massover et al., 2001). On the other hand, it should also be stated that on 

the same catalase crystals a better resolution of 2.8 Å was obtained when they were 

imbedded in ice (Boekema et al., 2009). In 2D maps or 3D reconstructions a resolution of 

8–9 Å on negatively stained protein complexes is possible. Cryo-negative staining 

structures below 10 Å were obtained from the multiprotein splicing factor SF3b (Golas et 

al., 2003) and GroEL (De Carlo et al., 2008). For rigid and well-stained molecules a 

resolution of 11 Å can be achieved in 2D maps from only 1,000 summed projections 

(Boekema et al., 2009). But one has to realize that some large protein complexes show a 

certain structural flexibility under the applied experimental conditions (Yeremenko et al., 

2004), which limits the achievable resolution. However, even medium resolution (10-15 

Å) data of large multi-subunit complexes can be very useful, especially when structures 

for the individual subunits are known. Fitting of X-ray data into EM data is useful if the 

EM data are better detailed than 15 Å, because fitting yields hybrid structures, which are 

about 5 times better than the resolution of the EM structure (Rossmann et al., 2001). This 

means that it is already possible to look at helix-helix interactions with EM 2D maps and 

3D volumes slightly better than 15 Å as was done for the mitochondrial III2-IV1-2 

supercomplex (Heinemeyer et al., 2007). A similar approach was applied on 

supercomplexes isolated from potato mitochondrial inner membranes (Chapter 2, this 

thesis). A drawback of membrane-proteins is the fact that they only stay monodisperse in 

solution within a non-ordered detergent layer (Boekema, 1991), which makes projections 

fuzzy at the circumference. 

The use of slow-scan CCD cameras, which can be programmed to record hundreds of 

images in a semi-automated way, helped tremendously to extract large data sets necessary 

for detailed studies. In the near future, it is expected that direct electron counters with 

superior recording qualities will replace the CCD cameras (Faruqi et al., 2007) and that 
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further automation will provide structures within hours after sample insertion in the 

microscope. In addition, much higher contrast of unstained specimens is possible by 

application of “novel” phase contrast electron microscopy such as the Zernike phase 

contrast microscopy (Yamaguchi et al., 2008). The set-up in an electron microscope is 

similar to the phase contrast light microscope, for which Frits Zernike was awarded the 

Nobel Prize for physics in 1953. The recent developments have changed the single particle 

method from laborious (recording on photographic emulsion, scanning the images by 

densitometers and processing on less sophisticated stand-alone computers) into the 

direction of full automation of all steps, i.e. from automated particle collection to detailed 

3D reconstructions. Implementation in commercial electron microscopes of Zernike 

phase plates will be a logical next step in improving EM methods. 
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Chapter 2 

Abstract 

The individual protein complexes of the oxidative phosphorylation system (OXPHOS 

complexes I to V) specifically interact and form defined supramolecular structures, the so-

called “respiratory supercomplexes”. Some supercomplexes appear to associate into larger 

structures, or megacomplexes, such as a string of dimeric ATP synthase (complex V2). A 

row-like organization of OXPHOS complexes I, III and IV into respiratory strings has also 

been proposed. These transient strings cannot be purified after detergent solubilization. 

Hence the shape and composition of the respiratory string was approached by an 

extensive structural characterization of all its possible building blocks, which are the 

supercomplexes. About 400,000 molecular projections of supercomplexes from potato 

mitochondria were processed by single particle electron microscopy. We obtained two-

dimensional projection maps of at least five different supercomplexes, including the 

supercomplex I + III2, III2 + IV1, V2, I + III2 + IV1 and I2 + III2 in different types of position. 

From these maps the relative position of the individual complexes in the largest unit, the 

I2 + III2 + IV2 supercomplex, could be determined in a coherent way. The maps also show 

that the I + III2 + IV1 supercomplex, or respirasome, differs from its counterpart in bovine 

mitochondria. The new structural features allow us to propose a consistent model of the 

respiratory string, composed of repeating I2 + III2 + IV2 units, which is in agreement with 

dimensions observed in former freeze-fracture electron microscopy data.   

Introduction 

Many processes in the cell require energy which can be stored in a chemical way. 

Adenosine triphosphate (ATP) is such a storage molecule. Hydrolysis of ATP produces 

besides inorganic phosphate and adenosine diphosphate (ADP) “free energy” which can be 

used to drive energy-requiring processes. The main eukaryotic cell compartment for ATP 

production is the mitochondrion, where energy of oxidation is coupled with the formation 

of ATP. This is performed by ATP synthase which utilizes an electrochemical gradient of 

protons created by three respiratory protein complexes (NADH dehydrogenase - complex 

I, dimeric cytochrome c reductase - complex III2, cytochrome c oxidase - complex IV) 

across the inner mitochondrial membrane. Proton translocation depends on the transfer 

of electrons from NADH or FADH2 through complex I, III, IV and succinate 

dehydrogenase (complex II) to oxygen which is reduced into water. Electron flow between 
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the complexes is mediated by two mobile electron carriers, ubiquinone and cytochrome c, 

which are located in the inner membrane and the intermembrane space, respectively 

(Kroll et al., 2001; Saraste, 1999). Nowadays, availability of high-resolution structures of 

complex II, III, and IV (reviewed by Rich, 2003), the hydrophilic arm of complex I 

(Sazanov et al., 2006) and most of the complex V (or ATP synthase) subunits (Abrahams 

et al., 1994; Dickson et al., 2006; Gibbons et al., 2000; Stock et al., 1999) gives more 

detailed insight into the function of individual complexes in mitochondrial respiration. 

A pioneering electron microscopy (EM) study of the freeze-fractured and deep-etched 

inner mitochondrial membranes from Paramecium multimicronucleatum revealed at least 

two types of repeating structures in the membrane and thereby gave the first indication 

of an ordered organization of respiratory complexes in the membrane (Allen et al., 1989). 

The first periodic structure, a double row of particles following the full length of the outer 

curve of helically shaped tubular cristae, was identified as ribbons of dimeric ATP 

synthase. In another study, rows of ATP synthase particles were visualized by cryo-

electron tomography of Neurospora mitochondria (Nicastro et al., 2000). Recently, a 

tomographic analysis of the inner mitochondrial membrane from bovine mitochondria 

showed the structure of these ribbons of dimeric ATP synthase in greater detail (Strauss et 

al., 2008). The second type of non-random arranged complexes, consisting of large 13 × 

22 nm particles with a spacing of 26–30 nm, was interpreted as rows of dimeric complex I 

(Allen et al., 1989), but has not been confirmed by other structural investigations. 

Presence of such periodic structures in the inner membrane presumes a specific 

association between single respiratory complexes. Indeed, Schägger and Pfeiffer (Schägger 

et al., 2000) showed that a mild solubilization of the inner mitochondrial membrane from 

yeast and bovine heart mitochondria followed by Blue-native PAGE (BN-PAGE) led to a 

separation of high-molecular bands with a mass between ~ 1.2 MDa and ~ 3 MDa, which 

were identified as specific supercomplexes of individual respiratory complexes. Using a 

similar biochemical approach, different types of respiratory supercomplexes were 

subsequently identified in many other organisms (reviewed in (Dudkina et al., 2006; 

Marques et al., 2007; Schägger et al., 2000; Wittig et al., 2006b)). These supercomplexes 

are formed by two to three different respiratory complexes with up to four copies, with 

the following composition: I2 + III2, I + III2, I + IV, III2 + IV1–2 and I + III2 + IV1–4. The latter 

supercomplex has been named respirasome (Schägger et al., 2000). In addition, dimers 

have been found for complexes I (I2) and V (V2). The dimeric forms of mitochondrial 

complex I and V seem to be a special type of association for this organelle, because these 

enzymes are monomeric in, for instance, plant chloroplasts and all eubacteria. 
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The structural characterization of respiratory supercomplexes is a prerequisite for our 

understanding of their functioning but also for the higher organization of supercomplexes 

in the inner membrane. Experimental data indicate that formation of supercomplexes 

allows enhanced electron transfer rates (electron channelling) and increases the stability 

of individual OXPHOS complexes. The higher organization of supercomplexes seems to be 

important for the morphology of the inner mitochondrial membrane and an increase of 

the protein insertion capacity of the inner mitochondrial membrane (reviewed in 

(Boekema et al., 2007)). Single particle EM and image analysis revealed two-dimensional 

projection maps of plant supercomplex I + III2 (Dudkina et al., 2005a) and (Peters et al., 

2008), dimeric ATP-synthase (Dudkina et al., 2005b) and (Minauro-Sanmiguel et al., 

2005), yeast supercomplex III2 + IV1-2 (Heinemeyer et al., 2007) and bovine I + III2 + IV 

supercomplex (Schäfer et al., 2006). Recently, the first three-dimensional structure of 

bovine respirasome was solved by EM and the arrangement of the individual complexes 

within this supercomplex was suggested (Schäfer et al., 2007). The resolution of this 3D 

map is, however, still too low to precisely position the smallest of the components, 

complex IV. Structural work on the dimeric complex V indicated that this supercomplex is 

kinked in its membrane-embedded parts, leading to a strong local curvature of the 

membrane (Dudkina et al., 2005b). This suggests that the dimeric ATP synthase is 

involved in shaping the inner mitochondrial membrane folding. So far, there is no direct 

structural evidence for the existence of a supercomplex containing a dimer of complex I, 

and finally, complex II appears not to be incorporated in any type of supercomplex. 

The existence of defined types of supercomplexes is now well established, but since 

the various oxidative phosphorylation (OXPHOS) complexes differ in abundance they are 

considered to not completely form part of supermolecular structures. Rather, OXPHOS 

supercomplexes and singular OXPHOS complexes co-exist within the inner mitochondrial 

membrane. On the other hand, it is also likely that higher types of organization exist in 

many organisms. The string-like bovine megacomplex consisting of ATP synthase dimers 

(Strauss et al., 2008), discussed above, is one specific structure. Based on biochemical 

data, another megacomplex has been proposed, which was called the respiratory string. It 

was suggested, that I + III2 + IV4 supercomplexes are interconnected with the III2 + IV4 

supercomplex (Wittig et al., 2006b). This suggestion was based on the earlier observations 

in freeze-fractured electron microscopy specimens (Allen et al., 1989). However, 

considering the known size of the individual complexes, the proposed model cannot 

explain the observed periodic spacing of 26–30 nm. 

The goal of the present study was a structural characterization of the higher organization 

of respiratory supercomplexes into rows or respiratory strings in the inner membrane. 
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Potato mitochondria were chosen as a study target. An important reason to use potato 

mitochondria is the fact that a supercomplex containing two copies of complex I was 

detected by BN-PAGE (Eubel et al., 2003). Because a transient megacomplex such as the 

hypothetical respiratory string is probably impossible to purify after detergent 

solubilization we decided to approach the problem by an extensive characterization with 

single particle electron microscopy of all the possible building blocks of periodic 

structures. About 400,000 projections of supercomplexes were processed. We obtained 

two-dimensional projection maps of at least five different supercomplexes, including the 

supercomplex I + III2, III2 + IV1, V2, I + III2 + IV1 and I2 + III2 in different types of position. 

From these maps the relative position of the individual complexes could be determined in 

a consistent way. These new structural features allow us to propose a refined model of a 

respiratory string, which is also in agreement with former freeze-fracture EM data (Allen 

et al., 1989). 

Material and Methods 

Preparation of mitochondria 

Freshly harvested potato tubers (Solanum tuberosum var. cilena) were purchased from a 

local farmer and stored at 4 °C. Mitochondria were prepared by homogenizing 200 g of 

plant material at 4 °C using a Waring blender for 3 × 5 s, filtrated through four layers of 

muslin. Subsequently, organelles were purified by differential centrifugations and Percoll 

density gradient centrifugation as outlined previously (Braun et al., 1992). Isolated 

mitochondria were either directly analyzed by gel electrophoresis or stored at minus 80°C. 

Purification and characterization of respiratory supercomplexes 

The mitochondrial inner membrane protein complexes of potato were solubilized using a 

buffer with 5% digitonin, 30 mM HEPES, 150 mM K-acetate, 10% glycerol, pH 7.4. The 

solubilized respiratory supercomplexes were characterized with one-dimensional Blue-

native (BN) PAGE (Wittig et al., 2006a). Secondly, to establish the subunit composition, 

gel strips including the resolved protein complexes were placed horizontally onto a second 

gel. The separation was carried out in the presence of SDS (two-dimensional BN / SDS 

PAGE). Afterwards, the gels were stained with Coomassie-Blue.  

To purify respiratory supercomplexes, solubilized complexes were loaded on a 0.3–

1.5 M sucrose gradient containing 15 mM Tris buffer, pH 7.0, 20 mM KCl, 0.2% digitonin 

and separated by ultracentrifugation (17 hours at 150,000 x g and 4 °C). Afterwards, the 
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gradients were fractionated and the fractions were examined for protein complexes by 

one-dimensional BN / SDS PAGE and Coomassie-Blue staining. In some cases, bands from 

a one-dimensional BN-PAGE gel were cut out and the protein complexes were electro-

eluted with elution buffer (25 mM Tricine, 7.5 mM Bis-Tris, pH 7.0 and 0.01% digitonin) 

at 4 °C (Braun et al., 1992). Intactness of electro-eluted protein complexes was checked 

using another one-dimensional BN-PAGE. 

Electron microscopy and single particle analysis 

Selected fractions of the sucrose gradient were dialyzed against buffer (15 mM Tris/HCl, 

pH 7.0, 20 mM KCl and 0.2% digitonin) to decrease the sucrose content and to improve 

quality of the EM specimens. Electro-eluted protein complexes were directly used for 

specimen preparation without any further treatment. Negatively stained specimens were 

prepared with 2% uranyl acetate on glow-discharged carbon-coated copper grids. Electron 

microscopy was performed on a Philips CM120 electron microscope equipped with a LaB6 

tip operating at 120 kV. Images were recorded with a Gatan 4000 SP 4K slow-scan CCD 

camera at 80,000x magnification at a pixel size (after binning the images) of 0.375 nm at 

the specimen level with GRACE software for semi-automated specimen selection and data 

acquisition (Oostergetel et al., 1998). Single particle projections were selected from 

micrographs both by hand and reference-based automated particle selection procedures 

incorporated into GRIP (GRoningen Image Processing) software. Single particle data sets 

were analyzed with the GRIP software on a PC-cluster, including multi-reference and no-

reference alignments, multivariate statistical analysis, and hierarchical ascendant 

classification (van Heel et al., 2000). Final two-dimensional projection maps were 

calculated from the best resolved classes, by summing only the best 5-20% of the 

projections, with the correlation coefficient determined in the alignment step as a 

criterion. 

Results 

Purification and characterization of respiratory supercomplexes 

Solubilization of isolated potato mitochondria by digitonin and analysis of the solubilized 

protein complexes by two-dimensional BN / SDS PAGE allowed identification of the 

respiratory supercomplexes present in potato mitochondria (Fig. 1). In line with previous 

results (Eubel et al., 2003; Eubel et al., 2004), significant numbers of supercomplexes 
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comprising of complexes I, III and IV (III2+IV, I+III2, I2+III2 and I+III2+IV) along with 

dimeric ATP synthase and the five individual respiratory complexes were detected.  

 

Figure 1. Analyses of protein complexes of potato mitochondria by two-dimensional Blue native / SDS PAGE. 
Molecular masses of standard proteins are given to the right of the gel (in kDa). Designations: I, II, IV, V: 
monomeric complexes I, II, IV, V; III2, V2: dimeric complexes III, V; III2+IV: supercomplex formed of dimeric 
complex III and monomeric complex IV; I+III2: supercomplex formed of complex I and dimeric complex III; 
I2+III2: supercomplex formed by dimeric complex III and two copies of monomeric complex I; I+III2+IV: 
supercomplex formed of complex I, dimeric complex III and complex IV. The white arrow indicates the Cox II 
subunit of complex IV, which forms part of (i) complex IV, (ii) of the III2+IV supercomplex and (iii) of the 
I+III2+IV supercomplex. 

For single particle EM analysis, solubilized respiratory supercomplexes were purified 

by sucrose density gradient ultracentrifugation. The gradient was subsequently 

fractionated and small aliquots of the fractions were analyzed by BN PAGE to monitor 

their protein complex composition (Fig. 2A). Fractions enriched in specific respiratory 

supercomplexes were used for single particle EM analysis. If necessary, described 

purification approach was repeated several times to obtain a fraction with a sufficient 

concentration of a specific supercomplex suitable for single particle image analysis. 

Alternatively, EM analysis was performed on electro-eluted supercomplexes from a one-

dimensional PAGE strip. To confirm the intactness of the supercomplex after electro-
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elution, small aliquots of the electro-eluted supercomplexes were analyzed again with one-

dimensional BN PAGE (Fig. 2B).  

 

Figure 2. Preparation of mitochondrial OXPHOS supercomplexes from potato for EM analyses. Protein 
complexes of potato mitochondria were either separated by sucrose gradient ultracentrifugation or by one-
dimensional Blue-native PAGE and subsequent electro-elution. (A) Aliquots of fractions of the sucrose gradient 
were resolved by one-dimensional Blue native PAGE to monitor the protein complex composition of the 
fractions. (B) Aliquots of electro-eluted I+III2+IV supercomplex (lane 1), I+III2 supercomplex (lane 2) and 
complex III2 (lane 3) were reanalyzed by one-dimensional Blue native PAGE to monitor purity of the fractions. 
Identities of the resolved protein complexes are indicated to the left of the gels (for designations see Fig. 1). 

Structural analysis of complex I 

Single particle EM and image analysis of sucrose gradient fraction enriched in content of 

complex I revealed a top-view and several types of side-view projections of complex I (Fig. 

3). Averaged projection maps of the top-view of complex I clearly indicate that the 

membrane part of the complex I is characteristically curved (Fig. 3A). Side-view 

projections of complex I were resolved for two different orientations on the carbon  film 

(Fig. 3B-F). More detailed comparison of side-view projections indicates that the main 

differences are in the structure of the hydrophilic arm (compare Fig. 3C, D vs. B, E, F), 

although small differences in the membrane part are present as well. As the membrane 

part of the complex I in Fig. 3C and D appears to be more bent compared to the other 

side-view projections (Fig. 3B, E, F), different structural features of the hydrophilic arms 

can reflect a different orientation of complex I on the carbon support film. The reason for 

the slightly different orientation of complex I can be either in flexibility or opposite 

conformation of the hydrophilic arm, which can, subsequently, lead to distinct positions 
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of the complex on the carbon film. The carbonic anhydrase domain, which was found to 

be tightly associated with the membrane part of complex I from green plants (Dudkina et 

al., 2005a; Peters et al., 2008; Sunderhaus et al., 2006), can also be recognized in our 

projection maps. Moreover, the trimeric arrangement of carbonic anhydrase domain was 

clearly resolved in some projection maps (Fig. 3D, E). Appearance of carbonic anhydrase 

showing its trimeric structure in the side-view projections evidently indicates its flexible 

attachment to the membrane part of complex I. The flexibility of the carbonic anhydrase 

domain is probably located in a flexible connection between the trimeric moiety and the 

membrane anchor. 

 

Figure 3. Single particle electron microscopy of the complex I from potato mitochondria. Projection map (A) 
represents the top-view of the complex I. (B-F) show side-view projections of the complex I with different 
orientations on the support carbon film, respectively. Carbonic anhydrase domain (at white arrow), which 
associates to complex I in plant mitochondria, is clearly resolved in all presented projections. An unknown 
density attached to the membrane part of complex I was revealed in some side-view projections as indicated by 
the black arrow in (F). Projection maps (A-F) are averaged class sums of 454, 276, 241, 516, 634, and 314 aligned 
particles, respectively. The scale bar equals to 10 nm. 

Interestingly, one class of the side-view projections of complex I reveals a novel 

density of unknown composition, which is attached to the membrane part of the complex 

I, approximately on the opposite side of the carbonic anhydrase (Fig. 3F). Estimated from 

its size, which is slightly smaller than the carbonic anhydrase domain of 75 kDa, it could 

have a mass between 40 and 60 kDa. 
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Structural analysis of the I+III2 supercomplex 

The projection maps in Fig. 4 show the results of single particle EM and image analysis of 

sucrose gradient fractions enriched in the potato I+III2 supercomplex.  

 

Figure 4. Single particle electron microscopy of the I+III2 supercomplex from potato mitochondria. Projection 
maps (A-C) represents top-view projections of the I+III2 supercomplex in a more open (A), intermediate (B) and 
close conformation (C). (D-F) depict side-view projections of the I+III2 supercomplex with different orientations 
on the support carbon film. Projections (G-I) show tilted views of the I+III2 supercomplex. Projection map (J) 
represents complex I with a similar orientation on the support carbon film like in case of tilted views of the I+III2 
supercomplex shown in (G-I). Projection maps (A-J) are averaged class sums of 1,422, 924, 1,320, 1,024, 1,024, 
1,500, 512, 512, 512 and 1,500 aligned particles, respectively. The carbonic anhydrase is indicated by white 
arrows in (A), (E), and (G). The scale bar equals to 10 nm. 

Top-view projections revealed a typical U-shaped feature of the I+III2 supercomplex 

(including the density of the carbonic anhydrase domain) which have been observed 

before in other plant species (Fig. 4A-C) (Dudkina et al., 2005a; Peters et al., 2008; 

Sunderhaus et al., 2006). Detailed inspection of the resolved classes shows that some 

represent the I+III2 supercomplex in a more opened conformation (Fig. 4A) compared to 

others (Fig. 4B and 4C). In addition, the carbonic anhydrase domain, attached to the 

center of the membrane arm of complex I, is distinguishable in some top-view projections 

as the most stain-excluding density (see arrow, Fig. 4A). Figures 4D-F represent two 

different side-view projections of the I+III2 supercomplex, which clearly depict typical 

features of the hydrophilic arm of complex I and the dimeric complex III. The carbonic 

anhydrase domain can be distinguished only under a certain angular view (arrow, Fig. 4E). 

In the other two side views, the angular position is such that the density of the carbonic 

anhydrase is less recognizable as it merges with densities of either the membrane-

protruding part of complex III2 (Fig. 4D) or the hydrophilic arm of complex I (Fig. 4F). 

Besides top- and side-view projections, several classes with tilted supercomplex I+III2 

views were found (Fig. 4G-I). Assignment of complex I in the tilted view projections was 
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facilitated by localization of the trimeric density of the carbonic anhydrase domain, which 

is composed of three subunits, on the hydrophilic arm of the complex I (Fig. 4G-I). They 

correspond to the projection densities of a single complex I at a similar angular view (Fig. 

4J). The typical feet-like features and characteristic shape of membrane-protruding part 

of complex III2 are recognizable in the right-bottom part of the projection maps (Fig. 4G-

I). 

Structural analysis of I2+III2 and I+III2+IV supercomplexes 

Biochemical analysis indicated the presence of large supercomplexes in some sucrose 

gradient fractions, like the I2+III2 and I+III2+IV supercomplexes (Fig. 2A). Single particle 

EM and image analysis of these fractions revealed, indeed, the presence of large particles, 

although their abundance was rather low, with about 1-2 copies per EM micrograph.  

 

Figure 5. Single particle electron microscopy of the I2+III2, I2+III+IV, III2+IV, V, and V2 supercomplexes from 
potato mitochondria. Projection map (A) represents the side-view of the I2+III2 supercomplex whereas (B) 
shows the same supercomplex lacking  parts of the NADH-oxidazing domain in one copy of complex I. Projection 
map (C) represents a side-view of the I+III2+IV supercomplex, (D) represents the top-view the I+III2+IV 
supercomplex. (E) represents a side-view of supercomplex III2+IV1. Projection maps (F) represents, for 
comparison, potato’s counterpart of supercomplex III2+IV1 found in yeast  (Heinemeyer et al., 2007). (G) and 
(H) represent side-view projections of either monomeric or dimeric ATP-synthase, respectively. Projection maps 
(A-H) are averaged class sums of 512, 512, 512, 238, 1,024, 768, 642, and 50 aligned particles, respectively. The 
scale bar equals to 10 nm. 

Fig. 5A shows a class average of one type of such a large particle, which was assigned 

to a side-view projection of the I2+III2 supercomplex. The center of the projection map can 

be unambiguously assigned to the dimer of complex III, mainly due to its typical feature of 

the membrane-protruding part. Complex III2 is symmetrically flanked by two copies of 

complex I, whose hydrophilic arms are recognizable. Image analysis revealed that in some 

cases the complex I at the right-side of complex III2 is incomplete in the hydrophilic arm 
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(Fig. 5B). Importantly, the incompleteness of the I2+III2 supercomplex does not lead to a 

different orientation of the particle on the carbon support film and both the complete 

I2+III2 supercomplex and the fragment reveal the same features in resolved projection 

maps (compare Figs. 5A and 5B). Fig. 5C shows a class average, which brings to light 

substantial differences of the complex III2 compared to its corresponding density in the 

complete/incomplete I2+III2 supercomplex (Fig. 5A, B). Due to the strong similarity of 

projection map in Fig. 5C with the side-view projection of the I+III2 supercomplex (4F), we 

suggest that the projection map in Fig. 5C represents the side-view of the I+III2 

supercomplex with an extra mass attached to the right side of the supercomplex. 

Furthermore, the similarity indicates that the extra mass has to represent a protein of a 

smaller size than e.g. the hydrophobic arm of complex I, as there is a minimal influence of 

the extra mass on the side-view orientation of the I+III2 supercomplex on the carbon 

support film. Fig. 5D shows a class average, which represents a well-recognizable top-view 

projection of the I+III2 supercomplex with an extra density attached near complex III 

along the interaction interface between complex I and complex III. Based on the 

biochemical analysis of sucrose gradient fractions (Fig. 2A) and the size of the extra mass, 

we suggest that this density represents complex IV and projection maps in Figs. 5C and 

5D represent the side- and top-view of the I+III2+IV supercomplex, respectively. This 

supercomplex represents the largest individual unit in OXPHOS. It has been found 

previously in bovine mitochondria and was named the respirasome (Schägger et al., 2000). 

Structural analysis of the III2+IV supercomplex and complex V 

To prove the existence of a specific association between complex III and complex IV, we 

performed single particle EM analysis of the III2+IV supercomplex. Compared to yeast 

mitochondria, abundance of this supercomplex is rather low, possibly reflecting a weaker 

association of the two involved OXPHOS complexes. Due to its low abundance in sucrose 

gradient fractions, we analyzed the III2+IV supercomplex from an electro-eluted one-

dimensional BN-PAGE band. Fig. 5E shows a side-view projection map of the III2+IV 

supercomplex, which reveals a specific association between complex III2 and one copy of 

complex IV. The overall structure of the side-view projection of the potato supercomplex 

III2+IV is similar to the one found in yeast (Heinemeyer et al., 2007) (Fig. 5F), but their 

precise comparison is difficult due to a lower resolution of the potato projection map. In 

addition to the III2+IV supercomplex, single particle EM analysis revealed side-view 

projections of monomeric ATP synthase (complex V) and few copies of dimeric ATP 

synthase (V2) in electro-eluted fraction (Fig. 5G and 5H). The structure of monomeric 
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complex V revealed the F0 and F1 part as well as the stalk. Although the resolution of 

dimeric ATP synthase is very low, the obtained projection map indicates a small angle 

between associated monomers.  

Discussion 

The existence of a higher organization of respiratory complexes into rows or respiratory 

strings was indicated in intact mitochondria by both freeze-fracture EM studies and 

electron tomography experiments (Allen et al., 1989; Nicastro et al., 2000; Strauss et al., 

2008). The data showing the linear association of dimeric ATP synthase (complex V2) are 

convincing because the bulky F1 parts with a diameter of 10 nm protrude from the 

membrane (Strauss et al., 2008), but the structure and/or composition of the respiratory 

string is not clear. Purified strings might give an answer, but even under mild 

solubilization conditions the respiratory strings are disrupted and isolated 

supercomplexes represent just their fragments. In the end, structural characterization of 

these fragments could allow us to reconstruct the respiratory string. In this study, we 

performed an extensive structural characterization of respiratory supercomplexes (I2+III2, 

I+III2+IV1, I+III2, III2+IV1, V2) and singular complexes (complex I and V) isolated from one 

organism where a higher organization into a respiratory string is expected to be present, 

based on a BN-PAGE survey. Because about 400,000 projections were analyzed, we are 

quite confident that all the supercomplex structures which are relevant for a higher type 

of organization into megacomplexes or respiratory strings have been detected. The final 

projection maps shown here, however, only represent a fraction of the data set. Many 

other maps, omitted here because of their redundancy, mostly differ slightly in 

orientation of supercomplexes or in quality of preserved details. 

Single particle EM analysis of both sucrose gradient and electro-eluted fractions 

indicates that a single complex I and the I+III2 supercomplex were the most abundant 

particles. Abundance of the I2+III2 supercomplex and supercomplexes containing complex 

IV was substantially lower. Indeed, former biochemical analysis indicates that (i) the 

I2+III2 supercomplex only becomes visible upon prolonged staining of BN gels and (ii) only 

about 10 % of complex IV is part of the I+III2+IV1-4 and III2+IV1-2 supercomplexes, when 

the rest of complex IV is in the monomeric state under the conditions applied (Eubel et al., 

2004).  

Projection maps of complex I revealed, beside the detailed features of both the 

trimeric carbonic anhydrase domain and the hydrophilic arm, a characteristic curvature of 
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the membrane arm of the complex as it is evident from the top view projection (Fig. 3). 

The same curvature of the membrane arm of complex I was observed in the 3D structure 

of complex I from Yarrowia lipolytica (Radermacher et al., 2006) and 2D crystals of the 

membrane arm of complex I from Escherichia coli (Baranova et al., 2007). Based on the 

curved feature of the membrane arm of complex I we could unambiguously assign the 

handedness of our 2D projection maps defining the top-view projection as the view from 

the matrix side. It is worth mentioning that the top-view projection of complex I (Fig. 3A) 

does not exactly represent the view perpendicular to the membrane plane. It can be 

derived from the stain distribution along the membrane arm of complex I that the 

viewing angle in this projection is about 10° off from being perpendicular. In accordance 

with previous results, side-view projections of complex I revealed the membrane 

protruding densities at both ends of complex I membrane arm (Fig. 3B-F) (Radermacher 

et al., 2006; Sunderhaus et al., 2006). Interestingly, a novel density was resolved on the 

intermembrane site of the complex I (Fig. 3F). The extra domain is attached to the 

complex I membrane arm, approximately at the opposite side of the carbonic anhydrase 

domain. Complex I particles with this extra domain were not detected in any other pant 

or animal species. At this moment we cannot determine its composition, but given the 

size it seems represent a plant specific protein which is slightly smaller than trimeric 

carbonic anhydrase with a mass around 40-60 kDa.  

 

Figure 6. A schematic assignment of different side-views of the I+III2 (A-C), I+III2+IV (D), and I2+III2 (E) 
supercomplexes. Green arrow illustrates horizontal flips from side-view projections (A-E) to corresponding top-
view projections (F-I). (J) represents a proposed model of a top-view projection of the I2+III2+IV2 supercomplex. 
Note that the frame of 6I shows half of this structure, but in a slightly tilted position out of the membrane 
plane. Complex I is depicted in blue, complex III in red, and complex IV in yellow. 

Image analysis of the second most abundant supercomplex, the I+III2 supercomplex, 

revealed different top-, side- and tilted view projections (Fig. 4). Top-view projections of 

the I+III2 supercomplex indicate the same curvature of the complex I membrane arm, as in 
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the case of singular complex I. In all resolved projections, complex III2 was found to 

associate with complex I exclusively at the inner part of the curved membrane arm (Fig. 

4A-C, Fig. 6).  

An angular difference between the membrane arm of complex I and complex III2 

indicates an apparent flexibility of their association (Fig. 4A-C), which can be important in 

vivo, where the individual complexes associate in the heavily folded mitochondrial inner 

membrane together with other components. As in the case of the top-view projection of 

singular complex I, the top-view projection of the I+III2 supercomplex also represents an 

angular view (~10° tilt out of the membrane plane). This can be evaluated from the 

amount of deviation from 2-fold symmetry, expected in the projection of dimeric complex 

III without tilt. Unambiguous assignment of the side- and tilted views of the I+III2 

supercomplex could be derived from the top-view projection of the supercomplex (Fig. 6A-

C, F-H). Recognition of characteristic features of complex III2 in both side- and tilted view 

projections of the I+III2 supercomplex gives us insights into the way dimeric complex III 

associates to complex I. Fig. 5C and D represent a side- and top-view projection map, 

which are, except of the presence of a small extra mass, similar to the maps of 

corresponding views of the I+III2 supercomplex (Fig. 4F, A, respectively). Based on a 

biochemical characterization of sucrose gradient fractions and dimensions of the extra 

density, this extra mass was assigned to complex IV and the whole projection map to 

supercomplex I+III2+IV, the respirasome (Fig. 6 D, I). The top-view projection of the 

respirasome indicates that the complex IV associates with both complex I and III (Fig. 6I). 

The resolved projection map of the III2+IV supercomplex clearly indicates a stable 

association between these two complexes (Fig. 5E). However, due to the low resolution of 

the III2+IV supercomplex it is not possible to determine which site of complex IV is 

involved in the interaction with complex III2. Since the overall shape of the supercomplex 

III2+IV projection map from potato is rather similar to that of the yeast III2+IV1 

supercomplex, we assume that in potato complex III2 and complex IV associate in a similar 

way like in the yeast supercomplex III2+IV (Heinemeyer et al., 2007).  

Our data indicate that the structure of the potato respirasome differs from the 3D 

model of the bovine respirasome (Schäfer et al., 2007). The proposed model for the bovine 

respirasome suggests that (i) complex III2 associates to complex I from the side, which is 

opposite to the binding site we found in potato, (ii) complex IV is attached at the end of 

the membrane arm of complex I, whereas in potato respirasome complex IV associates 

with complex III2. So far, neither biochemical data nor single particle EM analysis has 

given evidence of the existence of the I+IV supercomplex in potato mitochondria, at least 

under conditions applied in our experiments.  
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Potato mitochondria are special for I2+III2 supercomplexes, although these particles 

are not very abundant in detergent solubilized membrane fractions. Sucrose gradient 

fractions where at least trace amounts of the I2+III2 supercomplexes were detected by one-

dimensional BN-PAGE (Fig. 2A), were subjected to an extensive single particle EM 

analysis. Fig. 5A shows, for the first time, a side-view projection map of this 

supercomplex. The middle part of the projection map clearly shows symmetric features, 

which could be unambiguously assigned to the dimeric complex III. The densities which 

represent both hydrophilic arms of the two complex I moieties are faint, or even absent 

on the right position in Fig. 5B. This can be explained by the dissection of the upper part 

of the hydrophilic arm, which was also observed in complex I from other species (Dudkina 

et al., 2005b). Moreover, the faint appearance is also a matter of stain embedding. Fig. 6J 

shows a schematic top-view of the I2+III2+IV2 supercomplex. This indicates that in side-

view position one of the membrane arms is over 20 nm away from the carbon support 

film.  

The side view map of the I2+III2 supercomplex likely also includes two copies of 

complex IV but because of potentially overlapping positions their presence cannot be 

ascertained. Together with the top- and side-view maps of the I+III2+IV supercomplex we 

can now deduce the relative positions in the full I2+III2+IV2 supercomplex, of which we did 

not observe substantial numbers top view projections (Fig. 6J) and complete the 

assignment of the largest possible supercomplex, as deduced from 400,000 potential 

fragments. 

Based on our 2D projection maps of potato supercomplexes we suggest a 

megacomplex organization in the inner mitochondrial membrane, which was previously 

named the respiratory string (Fig. 7).  We propose that a central role is given to dimeric 

complex III which is able to bind up to two copies of complex I. Complex IV is supposed to 

play a role in connection of the I2+III2 supercomplexes, and probably also in clasping the 

flexible interaction between I2+III2 supercomplexes. Although EM analysis only revealed a 

stable association between complex III2 and one copy of complex IV, binding of two 

complex IV molecules can be expected, due to the dimeric structure of the complex III. 

Moreover, biochemical data indicate that the I+III2 supercomplex can associate with up to 

4 copies of complex IV giving the I+III2+IV1-4 supercomplexes (Eubel et al., 2004). The fact 

that these complexes have not been found in this extensive search may indicate that they 

easily dissociate upon negative staining procedure used in the EM analysis. In the 

proposed model, the I2+III2+IV2 supercomplex represents the basic building block (Fig. 7). 

These supercomplexes form a string by the interaction of two copies of complex IV, 

whereby each supercomplex contributes one molecule. This organization is based on (i), 
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the first structure of supercomplex I2+III2 which shows that dimeric complex III can bind 

two copies of complex I, (ii), the structure of supercomplex I+III2 and (ii), the structure of 

the III2+IV supercomplex. Although we were not able to visualize the III2+IV2 

supercomplex, this supercomplex was present in one-dimensional BN-PAGE gels, making 

it likely that the supercomplex structure from potato is similar to that found in yeast 

(Heinemeyer et al., 2007).  

 

Figure 7. A schematic model on scale of the organization of respiratory chain complexes into respiratory string. 
The basic unit consists of two copies of complex I (blue), one copy of complex III2 (red), and two copies of 
complex IV (yellow). Association of basic units into a string is mediated by complex IV, which interacts with a 
neighboring complex IV through a dimeric interface found in the X-ray structure (Lee et al., 2001). The model 
was created using a free version of Google SketchUp software. 

The previous model of a string architecture in bovine differs from our model, because 

it is based on binding of only one copy of complex I to dimeric complex III (Wittig et al., 

2006b). Indeed, supercomplexes including more than one copy of complex I were not 

observed in beef. Further, the ratio of complexes I, III and IV in our model is 1:1:1 and 

differs from the previous reported ratio of 1:3:6 (Schägger et al., 2001). However, one has 

to realize that the 1:3:6 ratio reflects the total concentration of each complex in the inner 

mitochondrial membrane including the free complexes. The I2+III2+IV2 repeating motif in 

the model proposed for potato measures about 26 nm (going from one centre of complex 

III2 to the next) which is comparable to the earlier observed spacing of 26-30 nm by 

freeze-fractured EM (Allen et al., 1989). Wittig et al. pointed out that this distance equals 

the length of three repeating units of supercomplexes III2+IV2 (see Fig. 3 in Wittig et al., 

  49 



Chapter 2 

2006b). This, however, cannot be the case for potato since the length of one III2+IV2 

supercomplex measured in the configuration IV+III2+IV equals already 26 nm 

(Heinemeyer et al., 2007). Therefore, it is unlikely that two neighbouring complex III2’s 

are separated by two dimers of complex IV because addition of two copies of complex IV 

to the III2+IV2 complex would increase the width by about 10 nm to a final 36 nm. 

Presently it can not be decided whether the string architecture is conserved in eukaryotes 

or rather differs in different organisms. 

In conclusion, the data presented here give the first structural insight in a respiratory 

string from mitochondria, although in an indirect way, based on the structural 

characterization of supercomplexes obtained after detergent disruption of the 

mitochondrial inner membrane. A final proof is in theory possible by electron tomography 

on ice embedded mitochondria, in a way as performed to visualize the ATP synthase 

strings (Strauss et al., 2008). Tomography, however, has a much lower resolution than 

single particle analysis. The resolution is around 6-8 nm in the case of large objects such a 

mitochondrion. In contrast, single particle analysis typically provides information at 2 

nm. Hence, present electron tomography can visualize the protruding headpieces of ATP 

synthase which have a diameter of 10 nm, but it can not reveal the presence of many 

smaller membrane-embedded components such as complex IV, whose crucial role in the 

connection of the much larger dimeric complex III and complex I was suggested in our 

model of respiratory string. 
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Abstract 

The vesicle-inducing protein in plastids 1 (Vipp1) was found to be involved in thylakoid 

membrane formation in chloroplasts and cyanobacteria. In contrast to chloroplasts, it has 

been suggested that in cyanobacteria the protein is only tightly associated with the 

cytoplasmic membrane. In the present study we analyze and describe the subcellular 

localization and the oligomeric organization of Vipp1 from the cyanobacterium 

Synechocystis PCC 6803. Vipp1 forms stable dimers and higher-ordered oligomers in the 

cytoplasm as well as at both the cytoplasmic and thylakoid membrane. Vipp1 oligomers 

are organized in ring structures with a variable diameter of 25-33 nm and corresponding 

calculated molecular masses of approximately 1.6-2.2 MDa. Six different types of rings 

were found with an unusual 12-17-fold symmetrical conformation. The simultaneous 

existence of multiple types of rings is very unusual and suggests a special function of 

Vipp1. Involvement of diverse ring structures in vesicle formation is suggested. 

Introduction 

Structural and functional studies of the thylakoid (photosynthetic) membranes of both 

cyanobacteria and chloroplasts revealed many of their exclusive features. However, the 

biogenesis and formation of thylakoid membranes is incompletely understood today. 

Chloroplast thylakoid membranes evolve from vesicles originating from the chloroplast 

inner envelope membrane, and the formation of thylakoids results in the generation of a 

completely separated internal membrane system (Vothknecht et al., 2005; Westphal et al., 

2001). In contrast, for cyanobacteria it has been a long-standing debate if the internal 

thylakoid membrane system is physically separated or if it remains connected to the 

cytoplasmic membrane. Several recent structural studies have, however, indicated that 

thylakoids are also separated membrane entities in cyanobacteria (Liberton et al., 2006; 

Nevo et al., 2007; Schneider et al., 2007; van de Meene et al., 2006). 

For biogenesis of thylakoid membranes many cellular processes, like lipid 

biosynthesis, membrane formation, protein synthesis in the cytoplasm and/or at a 

membrane, protein transport, protein translocation, and protein folding have to be 

organized, chronologically aligned, and controlled. Although for many years genes and 

proteins specifically involved in formation and biogenesis of thylakoid membranes 

remained unidentified, in 2001 a protein was described that could be involved in 

thylakoid membrane biogenesis in plant chloroplasts and cyanobacteria (Kroll et al., 2001; 
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Westphal et al., 2001). The observation that deletion of the open reading frame hcf155 in 

Arabidopsis thaliana resulted in a complete absence of thylakoid membranes indicated that 

the encoded protein is involved in thylakoid membrane biogenesis. Further analysis has 

suggested that the protein might be involved in vesicle trafficking between the inner 

envelope and thylakoid membranes of chloroplasts (Kroll et al., 2001). Consequently, the 

protein was named vesicle-inducing protein in plastids 1 (Vipp1). Depletion of Vipp1 in 

the cyanobacterium Synechocystis PCC 6803 strongly affected the ability of cyanobacterial 

cells to form thylakoid membranes (Westphal et al., 2001) and consequently, also in 

cyanobacteria Vipp1 appears to be involved in thylakoid membrane formation. A Vipp1 

depletion strain of A. thaliana is deficient in photosynthesis, and the defects appeared to 

be caused by dysfunction of the entire photosynthetic electron transfer chain (Aseeva et 

al., 2007). On depletion of Vipp1 in cells of the cyanobacterium Synechocystis PCC 6803 a 

decrease in paired thylakoid membranes has been observed together with a significant 

reduction of active trimeric photosystem 1 centers (Fuhrmann et al., 2009). Although 

chloroplast Vipp1 was found to be localized in both the thylakoid and inner envelope 

membrane (Kroll et al., 2001; Li et al., 1994), the cyanobacterial protein has been 

suggested to be exclusively bound to the cytoplasmic membrane (Westphal et al., 2001). 

Vipp1 shows a high degree of sequence similarity to the phage shock protein A 

(PspA) from Escherichia coli and other eubacteria, and - in line with this - Vipp1 can 

functionally replace PspA in E. coli (DeLisa et al., 2004). The low-resolution structure of 

the E. coli PspA has been resolved by electron microscopy (EM) and single-particle 

analysis. The homooligomeric PspA organizes into a ring structure with ninefold 

rotational symmetry and a molecular mass of ~1 MDa. Formation of ring structures has 

also been suggested for Vipp1 from A. thaliana (Aseeva et al., 2004). However, the 

oligomeric organization and structure of both PspA and Vipp1 has been challenged 

recently. Vipp1 from the green alga Chlamydomonas reinhardtii forms very long rod-like 

structures in vitro, and a function of these structures in vivo has been suggested (Liu et 

al., 2007). Furthermore, it has been suggested that PspA from E. coli forms cage-like 

structures that mimic eukaryotic clathrin coats (Standar et al., 2008), rather than ring 

structures. These contradicting structural data make further studies relevant.  

Here we present a detailed analysis of the oligomeric organization of Vipp1 from the 

cyanobacterium Synechocystis PCC 6803. Vipp1 forms stable dimers and higher-ordered 

oligomers that are localized in the cytoplasm and at the internal membranes. The higher-

ordered oligomeric Vipp1 species have a molecular mass of 1.9 ± 0.3 MDa and are 

organized in ring structures with a remarkably variable number of monomer copies. They 

might be involved in vesicle formation by a yet unknown mechanism. 
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Materials and methods 

Heterologous Expression and Purification of Vipp1 from Synechocystis PCC 6803 

Generation of the plasmid pRSET-SynVipp1 expressing Vipp1 with an N-terminal deca-

His-tag was recently described in detail (Fuhrmann et al., 2009). For protein expression 

the expression plasmid was transformed into E. coli BL21 (DE3) cells. Cells were grown in 

1 L LB medium to an OD600 of ~0.6, and protein expression was induced by addition of 

0.5 mM isopropyl-beta-D-thiogalactopyranoside. After 3 h cells were harvested and 

resuspended in 20 ml 50 mM Na phosphate, pH 7.6, and 5 mM EDTA buffer. Cells were 

subsequently broken by sonication, and afterward cell debris and inclusion bodies were 

removed by centrifugation at 10,000 x g for 10 min. The remaining supernatant was 

directly used to purify Vipp1. The supernatant was loaded onto a Ni-NTA agarose column 

(Qiagen, Hilden, Germany). The column was washed five times with buffer (50 mM Na 

phosphate, pH 7.6,  300 mM NaCl, and 40 mM imidazole), and proteins were finally 

eluted in buffer + 500 mM imidazole. The eluted protein was subsequently dialyzed 

against 50 mM Na phosphate, pH 7.6. 

For determination of the subcellular protein localization in E. coli, the supernatant 

retained after removal of debris and inclusion bodies was centrifuged for 1 h at 100,000 x 

g, and sedimented membranes were resuspended in buffer and brought to the same 

volume as the soluble protein fraction. Equal volumes of the fractions were loaded per 

lane for the SDS-PAGE analysis. 

Synechocystis Cell Culture 

A glucose tolerant Synechocystis PCC 6803 wild-type strain (kind gift of M. Rögner, 

Bochum, Germany) was grown photoautotrophically in liquid BG11 medium (Rippka et 

al., 1979) at 34 °C under 33 μE/m2 of fluorescent cold white light or under light-activated 

heterotrophic growth conditions (Anderson et al., 1991). 

Preparation of cyanobacterial membranes 

Synechocystis cells were harvested in the midlog growth phase and pelleted by 

centrifugation (5,000 x g, 10 min, 4 °C). Cells were resuspended in buffer (20 mM 

HEPES/KOH, pH 7.5, 150 mM NaCl, 5 mM MgCl2, and 5 mM CaCl2) and disrupted in a 

bead beater homogenizer (BioSpec, Bartlesville, OK) using 0.5-mm glass beads. Glass 

beads, unbroken cells, and cell debris were removed by centrifugation at 5,000 x g for 5 

min at 4 °C. After subsequent centrifugation at 100,000 x g for 40 min at 4 °C the 
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membrane pellet was resuspended in a buffer at a chlorophyll concentration of ~1 mg 

chlorophyll/ml, and thylakoid membranes were extracted with 1.5% n-dodecyl-β-D-

maltoside (DDM) for 1 h at room temperature. Proteins and protein complexes of the 

soluble fraction as well as extracted membrane proteins were separated on a Biosept 

S4000 SEC column (Phenomenex, Aschaffenburg, Germany) in buffer (20 mM 

HEPES/KOH, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, and 0.04% DDM). 

Individual fractions were analyzed by immunoblot analysis using an anti-Vipp1 antibody 

(Fuhrmann et al., 2009) to identify Vipp1-containing fractions. 

For blue native (BN) PAGE analysis freshly prepared Synechocystis membranes in 

buffer (50 mM HEPES/KOH, pH 7.0, 5 mM MgCl2, 25 mM CaCl2, and 10% glycerol) were 

extracted with 1.5% DDM, and membrane-attached proteins were separated exactly as 

described detailed before (Dühring et al., 2006) . Individual lanes were separated in a 

second dimension on a 12% SDS-gel (Laemmli, 1970), and Vipp1 was identified by 

immunoblot analysis using an anti-Vipp1 antibody. 

Electron Microscopy  

Synechocystis PCC 6803 cells were grown and harvested as described above. A cell pellet 

obtained from a 10-ml cell suspension was washed three times with EM buffer (50 mM 

KH2PO4/Na2HPO4, pH 7.0). The ultrastructural and immunocytochemical (immunogold) 

investigations were performed as described previously (Gathmann et al., 2008). 

On purification Vipp1 was dialyzed against 20 mM Tris/HCl, pH 7.5, 75 mM NaSCN, 

and 50 mM NaCl. Samples of purified Vipp1 were negatively stained with 2% uranyl 

acetate (UA) or 4% methylamine tungstate (MT) on glow-discharged carbon-coated 

copper grids. Images were recorded with a Gatan 4K slow-scan charge-coupled device 

camera (Pleasanton, CA) on a Philips CM12 electron microscope (FEI, Eindhoven, The 

Netherlands) equipped with a LaB6 tip operated at 120 kV, using Grace software for semi 

automated specimen selection and data acquisition (Oostergetel et al., 1998). The final 

magnification was 80,000x, with a pixel size (after binning the images) of 3.75 Å at the 

specimen level. 

About 1400 electron micrographs were recorded from a specimen stained with MT. 

In total 13,943 single-particle projections representing top views were selected and 

extracted from 1402 electron micrographs, recorded from an MT-stained specimen, by a 

reference-based automated particle selection procedure incorporated in GRIP (Groningen 

Image Processing) from these micrographs. From the UA-stained specimen, 600 electron 
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micrographs were recorded, and 625 single particles of side views were selected and 

extracted by hand. 

Single-particle analysis was performed with the GRIP software package on a PC 

cluster. The single-particle projections (144 x 144-pixel frame for the top views and 160 x 

160-pixel frame for the double-ring side views) were subjected to multireference 

alignment and reference-free alignment procedure, multivariate statistical analysis, and 

hierarchical ascendant classification (van Heel et al., 2000). Finally, two-dimensional 

projection maps of Vipp1 top views were calculated from the best resolved classes, which 

represented ~15% of the whole data. For the final two-dimensional projection maps of the 

Vipp1 side views, all (80% of the) selected single particles were used to calculate averages 

from the best resolved classes. 

To validate the imposed symmetry, cross-correlation factors (CCFs) between a 

nonrotated projection map and rotated views of the same projection map were calculated. 

The rotation angles were such chosen that they correspond to certain symmetry (a 

rotation of 180° corresponds to twofold symmetry, 120° rotation to threefold symmetry, 

etc.). Symmetry was identified based on the highest CCF score and the smallest rotation 

angle because structures with, for example, 12-fold symmetry also show two-, three-, 

four-, and six-fold symmetry. 

Circular Dichroism Measurements 

The secondary structure of Vipp1 was determined by circular dichroism (CD) 

spectroscopy. CD spectra were measured with a Jasco J-810 CD spectrometer (Jasco, 

Tokyo, Japan) in the 190-350 nm range every 1 nm at a scan speed of 200 nm min–1 in a 

cuvette with a 1-mm path length at a protein concentration of 0.125 mg/ml in 10 mM Na 

phosphate buffer (pH 7.5). The bandwidth was set to 1 nm. 

GALLEX Analyses of the In Vivo Oligomerization in E. coli 

The GALLEX system was used to determine homotypic interactions of Vipp1 in E. coli. 

Therefore, the vipp1 gene was amplified by PCR from genomic Synechocystis DNA using 

the following primers: vipp3'-GALLEX: 5'-tatgcgagctcgatgggattatttgaccgtttagand-3' and 

vipp5': 5'-tatgccatatgggattatttgaccgtttagg-3', and the resulting vipp1 fragment was 

subsequently ligated to the plasmid pLexA (Schneider et al., 2003) after restriction 

digestion of the PCR fragment and the plasmid with SacI and BamHI. E. coli SU101 cells 

(Dmitrova et al., 1998) were transformed with the resulting plasmid pLexA-SynVipp1 as 
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well as with the control plasmids. Growth of the cells and GALLEX measurements were 

done exactly as described in detail in (Schneider et al., 2003). 

Results 

Subcellular Localization of Vipp1 in Synechocystis  

Vipp1 was found to bind to the inner envelope as well as to thylakoid membranes in 

chloroplasts from Pisum sativum and Arabidopsis thaliana (Kroll et al., 2001; Li et al., 1994), 

whereas it has been proposed that in the cyanobacterium Synechocystis PCC 6803 Vipp1 is 

localized exclusively at the cytoplasmic membrane (Westphal et al., 2001). Because 

chloroplasts and cyanobacteria share a common ancestor this different localization 

appeared surprising, thus we have reinvestigated the subcellular localization of Vipp1 in 

Synechocystis. To visualize the subcellular localization of Vipp1 in Synechocystis cells, we 

have used EM together with immunogold labeling. As can be seen in Figure 1A the pre-

immune serum did not cross-react with any protein from Synechocystis, whereas the raised 

anti-Vipp1 serum showed a clear cross-reactivity with a single protein. Furthermore, 

when ultrathin sections of Synechocystis cells were also probed with the pre-immune 

serum no gold particle was found on the EM micrographs (Figure 1B). Taken together, 

these control experiments clearly show that neither the pre-immune serum nor the 

secondary antibodies cross-react unspecifically with any Synechocystis protein different 

from Vipp1. On the other hand, when ultrathin sections of Synechocystis cells were probed 

with the antibody directed against Vipp1 from Synechocystis, the protein was localized at 

different places within the entire Synechocystis cell (Figure 1C). Although most gold 

particles were found close to membranes, they were not exclusively localized in close 

proximity to the cytoplasmic membrane but also were close to thylakoid membranes 

within the cells, which is in good agreement with the described Vipp1 localization in 

Pisum and Arabidopsis chloroplasts. About two-third of all gold particles were found in close 

proximity to membranes, whereas one-third of the gold particles appeared to indicate a 

localization of (soluble) Vipp1 in the cytoplasm (n = 80). To further test if Vipp1 is 

exclusively membrane bound in Synechocystis, we have examined total cellular 

Synechocystis extract as well as isolated membranes and soluble Synechocystis proteins by 

Western blot analysis. As can be seen in Figure 1D, Vipp1 is mainly associated with 

membranes but also found in the soluble protein fraction, which indicates a dynamic 

equilibrium between membrane-bound and soluble Vipp1 in Synechocystis. However, in 

line with earlier reports the majority of Vipp1 was found to be membrane associated. 
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In the soluble protein fraction a Vipp1 

double band was detected by Western 

analyses, the exact nature of which is 

elusive. However, a Vipp1 double band has 

been described in most studies with Vipp1 

so far (Aseeva et al., 2004; Kroll et al., 

2001; Liu et al., 2005), and this band most 

likely represents a proteolytic fragment of 

the full-length Vipp1.  

Figure 1. Subcellular localization of Vipp1 in 
Synechocystis PCC 6803. (A) Immunological analysis 
of Synechocystis cellular extracts (5 μg protein) with 
an anti-Vipp1 antiserum (IS) and the pre-immune 
serum (PS). Only the anti-Vipp1 serum specifically 
recognized the Vipp1 protein. Although the 
calculated molecular mass of Vipp1 is 29 kDa, the 
apparent mass is ~38 kDa. The molecular masses of 
the standard proteins are indicated on the left. (B) As 
observed on Western blots, no protein could be 
immunostained on electron micrographs with the 
preimmune serum and the secondary antibody. (C) 
Electron micrographs of Synechocystis cells 
immunostained with an anti-Vipp1 antiserum 
(dilution 1:100) followed by treatment with gold 
conjugated anti-rabbit IgG. The results indicate a 
preferential localization of Vipp1 in the vicinity of 
membranes. (D) Total cellular extract of Synechocystis 
(CE) as well as isolated membranes (M) and soluble 
proteins (S) were analyzed with an anti-Vipp1 
antibody. The samples loaded to each lane 
corresponded to the same amount of cell material. 
Western blots with two different amounts of the 
individual fractions are shown to demonstrate that 
the loaded amounts of cellular extract, soluble 
proteins, and membranes are in a linear response 
range for each sample. (E) Electron micrographs of 
Synechocystis cell growth under light-activated 
heterotrophic growth conditions and immuno-

staining with an anti-Vipp1 antiserum (dilution 1:100) followed by treatment with gold-conjugated anti-rabbit 
IgG. The results indicate a localization of Vipp1 in the cytoplasm as well as close to membranes. 

To further exclude that the observed fraction of soluble Vipp1 was not simply caused 

by the release of Vipp1 from membranes during isolation, we further analyzed 

Synechocystis cell growth under light-activated photoheterotrophic growth conditions, 

where growth does not depend on photosynthesis but solely on glucose (Anderson et al., 

1991). Under these growth conditions Synechocystis cells contain only very few internal 

thylakoid membranes (Figure 1E). When ultrathin sections of Synechocystis cells grown 
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under such conditions are analyzed with the anti-Vipp1 antibody (Figure 1E), we found a 

large fraction of Vipp1 not associated with any internal membranes, which further 

supports the above-mentioned observations with photoautotrophically grown cells. 

Taken together, we conclude that, although a large fraction of Vipp1 is bound to 

membranes, the protein also exists in a soluble form in Synechocystis. The membrane-

bound fraction is localized at the cytoplasmic as well as at the thylakoid membrane, in 

agreement with its described subcellular localization in chloroplasts. 

Oligomerization of Vipp1 in Synechocystis 

To analyze the oligomeric organization of Vipp1 from Synechocystis in more detail, we 

have separated soluble as well as membrane-bound and/or associated protein complexes 

and subsequently performed BN-PAGE and Western blot analyses.  

 

Figure 2. Two-dimensional BN/SDS-PAGE analysis of soluble (A) and membrane-bound (B) proteins and 
protein complexes from Synechocystis. Protein, 1 μg, was separated on a 4.5–16% BN-polyacrylamide gel. Lanes 
of the BN-PAGE gel (shown on top) were subjected to SDS-PAGE (12% acrylamide) in the second dimension. 
After Western blotting Vipp1 was identified with an anti-Vipp1 antibody. 

As can be seen in Figure 2, after separation of membrane-associated proteins and 

protein complexes a Vipp1 species with an apparent molecular mass of ~66 kDa was 

detected as well as a higher-ordered Vipp1 oligomer, which hardly entered the BN gel. 

These apparent molecular masses correspond to a Vipp1 dimer and a large Vipp1 oligomer 

with a high molecular mass (>1 MDa), although the exact mass cannot be resolved by BN-

PAGE analysis. Interestingly, when soluble proteins from Synechocystis were analyzed by 

BN-PAGE, only the dimeric Vipp1 population was detected. Because this might indicate 

that the large Vipp1 oligomers form exclusively at membranes, we further analyzed the 

oligomeric state of Vipp1 by size exclusion chromatography (SEC). This milder technique 

more likely preserves oligomeric structures. In line with the BN-PAGE analysis a Vipp1 
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population with a molecular mass of ~66 kDa (dimer) as well as a large Vipp1 oligomer 

with masses ranging from 1.6 MDa to ~2 MDa were identified (Figure 3). In contrast to 

the BN-PAGE analysis, the higher-ordered Vipp1 oligomers were found in both the soluble 

as well as in the membrane protein fraction. These data indicate that Vipp1 forms higher-

ordered oligomers in Synechocystis, and there may exist a dynamic equilibrium between 

monomers, dimers, and higher-ordered oligomers. 

 

Figure 3. Analysis of soluble and membrane-bound proteins from Synechocystis by SEC. Membrane proteins 
were solubilized with 1.5% DDM and subsequently separated on a Biosept S4000 SEC column (Phenomenex). 
Identical volumes of individual SEC protein fractions were applied to a 12% SDS gel, and proteins were 
subsequently analyzed by Western blot analyses. In both the soluble and membrane-bound protein fraction 
Vipp1 was found as a dimer as well as an oligomer with a molecular mass of ~2 MDa. 

However, because the presented in vitro analyses were performed with protein 

fractions isolated from Synechocystis cells, the question arose if Vipp1 also forms 

oligomers within living cells. To test the oligomerization propensity of Vipp1 in a growing 

cell culture, we have used the GALLEX system (Schneider et al., 2003). In this system a 

protein of interest is fused to the DNA-binding domain of the E. coli LexA protein. 

Oligomerization of a protein brings (at least) two LexA DNA-binding domains together, 

and only a dimeric LexA DNA-binding domain can properly bind to a promoter/operator 

region in the chromosome of an E. coli reporter strain. DNA binding subsequently 

represses the activity of a reporter gene expressing the -galactosidase, and, thus, 

interaction of proteins can be followed by measuring the activity of the reporter. This 

LexA-based system has initially been used with soluble (Daines et al., 2000; Dmitrova et 

al., 1998) but has subsequently been modified for membrane localized proteins (Prodöhl 

et al., 2005; Prodöhl et al., 2007; Schneider et al., 2004a; Schneider et al., 2004b) To 

evaluate the determined Vipp1 oligomerization propensities properly, we have also 

analyzed interaction of the transmembrane helix of the human glycophorin A (GpA) wild-

type protein as well as of a mutated GpA helix carrying the G83I substitution, which 

significantly lowers the interaction propensity of the helix (Finger et al., 2006; Schneider 

et al., 2003). 

The results of the GALLEX measurements are shown in Figure 4. Based on these 

results, Vipp1 forms stable oligomers in a living cell, and compared with GpA, which 
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forms a stable helix dimer, Vipp1 has a rather strong oligomerization propensity. For all 

expressed chimeric proteins we found similar expression levels when tested with an anti-

LexA antibody. It has to be noted at this stage, however, that although the GALLEX assay 

allows a meaningful description of a proteins general oligomerization propensity the 

measurement does not allow drawing any conclusion about the exact oligomeric state of 

the protein. 

 

Figure 4. In vivo oligomerization of Vipp1. The propensity of Vipp1 to homooligomerize was measured with the 
GALLEX-system (Schneider et al., 2003). As internal controls, the capacity of the wild-type and G83I-mutated 
GpA proteins to homo-dimerize was measured. The association capacity of each protein was determined by 
measuring the β-galactosidase activities of three independent clones. The expression level of the individual 
fusion proteins was tested by Western blot analysis using an anti-LexA antibody. 

Taken together the above presented results strongly suggest that the Synechocystis 

Vipp1 forms stable oligomers with a mass of ~2 MDa that exist in vivo as nonbound and 

membrane-bound complexes. 

Heterologous Expression of Vipp1 

The above described measurements of Vipp1 oligomerization in E. coli cells have indicated 

that Vipp1 can be expressed as a stable oligomer in E. coli. Thus, to purify large amounts 

of the protein for further structural studies, we heterologously expressed the Synechocystis 

Vipp1 in E. coli cells. As can be seen in Figure 5, after expression of Vipp1 the protein was 

found to be mainly associated with membranes. Furthermore, as in Synechocystis a small 

pool of soluble Vipp1 was identified. To subsequently analyze these oligomeric structures 

in more detail, we have purified the protein from E. coli cell extracts (membranes and 

supernatant) without using any detergent or denaturant, because it has been suggested 
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that the use of detergents can modify the Vipp1 structure, resulting in non-native 

structural alterations (Standar et al., 2008).  

 

Figure 5. Top, expression of the Synechocystis Vipp1 in E. coli. Proteins were separated on a 12% SDS gel and 
stained with Coomassie blue. MW, molecular mass standard; CE, total cell extract of E. coli BL21 (DE3) cells 
harboring the expression plasmid pRSET-SynVipp1; IB, inclusion body fraction; S, soluble proteins; M, 
membrane proteins. Equal volumes of the individual E. coli fractions were loaded per lane. Vipp1 labelled lane, 
Vipp1 purified by affinity chromatography (1 μg). Bottom, an antibody was directed against Vipp1 cross-reacted 
with the purified Vipp1 and recognized Vipp1 in the individual E. coli fractions. 

On purification we have analyzed the secondary structure of Vipp1 by CD 

spectroscopy. Computational analysis of the Vipp1 amino acid sequence with the program 

Jpred3 (Cole et al., 2008) predicts that ~80% of the protein is -helical, and many regions 

are predicted to have a high propensity to form coiled-coil structures (Figure 6A). The CD 

spectra of the purified Synechocystis Vipp1 is shown in Figure 6B and deconvolution of the 

spectra with the program CDSSTR (Compton et al., 1986; Manavalan et al., 1987; 

Sreerama et al., 2000; Whitmore et al., 2004; Whitmore et al., 2008) predicts that 83% of 

Vipp1 is -helical, which is in very good agreement with the computational prediction. 
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Figure 6. Analysis of the Vipp1 secondary structure. (A) Analysis of the Vipp1 amino acid sequence with the 
program Jpred3 (Cole et al., 2008) predicts that ~80% of Vipp1 is -helical. The -helical protein regions are 
indicated by the bars. (B) CD spectra of the isolated Vipp1 in the range between 190 and 260 nm. Deconvolution 
of the CD spectra predicts that 83% of Vipp1 is -helical. Note that the ratio of the ellipticities at 222 and 208 
nm is >1. For further details see the text. 

Interestingly, the ratio of the molar ellipticity at 222 nm to the molar ellipticity at 

208 nm was found to be >1, which is indicative for formation of higher-ordered coiled coil 

structures (Monera et al., 1993). Analyses of purified Vipp1 by BN-PAGE in combination 

with SEC (Figure 7) showed the same organization of Vipp1 into dimers and higher-

ordered oligomers as has been observed before in Synechocystis cells (Figures 2 and 3). 

 

Figure 7. Characterization of the isolated Vipp1. When analyzed by BN-PAGE (A) and SEC (B), the isolated 
Vipp1 shows an identical pattern of dimers and higher-ordered oligomers as observed in Synechocystis cellular 
extracts (as shown in Figures 2 - 4). 

Oligomeric Structure of Vipp1 

To further investigate the structure of the Vipp1 oligomers, we have characterized the 

purified protein fraction by single particle EM analysis. As can be seen in Figure 8, Vipp1 

forms large ring structures with different diameters between 25 and 33 nm. The Vipp1 
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ring structures are composed of distinct units each with a small protein density at the 

inside and a notable "spike" protruding from the outside (Figure 8A). The presence of the 

spikes facilitates an accurate determination of the rotational symmetry of the various 

types of rings. Interestingly, Vipp1 was found to form (at least) six different types of rings 

with 12–17-fold rotational symmetry (Figure 8, B and C). 

 

Figure 8. Single-particle image analysis and classification of a set of ~15,000 Vipp1 rings. (A) A gallery of single-
particle projections in top-view position. (B) Class-sums of non-symmetrized projection maps of rings with 
different rotational symmetry. On average, for each projection map ~200–300 projections were summed. (C) 
Same rings corresponding to the frames of B, with imposed rotational symmetries. Space bar, 10 nm. 

Occasionally, two Vipp1 rings become stacked. These double rings were only seen in 

side-view position (Figure 9D-H). The stacked double rings have a slight variation in 

diameter, which is between 29 and 34 nm (Figure 9, D–H, horizontal direction). This can 

be attributed to the above described variation in ring sizes. As expected, the height of the 

single rings (22 nm, half of the vertical direction) is uniform. 

From its shape and dimensions, the mass of a protein complex can be roughly 

estimated. The 17-fold symmetrical ring has a volume of ~25,000 nm3, compatible with a 

mass of 1.5–2.5 MDa. A mass of ~2 MDa was also actually measured. Because the smallest 

building block of each ring is the Vipp1 monomer with a molecular mass of ~32 kDa and 

because the ring structures most likely consist of Vipp1 tetramers, rings with 12–17 

tetrameric units would result in predicted masses of ~1,500–2,200 kDa. To further assess 

the nature of the Vipp1 building units shaping the various Vipp1 rings, we have analyzed 

Vipp1 oligomers by BN-PAGE after mild SDS denaturation of the Vipp1 rings. Addition of 
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gradually increasing concentrations of SDS to Vipp1 dissolved in 5 mM DDM resulted in 

the formation of mixed DDM/SDS micelles and gradual disassembly of the Vipp1 

oligomers. 

 

Figure 9. EM nonfrequent types of Vipp1 structures. (A-C) open rings formed by Vipp1. (D-H) Classification of 
sandwiched Vipp1 rings in side-view position. For each class-sum ~50-100 projections were summed. (I) 
Overview of rarely occurring rod-like association of Vipp1 rings. In the middle of the frame some individual rings 
are visible. Space bar for all frames, 50 nm. 

At SDS concentrations above 4 mM the large oligomer disappears, whereas dimeric 

and tetrameric Vipp1 species appear, as well as a small fraction of octameric Vipp1 (Figure 

10). At increasing SDS concentrations the higher-ordered oligomers disassemble 

completely, and only the dimeric Vipp1 remains stable. Thus, in line with the above 

presented observations Vipp1 forms stable dimers in solution. Therefore, we propose that 

the repeating unit for a Vipp1 ring is a dimer of Vipp1 dimers. This implies, e.g., for the 

ring with N = 12 spikes that 24 Vipp1 dimers are involved in formation of the oligomer, 

with each spike representing a dimer. However, because the spikes facing inside the 

protein have an electron density different that of the spikes facing to the outside, we 

suggest that the Vipp1 oligomer is built up by an alternating interaction of Vipp1 dimers, 

potentially in an antiparallel manner. The side views of the Vipp1 rings indicate that there 

is no clear separation within distinct domains in the vertical direction (Figure 9, D–H). 

Because the rings have a height of ~22 nm, this means that more than half of the Vipp1 
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monomer must exist in an extended  -helical conformation, spanning the entire height 

of the complex, which is 22 nm. In addition to the observed ring structures, a few string-

like open ring structures were found (Figure 9, A–C), and, in addition, a very small part of 

the entire population of Vipp1 rings was found to form longer rods (Figure 9I). 

 

 

Figure 10. Gradual disassembly of the ~2 MDa Vipp1 oligomer. Vipp1 was dissolved in buffer in the presence of 
5 mM DDM, and the indicated amounts of SDS were added to form mixed micelles. After incubation at room 
temperature for 10 min, protein complexes were separated on a 4.5-16% BN polyacrylamide gel, and the gel was 
subsequently silver-stained. The positions of the Vipp1 dimer (D), the tetramer (T), and of higher organized 
oligomers (O) are indicated. 

Taken together, the presented results show that Vipp1 from Synechocystis can form 

ring structures with different diameters but constant heights, and dimeric Vipp1 is the 

minimal building block involved in formation of the observed higher-ordered oligomeric 

structures. 

Discussion 

Subcellular Localization of Vipp1 

In the present study we have analyzed the subcellular localization and structural 

organization of Vipp1 from the cyanobacterium Synechocystis PCC 6803. For Vipp1 from 

Arabidopsis thaliana, Pisum sativum, and Synechocystis, it has been suggested that the 

proteins are exclusively membrane bound (Kroll et al., 2001; Li et al., 1994; Westphal et 

al., 2001). Although for the chloroplast Vipp1 a dual localization at both the inner 

envelope membrane as well as at the thylakoid membrane has been described (Kroll et al., 

2001), for Synechocystis it has been suggested that the protein binds exclusively to the 
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cytoplasmic membrane and not to thylakoids (Westphal et al., 2001). This observation 

was somewhat unexpected because of the common evolutionary origin of cyanobacteria 

and chloroplasts and of the proposed function of the protein. If Vipp1 is involved in a 

vesicular transfer system between the inner membrane systems in chloroplasts and 

cyanobacteria, one would expect to find the protein localized at both inner membranes as 

in chloroplasts. In line with the described subcellular localization in chloroplasts the 

immunogold analysis presented in Figure 1 strongly suggest that cyanobacterial Vipp1 is 

also attached to both the cytoplasmic and the thylakoid membrane. Thus, in 

cyanobacteria the protein could be involved in an interlinked communication between the 

two internal membrane systems as well. However, in contrast to earlier observation a 

fraction of soluble, nonbound Vipp1 was also identified in Synechocystis. Thus, although 

the majority of Vipp1 appears to be tightly attached to membranes in Synechocystis, a 

soluble protein population is also present, and, as the membrane-bound fraction, soluble 

Vipp1 also forms higher-ordered oligomers. This observation is in excellent agreement 

with observations described earlier for PspA from E. coli. In E. coli PspA exists in a soluble 

and in a membrane-bound form (Brissette et al., 1990), and a dynamic equilibrium 

between these two stages is suggested to trigger the activity of the protein (Elderkin et al., 

2002; Hankamer et al., 2004). However, it is also possible that cytoplasmic 

oligomerization of Vipp1 is just a maturation step before membrane binding or even a 

prerequisite for this. 

Structural Organization of Vipp1 

Analysis of soluble as well as membrane-bound proteins from Synechocystis by BN-PAGE 

indicates that in Synechocystis Vipp1 exists as a stable dimer as well as oligomers with a 

molecular mass of >>1 MDa. Thus, the protein appears to form larger oligomers than its 

homologue PspA from E. coli. Interestingly, our BN-PAGE analyses indicated that the 

oligomers were present only in the membrane protein fraction and not in the soluble 

protein fraction, which indicates that the membrane-bound oligomer is more stable than 

the soluble one. To further characterize the oligomeric organization of the Synechocystis 

Vipp1, we have subsequently analyzed the protein organization by SEC, and dimeric 

Vipp1 as well as a Vipp1 population with a significantly higher molecular mass was 

identified in the soluble as well as in the membrane-bound protein fractions from 

Synechocystis. The molecular mass of the larger oligomer was estimated to be ~2 MDa. 

Formation of rod-like structures with molecular masses >>2 MDa, as described in (Liu et 
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al., 2007), was not observed, and, thus, the described results strongly suggest that - at 

least the Synechocystis - Vipp1 does not form larger oligomeric assemblies. 

After expression of the Synechocystis Vipp1 in E. coli the monomeric protein strongly 

interacts and forms higher-ordered oligomers (Figures 5 and 7). Analysis of the purified 

protein by SEC demonstrated that also the isolated protein forms large oligomeric 

structures with a molecular mass of ~2 MDa, as observed in Synechocystis before. Because 

an impact of detergent on the structural organization of PspA from E. coli has been 

emphasized (Standar et al., 2008), it has to be mentioned that the protein was purified 

without any detergent. Because the protein can be well purified and, thus, effectively 

washed off the membranes by this method, this observation may indicate that Vipp1 is 

not very tightly bound to the internal membranes, at least not in E. coli. This might be 

caused by the different lipid composition of the E. coli membranes compared with the 

Synechocystis membranes. However, as also the homologous protein PspA from E. coli was 

purified by a similar method after homologous expression this protein appears also not to 

bind tightly to membranes (Standar et al., 2008). Weak membrane attachment could thus 

be a common feature of PspA/Vipp1 proteins. 

EM shows that Vipp1 monomers can form various higher-ordered structures, and the 

BN-PAGE analysis shown in Figure 10 suggests that the these structures are built up by 

accumulation of multiple dimeric Vipp1 species. Numerous Vipp1 proteins laterally 

associate to form small strings (Figure 9, A–C), which eventually close to form Vipp1 

rings. The strings shown in Figure 9, A–C, could either represent assembly intermediates 

or an early step during Vipp1 ring degradation. In either case the strings clearly indicate 

an organization of Vipp1 by lateral accumulation of multiple monomers. Occasionally, 

two Vipp1 rings can further interact to form a double-ring structure (Figure 9, D–H). It is 

appealing to speculate that both Vipp1 rings interact with a rather hydrophobic surface, 

which is otherwise involved in membrane binding. Single-particle EM analysis of purified 

Vipp1 showed formation of various homooligomeric Vipp1 ring structures with different 

diameters. Actually, Vipp1 is to our knowledge rather special to make such a variety of 

rings, which means that there must be a special function linked to it, as will be discussed 

below. A similar diversity of ring structure with different compositions of the building 

units has - to our knowledge - only been described so far for the IsiA complex from 

Synechocystis (Boekema et al., 2001; Kouril et al., 2003; Kouril et al., 2005; Yeremenko et 

al., 2004) 

It is also interesting to compare the Vipp1 rings with those of the structural and 

functional homologous PspA protein. The Vipp1 rings have a 12–17-fold symmetry and a 

diameter of 25–33 nm, whereas the PspA rings are uniform with a ninefold symmetrical 
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configuration (Hankamer et al., 2004). If we extrapolate to a hypothetical Vipp1 ring with 

nine fold symmetry, this ring would have a diameter of 22 nm. This is close to the actual 

PspA ring diameter of 20 nm, if we take into account that the latter ring has a rather 

smooth surface because it lacks spikes like Vipp1 has. The PspA rings were considered to 

be composed of tetrameric building blocks to form uniform rings with a molecular mass of 

~1 MDa (Hankamer et al., 2004). This equals the size of half of the Vipp1 rings, which can 

be explained by the fact that the ring height is only 8.5 nm. This difference in the height 

of the PspA rings versus the Vipp1 rings indicates that packing of the PspA and Vipp1 

monomers in the two rings must be different. Although Vipp1 is C-terminally prolonged 

when compared with PspA, oligomerization of the Vipp1 monomers depends only on the 

PspA-like N-terminal domains (Aseeva et al., 2004). Thus, the C-terminal extension of 

Vipp1 is most likely not directly involved in formation of the ring structures. Because of 

this, the N-terminal core domain of PspA and Vipp1 must pack differently. Although only 

~25% of the PspA amino acid residues must form an extended -helix to span the height 

of the PspA ring (8 nm), ~50% of Vipp1 has to form an extended -helix to span 22 nm. 

For both proteins a domain of ~140 amino acids of the N-terminal region is predicted to 

form an -helix with a high propensity for coiled-coil formation. For Vipp1 this predicted 

-helical domain of 140 amino acids would have the right length to account for the 

determined height of the rings of 22 nm, if present as one giant extended -helix. In the 

case of PspA this helix is most likely folded as a hairpin and may form an -helix bundle 

that would result in an increase of the PspA ring width. Different structural organization 

of PspA and Vipp1 might also indicate small differences in the respective protein 

functions, which would, e.g., explain why Synechocystis contains PspA as well as Vipp1. 

It has to be noted that we did not observe cage-like structures as described before for 

the PspA from E. coli. Because for the preparation of the Synechocystis Vipp1 no detergent 

was used the suggested major impact of detergent on the PspA structure (ring vs. cage 

structures) should be revisited. 

The observed diverse ring structures of Vipp1 could be involved in vesicle formation 

in cyanobacteria and chloroplasts. It is intriguing to speculate that Vipp1 assembled into a 

ring around the neck of a forming budding vesicle, similar to dynamin in eukaryotic cells. 

Stepwise release of individual Vipp1 units results in formation of rings with smaller 

diameters, which would bring the membranes into a close contact, resulting in membrane 

fusion and pitching off of a vesicle. If Vipp1 performs such a dynamin-like function, the 

protein will most likely recruit other proteins that are, for example, involved in initial 

membrane bending and vesicle fission. Proteins involved in regulating the controlled 
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Vipp1 (dis)assembly could involve Hsp70 chaperones and co-chaperones, as discussed 

recently (Liu et al., 2007). 

Taken together, we show here that Synechocystis Vipp1 forms various oligomeric 

rings with different monomer stoichiometries. Although some of these rings exist in the 

cytoplasm of Synechocystis in a soluble form, most Vipp1 oligomers are tightly attached to 

both the thylakoid and the cytoplasmic membrane of the cyanobacterium Synechocystis 

PCC 6803. Formation of promiscuous Vipp1 ring structures could play a critical role in 

vesicle formation in cyanobacteria and chloroplasts. 
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Abstract 

The Vesicle Inducing Protein in Plastids 1 (Vipp1) has been suggested to be involved in 

thylakoid membrane formation in both chloroplasts and cyanobacteria. The protein 

shows sequence homology to the Phage Shock Protein A (PspA) from bacteria, and both 

proteins have similar secondary structures. 2D-structures of PspA and of Vipp1 have been 

determined by electron microscopy in recent years. Both PspA and Vipp1 form large 

homooligomeric rings with high molecular masses but their ring dimensions differ 

significantly. Furthermore, Vipp1 forms rings with different rotational symmetries 

whereas PspA appears to form rings with a single rotational symmetry. In this chapter we 

compare the structures of PspA and Vipp1 and suggest a spatial structural model of the 

observed Vipp1 rings.  

Introduction 

Thylakoid membranes in green plants, algae and cyanobacteria house the proteins which 

are capable to carry out oxygenic photosynthesis. In cyanobacteria, the thylakoid 

membranes are organized as ring-like layers in an onion and often lay parallel to the 

plasma membrane following the shape of the cell. However, there is a known exception to 

this rule: the species Gloeobacter violaceus. This primitive cyanobacterium lacks any form 

of internal thylakoid membrane (Koenig et al., 1995) and the photosynthetic apparatus is 

located in the plasma membrane. In plant cells the thylakoid membranes are lipid bilayers 

which are inside the chloroplast organelle. The thylakoid membranes can either be 

stacked which are called grana or unstacked which are known as stroma lamellae. One can 

speculate about the origin of thylakoid membranes in both cyanobacteria and plants. 

Possibly at one point during evolution the plasma membrane from a cyanobacterium like 

Gloeobacter violaceus started to protrude into the cytoplasm. The resulting membrane 

foldings became packed with photosynthetic proteins and separated from the plasma 

membrane. By such a type of differentiation, the newly formed membranes became 

thylakoid membranes as found in most cyanobacteria (Vothknecht et al., 2001). 

Chloroplasts are nowadays seen as having originated from a prokaryote with 

photosynthetic activity invading a protoeukaryotic host cell whereby the prokaryote 

evolves into its current form as an organelle (Schwartz et al., 1978). This event is known 

as endosymbiosis.  
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The mechanism behind the formation of thylakoid membranes in both cyanobacteria 

and plants is nowaday not yet fully understood. It was shown that light can induce 

thylakoid membrane formation (Tzinas et al., 1987), but the underlying biochemical 

processes are elusive. However, it was found in 2001 that deletion of gen hcf155 from 

Arabidopsos thaliana resulted in the total loss of thylakoid membranes. This implied a 

possible role for the product of hcf155 during chloroplast development.(Kroll et al., 2001). 

Moreover, the same Arabidopsis mutations lost the possibility to form vesicles, hence the 

name Vesicle Inducing Protein in Plastids 1 or Vipp1. 

Homologues of the chloroplast Vipp1 were found in the genomes of several 

cyanobacteria. While vipp1 could not be completely deleted in the cyanobacterium 

Synechocystis PCC 6803 (no entire segregation could be achieved, suggesting that loss of 

Vipp1 is lethal to the cells), depletion of the gene product resulted in a severe reduction of 

internal thylakoid membranes (Westphal et al., 2001). Thus the protein appears to have 

similar function in cyanobacteria and chloroplasts. Another observation supporting this 

was that depletion of Vipp1 also resulted in a decreased level of photosystems in both 

chloroplasts (Aseeva et al., 2007) and cyanobacteria (Fuhrmann et al., 2009b; Gao et al., 

2009). So, these observations allow us to say that it is very likely that Vipp1 is at some 

point involved in the thylakoid membrane biogenesis, although the exact function of 

Vipp1 is still not known.  

The sequence of Vipp1 shows a high degree of sequence similarity to the phage shock 

protein A (PspA) from bacteria. Expression of PspA was initially identified to be highly 

upregulated after phage infection of E. coli cells, but it was shown later that expression of 

PspA appears to be generally increased under stress conditions (Brissette et al., 1990). The 

gene encoding PspA can be deleted in E. coli without a dramatic phenotype. It was also 

shown that the protein binds to specific lipids of the membrane (Kobayashi et al., 2007). 

Furthermore, blocking the fatty acid biogenesis in E. coli resulted in cells with a detached 

cytoplasmic membrane, but more interesting, also in an increased production of PspA. 

This is supported by more recent observations that indicate that the protein is involved in 

maintaining the integrity of the E. coli cytoplasmic membrane (Standar et al., 2008). 

Vipp1 associates tightly with both the cytoplasmic or inner envelope and the thylakoid 

membrane in cyanobacteria and chloroplasts (Fuhrmann et al., 2009b; Kroll et al., 2001; Li 

et al., 1994). 

Interestingly, many cyanobacteria contain both a pspA as well as a vipp1 gene. As in E. 

coli, the single pspA gene of the cyanobacterium Synechocystis can be deleted without 

resulting in a dramatically changed phenotype (Weiner et al., 1994) whereas depletion of 

the vipp1 gene product resulted already in severe defects (Aseeva et al., 2007; Fuhrmann et 
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al., 2009b; Kroll et al., 2001; Westphal et al., 2001). These observations indicate that 

Vipp1 is essential in cyanobacteria as well as in chloroplasts whereas PspA is not crucial in 

bacteria. Expression of the Synechocystis Vipp1 in E. coli could complement the deletion of 

the endogenous E. coli pspA gene under certain stress conditions. This observation 

indicates that the two proteins could have similar functions in vivo. Interestingly, the 

observation that many cyanobacteria encode both PspA and Vipp1 raises the question of 

how the functions of these two related proteins are separated in these organisms. 

Noteworthy, in some cyanobacteria, such as Microcystis aeruginosa and Acaryochloris 

marina, only a PspA homologous protein is encoded and no Vipp1. This indicates that in 

these strains either PspA also fulfils the function of Vipp1 or that in these strains 

thylakoid membrane biogenesis is organized differently without involvement of a Vipp1 

homologous protein. Also the cyanobacterium Gloeobacter violaceus lacking thylakoid 

membranes (Koenig et al., 1995), does not encode Vipp1 but only its homologue PspA. 

In 2004 the 2D structure of PspA from E. coli was determined by electron microscopy 

(EM) (Hankamer et al., 2004). The protein forms a large homooligomeric ring of about 1 

MDa. The ring has a 9-fold symmetry and it was calculated that the ring contains 36 

copies of the PspA monomer per ring. Very recently, we published a structural analysis of 

Vipp1 from Synechocystis (Fuhrmann et al., 2009a), as discussed in the previous chapter of 

this thesis. In line with the PspA structure, also Vipp1 forms large homooligomeric ring 

structures. However, Vipp1 was found to form diverse higher ordered ring structures with 

12-17 fold symmetry, in contrast to the pure population of 9-fold symmetrical PspA rings. 

The higher symmetry of Vipp1 also leads to a higher mass of the protein which is about 

1.8-2.2 MDa. The differences in the structures of PspA and Vipp1 could correlate with 

their defined physiological roles.  

Here, we used bioinformatics and modelling for a detailed comparison between 

Vipp1 and PspA from Synechocystis and PspA from E. coli at all structural levels. Starting 

with the primary structured we end with a predicted 3D model for the Vipp1 multimeric 

organization.  

Structural comparison of Vipp1 and PspA: Primary structure 

The amino acid sequence of Vipp1 and PspA are known to be highly homologous. The 

protein sequences of PspA from E. coli as well as of PspA and Vipp1 from Synechocystis 

were aligned as shown in figure 1. All three proteins align from the N-terminus up to 

amino acid (aa) residue 218 without insertions or deletions. The two PspA proteins share 

a sequence identity of only 27% but show a sequence similarity of 51%. These data 
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indicate already that the PspA proteins and homologues are not highly conserved. The 

Synechocystis PspA protein and Synechocystis Vipp1 also share just 31% sequence identity 

(51% similarity). Taken together, the amino acid sequence conservation between PspA 

and Vipp1 homologs is low. Furthermore, Vipp1 contains a C-terminal extension of 45 

amino acids, and this extension appears to be the characteristic feature of Vipp1 vs. PspA 

proteins. 

 

Figure 1. Amino acid sequence alignment of Vipp1 from Synechocystis and PspA from Synechocystis and E. coli 
with Clustal X.14 (Thompson et al., 1997). Identical (*), strongly similar (:) and weakly identical (.) amino acid 
residues are indicated. The grey regions represent -helical domains predicted with PSIPRED, V2.6.15 (Larkin et 
al., 2007). 

Structural comparison of Vipp1 and PspA: Secondary structure 

Although PspA and Vipp1 show some degree of sequence identity, the amino acid 

sequence of the proteins is not highly conserved. However, the proteins have a more 

conserved secondary structure. The predicted secondary structure for all proteins is 

essentially purely alpha-helical, apart from some coil interruptions. This prediction is in 

excellent agreement with experimental determination of the PspA and Vipp1 secondary 

structure (Hankamer et al., 2004). The grey highlighted amino acids in figure 1 represent 

the regions predicted to be -helical. In addition to the regions within the PspA domain of 

Vipp1, this protein contains an extra -helical domain at its C-terminus. This additional 

domain appears to be the unique feature of Vipp1 when compared to PspA and it is not 

involved in oligomer formation, as has been shown recently (Aseeva et al., 2004).  
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The program PCOILS (Lupas, 1996) was used to determine the probability of Vipp1 

and PspA to form coiled-coils of helices. Analysis revealed that the first half of both 

proteins can form coiled-coils, for Vipp1 these regions are amino acids 25-60 and 80-160 

and for PspA amino acids 30-150 and 160-185. Thus, the predicted secondary structures 

of pspA and Vipp1 are conserved as well as the probability of the protein domains to form 

coiled-coils. 

Structural comparison of Vipp1 and PspA: ring vs. rings 

It was shown in several electron microscopy studies that Vipp1 and PspA can form large 

ring structures (Vipp1: Aseeva et al., 2004; Fuhrmann et al., 2009a), (PspA: Hankamer et 

al., 2004; Standar et al., 2008). The structural details of these rings, including dimensions 

and observed symmetry are shown in table 1. From this table it is striking that the 

analogy in primary and secondary structures does not hold for the quaternary structure 

where a rather large variation for ring-dimensions exists. Furthermore, the studies on 

PspA are in disagreement with each other concerning the dimensions and the same is true 

for the two studies on Vipp1. The discrepancy is that half of the studies mention a ring 

population with distinct dimensions (Aseeva et al., 2004; Hankamer et al., 2004) whereas 

the other half describes variable dimensions for these ring structures (Fuhrmann et al., 

2009a; Standar et al., 2008). This remarkable observation can be explained by the 

different purification procedures. Usage of detergent at some point during the 

purification procedure results in a ring population with distinct dimensions whereas 

detergent-free protein preparations results in variable rings dimensions. This suggests 

that Vipp1 and PspA are influenced by the detergent in such a way that only one 

particular specific quaternary structural arrangement is present.  

Table 1. A comparison of structure and symmetry of rings of PspA and Vipp1, as determined by electron 
microscopy and image analysis. 

 Width 

(nm) 

Height 

(nm) 

Symmetry Copies/ring Detergent Reference 

PspA 20 8.5 9 fold 36 Yes (Hankamer et al., 2004) 

 24.9-56.2 - - - No (Standar et al., 2008) 

Vipp1 40 14 - - Yes (Aseeva et al., 2004) 

 25-33 22 12-17 fold 48 - 68 No (Fuhrmann et al., 2009a) 
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Tertiary structure prediction and quaternary structure modelling for Vipp1 

So far, no crystal structures are available for Vipp1 or for PspA. However, an impression 

of the hypothetical tertiary structure can be obtained by 3D-structure prediction. For this 

purpose the sequences of the Synechocystis Vipp1 as well as of the E. coli PspA were 

submitted to the Phyre webserver (Kelley et al., 2009). All predicted 3D models for Vipp1 

and PspA had either one long alpha-helix or coiled-coil structures. According to Kelly and 

Sternberg, when the predicted models have the highest estimated precision but rather low 

sequence identity between input protein and the proteins used as starting models, this 

means that the core of the models will tend to be accurate but peripheral regions could 

show greater deviations. Taking this into account, the model based on the 3D structure of 

smooth muscle alpha-actinin (pdb entry 1sjj) was chosen for modelling of the oligomeric 

ring structure of Vipp1. This model (figure 2) contains amino acids 4-253 from Vipp1 

which equals 93% of the whole Vipp1 sequence. 

 

Figure 2. Modelling of the monomeric Vipp1 structure. (A) Ribbon presentations from aside and (B) from the 
bottom, which is equivalent to the left side in the left frame. (C) presents a cross-section at the central part of 
the model. Pymol was used for visualisation of all models. 

The monomeric Vipp1-model has a length of 17 nm and a diameter of ~2.5 nm. 

Partly, it is a three-start coiled-coil in the central part of the structure as shown in figure 

2C. Already at this stage it becomes obvious that the tertiary structure of PspA and Vipp1 

must differ significantly. The suggested Vipp1 model has a length of 17 nm which 

corresponds to a ring height of >17 nm (for comparison, see below). Since the PspA ring 

has only a height of 8.5 nm (Hankamer et al., 2004), the generated homology model 

cannot be used to derive the 3D structure of the PspA ring, and already the tertiary 

structure of PspA must significantly differ from Vipp1. It is e.g. possible that in the PspA 

structure the long -helices are strongly kinked to form a higher-ordered helix-bundle 

with a length of about 8-9 nm. 

Based on biochemical characterisation it was suggested that the smallest building-

block within the Vipp1 ring structures is a dimer of dimers. Single particle analysis of 

Synechocystis Vipp1 top-views (Fuhrmann et al., 2009a) showed that the ring structures 

have a rotational symmetry ranging from 12- up to 17-fold. Ring structures with 15-fold 
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symmetry are in the middle of the observed range of symmetries. This type of ring has 15 

spikes pointing outwards and 15 pointing to the inside. To each spike two densities can be 

attributed, which both have a diameter of ~2.5 nm. The fact that the diameters of the 

observed 2.5 nm densities and of the predicted Vipp1 model are about the same, leads us 

to speculate that the density could originate from a single Vipp1 protein copy. From this 

we conclude that the spikes, as seen in the EM projection maps, are each occupied by two 

Vipp1 proteins. Two predicted Vipp1 models were arranged manually such that the total 

dimer length was 22 nm, which corresponds to the ring height determined by single 

particle analysis (Fuhrmann et al., 2009a). Furthermore, two dimers were placed next to 

each other based on the spikes in the EM projection map with 15-fold symmetry (figure 

3B). The 15-fold ring model (figure D-F below) was generated from this tetramer using 

routines from the CCP4 package (Collaborative Computational Project Number 4, 1994). 

 

Figure 3. Model of the Vipp1 structure. (A, B) Side and top view ribbon representations of four predicted Vipp1 
monomers arranged in a dimer of dimers configuration. (C) Projection map showing a Vipp1 ring with 15-fold 
symmetry. (D-F) Top, tilted and side view of the modelled Vipp1 ring, respectively. In (D) the model is placed on 
top of the projection map shown in (C). The scale bar in (C) equals 10 nm which is also valid for (D-F). 

The presented ring model provides a good impression of how the Vipp1 ring 

structure could look like. Most importantly, the -helical configurations of the model are 

in good agreement with the overall ring dimensions. 
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Conclusions/Future directions 

In summary, Vipp1 and PspA have a highly similar secondary structure despite a rather 

low conservation of the primary sequence. Although no high-resolution tertiary or 3D 

quaternary structure is available for Vipp1, we could generate a 3D ring model which is 

consistent with the about 2 nm resolution electron microscopy projection maps as well as 

with the structure predictions. This model is in good agreement with dimensions of Vipp1 

(Fuhrmann et al., 2009a) but is not in line with the solved PspA structure (Hankamer et 

al., 2004). Keeping in mind the dimensions of the 3D structure of its complex, the 3D 

structure of monomeric PspA must be more compact. Its predicted alpha-helices and 

coiled coils cannot be that extended as suggested here for Vipp1. The difference between 

the tertiary structures of PspA and Vipp1 could be a explanation why both proteins can 

coexist in certain cyanobacteria without interfering with each other. Most likely, the two 

proteins can only form homo-oligomers, although with a remarkably similar coarse 

structure. 

In some cyanobacteria only a PspA homologous protein exists but no Vipp1 homolog. 

It would be intriguing to determine the structure to see if the protein has a PspA or a 

Vipp1 structure.  

While both PspA and Vipp1 form large homo-oligomeric ring structures, the 

physiological importance of the oligomerization event is unclear. Do the rings represent 

an assembly intermediate or only a storage form, or is the ring essential for the 

PspA/Vipp1 function? A C- and N-terminal truncation study with the myotonic dystrophy 

protein kinase (DMPK) showed that its coiled-coil domain modulates oligomerization and 

that the oligomer is involved in substrate binding (Herpen et al., 2006). Since Vipp1 and 

PspA both have two large predicted coiled-coil domains, this could be an explanation for 

the oligomerization into ring structures. 

 Last but not least the question arises if the central hole found in the PspA and Vipp1 

structure is of structural importance. Is it important for Vipp1 to form different rings 

with different diameters of the central hole? 
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Chapter 5 

Abstract 

The CRISPR immune system in prokaryotes utilizes small guide RNAs to neutralize 

invading viruses and plasmids. In Escherichia coli, immunity is dependent on a 

ribonucleoprotein complex called Cascade. Here we present the composition and low-

resolution structure of Cascade and show how it recognizes double-stranded DNA targets. 

Cascade is a 405 kDa complex comprising five Cas proteins (CasABCDE, 1:2:6:1:1) and a 

61 nucleotide crRNA. The crRNA guides Cascade to the complementary sequence of 

double-stranded invader DNA by ATP-independent strand displacement. Although DNA 

recognition does not require a protospacer adjacent motif in vitro, the motif is essential 

for virus resistance in vivo, as are all Cascade components. CasA enhances target DNA 

recognition while CasCDE constitutes the core of the complex. The structure of Cascade 

reveals an unusual seahorse-shape that undergoes conformational changes upon target 

DNA binding. A structural model is presented providing insight into the molecular basis 

of crRNA-guided target DNA recognition. 

Introduction 

The constant pressure of invading viruses and conjugative plasmids has shaped the 

evolution of host defense systems in prokaryotes. The widely distributed CRISPR 

(clustered regularly interspaced short palindromic repeats) immune system represents the 

most recently discovered prokaryotic defense strategy (reviewed by (Horvath et al., 2010; 

Karginov et al., 2010; van der Oost et al., 2009)). The system consists of repeats that are 

interspaced by unique sequences called spacers, which are derived from viral and plasmid 

DNA (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). CRISPR-based 

immunity is adaptive and inheritable because it can both memorize invaders by storing 

fragments of their DNA, and pass that information on to subsequent generations 

following a Lamarckian type of evolution (Koonin et al., 2009; van der Oost et al., 2009). 

The CRISPR-associated (Cas) protein machinery is encoded by gene clusters that are 

located in close proximity of the CRISPR locus (Jansen et al., 2002), which has allowed for 

the extensive horizontal transfer of complete CRISPR/Cas systems (Godde et al., 2006). 

Multiple types of cas-gene sets have been recognized (Haft et al., 2005; Makarova et al., 

2006) that correlate with specific families of repeat sequences (Kunin et al., 2007). 
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The mechanism of CRISPR/Cas-induced immunity has been divided into three 

stages. In the first stage, CRISPR adaptation, the host encounters an invader and 

integrates a new spacer derived from the foreign DNA into the CRISPR, resulting in 

resistance to foreign genetic elements carrying this sequence (Barrangou et al., 2007; 

Horvath et al., 2008; van der Ploeg, 2009). Although the molecular determinants of 

foreign DNA recognition have not been elucidated, the crystal structure and metal-

dependent DNase activity of Cas1 indicated that this enzyme maybe involved in 

generating small DNA fragments that are used as precursors for CRISPR adaptation 

(Wiedenheft et al., 2009). Newly acquired spacers from both the coding and template 

strand of the viral genome have been shown to confer immunity (Barrangou et al., 2007) 

In the second stage, CRISPR expression, the CRISPR locus is transcribed and the 

repeat regions within the precursor CRISPR RNA (pre-crRNA) are cleaved (Hale et al., 

2008; Lillestøl et al., 2009; Tang et al., 2002) by a specific Cas endoribonuclease. Two pre-

crRNA processing endonucleases have been described: CasE from Escherichia coli (Brouns 

et al., 2008) and Cas6 from Pyrococcus furiosus (Carte et al., 2008). In E. coli, CasE is an 

essential component of the Cascade complex (CRISPR-associated complex for antiviral 

defense), which consists of five Cas proteins from the Cse-type (CasABCDE) (Fig.1a). 

CasE-generated mature crRNAs remain bound to Cascade to guide host defense. This is 

distinct from the situation in P. furiosus in which Cas6-generated crRNAs end up in the 

Cmr-complex encoded by the RAMP module of Cas proteins, where they are further 

trimmed at the 3’-end from ~67 to 39 or 45 nucleotides. The guide RNA-loaded Cmr-

complex cleaves single stranded target RNA sequence-specifically (Hale et al., 2009). In E. 

coli, the third stage, CRISPR interference, not only requires Cascade loaded with anti-

invader crRNA, but also the participation of the predicted nuclease/helicase Cas3. Because 

crRNAs complementary to the either strand of the phage DNA provided resistance, it was 

proposed that Cascade is a crRNA guided complex that targets DNA rather than mRNA 

(Brouns et al., 2008). A series of genetic experiments in Staphylococcus epidermidis 

involving a conjugative plasmid showed that the Csm-type CRISPR/Cas system targets 

DNA as well (Marraffini et al., 2008). Although DNA is the prime candidate for the target 

molecule in the E. coli and S. epidermidis model systems, direct molecular evidence of Cas 

proteins interacting with their target DNA has been lacking. In this study we show how 

Cascade recognizes target DNA and present a structural model of Cascade that provides 

insight into the mechanism of crRNA-guided recognition of DNA targets. 
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Results 

Core sub-complexes of Cascade 

The E. coli K12 CRISPR/Cas system (Cse-subtype) consists of a gene cluster encoding eight 

cas genes (cas3, casABCDE, cas1 and cas2) and a downstream CRISPR locus (Fig. 1A). Five 

Cas proteins (CasABCDE) form the Cascade complex, which cleaves a long precursor 

transcript of the CRISPR region (pre-crRNA) into small crRNA molecules. These crRNAs 

remain bound to the complex to guide antiviral defense (Brouns et al., 2008). To 

investigate the role of the individual subunits, we first tested whether each subunit is 

required for antiviral defense. Viral plaque assays with Cas3 and Cascade lacking one type 

of protein subunit showed that all protein components of Cascade are indispensible for 

the virus resistant phenotype of E. coli (not shown). 

We then systematically overproduced and affinity purified different combinations of 

Cascade subunits and checked for the presence of mature crRNA. This analysis showed 

that CasA or CasAB could be omitted without affecting the apparent stoichiometry of the 

remaining subunits or the mature crRNA (Figs. 1B and 1C). We noticed that Cascade, 

unlike CasBCDE and CasCDE, always co-purified with large nucleic acid molecules (>300 

nt) (Fig. 1C). Removal of the Cas proteins followed by nuclease treatments showed that 

RNase A only hydrolyzed the crRNA, while DNase I removed the long nucleic acids, 

thereby identifying the co-purified nucleic acid as DNA (Fig. 1D). Size exclusion 

chromatography of the three types of complexes revealed that the vast majority of 

CasBCDE and CasCDE were present in a single form, whereas Cascade displayed a 

substantial void peak in addition to a discrete peak at ~11 ml (Fig. 1E). DNase I treatment 

prior to gel filtration eliminates the void peak without disruption of the discrete Cascade 

peak, again indicating the presence of Cascade-bound DNA (Fig. 1E). 

Architecture of crRNA 

The characteristics of the mature crRNA species were accurately determined by subjecting 

mature crRNAs isolated from Cascade to denaturing RNA chromatography (Dickman et 

al., 2006; Waghmare et al., 2009) and electrospray ionization mass spectrometry (ESIMS). 

To simplify the analysis, a uniform crRNA preparation was obtained by co-expressing 

Cascade with a designed CRISPR containing eight repeats and seven identical spacers 

(denoted R44 CRISPR (not shown)). This setup resulted in a Cascade preparation in which 

each molecule was loaded with the same crRNA. Chromatography demonstrated the 

purity and homogeneity of this crRNA preparation (Fig. 1F).  
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Figure 1. Core complexes of Cascade retain crRNA of 61 nt. A) Schematic diagram of the CRISPR/Cas locus in E. 
coli K12 containing cas3 (ygcB), casA (cse1, ygcL), casB (cse2, ygcK), casC (cse4, ygcJ), casD (cas5e, ygcI), casE (cse3, 
ygcH), cas1 (ygbT), cas2 (ygbF) [Haft et al., 2005; Jansen et al., 2002]. B) Coomassie blue-stained SDS-
polyacrylamide gel showing StrepTactin purified Cascade, CasBCDE and CasCDE. Protein marker sizes in kDa. 
The asterisk marks the Strep-tagged subunit. C) Ethidium bromide-stained denaturing PAA-gel showing nucleic 
acids isolated from purified Cascade (sub-)complexes. RNA marker sizes in nucleotides. D) RNase A or DNase I 
treatment of Cascade bound nucleic acids from Cascade. E) Size exclusion elution profiles of CasCDE, CasBCDE 
and Cascade before and after DNase I treatment. F) Ion-pair reversed-phase HPLC purification of mature R44 
crRNA (not shown) at 75 °C. G) Multiple charged ESI-MS spectra of the purified mature crRNA. H) Enhanced 
view of the 18- charged species before (upper graph) and after acid treatment (lower graph) indicating the 
hydrolysis of the 2’,3’-cyclic phosphate. I) diagram of mature crRNA derived from the R44 CRISPR showing the 
5’ hydroxyl group and 2’,3’-cyclic phosphate. 
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Furthermore, the observed retention time was consistent with an approximate 

length of 60 nt. The ESI-MS spectra indicated that the crRNA had a molecular weight of 

19,660.80 Da (Fig. 1G), which corresponds well to an expected molecular weight of 

19,660.82 Da for a 61 nt crRNA resulting from a single CasE endoribonuclease cleavage 

event in each repeat. The purified mature crRNA was also analyzed using ESI-MS/MS 

analysis following RNase T1 and RNase A digestion. A number of oligoribonucleotide 

digests were assigned to the mature crRNA sequence (not shown) and were consistent 

with the previously determined CasE cleavage site, 5’ of the terminal base of the hairpin 

(Brouns et al., 2008). The molecular weight analysis of the crRNA indicated a 5’- hydroxyl 

group and a 2’,3’-cyclic phosphate terminus. The presence of a cyclic phosphate terminus 

was confirmed by acid treatment of the crRNA, which showed a mass shift of 18 Da, 

corresponding to the hydrolysis of the 2’,3’-cyclic phosphate to a 2’ or 3’ phosphate (Fig. 

1H). Mature crRNA is 61 nucleotides long and contains the 32 nucleotide spacer 

sequence, flanked by repeat-derived sequences on either end: 8 bases at the 5’ terminus 

(5’-handle) and 21 bases forming a hairpin with a tetra-nucleotide loop at the 3’ terminus 

(3’-handle) (Fig. 1I). 

Target recognition by Cascade 

The observation that DNA co-purified with Cascade (Figs. 1C and 1D) prompted us to 

analyze the DNA binding behavior of Cascade in detail. Electrophoretic mobility shift 

assays (EMSAs) demonstrated that Cascade was able to bind single-stranded (ss) DNA 

containing the protospacer, a sequence complementary to the spacer sequence of the 

crRNA (Figs. 2A, 2C and S4). Double-stranded (ds) target DNA was also bound sequence-

specifically, without the need for additional co-factors such as divalent metal-ions or ATP 

(Figs. 2B and 2D). The dissociation constant (Kd) of Cascade for single- and double-

stranded target DNA was 8 and 790 nM, respectively. In addition to target DNA, Cascade 

also bound non-target DNA, i.e. DNA without a protospacer, but this interaction was 

much weaker (Figs. 2C and 2D). Competitor DNA blocked Cascade from binding non-

target DNA, and at very high competitor concentrations also from binding target DNA 

(Figs. 2A-D). The competitor had little effect on preformed Cascade-target DNA 

complexes, indicating rapid irreversible interaction between Cascade and complementary 

DNA substrates (not shown). 

Cascade sub-complexes lacking CasA (CasBCDE and CasCDE) displayed only 

sequence-specific binding to ss- and dsDNA targets, and did not bind non-target DNA 
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(Figs. 2E-H). Consistent with that observation, the target DNA binding behaviour of these 

subcomplexes was not affected by the addition of competitor DNA.  

 

Figure 2. Target recognition by Cascade. A-B) Effect of the type of crRNA bound. Cascade was loaded with either 
targeting crRNA (derived from the R44 CRISPR) or non-targeting crRNA (derived from the K12 CRISPR). The 
binding of these two types of Cascade complexes to one type of probe is shown. DNA probes are 85 nucleotide 
ssDNA or dsDNA sequences containing the R44 protospacer (32 nucleotides), flanked by 27 nucleotides on 
either end CH) Effect of uniform crRNA-loaded complexes (R44 CRISPR) on the binding of DNA probes with and 
without protospacer (denoted target and non-target, respectively). The binding of Cascade, CasBCDE and 
CasCDE to an 85 nucleotide target and non-target ssDNA and dsDNA is shown. Non-target DNA probes contain 
a sequence-scrambled R44 protospacer. I-J) Effect of uniform crRNA-loaded Cascade (R44 CRISPR) on the 
binding of target and nontarget ssRNA and dsRNA. A-H) DNA competitor concentration is 2500, 500, 50, 5 and 
0.5 ng/μl (n.b. the highest concentration was not used for CasCDE), and protein concentration 70- 125 ng/μl, 
and in I-J the Cascade concentration range is 160, 80, 40, 20, 10 and 5 ng/μl. 
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The addition of purified CasA to CasBCDE preparations restored Cascade-like non-

specific DNA binding ability (not shown), but neither CasA alone (not shown) nor the 

combination CasA and CasCDE (not shown) displayed non-specific DNA binding. Because 

the mobility shift caused by Cascade or CasBCDE binding could be distinguished (Figs. 2A, 

2C and S4), competition assays were performed between the two types of complexes. This 

showed that the simultaneous addition of equal amounts of both Cascade and CasBCDE 

resulted in substantially more target DNA binding by Cascade. An approximately 25-fold 

higher CasBCDE concentration was required for the protein complexes to shift equal 

amounts of target (Fig. 3A). Furthermore, less dsDNA 9 target was shifted by CasBCDE 

than Cascade at equivalent conditions (Figs. 2D and 2F), again indicating that CasA 

enhances target DNA localization. 

 

Figure 3. A) Competition assay between R44 crRNA-loaded Cascade and CasBCDE for R44 ssDNA target. A total 
of 160-180 ng of protein used in each reaction in a Cascade:CasBCDE ratio of 1:0, 99:1, 9:1, 1:1, 1:9, 1:99 and 
0:1, respectively. B) Effect of labeling the complementary or non-complementary strand of a long dsDNA target 
containing the R44 protospacer with 27 bp flanks. C) as A) but with a short dsDNA target encompassing only the 
R44 protospacer. A-B) Cascade concentration range is 625, 125, 25, 5 and 1 ng/μl. D) Effect of the Protospacer 
Adjacent Motif (PAM) on target dsDNA recognition. Cascade concentration range is 160, 80, 40, 20, 10 and 5 
ng/μl. 
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It appears that Cascade recognizes dsDNA targets by base pairing of the crRNA 

spacer sequence with the complementary DNA strand. Analysis of long dsDNA targets 

(protospacer with 27 bp flanks) showed that both strands shifted (Fig. 3B) due to base 

pairing of the flanking regions. Only the complementary strand shifted when short 

dsDNA targets (corresponding to the protospacer) were used, indicating that crRNA base 

pairing with the complementary strand caused displacement of the non-complementary 

strand (Fig. 3C). The recognition of the target was independent of the recently identified 

protospacer adjacent motif (PAM) (Fig. 3D), a conserved nucleotide sequence located near 

one end of the crRNAtargeted region (Mojica et al., 2009). Cascade-mediated target DNA 

cleavage was not observed under any of the conditions tested. Binding to complementary 

ssRNA could be demonstrated (Fig. 2I), but this did not result in target RNA cleavage. In 

contrast to dsDNA, no binding to dsRNA was observed (Fig. 2J). In addition, very little 

non-specific interaction occurred between Cascade and ss- or dsRNA (Figs. 2I and 2J). 

Role of the protospacer adjacent motif 

While PAMs apparently do not influence recognition of the protospacer by Cascade in 

vitro, we investigated whether the motif plays a role in the recognition and interference of 

targeted regions in vivo. For this we constructed five different CRISPRs (J1-5) each 

containing one spacer targeting nearly the same protospacer region on the phage Lambda 

() genome (coordinates: 18066-18101). A protospacer region was chosen on the 

template (noncoding) DNA strand of the gene encoding the tail protein (J) of the phage. 

Of the five CRISPRs, only the J3 CRISPR targeting a protospacer region directly upstream 

of the E. coli K12-specific PAM sequence 5’-protospacer-CNT-3’ (Mojica et al., 2009) was 

effective. This CRISPR reduced host sensitivity for phage  by approximately 103 fold (Fig. 

4). Four other CRISPRs (J1, J2, J4, J5) targeting a protospacer region shifted either one 

or two nucleotides upstream or downstream in the phage genome were completely 

ineffective (Fig. 4). 

 

Figure 4. Effect of the protospacer adjacent motif (PAM) on phage resistance. A histogram is shown of the 
efficiency of plaquing (EOP) in the presence of Cascade, Cas3 and one of five CRISPRs (J1-J5). The protospacer 
sequence and directly adjacent nucleotides are shown 
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Subunit stoichiometry of Cascade 

To understand the structural basis of the interaction between Cascade and target DNA, 

the composition of the Cascade protein assembly was determined using an array of mass 

spectrometric analyses. Denaturing and tandem mass spectrometry analyses resulted in 

accurate mass measurements for each component of Cascade (not shown). The measured 

masses CasA, CasB and CasD were in agreement with the expected values and the mass of 

CasC and CasE with the primary amino acid sequence lacking their N-terminal 

methionine. The complex would have a mass of 184 kDa when each component would be 

present at unit stoichiometry. However, analysis of the intact assembly by native mass 

spectrometry (Heck, 2008) showed two major charge state distributions, corresponding to 

masses of 405,365 ± 135 Da and 349,399 ± 84 Da (Fig. 5A). A third low intensity charge 

state distribution around 2,200 m/z was observed with a mass of 42,524 ± 8 Da, which is 

close to the theoretical molecular weight of a CasB dimer (42,521 Da). Proteolytic removal 

of the affinity tag on CasB unambiguously confirmed the presence of two CasB copies. 

The two major complexes of 405 and 349 kDa likely resemble the intact Cascade and 

a Cascade sub-complex lacking CasA, in agreement with the mass difference of 55,966 Da. 

The presence of this sub-complex suggests that at least one CasA copy is located at the 

periphery of Cascade with a rather low affinity. Tandem mass spectrometry experiments 

on intact Cascade ions revealed that CasA was the first subunit to be expelled from the 

complex under collisional activation conditions, again indicative of a peripheral position 

of CasA within the complex (not shown). In addition to the elimination of CasA, also the 

loss of CasC was observed by tandem mass spectrometry. Similarly, selection and 

activation of the 349 kDa Cascade sub-complex showed the loss of one CasD and up to 

two CasC subunits. Unfortunately, Cascade could not be further disrupted by tandem 

mass spectrometry, hampering the full assignment of its stoichiometry. Therefore a 

number of alternative strategies were devised.  

Since Cascade was loaded with a single type of crRNA (R44, not shown), the number 

of bound crRNA molecules could be determined by adding a complementary ssDNA probe. 

The total molecular weight of Cascade increased by the mass of a single ssDNA-probe, 

indicating the presence of one crRNA. 

For further characterization we used a combined approach of in solution and in 

gasphase dissociation of Cascade (Lorenzen et al., 2007; Zhou et al., 2008). By adding a 

low percentage of 2-propanol, Cascade was partially disrupted, resulting in a variety of 

Cascade sub-complexes (Fig. 5B). In addition to the intact Cascade (405 kDa), we also 

detected Cascade lacking CasA (349 kDa), and seven additional sub-complexes, the largest 
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of which is a 307 kDa species. The difference between the 349 kDa and 307 kDa sub-

complexes is 42,442 Da and likely reflects the loss of the CasB dimer, which was 

previously observed (Fig. 5A). 

 

Figure 5. A) Native nano-ESI mass spectrum of Cascade. Two charge state distributions are present at high m/z 
values, corresponding to complexes of 405 kDa (purple) and 349 kDa (pink). The charge state distribution 
indicated in red indicates the CasB dimer. B) Cascade (sub)complexes analyzed by native mass spectrometry. The 
sub-complexes were formed in solution after adding 5% 2-propanol to the buffer solution containing Cascade. 

The apparent consecutive loss of five times a mass of around 40 kDa (from 307 kDa 

down to 107 kDa) is directly evident from this catalog of sub-complexes (Fig. 5B). This 

implies that at least five CasC subunits are present in intact Cascade. This hypothesis was 

confirmed by subjecting each of these sub-complexes to tandem mass spectrometry. In 

addition to CasD, CasE and one crRNA, this analysis revealed the presence of even a sixth 

CasC subunit in the 107 kDa sub-complex (Fig. 5B). Combining all mass spectrometry 

data resulted in a Cascade stoichiometry of CasABCDE/crRNA of 1:2:6:1:1/1. The 

theoretical mass of this complex is in excellent agreement with the experimental mass 

(405,095 Da versus 405,365 ± 135 Da), band intensities on protein gels (Fig. 1B), and 

elution profiles on a calibrated size exclusion column (not shown). Similar analyses of 

purified CasBCDE and CasCDE sub-complexes revealed a mass of 349 and 324 kDa, 
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respectively, and showed that their stoichiometry were consistent with Cascade. The 

constituency of the complexes and the elimination of specific subunits in solution and 

under tandem mass spectrometry conditions allowed for the composition of a topology 

model for Cascade, which reinforced the assignments of subunits in the structural model 

presented below. 

Structure of Cascade 

First insights into the structural organization of Cascade were obtained by single particle 

electron microscopy (EM) and small angle X-ray scattering (SAXS). The Cascade complex 

is an elongated particle with no discernable symmetry. The particle has approximate 

dimensions of 10 x 20 nm, and resembles a seahorse with a curled-up tail (Figs. 6A-C and 

7B). The particle displays a striking indentation on one side which gives rise to the head 

and neck features of the seahorse. Three types of projection maps with minor variation 

were obtained for Cascade (Figs. 6A-C), indicative of a strong adsorption orientation 

preference on the carbon support film. In addition to DNA-free Cascade, we also 

examined the structure of Cascade with target ssDNA bound. This resulted in six groups 

of projections with substantial differences to one another (Figs. 6D-I). The comparison 

between DNA-free and DNA-bound Cascade reveals differences in the torso of the 

seahorse-shaped morphology of Cascade (Fig. 6A vs. 6F), which suggests that Cascade 

undergoes conformational changes upon target DNA binding. 

Subunit localization 

Given the availability of stable sub-complexes of Cascade and knowing their subunit 

compositions allowed for the investigation of subunit localization within the Cascade 

structure. Some of the projections show a regularly shaped and evenly spaced feature with 

sharp edges that spans the torso of the complex (Fig. 6I). This regularly-arranged spine 

structure is interpreted as a hexameric CasC backbone. The position of CasA was 

determined from difference maps between target DNA bound forms of Cascade and 

Cascade lacking CasA (CasBCDE) (Figs. 6J-L). The analysis revealed that CasA is located in 

the curled-up tail of the seahorse (Fig. 6L). The position of CasB was identified using 

difference maps between target DNA bound CasBCDE and CasCDE complexes (Figs. 6M-

O). Apart from the six better resolved CasC subunits in these projections of CasBCDE and 

CasCDE (Figs. 6M and 6N), the difference map showed one region compatible with two 

CasB copies, consistent with the CasB homodimer observed with mass spectrometry (Fig. 

 92 



 Structural basis for DNA recognition by Cascade 

5A). The CasB dimer is contributing the nose to the seahorse-shaped morphology of 

Cascade. 

 

Figure 6. EM and SAXS structure of Cascade. A-C) Cascade projections showing an elongated particle with 20 x 
10 nm dimensions and resembles a seahorse. D-I) Cascade projections bound to target ssDNA. J-L) CasA 
difference map (L) generated from Cascade (J) and CasBCDE (K) projection maps with target ssDNA bound. M-
O) CasB difference map (O) generated from CasBCDE (M) and CasCDE (N) projection maps with target ssDNA 
bound. On average, each image is the sum of 1,500 single particle projections. The scale bar equals 10 nm. P-T) 
Solution scattering model of Cascade obtained with SAXS. Scattering data for Cascade were collected at of 10 keV 
(1.24 Å ) from two protein concentrations, and include scattering vectors (q), ranging from (P) 0.015 Å-1 to 
0.127 Å-1 for Cascade and (Q) 0.015 Å-1 to 0.133 Å-1 for Cascade bound to target DNA. The pair-distribution 
function (insert) indicates that the radius of gyration for both particles is ~5.6 nm. R) The Cascade particle has a 
maximum dimension, Dmax ~19.2 nm. S) Cascade changes shape upon binding target DNA from a seahorse to a 
more boot morphology with a maximum dimension of ~18.8 nm. T) Superposition of the solution structures of 
Cascade without (yellow) and with target DNA (mesh). Images have been rendered using Chimera (Goddard et 
al., 2005). 

In addition to the position of some of the subunits in the Cascade structure, we also 

investigated the topological constraints of Cascade. Protein pulldown experiments 

between CasC and one of the remaining Cascade components showed that CasB, CasD and 

CasE form stable two-component complexes with CasC, whereas CasA does not (not 
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shown). The association of this subunit with the CasC backbone is mediated by CasE (not 

shown). 

Solution structure of Cascade 

Ab initio small-angle X-ray scattering (SAXS)-based reconstructions of Cascade and 

Cascade bound to target DNA (Fig. 6) result in well-supported models that are of similar 

shape and size to what was observed by EM (Fig. 6A vs. 6R). Scattering curves for Cascade 

(Fig. 6P) and Cascade bound to target DNA (Fig. 6Q) were generated, resulting in a 

Guinier-based estimations of the radius of gyration (R(g)) of 5.6 nm for both Cascade and 

Cascade bound to target DNA. Real-space information about the Cascade molecule was 

obtained by analyzing the pair-distribution function. This analysis shows that the most 

frequently sampled interatomic distance is 5.61 nm and 5.60 nm for each of the two 

complexes, which is nearly identical to that estimated by the Guinier analysis. 

Ten independent reconstructions of the two samples were in good agreement with 

one another and were used to generate the average models. The asymmetric seahorse-

shaped morphology of Cascade is also evident in the SAXS model (Fig. 6R). This model 

highlights a twist in the spine of the particle, which we interpret to be asymmetric 

stacking of the six CasC subunits. As observed in the EM analysis, the shape of Cascade 

changes upon binding target DNA, resulting in a shape with fewer prominent features. 

The most obvious change is loss of the nose-shaped feature and a less compact tail 

resulting in a more boot-shaped particle (Fig. 6S). Superimposition of the two types of 

solution structures shows the differences between the DNA-free and DNA-bound state, 

indicative of conformational changes (Fig. 6T). 

Discussion 

Composition of Cascade 

Cascade is a ribonucleoprotein complex in E. coli that plays a central role in CRISPR-based 

defense against mobile genetic elements, such as phages and conjugative plasmids. 

Despite its crucial role as the main effector complex, very little is known about how the 

host counter attack is accomplished. Cascade has a mass of 405 kDa and consists of five 

proteins (CasA, CasB, CasC, CasD and CasE) and one guide RNA (Brouns et al., 2008). The 

core of the protein complex consists of six CasC (Cse4) subunits, presumably to provide a 

structural backbone for the other subunits and the crRNA. Given the presence of CasC-

homologs (COG1857) in the majority Cas subtypes (Cse4, Csd2, Csh2, Cst2, Csa2, Csy2) 
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(Makarova et al., 2006), these proteins could be components of Cascade-like protein 

complexes from other microbes. The next most frequently found subunit of the complex 

is CasD (Cas5e), which belongs to the Cas5-type (Cas5e, Cas5d, Cas5h, Cas5t, Cas5a, Csy3) 

RAMP protein class (Repeat-Associated Mysterious Proteins). This protein co-occurs with 

CasC-homologs in five subtypes (Makarova et al., 2006). CasD is present in a single copy 

in Cascade and together with six CasC subunits and one CasE (Cse3) subunit part of a 

minimal Cascade core that accommodates a single mature crRNA. This minimal core is 

expanded by a dimer of CasB (Cse2), a positively charged protein (pI 9.2). A crystal 

structure of the CasB from Thermus thermophilus HB8 shows a strictly α-helical protein 

with a conserved basic surface patch that suggests a role in nucleic acid interactions (Agari 

et al., 2008) Cascade is completed by one copy of CasA (Cse1), the largest and most loosely 

attached subunit of the five. Gene synteny analysis of the various Cas gene clusters shows 

that CasA and CasB only occur in the Cse subtype, and that the CasAB pair is substituted 

by other Cas proteins (e.g. Csy1) containing the CasCD core (van der Oost et al., 2009). 

The crRNA is remarkably stable when bound by Cascade or the CasBCDE and CasCDE 

sub-complexes, indicating that it is tightly associated with the CasCDE core of the protein 

complex and well shielded from cellular ribonuclease activities. Yet it is sufficiently 

exposed to allow for base pairing with complementary nucleic acids. Interestingly, the 

length of the 5’ handle is conserved among crRNAs from E. coli, S. epidermidis and psiRNAs 

from P. furiosus (Brouns et al., 2008; Carte et al., 2008; Marraffini et al., 2008), suggesting 

a general mechanism of binding. The presence of a 5’-hydroxyl group is also observed in 

Cas6-generated crRNA (Carte et al., 2008), but not in eukaryotic small interfering RNA 

and microRNA (miRNA) which need to be 5’-phosphorylated in order to bind to 

Argonaute and serve as a guide for the RNA-induced silencing complex (RISC) (Ma et al., 

2005). E. coli crRNAs are unmodified, unlike some plant miRNAs and vertebrate piwi-

interacting RNAs, which are methylated at the ribose of the last nucleotide, possibly to 

enhance stability (Houwing et al., 2007; Yu et al., 2005). The cyclic 2’,3’-phosphate of 

crRNA results from a metal ion-independent endonuclease activity on the 3’-side of the 

phosphodiester bond of pre-crRNA, as suggested previously (Carte et al., 2008). These 

initial pre-crRNA endonuclease cleavage products are the mature form of the crRNA in E. 

coli, in contrast to crRNAs from P. furiosus, S. solfataricus and S. epidermidis which are 

trimmed at the 3’-end (Hale et al., 2009; Lillestøl et al., 2009; Marraffini et al., 2010). 
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Cascade targets DNA 

Multiple lines of evidence suggest that crRNAs directly target invader DNA in the E. coli 

(Cse) and S. epidermidis (Csm) model systems (Brouns et al., 2008; Marraffini et al., 2008). 

However, molecular evidence of Cas-effector complexes recognizing their target DNA has 

been lacking, limiting our understanding of how CRISPR/Cas systems operate. Binding 

studies showed that Cascade is guided by the crRNA towards dsDNA sequences containing 

the protospacer without additional co-factors such as ATP. This surprising characteristic 

of Cascade is physiologically relevant, since most cellular and invader DNA is of double-

stranded nature. The ATP-independence of this scanning process allows cells to 

continuously survey nucleic acids for crRNA matches without major energy investments. 

In addition to sequence-specific DNA recognition, Cascade also interacts non-specifically 

with DNA. Cascade sub-complexes lacking CasA, however, display only sequence-specific 

DNA recognition. Direct competition assays between Cascade and CasBCDE demonstrate 

the superiority of Cascade in locating the protospacer DNA, suggesting a role for CasA as 

an enhancer. Cascade thus appears to interact with DNA in two different modes, non-

specifically via CasA and sequence-specifically via Watson-Crick base pairing of the crRNA 

(Fig. 7A). We hypothesize that the non-specific affinity of Cascade for DNA enables 

Cascade to associate fast enough with incoming foreign DNA to neutralize a rapidly 

proliferating phage or conjugative plasmid in a cell. Further analysis showed that although 

Cascade exhibits little non-specific affinity for RNA, it binds complementary ssRNA as 

well. Base pairing of the crRNA with mRNA occurs when the coding strand of an invading 

nucleic acid is targeted. This could titrate out unpaired Cascade-bound crRNAs, reducing 

the effectiveness of the immune response (Brouns et al., 2008). Cascade does not 

recognize a protospacer within a dsRNA molecule, indicating that the ability to locate 

protospacers in a nucleic acid duplex is restricted to dsDNA. Recently, a distinct Cas 

protein complex of the Cmr-subtype from P. furiosus was shown to cleave ssRNA 

complementary to the bound guide RNA (called psiRNA, Hale et al., 2009), akin to RISC in 

eukaryotes. Target RNA hydrolysis takes place 14 bases from the 3’-end of the psiRNA, 

suggesting that target RNA cleavage occurs by a ruler mechanism. The difference in target 

nucleic acid - RNA or DNA - between the Cmr and Cse-subtypes illustrates the remarkable 

diversity present among CRISPR/Cas systems. 

Requirements for CRISPR-based defense 

Despite the fact that stable sub-complexes of Cascade can be produced, which cleave and 

retain crRNA and recognize their target DNA in vitro, it is evident that all five protein 
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subunits of Cascade, a targeting crRNA and the predicted nuclease/helicase Cas3 are 

required for antiviral defense in vivo. In addition, viral plaque assays showed that the 

protospacer adjacent motif (PAM) (Mojica et al., 2009) or CRISPR motif (Deveau et al., 

2008; Horvath et al., 2008) plays an important role at the interference stage as well. The 

relevance of these short nucleotide sequences was originally shown in S. thermophilus by 

sequencing phages that had overcome host immunity by mutating a single nucleotide of 

the motif (Deveau et al., 2008). The emerging picture of the motif is one of ubiquitous 

occurrence, variation in sequence and size (2-4 nt), as well as placement on either side of 

the protospacer (Lillestøl et al., 2009; Mojica et al., 2009; Semenova et al., 2009). Despite 

the fact that Cascade recognizes protospacers with and without PAM equally well, only a 

protospacer flanked by a PAM is subject to interference in vivo. This suggests that the 

interference is not just due to binding of Cascade to the target DNA - blocking 

transcription or replication - but to subsequent interference events. We speculate these 

events include target DNA cleavage by the HD-domain of Cas3, since deoxyribonuclease 

activity has been demonstrated for the standalone HD-domain from Sulfolobus solfataricus 

(Han et al., 2009).  

A recent study in S. epidermidis showed that differential complementarity of the 5'- 

handle of the crRNA with the downstream protospacer flank allows discrimination 

between self DNA (the CRISPR) and non-self DNA (the target) (Marraffini et al., 2010). 

While non-complementarity of the 5’-handle results in a sequence that is targeted, base 

pairing of at least nucleotide 5, 6 and 7 of the 5’-handle provides protection. Cas protein 

proofreading of paired vs. unpaired structures in this region was speculated to either 

abort or enable downstream interference processes (Marraffini et al., 2010). Although no 

PAM is known for the S. epidermidis repeat type, PAMs for other repeat types are often 

present in this apparently critical region. In E. coli, the PAM sequence (i.e. 5’-protospacer- 

CNT-3’) gives rise to non-basepaired rC:dT and a basepaired rG:dC between the sixth and 

eighth base of the 5’-handle (Fig. 7A). This signature in the target DNA-Cascade complex 

might serve to verify that a target sequence has been located before downstream 

interference processes are commenced. 
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Figure 7. A) Schematic diagram of crRNA base paired to double stranded target DNA, indicating the local strand 
displacement, and the additional rG-dC basepair between the eighth base of the crRNA (rG) with the PAM (dC). 
B) Seahorse morphology and structural model of Cascade. Note that the locations of CasD, CasE and crRNA in 
the structure are ambiguous. 

Structural basis for target DNA recognition 

Cascade displays an unusual seahorse-shaped architecture. The backbone of this structure 

is composed of six CasC subunits that are arranged in an arch, representing the torso of 

the Cascade particle. CasC only assembles into this stable hexameric arrangement in the 

presence of CasD, CasE and the CasE-generated crRNA. Although the location of these 

latter three components in the structure could not be determined by direct methods, 

mass spectrometry showed the existence of a 107 kDa 2-propanol-induced sub-complex 

containing single copies of CasC, CasD, CasE and crRNA (Fig. 5B). This subassembly of 

Cascade implies that these four components are in close proximity of each other. Further 

disassembly of Cascade reveals a CasE-crRNA particle, suggesting that CasE holds on 

tightly to the crRNA after pre-crRNA cleavage. Despite the fact that the location of the 

crRNA remains unclear, we expect that the 61 nucleotide molecule is bound by a 

substantial part of Cascade. In an unpaired state, the crRNA likely experiences some 

conformational flexibility, whereas in a DNA base paired state, the conformation of the 

spacer sequence is constrained by the formation of the RNA:DNA helix, which is 

commonly A-form. This constraint might induce the conformational change observed in 

the EM and SAXS structures of Cascade, and may serve to recruit Cas3, which is required 

for neutralizing the targeted invader. The length of the 32 bp spacer sequence base paired 

to its target ssDNA is approximately 8.2 nm. Together with the 5’ and 3’ handles, the 

crRNA could be up to 10 nm in length. These combined observations result in a structural 

model in which the position of CasA, CasB and CasC can be assigned with confidence, 

contributing the curled-up tail, nose and torso of the seahorse, respectively (Fig. 7B). The 

model predicts that CasD, CasE and at least part of the crRNA are located in the main 
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body of Cascade at the tail-end of the CasC spine, in the proximity of CasA. The crRNA 

could also be bound along the spine of the CasC backbone and in this way define the 

number of CasC subunits by the length of the crRNA. 

In conclusion, Cascade is a highly unusual ribonucleoprotein complex capable of 

specifically recognizing double stranded invader DNA archived in the CRISPR blacklist. 

The direct attack on invader DNA rather than its RNA transcripts may be a defense 

strategy that effectively neutralizes the source of the invasion. Even though many 

questions remain, we provide first insights into the unique mechanism and structure of 

the CRISPR defense machinery that enables prokaryotes to combat selfish mobile 

elements. 

Experimental procedures 

Protein production and purification 

Cascade complexes were produced and purified as described previously (Brouns et al., 

2008), using the expression plasmids listed in Table S2. Cascade was routinely purified 

with an N-terminal Strep-tag II fused to CasB (or CasC in CasCDE). Size exclusion 

chromatography (Superdex 200 HR 10/30 (GE)) was performed using 20 mM Tris-HCl 

(pH 8.0), 0.1 M NaCl, 1 mM dithiotreitol. Cascade preparations (~0.3 mg) were incubated 

with DNase I (Invitrogen) in the presence of 2.5 mM MgCl2 for 15 min at 37 °C prior to 

size exclusion analysis. Copurified nucleic acids were isolated by extraction using an equal 

volume of phenol:chloroform:isoamylalcohol (25:24:1) pH 8.0 (Fluka), and incubated with 

either DNase I (Invitrogen) supplemented with 2.5 mM MgCl2 or RNase A (Fermentas) for 

10 min at 37 ºC. 

Lambda phage infection 

Plaque assays were performed using bacteriophage Lambda and the efficiency of plaguing 

(EOP) was calculated as described previously (Brouns et al., 2008)  

HPLC purification of crRNA 

All samples were analyzed by ion-pair reversed-phased-HPLC on an Agilent 1100 HPLC 

with UV260nm detector (Agilent) using a DNAsep column 50 mm × 4.6 mm I. D. 

(Transgenomic, San Jose, CA). The chromatographic analysis was performed using the 

following buffer conditions: A) 0.1 M triethylammonium acetate (TEAA) (pH 7.0) (Fluka); 

B) buffer A with 25% LC MS grade acetonitrile (v/v) (Fisher). The crRNA was obtained by 
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injecting purified intact Cascade at 75 °C using a linear gradient starting at 15% buffer B 

and extending to 60% B in 12.5 min, followed by a linear extension to 100% B over 2 min 

at a flow rate of 1.0 ml/min. Hydrolysis of the cyclic phosphate terminus was performed 

by incubating the HPLC-purified crRNA in a final concentration of 0.1 M HCl at 4 ºC for 1 

hour. The samples were concentrated to 5-10 μl on a vacuum concentrator (Eppendorf) 

prior to ESI-MS analysis. 

ESI-MS analysis of crRNA 

Electrospray Ionization Mass spectrometry was performed in negative mode using an 

UHR-TOF mass spectrometer (maXis) or an HCT Ultra PTM Discovery instrument (both 

Bruker Daltonics), coupled to an online capillary liquid chromatography system (Ultimate 

3000, Dionex, UK). RNA separations were performed using a monolithic (PS-DVB) 

capillary column (200 m  50 m I.D., Dionex, UK). The chromatography was performed 

using the following buffer conditions: C) 0.4 M 1,1,1,3,3,3,-Hexafluoro-2-propanol (HFIP, 

Sigma- Aldrich) adjusted with triethylamine (TEA) to pH 7.0 and 0.1 mM TEAA, and D) 

buffer C with 50% methanol (v/v) (Fisher). RNA analysis was performed at 50 ºC with 

20% buffer D, extending to 40% D in 5 min followed by a linear extension to 60% D over 

8 min at a flow rate of 2 μl/min. 

Protein and Native Mass spectrometry 

Cascade was analyzed in 0.15 M ammonium acetate (pH 8.0) at a protein concentration of 

5 μM. This protein preparation was obtained by five sequential concentration and dilution 

steps at 4 ºC using a centrifugal filter with a cut-off of 10 kDa (Millipore). Proteins were 

sprayed from borosilicate glass capillaries and analyzed on a LCT electrospray time-of-

flight or modified quadrupole time-of-flight instruments (both Waters, UK) adjusted for 

optimal performance in high mass detection (Tahallah et al., 2001; van den Heuvel et al., 

2006). Exact mass measurements of the individual Cas proteins were acquired under 

denaturing conditions (50% acetonitrile, 50% MQ, 0.1% formic acid). Sub-complexes in 

solution were generated by the addition of 2-propanol to the spray solution to a final 

concentration of 5% (v/v). Instrument settings were as follows; needle voltage ~1.2 kV, 

cone voltage ~175 V, source pressure 9 mbar. Xenon was used as the collision gas for 

tandem mass spectrometric analysis at a pressure of 1.5 10-2 mbar. The collision voltage 

varied between 10-200 V. 
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Electrophoretic mobility shift assays 

EMSA was performed by incubating Cascade, CasBCDE or CasCDE with 1 nM 32P-labeled 

nucleic acid in a binding buffer (50 mM Tris-Cl pH 7.5, 100 mM NaCl. Salmon sperm DNA 

(Invitrogen) competitor concentration was 0.5 mg/ml, unless stated otherwise.  

The EMSA reactions were incubated at 37° C for 20-30 min prior to electrophoresis 

on 5% polyacrylamide gels. The gels were subsequently dried and the radioactivity 

visualized using phosphor imaging.  

DNA targets were gel-purified long oligonucleotides (Isogen Life Sciences or Biolegio) 

listed in Table S2. The DNA oligonucleotides were end-labeled using γ 32P-ATP 

(PerkinElmer) and T4 kinase (Fermentas). Double-stranded DNA targets were prepared by 

annealing complementary oligonucleotides. Remaining ssDNA was removed by 

Exonuclease I treatment (Fermentas). RNA targets were produced using T7 Maxiscript or 

T7 Mega Shortscript in vitro transcription kits (Ambion) with α 32P-CTP (PerkinElmer). 

Double stranded RNA targets were prepared by annealing complementary RNA and 

digesting surplus ssRNA with RNase T1 (Fermentas), followed by phenol extraction. 

Electron microscopy 

Purified protein samples were negatively stained with 2% uranyl acetate on glow-

discharged carbon-coated copper grids. R44 target ssDNA (BG3028, Table S2) was added 

to Cascade sub-complexes loaded with R44 crRNA in a two-fold excess at least 5 min prior 

to sample preparation. Electron microscopy was performed on a Philips CM120 equipped 

with a LaB6 tip operating at 120 kV. Images were recorded with a Gatan 4000 SP 4K slow-

scan CCD camera at 130,000× magnification at a pixel size (after binning the images) of 

0.23 nm at the specimen level with GRACE software for semi-automated specimen 

selection and data acquisition (Oostergetel et al., 1998). Single particle projections were 

selected from micrographs mainly by reference-based automated particle selection 

procedure incorporated into GRIP (GRoningen Image Processing) software (van Heel et 

al., 2000). Approximately 400,000 single particles were selected and extracted from 

17,000 electron micrographs. Single particle data sets were analyzed with the GRIP 

software using multi-reference alignments and no-reference alignments, multivariate 

statistical analysis, and hierarchical ascendant classification. The final two-dimensional 

projection maps were calculated from the best resolved classes by summing the best 5–

20% of the projections based on the correlation coefficient determined in the alignment 

step. 
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Chapter 5 

Small Angle X-ray Scattering 

SAXS data were collected at the Advanced Light Source (Lawrence Berkeley National 

Laboratory) on beamline 7.3.3. Solution scattering of Cascade was collected at room 

temperature (~22 °C) using at least two different concentrations (between 1 mg/ml and 

18 mg/ml) in a 20 μl sample cell with an X-ray flux of 10 keV (1.24 Å ). The sample-to-

detector-distance was set to 3056.69 m resulting in scattering vectors (q) ranging from 

0.012 Å-1 to 0.127 Å-1 for Cascade, and 0.0147 Å-1 to 1.334 Å-1 for Cascade bound to target 

DNA. Scatter plots for the low and high concentrations were merged and background 

subtracted using PRIMUS (Konarev et al., 2003). One-dimensional scatter curves were 

transformed and distance distribution functions P(r) were calculated using GNOM 

(Svergun, 1992). The pairdistribution function P(r), the frequency of interatomic vector 

lengths within the scattering particle, was calculated from the entire scattering curve I(q), 

by an indirect Fourier transform using GNOM. Ten independent models of each complex 

were generated using a simulated annealing method in DAMMIF (Franke et al., 2009). Ab 

initio reconstructions for each complex were aligned, filtered and averaged based on 

occupancy using DAMAVER (Volkov et al., 2003). The SAXS bead models were converted 

to volumetric format using the pdb2vol convolution kernel in the Situs software package 

(Wriggers et al., 1999). 
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In een notendop 

In een notendop 

Het onderzoek dat beschreven is in dit proefschrift is voor een groot gedeelte tot stand 

gekomen door gebruik te maken van één instrument (de transmissie 

elektronenmicroscoop), één praktische handeling (negatief kleuren) en één 

verwerkingsmethode (losse-deeltjes-middeling). In het volgende gedeelte worden deze 

drie facetten nader toegelicht. 

De transmissie elektronenmicroscoop 

De transmissie elektronenmicroscoop (TEM) is in essentie niet veel anders dan een 

lichtmicroscoop (LM). Beide microscopen bestaan uit een kolom met aan één uiteinde een 

lichtbron en aan de andere kant een detector. Het licht van deze bron vormt een bundel 

die beïnvloed wordt door een aantal diafragma’s, meerdere vergrotingslenzen en het te 

bekijken object (monster). Het beeld dat van het monster wordt gevormd komt 

uiteindelijk terecht bij een detector. Voor de LM kan dit een filmplaat, CCD-camera of het 

menselijke oog zijn. Het laatstgenoemde is praktisch gezien niet mogelijk bij de TEM en 

dat is maar goed ook, omdat het oog daardoor beschadigd kan worden. Dit heeft te maken 

met het soort lichtbundel waarvan gebruik wordt gemaakt bij de TEM, namelijk 

elektronen. Bij de LM is dit daarentegen gewoon zichtbaar licht.  

Het verschil van licht heeft gevolgen voor de opbouw van de beide soorten 

microscopen. Het meest zichtbare verschil is de grootte van de microscoop: een LM past 

prima op een tafel en is doorgaans niet groter dan ~50 cm. De TEM, echter, torent met 

gemak boven iedereen uit. Verder heerst er in de kolom van de TEM een hoog vacuüm. 

Hierdoor gedragen elektronen zich net zo als lichtstralen in lucht. De kans is namelijk 

nagenoeg nul dat een elektron, die zich door een vacuüm voortbeweegt, in botsing komt 

met een luchtmolecuul. Hierdoor verandert de richting van een elektron alleen door 

interacties met het monster en het lenzensysteem.  

Deze lenzen vormen een ander verschil tussen de TEM en de LM. In de LM zijn de 

lenzen gemaakt van glas of een soortgelijk doorzichtig materiaal, in de TEM worden 

elektromagneten gebruikt als lenzen. Door de stroom op de elektromagneten te variëren 

verandert het magnetisch veld en wordt zodoende de vergroting van deze lenzen ook 

sterker of zwakker. 

Het grote voordeel van de TEM ten opzichte van de LM is dat de golflengte van 

elektronen veel kleiner is dan die van zichtbaar licht. De golflengte van licht varieert van 
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0,0004 tot 0,0008 millimeter. Dit betekent dat objecten die kleiner zijn dan die golflengte, 

zoals eiwitcomplexen, niet waarneembaar zijn. De golflengte van elektronen is zo klein 

dat je individuele atomen kunt waarnemen. Dankzij de voortdurende technologische 

ontwikkeling van elektronenmicroscopen is dit ook bijna mogelijk geworden voor 

biologische objecten als eiwitten. De methode gebruikt voor dit onderzoek maakt details 

tot ongeveer 0,000015 millimeter zichtbaar. 

Negatief kleuren 

Het negatief kleuren, de manier van monsterpreparatie die veelvuldig is toegepast tijdens 

dit promotieonderzoek, wordt hier verder uitgelegd. Om negatief te kleuren wordt een 

“gridje”, een metalen plaatje met een diameter van ~2 mm en een heleboel kleine 

openingen, bedekt met een heel dun vliesje van koolstof. Dit koolstofvliesje is dun genoeg 

om er met behulp van de TEM door heen te kijken maar wel zo sterk dat het de te 

onderzoeken eiwitten kan dragen.  

Het lastige van eiwitten is dat ze voor een groot gedeelte ook uit koolstof bestaan en 

hierdoor, zonder verdere behandeling, amper te onderscheiden zijn van het 

koolstofvliesje. Om toch onderscheid te kunnen maken tussen de eiwitten en het 

koolstofvliesje wordt het geheel behandeld met vloeibaar kleurmiddel. De truck van de 

hele preparatie is om precies zoveel kleurmiddel weg te halen dat alleen rondom de 

eiwitten nog kleurmiddel achterblijft.  

Zoals eerder al is besproken wordt bij de TEM gebruik gemaakt van elektronen. De 

richting van de elektronen wordt beïnvloed als ze door het met kleurmiddel geprepareerde 

monster gaan. De mate van beïnvloeding hangt vooral af van de atomen die de elektronen 

onderweg tegenkomen. Als deze atomen relatief licht zijn, zoals bij het koolstofvlies en de 

eiwitten, dan worden de elektronen amper beïnvloed. Dit betekent dat ze rechtdoor gaan 

en in de uiteindelijke opname een lichte plek veroorzaken. Zijn de atomen zwaar, zoals die 

van het kleurmiddel, dan worden ze wel beïnvloed en verandert de baan van de elektronen 

dusdanig dat ze niet bij de detector terechtkomen. Dit resulteert in een donkere plek in de 

uiteindelijke opname. Dit is de truck van negatief kleuren: de omtrek van het eiwit wordt 

zichtbaar gemaakt en niet het eiwit zelf.  

Losse-deeltjes-middeling 

De beeldverwerking van losse deeltjes is het eenvoudigst uit te leggen aan de hand van het 

L-vormig deeltje. Dit 3-dimensionaal deeltje kan, zoals weergegeven in figuur 1a, op 

verschillende manieren terechtkomen op een oppervlak. Van een preparaat met L-
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vormige deeltjes worden vervolgens foto’s genomen. Normaal gesproken staat de 

lichtbundel loodrecht op het preparaat en resulteert dit in een opname zoals weergegeven 

is in figuur 1b. 

 

Figuur 1. Het L-vormig deeltje. In (A) zijn de vijf verschillende manieren weergegeven (in perspectief) hoe een 
L-vormig deeltje op een oppervlak terecht kan komen. (B) Dezelfde vijf oriëntaties als in A alleen nu loodrecht 
gezien op het oppervlak. 

In tegenstelling tot wat te zien is in bovenstaand figuur zijn eiwitten meestal niet erg 

duidelijk te onderscheiden van de achtergrond. Daarom worden per monster meestal 

meerdere (honderden) opnames genomen. Tegenwoordig kan dit semi-automatisch 

worden gedaan. Met behulp van Grace, een programma ontwikkelt door Gert Oostergetel, 

is het mogelijk om aan te geven waar de microscoop foto’s van het preparaat moet maken. 

In de praktijk komt het erop neer dat overdag een mooi preparaat wordt gemaakt waarna 

de microscoop m.b.v. Grace wordt geïnstrueerd om gedurende de nacht opnames van het 

preparaat te maken.  

De volgende dag kan worden begonnen met de beeldverwerking waarvoor Wilko 

Keegstra (net als Gert ook werkzaam binnen de EM-vakgroep van Groningen) het 

softwarepakket GRIP (GRoningen Image Processing) heeft ontwikkeld. Uit elke opname 

worden kleine vierkante stukjes gesneden met in het midden één deeltje (figuur 2). Dit 

kan semi-automatisch worden gedaan waardoor met gemak een dataset ontstaat met 

duizenden losse deeltjes. Door deze losse deeltjes zo te draaien en te verschuiven (stap 1) 

ontstaat een aangepaste dataset waarbij alle losse deeltjes op dezelfde manier liggen. De 

verschillende aanzichten moeten van elkaar worden gescheiden. Dit kan d.m.v. een aantal 

langdurige berekeningen die hier verder niet worden toegelicht (stap 2). De laatste stap 

(stap 3) is het optellen van al deze losse deeltjes wat resulteert in één gemiddelde 
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projectie. In deze uiteindelijke projectie worden de vorm en details van het deeltje 

duidelijk zichtbaar, de achtergrond verliest juist vorm en wordt egaal.  

 

Figuur 2. Het beeldverwerkingsproces weergegeven vanaf het begin (een onbewerkte dataset met losse deeltjes) 
tot en met de uiteindelijke gemiddelde projectie. Het proces omvat drie stappen. Tijdens de eerst stap worden de 
losse deeltjes (m.b.v. software) zo gedraaid dat deeltjes die op dezelfde manier op een oppervlak liggen ook een 
gelijke onderlinge oriëntatie hebben. Tijdens de tweede stap worden de verschillende deeltjes (qua ligging op het 
oppervlak) gesorteerd. Tot slot worden alle deeltjes binnen één groep opgeteld zodat de verhouding tussen het 
signaal en de ruis verbeterd wordt en een gemiddelde van elke groep wordt verkregen. 

 Het L-vormig deeltje komt ook in de natuur voor. Heel veel organismen, van klein tot 

groot, hebben een eiwitcomplex dat complex I wordt genoemd. In figuur 3 van hoofdstuk 

2 (blz. 41, dit proefschrift) staan verschillende aanzichten van complex I. Dit complex is 

samen met drie andere eiwitcomplexen betrokken bij de productie van energie uit voedsel. 

Drie van deze vier eiwitcomplexen (complex I, III en IV) kunnen samen een keten vormen 

in het membraan van mitochondrieën. Het in handen krijgen van deze keten, om er 

bijvoorbeeld met de TEM naar te kijken, is niet gemakkelijk.  
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Om een idee te krijgen van hoe de keten van eiwitcomplexen er uitziet hebben we 

fragmenten van deze keten bekeken en geanalyseerd. Het resultaat hiervan is te zien in 

figuur 4 en 5 van hoofdstuk 2 (blz. 42-43, dit proefschrift). Hierin zijn verschillende 

fragmenten te zien die bestaan uit bijvoorbeeld complex I en complex III, of complex I, 

complex III en complex IV. Omdat er van deze ketenfragmenten verschillende aanzichten 

beschikbaar zijn is het mogelijk de onderlinge verbanden te bepalen, zie figuur 6 (blz. 46, 

dit proefschrift). Met behulp van de resultaten van anderen is het mogelijk de keten te 

herbouwen. Dit schematische model, te zien in figuur 7 (blz. 49, dit proefschrift), voldoet 

aan alle beschikbare data, zowel aan die van ons als van anderen. De toekomst zal moeten 

uitwijzen of de voorgestelde structuur van de keten er ook daadwerkelijk zo uitziet.  
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Maandagavond, de laptop is aan, de koffie alweer op en nu moet het toch echt gaan 

gebeuren: het dankwoord. Niet dat er geen mensen te bedanken zijn, dat is zeker niet het 

geval. Maar nadat alle hoofdstukken eindelijk af zijn, qua inhoud, lay-out, 

paginanummering, alle beestjes en plantjes cursief, etcetera, is het proefschrift nog niet 

klaar voor de drukker. Van alles heb ik dit gedeelte het langst uitgesteld, probeer maar 

eens origineel te zijn. De tweede kop koffie staat inmiddels naast me. Er is eigenlijk nog 

niet zoveel veranderd sinds daarnet, het echte dankwoord moet nog steeds geschreven 

worden. Het liefst natuurlijk niet in de vorm van een lange opsomming van collega’s, oud-

collega’s, mensen van de andere vakgroep en daar dan ook de mensen van die alweer zijn 

vertrokken. Dat zou op zich allemaal nog wel te doen zijn, maar dan heb je nog de 

tijdelijke onderzoekers die twee of drie maanden meedraaien in het lab en de studenten 

van andere promovendi. Zelf heb ik geen studenten begeleid tijdens de afgelopen vier jaar, 

alleen een aantal practica gegeven voor grotere groepen studenten, maar dat terzijde. Dan 

zijn er nog de mensen buiten Groningen. Ik heb samengewerkt met mensen uit 

verschillende steden in Nederland, Duitsland, Groot-Brittanië en de Verenigde Staten. 

Conclusie: dat zijn er heel wat. Daarom ga ik proberen het anders te doen en zie ik wel hoe 

het uitpakt. 

 Om te beginnen bedank ik alle mensen van de Elektronen Microscopie Groep. Jullie 

hebben mij de kneepjes van het vak geleerd, waren altijd in voor een praatje over het werk 

of andere dingen en nooit te beroerd om mij te helpen. Bedankt! Ook ben ik de mensen 

van de Eiwit Kristallografie Groep dankbaar. Als student heb ik al een leuke tijd bij jullie 

gehad en dat is daarna als buurman altijd zo gebleven. Beter een goede buur… . Bedankt!  

 A special thank to all the people that collaborated with me. You prepared, and, more 

important, shared with me the most beautiful samples. And as it turned out, beautiful 

they are. Thanks again! 

Ik besef me net dat ik met deze aanpak een heel eind kom, alleen familie en vrienden 

nog bedanken en klaar is het dankwoord. Maar dat gaat niet gebeuren, er zijn een aantal 

mensen die ik specifiek wil noemen. Marcel en Niels, allereerst bedankt dat jullie mijn 

paranimfen willen zijn en dat ik in de nabije toekomst ook jullie paranimf mag zijn. We 

kennen elkaar al een kleine tien jaar en hebben sinds het derde jaar van de HLO tot nu 

ongeveer hetzelfde traject gevolgd: een jaar stage gelopen bij de RuG, vervolgens 

Scheikunde gestudeerd aan diezelfde RuG en daarna zijn we samen op één kamer 
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terechtgekomen om te promoveren, nog steeds bij de RuG. Tijdens al die jaren heb ik 

ontzettend veel lol met jullie gehad, maar ook serieuze gesprekken gevoerd, veel te veel 

bier gedronken, spelletjes gespeeld, steun en inspiratie gehad en nog wel meer. Waar we in 

de toekomst ook terechtkomen en wat we ook gaan doen, deze tijd hebben we mooi te 

pakken en die zal ik nooit vergeten. Ontzettend bedankt!  

Roman, the first two years of my PhD period, you were my daily supervisor. During 

this time you taught me what electron microscopy and science in practice was. The last 

two years we didn’t share the same project anymore but you always stayed involved in 

what I was doing. Your involvement in my PhD period, patience in explaining me all kind 

of things and stimulation to just do things instead of complaining that there are many 

things that I still have to do, this all made me the scientist that I am today. A part from all 

these things you are also a very nice person to drink Czech beers and discuss al kind of 

topics. Altogether, thank you very much!  

Lieve papa en mama, zonder jullie steun was ik nooit zover gekomen. Ik heb het 

vermoeden dat hoe langer ik aan het studeren was, des te ingewikkelder het voor jullie 

begon te worden. Toch zijn jullie altijd geïnteresseerd en betrokken geweest bij wat ik de 

afgelopen vier jaar heb gedaan. Dit waardeer ik enorm. Bedankt daarvoor! En Heine, mijn 

grote broer. Ik heb nog altijd veel respect voor je keuze van toen om naar Den Haag te 

gaan. Josephien en ik vinden het al moeilijk om überhaupt over verhuizen na te denken, 

maar jij bent toen gewoon gegaan. En telkens als we langskwamen kreeg ik niet de indruk 

dat je daar spijt van hebt gekregen. Aan zo’n sprong in het diepe kan ik nog een voorbeeld 

nemen. Ik ben er trots op dat je mijn broer bent. 

Tot slot wil ik jou, Josephien, bedanken. Je hebt bijna mijn hele periode als 

promovendus meegemaakt, eerst elk vanuit onze eigen kamers en daarna, wat gelukkig 

nog steeds zo is, vanuit ons huisje. Ik heb veel bewondering voor hoe jij mij mijn gang liet 

gaan als ik toch nog even naar het lab wilde. Die keren dat je gezellig met me mee ging, ik 

achter de microscoop en jij spelend met stikstof of een krantje lezend met een kopje thee 

erbij, vond ik erg fijn. Ik hoop dat jij nog heel lang in mijn leven blijft. 
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