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AbstractAbstractAbstractAbstract    

This thesis covers the process from expression of a heterologous gene in Escherichia 
coli to structure determination of a protein by nuclear magnetic resonance (NMR) 
spectroscopy.  

The first part concerns structural genomics-related parallel screening studies on 
the effect of fusion tags (in particular the His tag) on protein solubility and the use of 
fusion tags in fast, parallel purification protocols intended for initial biophysical 
characterization of human proteins produced in E. coli. It was found that for most 
proteins the His tag has a negative influence on protein solubility. This influence 
appears to be more pronounced for our C-terminal His tag than for the N-terminal 
His tags used in this study. Moreover, high ratios of soluble per total protein do not 
always guarantee a high yield of soluble protein after purification, as different vector – 
target protein combinations result in large differences in host cell growth rates. 
Protein purification protocols for different fusion tags were developed that make it 
possible to express, purify and study structural properties of low concentration 
samples of 15N-labeled proteins in one or two days. 

The second part of this thesis describes the assignment and solution structure 
determination of ribosomal protein L18 of Thermus thermophilus. The protein is a mixed 
α/β structure with two α-helices on one side of a four-stranded β-sheet. Comparison 
to RNA-bound L18 showed that the protein to a large extent adopts identical 
structures in free and bound states, with exception of the loop regions and the flexible 
N-terminus. 

 
Keywords: protein production, protein solubility, fusion tags, nuclear magnetic 
resonance, structure determination, ribosomal protein 
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1111    Background to this thesisBackground to this thesisBackground to this thesisBackground to this thesis    
The living cell is a complex network of molecules that through regulated interactions 
create something that is more than the sum of its parts. Of these molecules, some 
have a structural function (cellulose, lipid membranes, some proteins), while others 
are carriers of the memory of the cell (DNA), and yet others are messengers and 
workhorses carrying out the essential biochemical processes in the cell (RNA and 
proteins). Even though many new functions of RNA have been identified in the 
recent years, proteins are the molecules that dominate cellular biochemistry. They are 
also the most interesting from a structural point of view, as they are built up from 
twenty different amino acids possessing side chains with various chemical properties 
forming intricate three-dimensional structures, whereas DNA and RNA only have 
four building blocks forming predominantly double helix structures. Protein structures 
can be studied by methods like NMR spectroscopy, X-ray crystallography, neutron 
scattering, electron microscopy and X-ray scattering; of these, NMR spectroscopy and 
X-ray crystallography provide the highest resolution structural models. Structural 
studies of proteins require copious amounts of pure material, which is most often 
produced in the bacterium E. coli. 

This thesis comprises the entire process from protein production to screening for 
secondary and tertiary structure content and structure determination of a protein by 
NMR spectroscopy. Aiming to provide tools for structural genomics research, we 
have studied the effect of fusion tags and expression vectors on protein production 
levels and solubility, designed a method for rapid purification of proteins and 
subsequent screening for structural content by CD and NMR spectroscopy, while we 
have determined the structure of a ribosomal protein using conventional NMR 
methods within traditional structural biology. In a way, this thesis reflects the 
transition – both mentally and experimentally – from traditional structural biology to 
structural genomics. Protein science has never before yielded statistics about protein 
production levels, effect of fusion tags on solubility and suitability of expression 
systems as it has in structural genomics. While statistics is far from being everything, 
in particular in protein science, it provides valuable and useful knowledge when 
setting up expression trials for unknown proteins. 
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2222    IntroductionIntroductionIntroductionIntroduction    

2.12.12.12.1    General introductionGeneral introductionGeneral introductionGeneral introduction    
Proteins are products of genes and consist of amino acid chains folded into globular 
structures. For a long time, the material of which genes are made, nucleic acids or 
more specifically: DNA, were considered to be of a too low complexity to encode 
versatile molecules such as proteins. By the 1960s, scientists had identified numerous 
proteins and come to the conclusion that none of these looked alike. They all had a 
very varying composition, different sizes and different structures, while DNA was 
composed of only four nucleotides commonly described by single letters: adenine (A), 
guanine (G), cytosine (C) and thymine (T) or uracil (U) in RNA. How can a simple 
code like this encode proteins composed of twenty amino acids? For this, nature has 
chosen the use of three-nucleotide ‘words’ or codons, each of which encodes one 

amino acid, resulting in some 
redundant codons (figure 1.1). 
For instance, there are six codons 
for the short, polar amino acid 
serine and for the large positively 
charged amino acid arginine, but 
only two for the large aromatic 
and hydrophobic amino acid 
phenylalanine, respectively. This 
codon degeneracy reduces the 
effect of mutations, but it can also 
be a way to write the code for the 
same proteins differently in 
different organisms. As GC 
basepairs have a higher melting 
temperature than AC basepairs, 
organisms prefer different ratios 
of GC/AT depending on for 
instance their environment. It 

Figure 1.1 Triplet codons and their corresponding
amino acids. The first vertical axis (1) gives the first
base of the codon, the horizontal axis (2) gives the
second base, etc. Ochre, amber and opal codons are
termination codons and indicate the end of a
transcript. 
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appears also that amino acids with many codons are relatively cheap for the cell to 
synthesize 1. 

The conversion of genetic information into a protein is called expression. First, a 
copy of the DNA is made into messenger RNA, or mRNA, in a process called 
transcription. This is done by the protein RNA polymerase, which in complex with 
other proteins, recognizes a DNA sequence in front of the genes. The mRNA 
contains a short sequence that is recognized by the ribosome, a large protein – RNA 
complex that subsequently translates the mRNA into a protein. After translation, the 
protein can be modified in various ways, transported to the place in or outside the cell 
where they perform their function, or they simply fold autonomously and get involved 
in one of the many processes in the cell that are carried out by proteins. Their 
versatility is intrinsic in their amino acid sequence. Amino acids are organized like 
beads in a polypeptide chain and in most proteins the chain folds into a compact 
globular structure. All proteins have different sequences of amino acids, also called 
their primary structure (figure 1.2).  

Sequences of amino acids tend to form ordered elements, i.e. secondary structure 
(figure 1.2): they can either form spiral (called helical) or sheet-like structures while 
other sections interconnect these secondary structure elements and have no specific 
structure (loop or random coil regions). Since some amino acids occur frequently in 
one type of secondary structure but not in another type, it is fairly straightforward to 

Figure 1.2 Structural levels in proteins. (A) The primary structure of proteins is its amino acid 
sequence; amino acids are represented by rounded rectangles in different colors for different 
amino acid types. (B) The secondary structure of the sequence in (A). (C) Tertiary structure is
the position of secondary structure elements relative to one another (the helix in (B) is colored
white while the remaining structure is in grey) 
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predict the location of secondary structure elements in proteins and many different 
softwares exist that do this. Patterns of certain amino acids are also helpful 
determinants of secondary structure. The difficult part is the organization of the 
secondary structure elements relative to one another. This organization level is called 
tertiary structure or three-dimensional structure (figure 1.2). A typical manner by 
which a set of secondary structure elements is organized into a tertiary structure is 
called a fold. The three-dimensional structure is hard to predict if not significant 
sequence homology reveals its evolutionary relationship – and most likely also 
structural resemblance – to proteins with known structures. Knowledge of the three-
dimensional structures of proteins often sheds light on their function and is essential 
for design of drugs that are efficient, specific and safe. Apart from medical 
applications, investigating protein structures is interesting as long as we have not 
covered the entire protein structure universe. We believe that the number of folds – 
i.e. ‘fold space’ – is limited but the fact that we do not know its size is a driving force 
in itself. When all folds are allegedly known, it will be interesting to explore protein 
fold families, discover the variations in these, and attempt to design new ones that 
nature does not use. 

2.22.22.22.2    Structural biologyStructural biologyStructural biologyStructural biology    
Structural biology is the study of three-dimensional structures of molecules. A 
molecule cannot perform its function unless it can adopt its native structure. Life is 
thus based on the ability of molecules to adopt their structure correctly. Of all types of 
molecules, proteins are the most elusive in doing just this. In his Nobel Lecture of 
1972 Christian Anfinsen described how he came to the conclusion that all information 
a protein needs to fold into its native conformation lies within the amino acid 
sequence of this protein, a rule which is often called Anfinsen’s dogma 2. Around the 
same time, Cyrus Levinthal came to the conclusion that a protein could not possibly 
sample all possible conformations before finding its native folded state, as this would 
take longer than the present age of the universe 3. This is the Levinthal paradox. The 
two findings combined suggested that protein folding must be a directed process. 
While extensive research has now led to a better understanding of protein folding, we 
are still not able to predict a protein structure from its sequence only. Thus, we still 
depend on experimental methods to obtain detailed models of protein structures.  
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Nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography are 
the two experimental methods available at present that are capable of producing high-
resolution protein structures. A third technique, electron microscopy (EM), should 
theoretically be able to produce images on atomic scale, but as protein specimens 
scatter relatively weakly and are sensitive to electronic beam damage, the resolution 
limit for EM is presently about 8 Å 4. However, electron crystallography has for a 
small number of exceptional proteins yielded near-atomic resolution structures 5; 6. 
Both NMR spectroscopy and X-ray crystallography need relatively large amounts of 
material, which in protein science corresponds to milligrams per milliliter of pure 
protein. For X-ray crystallography, proteins need to form well-diffracting crystals, 
which still are somewhat of an art to obtain, while NMR spectroscopy uses liquid 
samples. However, from the point of data processing and interpretation the process 
of determining a protein structure by X-ray crystallography is usually substantially less 
demanding and time-consuming than determining a solution NMR structure. 
Automated data analysis has been fully implemented in X-ray crystallography while for 
NMR such software is mostly in the development stage. 

The need for pure, high concentration protein samples makes structural biology 
an interdisciplinary field that covers molecular biology, microbial physiology, protein 
biochemistry and biophysics. One of the main bottlenecks in obtaining a well-
behaving protein sample is expression and purification. Contrary to some other 
biological macromolecules, handling proteins is not straightforward. The varying 
composition of proteins causes differences in charge, stability, solution requirements, 
need for cofactors, etc. These differences are functionally very important and 
interesting from an evolutionary point of view, but tend to cause problems in protein 
production and purification. 

2.32.32.32.3    Structural genomicsStructural genomicsStructural genomicsStructural genomics    

2.3.1 The genome sequencing revolution 
The terms genomics, structural and functional genomics, and proteomics describe 
new branches in molecular biology, protein biochemistry and structural biology that 
are typical for the new era of the genome sequences. As with genome sequencing 
(termed genomics), which focuses on determining complete maps of the genomic 
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DNA of entire organisms, other omics intend to provide the scientific world with the 
most complete map of the protein universe possible. This development represents a 
change of attitude in DNA and protein sciences, caused by the growing availability of 
DNA sequence information. Before sequences of entire genomes became available, 
databases such as Genbank1 and SwissProt2 contained the DNA and protein 
sequences of genes and proteins that had been annotated individually, through years 
of work. The first ‘organisms’ that had their small genomes analyzed to the last base 
were bacterial viruses or phages. The first genome sequenced was that of 
bacteriophage MS2, which was completed in 1976 7. The next year, Frederick Sanger 
and co-workers published the slightly larger 5,368 base pair genome of bacteriophage 
φX174, which is often considered as the first completely sequenced genome 8. Sanger 
received his second Nobel Prize in chemistry in 1980 for the development of the 
DNA sequence analysis method that was used for deciphering the bacteriophage 
genome. He also developed so-called shotgun sequencing which allowed for much 
faster sequencing and used that to complete the 48 kb genome of bacteriopage λ five 
years later 9.The first bacterial genome to be sequenced was that of Haemophilus 
influenzae in 1995 10. The first eukaryote to have its genome sequenced was baker’s 
yeast or Saccharomyces cerevisiae 11, followed by the worm Caenorabditis elegans in 1998 12 
and the fruit fly Drosophila melanogaster 13. The human genome was, under enormous 
publicity, published in 2001 both by the prestigious International Human Genome 
Sequencing Consortium and the company Celera led by Craig Venter, and was shown 
to contain a 35,000 or so genes 14; 15. Before researchers started to grasp the sheer 
complexity of genomes, this number was somewhat of a disappointment considering 
earlier estimations were around 100,000 genes 16. After this landmark, Venter and co-
workers have taken DNA sequencing yet a step further with their environmental 
genome shotgun sequencing of the Sargasso Sea 17. 
 

2.3.2 Structural genomics 
With the annotation of genes in the 206 genomes that have been sequenced as of July 
20043 a vast amount of new, unknown genes have become available for study. A 

                                                           
1 The NIH genetic sequence database: 
http://www.ncbi.nlm.nih.gov/Genbank/GenbankOverview.html 
2 Databank of protein sequences: http://www.expasy.org/sprot/sprot-top.html 
3 Genomes OnLine Database; http://www.genomesonline.org/ 
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number of these genes can be classified into existing gene families with a certain 
structure or function, based on sequence homology to members of these families. 
Sequence homology tools, however, only have a limited reach when it comes to 
detecting homology, and it has been long known that structure of the final gene 
product, the protein, is much more conserved in evolution than the sequence of its 
gene.  This means that, presently, we have to look at proteins and their structures 
directly to detect more remote homologies and structural similarities. At the same 
time, more protein structures will lead to an improvement of homology-based 
structure prediction, and one of the objectives of structural genomics is to cover the 
entire universe of protein structures. A large number of consortia, focusing on solving 
novel protein structures, have been set up around the world. These consortia involve 
a large number of affiliated research groups and information about target proteins, 
methods and project status is often shared. While different structural genomics 
projects target different organisms, they often select target proteins that have no 
homology to any known protein structures and in this way contribute to the 
expansion of the protein universe. Among target organisms are pathogens (e.g. 
Haemophilus influenzae, Mycobacterium tuberculosis, Campylobacter jejuni, the group of 
Herpesviridae), and thermophiles like Thermotoga maritima 18 and Methanococcus jannaschii, 
19, while human proteins are targeted by many academic and commercial groups, 
especially potentially new drug targets such as GPCRs4 or kinases 20, and proteins that 
are related to diseases such as cancer 21 or part of metabolic routes 22.  

Since the upcoming of structural genomics, the focus has somewhat shifted from 
‘one technology for many proteins’ to application of various techniques to a limited 
number of target proteins using the skills in parallel treatment, high throughput and 
automation that have been developed in the early years of structural genomics (figure 
2.1).  

In ‘traditional’ structural genomics, a large test set of proteins is run through a 
limited number of expression and purification methods. Various independent 
approaches have shown that a relatively low percentage of eukaryotic proteins can be 
purified soluble from E. coli and are suitable for structural studies 23; 24; 25. Even if they 
can be produced, they are not always properly folded. One of the ideas of this 
approach is that some of the proteins that can be studied will represent new folds, 
thus contributing to the major objective of structural genomics. Furthermore, proteins 
                                                           
4 Membrane Protein Network http://www.mepnet.org/ 
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that remained behind can be subjected to a second production phase, using for 
instance a different expression host. The number of expression hosts, expression and 
purification conditions that are used by structural genomics groups has increased 
tremendously. This development has led to increased focus on fewer proteins – or a 
specific group of proteins – with the knowledge of new screening techniques. This is 
especially popular in the pharmaceutical industry, as a limited group of proteins forms 
the majority of probable drug targets. 

 
As the numbers of proteins and/or the expression and purification conditions often 
are high in structural genomics, the process from expression to structure 
determination needs to be accelerated. This has led to increased use of parallel cloning 
systems (Paragraph 2.4), the development of new detection methods for soluble 
protein 26; 27, the development of robots for cloning, purification, and crystallization, 
the production of higher throughput HPLC systems, purification kits, ready-made gels 
for DNA and protein detection, as well as the development of (semi)automatic 
assignment programs for NMR (see Chapter 4). An important step in protein 
production in structural biology is to determine at an early stage whether a protein is 
structured under the conditions used. Especially in NMR, screening proteins for 
structural content has proven to be fairly straightforward. Decent 15N-HSQC spectra 
have been obtained after subjecting cell lysate containing the recombinant protein to 
buffer exchange only 28, while addition of rifampicin to cell cultures has been used to 
reduce background signal and selectively label the recombinant protein 29. The work 
described in Paper II is in line with these studies and is discussed in Chapter 3. 

Figure 2.1 Schematic illus-
tration of the applications of
recently developed parallel
screening techniques in
structural genomics. Left pa-
nel: application of a standard
method to a large set of
proteins, giving relatively low
yields. Right panel: appli-
cation of various methods to
one target protein.
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2.42.42.42.4    DNA cloning techniquesDNA cloning techniquesDNA cloning techniquesDNA cloning techniques    

2.4.1 Traditional cloning 
Without recombinant DNA technology and PCR, the Protein Data Bank (PDB) 
would not have contained the 24,213 protein structures it contains today5. The first 
protein structures determined were myoglobin and hemoglobin, proteins readily 
available from animal sources 30; 31. However, cloning and heterologous expression 
(expression of a gene foreign to the organism it is expressed in) are currently the 
standard ways of producing protein for structural biology efforts. 

DNA technology may have begun with the construction of the first recombinant 
organism by Cohen and coworkers in 1973 32. The authors realized the potential of 
their work: ‘It may be possible to introduce in E. coli, genes specifying metabolic or 
synthetic functions such as photosynthesis or antibiotic production indigenous to 
other biological classes’. This new technology called for general guidelines that were 
issued for the first time by the National Institute of Health in 1976 and are updated 
regularly. 

At the end of the 1960s, the first bacterial restriction endonucleases were 
identified and isolated 33; 34. These enzymes were crucial for the development of 
recombinant DNA techniques, as they cleave DNA at specific recognition sites. Just 
as essential is ligase, an enzyme from T4 bacteriophage, which repairs nicks in double-
stranded DNA and joins blunt or compatible cohesive DNA ends 35. Both ligase and 
restriction endonucleases are still generally used in molecular cloning. A traditional 
recombinant DNA cloning procedure can be as follows: source DNA containing the 
target DNA fragment is digested with restriction endonucleases; a circular cloning 
vector is linearized using restriction endonucleases; vector DNA and target DNA are 
joined by ligation; the recombinant DNA construct is introduced in the host cell; 
selection of host cells carrying the construct by an antibiotic resistance gene present 
on the vector DNA. This procedure is still the standard cloning technique in most 
laboratories. 

                                                           
5 PDB statistics as of 10 August 2004; http://www.rcsb.org 
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2.4.2 Alternative cloning techniques: GatewayTM Technology 
In recent years, life science companies have developed new cloning techniques that 
allow for fast and parallel cloning of large numbers of genes simultaneously. The three 
techniques that are currently available are GatewayTM Technology, TOPO TA 
Cloning® combined with the EchoTM cloning system (all from Invitrogen) and In-
FusionTM (BD Biosciences). The GatewayTM, EchoTM and In-FusionTM technologies 
are based on site-specific recombination, while TOPO TA Cloning is based on the 
single adenine overhang created on PCR products by Taq polymerase. All cloning 
methods have their advantages and disadvantages; the new cloning methods were 
presented to fulfil the demand of the scientific community for fast cloning methods 
especially suitable for cloning cDNA into expression vectors, while traditional cloning 
remains the most versatile method available to date. 

As the GatewayTM Technology has been used in this work (papers I and II), its 
background and principles will be described here. Instead of DNA digestion and 
ligation it employs the site-specific recombination that is the basis of the integration 
of phage λ into the Escherichia coli genome. Phage λ is a bacterial virus that attaches to 
the cell surface and injects its DNA into the host cell. Following infection, the DNA 
can be integrated in the host genome by site-specific recombination as part of the 
lysogenic (quiescent) cycle. In this state, the phage is called a prophage, because it 
merely consists of a DNA sequence that has the capability of producing a phage. 
Stimulants like UV radiation or mutagenic chemicals can end this cycle and prompt 
the start of the lytic cycle, which is initiated by excision of the phage DNA from the 
host genome. The phage DNA is transcribed and takes over the cellular machinery of 
the host, resulting in the production of hundreds of phage particles and lysis of the 
host cell.  

Phage λ recombination is characterized by extreme directionality of the 
recombination reaction, which is the result of the existence of two different pathways 
for integrative and excisive recombination 36. Integration occurs by circularization of 
the λ DNA followed by recombination of the ‘phage attachment’ or attP site with the 
corresponding bacterial site, the attB site, producing two hybrid sites attL and attR 
flanking the inserted DNA 37. The insertion event is mediated by phage protein Int or 
integrase and bacterial helper proteins IHF (integration host factor) and Fis (factor for 
inversion stimulation). Excision needs an additional protein, excisionase or Xis. 
GatewayTM technology uses modified versions of the att recombination sites based on 
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the studies of Bushman et al. 38. In order to clone a gene by GatewayTM technology, 
attB sites are added to the termini of the gene using PCR. The so-called BP reaction, 
in which Int, IHF, the attB PCR product and a donor vector containing attP sites are 
present, inserts the gene into the donor vector and creates an ‘entry clone’ (figure 2.2). 
Donor vectors contain a cassette with the ccdB gene for negative selection, which 
encodes a protein that interferes with DNA gyrase and is lethal for most E. coli strains 
39. Recombination will replace the ccdB gene with the target gene and only clones 
containing the replaced fragment will survive. The orientation of the inserted 
fragment is always correct due to att site mutations that cause att sites on the 5’ and 3’ 
ends only to react with other 5’ and 3’ att sites, respectively 40. The entry clone is the 
mother clone and is used in the LR reaction (in which attL and attR sites recombine) 
that creates expression clones. The entry clone is recombined with a ccdB gene 
containing destination vector using the enzymes Int, IHF and Xis. The advantage of 

Figure 2.2 Schematic representation of the GatewayTM cloning reactions. (A) The BP reaction, 
producing the entry clone from an att site flanked PCR product and a donor vector. (B) The
LR reaction, in which recombination of entry clone and destination vector yields an expression 
clone. A large number of expression clones can be generated in parallel, allowing for
straightforward screening of for instance different fusion tags. All reactions yield a by-product 
containing the lethal ccdB gene. Figure adapted from the GatewayTM Technology manual. 
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the system is that a gene can easily be cloned into various destination vectors, which 
may contain different fusion tags or promoters, thus allowing for faster screening of 
optimal expression conditions for the gene of interest. 

2.52.52.52.5    Protein production and purificationProtein production and purificationProtein production and purificationProtein production and purification    

2.5.1 Choice of host 
When producing proteins for biochemical and biophysical studies, a host should be 
chosen that produces the protein in sufficient quantities in reasonable culturing time 
and volume, in its native folded state and preferably active – although this is not 
always required. In practice, other factors such as cost of production and knowledge 
and equipment available in the laboratory are equally important. The most widely used 
recombinant expression host is the bacteria E. coli, commonly referred to as the 
workhorse of molecular biology. The advantages of E. coli as an expression host are 
numerous. Its genetics, biochemistry and physiology are extremely well studied, some 
advantages of which are a wide choice in promoter and regulatory sequences and the 
availability of specialized strains 41; 42; 43. It also has a short generation time (ca. 20 
minutes) and can grow on minimal media, allowing for a cost effective way of isotope 
and selenomethionine labeling of proteins. It even grows in 2H2O, which is useful for 
certain NMR studies. Signal sequences at the N-terminal of the protein can direct it to 
the periplasm, where disulfide bonds can be formed, or to the outer membrane, where 
membrane proteins can be embedded. However, as bacteria are of a more simple 
design than eukaryotic cells, they cannot perform more advanced posttranslational 
modifications than disulfide bond formation. Other types of modification, including 
phosphorylation, glycosylation, acetylation, fatty acid acylation, and amidation are not 
native to bacteria and thus require different expression hosts or in vitro methods, if 
possible. The only eukaryotic host that approaches E. coli in its low requirements and 
ease of cultivation is yeast. Both Saccharomyces cerevisiae and Pichia pastoris are yeast 
species that are commonly used for heterologous protein expression. Especially P. 
pastoris is known for its ability to grow to extremely high cell densities and to produce 
grams of protein per liter 44. An advantage for NMR spectroscopy is that isotope 
labeling of recombinant proteins in yeast is possible without the need for the 
expensive media required for protein labeling in higher eukaryotes 45. Yeast cells 
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efficiently secrete proteins into the culture medium, which is not possible in E. coli, 
and they perform many posttranslational modifications of higher eukaryotes, although 
glycosylation differs between yeast and higher eukaryotes 44. In recent years, insect cell 
expression systems, often based on baculovirus infection, have gained much 
popularity. Insect cells perform most eukaryotic posttranslational modifications 
although glycosylation is not always complete or identical to mammalian glycosylation 
46; 47; 48. While insect cell systems are widely used, most proteins intended for 
therapeutic use are produced in Chinese hamster ovary (CHO) cells or in E. coli 49. 
Mammalian cells require more time, skill and special growth conditions and do not 
always produce recombinant protein stably 50. Besides the expression systems 
mentioned here, there are several other systems available such as transgenic plants, 
cell-free expression systems, and milk from transgenic animals 49; 51; 52. All expression 
systems have their advantages and disadvantages, and factors such as yield of active 
protein, production time and relative effort, availability of material and skill, and 
importance of the target protein are often determining in whether or not an 
expression system is used for that specific protein. 

2.5.2 Transcriptional and translational regulation in E. coli 

In order for a gene to be transcribed, RNA polymerase binds to the promoter, a 
recognition element upstream to the gene. For recombinant gene expression, strong 
promoters leading to high protein levels are usually preferred. At the same time, the 
cells benefit from little or no basal transcription of the recombinant gene, as its 
product can be toxic to the cell or impair growth by the energy it requires of its host 
cell. It is a further requirement that promoters can be induced efficiently and at low 
cost. Common E. coli promoters are summarized in a review by Makrides 41. To 
ensure tight regulation of expression, the promoter is often under control of a 
regulatory gene such as the lac repressor, which can be present on the plasmid or in 
the E. coli genome. In the case of the T7-lac promoter-operator, a widely used 
promoter for recombinant overexpression, transcription is impaired as long as no 
inducer is added to the culture. A common E. coli expression strain, BL21(DE3), 
contains a lysogen of bacteriophage DE3 (a derivative of phage λ) in its genome. The 
DE3 lysogen contains T7 RNA polymerase under control of the lacUV5 promoter, 
which is isopropyl-β-D-thiogalactopyranoside (IPTG) inducible 53. Addition of IPTG 
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to the culture initiates T7 RNA polymerase production, which is followed by 
transcription of the target gene on the plasmid. 

Termination of transcription is regulated by a transcriptional terminator sequence 
downstream of the gene. Often, this region contains some sequence symmetry 
resulting in a hairpin or stem-loop structure 41. Transcriptional termination is of 
importance for several reasons. Transcription over a promoter may cause promoter 
occlusion, i.e. deactivation of the promoter 54. Furthermore, transcription from a 
strong promoter may destabilize plasmids if not a transcriptional terminator is present, 
as transcriptional readthrough could lead to overproduction of Rop, a protein that 
regulates plasmid copy number negatively 55. Its gene is located in the origin of 
replication and can be transcribed if no terminator is present. 

Translation of mRNA into protein is a complex process carried out by the 
ribosome, tRNAs and various cofactors. In most cases, the translation initiation 
codon of E. coli mRNAs is AUG, encoding methionine. The ribosome, which will be 
further discussed in Chapter 4, binds to the Shine-Dalgarno (SD) site on the mRNA 
before translation is initiated. The SD site lies upstream of the translation initiation 
codon AUG and contains a sequence complementary to the 3´ end of 16S rRNA 56; 57; 

58. The distance between SD site and the initiation codon, the nucleotides in the 
vicinity of the initiation codon, and mRNA secondary structure affect the translation 
efficiency. Both upstream and downstream of the start codon sequences have been 
identified that can function as translational enhancers, while an AAA codon (encoding 
lysine) following the initiation codon results in a high translation efficiency 41; 59; 60; 61. 
Optimizing sequences around the SD site may result in higher protein production 
levels, as was recently shown by Zhelyabovskaya and coworkers 62. Apart from 
sequences around the translation start, codon usage throughout the heterologous gene 
can affect translation rates significantly. In E. coli, codon usage is a form of expression 
regulation: genes that are expressed to high levels contain codons that occur 
frequently, major codons, while minor or rare codons can be found in genes that are 
expressed to low levels 63. Only low translation rates will be achieved if the foreign 
gene contains codons for which few tRNAs are made in E. coli. A similar problem 
arises when a foreign gene has an amino acid composition that does not agree well 
with that of a typical E. coli protein. In order to increase translation efficiency of such 
genes, commercially available expression strains exist that contain plasmids with the 
genes for rare codon tRNAs. 



  Introduction 15 

Apart from transcription and translation rates, mRNA and protein stability are 
determining factors for the amount of recombinant protein that is produced. Both 
mRNA and protein degradation are important regulatory mechanisms in all 
organisms. Stem-loop structures at both ends of mRNA molecules have been shown 
to increase resistance against mRNA degradation, while the nature of the N-terminal 
amino acid in proteins affect protein half-life 41; 64. 

2.5.3 Fusion tags 
A common problem with protein overproduction in the E. coli cytoplasm is the 
accumulation of insoluble protein into inclusion bodies. While inclusion bodies can be 
regarded as an initial purification step, not all proteins are easily refolded. Soluble 
recombinant protein is thus preferred. Traditionally, proteins were purified from E. 
coli proteins based on their size, charge and surface characteristics using different 
chromatography techniques and ammonium sulfate precipitation. While these 
techniques are still commonly applied, it has become increasingly popular to 
genetically attach peptide or protein tags to the protein of interest, which can function 
as purification tags, solubilizing tags, or a combination of both. In this thesis, the term 
fusion tag is used for the sequence that is attached to the protein of interest, while fusion 
protein describes the two fused proteins forming one chimeric protein. 

The concept of combining the sequences of two genes into one, yielding a single 
fusion protein product with two functional domains, is not self-evident. The 
usefulness of gene fusion came originally forward in studies of gene expression and 
protein relocation using β-galactosidase as a reporter gene 65; 66; 67. In 1983, Uhlén and 
coworkers described the first use of a fusion protein, in this case staphylococcal 
protein A, for purification purposes 68. Soon after this, the arginine tag was developed 
intended purely for protein purification with cation exchange chromatography 69. The 
large variety of fusion tags and proteins currently available is described in a number of 
reviews 41; 70; 71. For structural biology and structural genomics, short purification tags, 
solubilizing fusion tags or a combination of these are frequently used. Different fusion 
tags and their characteristics are further discussed in Chapter 3. 
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2.5.4 Protein purification for NMR spectroscopy 
In recent years, focus on method development for structural genomics has resulted in 
fast screening protocols for the behavior and the structural state of proteins. It was 
found, for instance, that with little or no purification the tertiary structure of a protein 
could be screened using a simple NMR experiment, the 15N-HSQC 28; 72; 73. This 
finding represented a change of attitude in the NMR spectroscopy field, in which it 
had been common to produce protein in large quantities and to high purity. The 
ability to screen at an early stage allows for optimization of experimental conditions 
for a specific protein without destroying an expensive sample intended for structural 
studies, while it also aids in deciding if other production or purification strategies 
should be attempted. Chapter 3 treats fast purification and screening methods in 
greater detail. 

High-resolution NMR spectroscopy for protein structure determination benefits 
greatly from pure, concentrated, stable protein samples at a pH below seven. 
Depending on the expression level of the protein, one to several liters of bacterial 
culture is generally grown in rich medium or in minimal medium (for labeling with 15N 
or 13C). After collection of the cells by centrifugation, the cells are lysed and an initial 
purification step is performed. These days, most protein purification protocols include 
one or more chromatography steps. Different types of chromatography target 
different properties of proteins. Examples of different chromatography techniques 
are: 

• Affinity chromatography (AC): relies on the biological function of the protein 
of interest; this is generally used in fusion tag-based purification with 
commercially available affinity matrices. 

• Ion exchange chromatography (IEX): based on the charge of the protein of 
interest. 

• Hydrophobic interaction chromatography (HIC): makes use of the 
hydrophobic properties of the protein of interest. 

• Gel filtration or size exclusion chromatography (SEC): makes use of the size 
differences between proteins.  

The first purification step – the ‘capturing’ step – is most frequently AC, as this is very 
specific for the fusion tag that is used. With AC, around 90-95% purity is often 
obtained. IEX is also used as an initial purification step. IEX, AC and HIC are also 
good methods for intermediate purification. SEC is generally used as a polishing 
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method. The number of chromatography steps is usually two or three, mostly 
depending on the purity of the protein after the first step, and has to be considered 
carefully. Too few purification steps can result in an impure protein sample, while too 
many steps cause a significant loss of protein. Following purification, buffer is 
exchanged for a buffer suitable for NMR studies, i.e. containing salt concentrations 
below 200 mM (lower concentrations are optimal), pH below seven, and no other 
molecules of which the NMR spectrum overlaps with the protein spectrum, such as 
glycerol or Tris. To the sample 10% 2H2O is added in order to stabilize the magnetic 
field around the sample. 

2.62.62.62.6    Introduction to NMR spectroscopyIntroduction to NMR spectroscopyIntroduction to NMR spectroscopyIntroduction to NMR spectroscopy    
NMR spectroscopy is about the interaction of nuclei with electromagnetic radiation. It 
is performed in the radio frequency (rf) range of electromagnetic radiation, which is a 
very low energy radiation (figure 2.3). This has two direct implications: NMR is a 
relatively insensitive spectroscopy technique that needs concentrated protein 
solutions, and the radiation does no damage to the sample nor changes the properties 
of the molecules in solution. This latter property is particularly important in magnetic 
resonance imaging (MRI), a NMR technique used in medicine that is not detrimental 
to the patient contrary to, for instance, X-ray techniques. 

The atomic property that NMR affects is nuclear spin. Spin is as intrinsic to nuclei 
as other properties such as mass and charge. The spin of a nucleus is defined in its 
spin quantum number, I, which can have different values. If I of a nucleus equals 
zero, this nucleus is inactive in NMR. Nuclei with I = ½ are the most frequently used 
nuclei in NMR, whereas nuclei with higher spin quantum numbers are NMR-active 

Figure 2.3 The spectrum of electromagnetic radiation from low frequency (indicated in Hz
below the types of radiation), long wavelength and low energy to high frequency, short
wavelength and high energy radiation. A grey shade indicates the frequency range in which
NMR spectroscopy works. In this area, wavelengths are approximately 1-100 m. Visible light is 
indicated by a gradient-colored box. 
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but not as useful. Examples of nuclei with I = ½ are 1H, 15N, 13C, and 31P. While 1H is 
the most frequently occurring hydrogen isotope in nature, the natural abundance of 
15N and 13C is very low. Most organic molecules, including proteins, contain mostly 
carbon, nitrogen, hydrogen and oxygen. Although hydrogen-selective experiments are 
numerous, the ability to include the nitrogen and carbon atoms of proteins into NMR 
experiments by isotope labeling has increased the size limit of proteins that can be 
studied by NMR. The use of isotope labeling in structure determination is further 
discussed in Chapter 4. 

In NMR spectroscopy, protein samples are placed into a strong magnetic field 
that makes the nuclear spins align in a parallel or an antiparallel fashion to the field. 
The parallel state has a slightly lower energy level than the antiparallel state, resulting 
in a minor overpopulation of the parallel state, even though the energy difference 
between the two states is very small (figure 2.4). This difference is dependent on 
magnetic field strength and is dictated by the Boltzmann distribution. In a magnetic 
field of 14.1 Tesla (corresponding to the basic 1H resonance frequency of 600 MHz), 
only five out of ten thousand nuclei are in excess in the parallel state at room 
temperature. The signal that is measured in the NMR experiment derives from this 
small population of nuclei, as the remaining signals are cancelled out. The sample is 
located in a probe where rf pulses can be emitted and received. A pulse with a suitable 
duration and strength disturbs the equilibrium of the population of nuclei, which 
subsequently return to equilibrium. The magnetization of the sample during that time 
induces an electric current in a detection coil, resulting in an oscillating signal that 
decays over time. This signal is called the free induction decay (FID). A mathematical 
tool, the Fourier transform, is then used to transform the time-dependent signal into a 
frequency signal. The outcome is a spectrum in which the peaks are separated by 
resonance frequency.  

Figure 2.4 Spin energy levels of a spin ½ nucleus in a 
magnetic field (B0). There are two values for the 
magnetic quantum number m, ½ and -½, 
corresponding to the parallel ( ) and the 
antiparallel ( ) states (assuming an upward, 
vertical magnetic field). Their energy levels are 
separated by an amount of energy that is dependent on 
magnetic field strength.  
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The difference in resonance frequency – called the chemical shift – between nuclei 
is one of the cornerstones of NMR spectroscopy.  The chemical shift of a nucleus is 
measured relative to a reference compound and is dependent on differences in 
chemical environment and on three-dimensional structure. For instance, in a random 
coil structure, hydrogen bound to a nitrogen atom has a specific, narrow chemical 
shift range that differs from that of hydrogen bound to carbon. In a protein structure 
however, hydrogens bound to nitrogen atoms will have a wider chemical shift range 

(i.e. increased dispersion) due to differences in chemical environment, secondary and 
tertiary structure but they can still be distinguished from carbon-bound hydrogens 
(figure 2.5). As a first step in protein structure determination, all resonances are 
‘assigned’, i.e. the identity of the amino acid and the atom within this amino acid 

Figure 2.5 Approximate chemical shift ranges of various hydrogens in a
protein, drawn as lines in a 1D 1H spectrum of ribosomal protein L18 of
Thermus thermophilus obtained at 600 MHz (14.1 Tesla) at 30ºC. Adapted
from reference 132. Chemical shift often has the unit ppm. This is a
magnetic field-independent unit, as opposed to Hz: at 9.3 Tesla 1 ppm
equals 400 Hz, while at 14.1 Tesla it is 600 Hz. 
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giving rise to a resonance is elucidated. This is essential in the structure determination 
methods used today, which are further discussed in Chapter 4.  

The size of proteins that can be studied by NMR is limited to approximately 30 
kDa. Large proteins or protein complexes rotate slower in solution than small 
proteins, resulting in broadened lines and poor resolution. Another problem with 
larger molecules is crowding of the spectra and overlapping signals, which cause 
problems in the assignment procedure. The size limit has been expanded by various 
tricks such as uniform or selective isotope labeling, increase of dimensionality of 
NMR spectra to three or for dimensions, and the TROSY technique developed by 
Wüthrich and coworkers 74. Using solid state NMR it is also possible to study larger 
structures such as fibers, but this technique often uses specific labeling and has 
currently not reached the resolution of solution NMR 75; 76. Nevertheless, large 
progress has been made with solid state NMR in recent years, of which the 
publication of the structure of a microcrystalline SH3 domain is a good example 77. 
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3333    Fusion tags: facilitation of purification and Fusion tags: facilitation of purification and Fusion tags: facilitation of purification and Fusion tags: facilitation of purification and 
enhancement of protein solubility enhancement of protein solubility enhancement of protein solubility enhancement of protein solubility     

3.13.13.13.1    Fusion tags for solubility and purificationFusion tags for solubility and purificationFusion tags for solubility and purificationFusion tags for solubility and purification    
As was mentioned in Chapter 2, the initial use of fusion tags was confined to 
purification, detection and localization of proteins. It was also mentioned that while 
they are still widely used for these purposes, some fusion tags have been found to 
enhance solubility of the protein to which they are fused. A few solubility enhancing 
fusion tags can also be used for protein purification using affinity chromatography 
(AC). Of all fusion tags, the His tag is the most widely used. It consists of a stretch of 
six or more histidine residues, and binds strongly to the Ni2+ or Cd2+ ions of 
immobilized metal ion affinity chromatography (IMAC) resin. Due to its strong 
binding and the independence of the binding to peptide conformation, purification 
using a His tag is relatively insensitive to buffer variations, and proteins can be 
purified even under heavily denaturing conditions (6 M Gd.HCl or 8 M Urea). 
Another advantage is that, due to its small size, it does not always need to be 
proteolytically removed. Removal of fusion tags is often necessary for larger fusion 
tags, especially in NMR spectroscopy as resonances of fusion tags appear in the NMR 
spectrum besides those of the target protein, thus crowding the spectrum in an 
undesirable way. Many affinity purification systems (excluding the IMAC system) 
make use of protein-ligand interactions that require both the fusion protein and the 
ligand on the affinity matrix to adopt their native structures. Examples of such 
systems are the glutathione-S-tranferase (GST) fusion binding to glutathione 
sepharose, and the fusions Z and Gb1, both binding to IgG sepharose. While these 
systems are more sensitive to buffer conditions, they are highly specific and protein 
purified with these systems is usually quite pure. Fusions with good solubility 
enhancement qualities that do not work (well) as purification tags are often used in 
tandem with smaller tags such as His tags.  

This chapter, containing results from Papers I and II, will discuss both the use of 
fusion tags in affinity purification methods and the effect of some fusion tags on 
proteins solubility. A general problem in protein production is that there are no 
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universal solutions. In this way, fusion tags gain good or bad reputations by their 
success rate for one or a few proteins. The popularity of structural genomics and the 
consequent hunt for soluble protein has resulted in more systematic studies of the 
success rate of different fusion tags, but as the results in Paper I show, drawing 
general conclusions for a specific fusion tag can be complicated by the large variety in 
expression vectors that are used. In Paper I, we have attempted to overcome this 
problem to use vectors with different features and sequences surrounding the fusion 
tag. The results of this study are discussed in Paragraph 3.2. Paper II describes the use 
of three different fusions for parallel purification of proteins intended for biophysical 
characterization. These results are discussed in Paragraph 3.3. 

3.23.23.23.2    Effect of His tags on protein solubilityEffect of His tags on protein solubilityEffect of His tags on protein solubilityEffect of His tags on protein solubility    

3.2.1 Background and experimental setup 
As is stated more generally above, systematic studies of the influence of His tags on 
protein solubility regardless of vector and target protein are scarce. In a study by 
Busso and coworkers, twenty-four proteins were expressed in vitro with both N and C-
terminal His tags 78. Their results indicate that His tag placement affects solubility for 
some target proteins. These effects varied per target protein, but a significantly better 
overall performance was observed for N-terminal His tags. Further examples in the 
literature concerning His-tagged proteins and His tag influence on the production and 
solubility of the produced protein include mostly studies of one or a few proteins. In 
these cases, the His tag had no or a small negative effect on protein expression and 
solubility 79; 80; 81; 82. In the study described in Paper I, we expressed twenty human 
proteins with four controls using four different expression vectors for production of 
His-tagged protein. A schematic representation and the sequence of the expression 
cassettes of the vectors are shown in figure 3.1. Three of these vectors, i.e. pDEST17, 
pTH19, and pTH26, contain a N-His tag sequence, while one vector, pTH24, 
contains a C-His tag sequence. Vector pTH26 has a solubilizing fusion tag, the 434 
repressor DNA binding domain, on the N-terminal side of the His tag. Throughout 
this paragraph, the vectors will be described with their name and the position of their 
His tags: pDEST17N-His, pTH19N-His, pTH24C-His, pTH24nat (native; by cloning a gene 
with a stop codon into this vector, the protein will not contain a His tag) and 
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pTH26434N-His. The main differences between the vectors are the presence or absence 
of a lac repressor gene and lac operator sequence, and the expressed sequence 
surrounding the hexahistidine sequence. 

3.2.2 His tags affect protein solubility 
Figure 3.2 shows that while expression without a His tag generally results in the 
highest ratio of soluble protein, expression in pTH26434N-His gives the next best 
soluble/total protein ratios. As none of the other constructs were as soluble, the 
results suggest that His tags affect protein solubility negatively, which may be 

Figure 3.1 Schematic representation and sequence alignment of the expression vectors used in 
this study. In the schematic drawings of the vectors a number of features are indicated: the T7
or T7lac promoter as a black line; the tag sequence in dark grey (DNA and protein sequences
are given in the alignment below), the Gateway cassette in white, the T7 terminator as a black
line, the ampicillin resistance gene in black, the pUC and pBR322 origins of replication in grey,
and the lacI gene in light grey. The expression cassettes in the sequence alignment below 
contain the DNA and translated protein sequence from promoter to stop codon. In the
alignment, important elements are indicated by boxed text, while the translated amino acid
sequence is given above the DNA sequence. The Gateway cassette is exchanged for a target 
gene by recombination to yield the expression clone. 
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counteracted by the solubilizing 434 repressor DBD. These results are in line with a 
study on the solubilizing effect of maltose binding protein by Kapust and Waugh 83. 
Other studies have generally compared solubilizing fusions to His tags, and in these 
cases more protein was present in the soluble fraction with solubilizing fusions than 
with His tags 25; 84; 85. However, figure 3.2a shows that the fraction of soluble protein 
may vary considerably depending on the His tag construct used. Two of these studies 
used the pDEST17N-His vector 25; 85, which has not performed well in the study 
described in Paper I. The low solubility of pDEST17N-His-derived His-tagged proteins 
may in part be caused by the sequence N-terminal to the His tag sequence (figure 3.1; 
Hammarström et al., in preparation). It is possible that MSYY-H6 (pDEST17N-His) 
makes the protein more insoluble than MGSS-H6 (pTH19N-His). However, it cannot be 
ruled out either that these sequences are of importance for translational efficiency 
and/or protein half-life.  

3.2.3 Cell growth rate determinant for protein yields 
In order to determine whether high expression levels, as judged from SDS gels, were 
the effect of high cell densities or high protein production levels per cell, total protein 
production per dry cell weight (DCW) and per culture volume was determined (figure 
3.3a). The diagrams in this figure show that the highest average protein levels per 
culture volume are obtained with the pTH24 vector (both with pTH24C-His and 
pTH24nat). Per DCW, however, there are only minor differences between the average 
expression levels, indicating that cell growth is the determinant factor for recombinant 

Figure 3.2 Average solubility and 
relative performance of vectors in 
producing soluble protein. The 
column diagram shows the average 
soluble per total protein for all target 
proteins in each expression 
construct. Proteins insoluble in all 
constructs (45%, see pie diagram) are 
included in the column diagram. The 
pie diagram shows the percentages of 
target proteins for which certain 
vectors yielded the highest 
soluble/total protein ratios. ‘Var’: for 
three (=13%) of the target proteins 
more than one vector was best. 
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protein yield in these cultures. Average growth levels of the cells carrying the four 
different vectors were determined by determining the growth curves for each vector – 
target combination and averaging these curves (excluding pTH24nat). The results show 
that pTH24C-His and pTH19N-His had the highest and second highest average growth 
rates (figure 3.3b). As these two vectors are very similar apart from the position and 
the sequence surrounding the His tags, the large difference in growth rate was 
puzzling. Moreover, cells containing pTH24C-His constructs displayed very tight 
regulation of expression before addition of IPTG, while cells containing pTH19N-His 
showed variation in growth rate that was dependent on the target gene (not shown), 
suggesting that a deleterious mutation in the lac operator or lac repressor sequences 

could partially have destroyed gene expression regulation in pTH19N-His. Sequence 
analysis of the lac repressor gene of pTH19N-His revealed a deletion of one base (G1056) 
in the C-terminal tetramerization helix of the lac repressor, resulting in a frameshift 
that alters this region. Interestingly, the lac operator in these vectors consists of one 
palindrome, which binds to a lac repressor dimer. However, it has been shown that a 
lac repressor tetramer binds more rapidly to a single palindromic operator than a 
dimer mutant 86, which could explain the diminished effectivity of the pTH19N-His lac 
repressor mutant.  

Figure 3.3 Average total expression levels and average culture growth per vector. (A) Average
total expression levels and relative performance of vectors. The column diagram shows the
average total expression levels for each vector per culture volume and per DCW, as estimated 
from SDS gels. The pie diagram shows the percentage of target proteins for which certain
vectors gave highest expression levels. In the area indicated by ‘var’, a number of different
vectors performed best. (B) Average growth curves for expression cultures of all target
proteins per vector. Cell densities for pTH24nat were not measured. At t = 2 hours, expression 
was induced by adding IPTG. The color differences of the curves represent the presence
(black) or absence (grey) of a lac operator and repressor in the vector sequence. 
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Large variations in cell growth were observed for different vector – target 
combinations (not shown). In some cases, target proteins had the same effect on cell 
growth regardless of the vector that was used for expression. It is possible that these 
proteins somehow interfere with the biochemistry of the host cell. We found no 
correlation between up or down regulation of growth and production level, solubility 
or tertiary structure content of the target proteins. 

Upon purification of the His-tagged proteins under physiological and denaturing 
conditions, highest yields were obtained with pTH24C-His and pTH19N-His for 

Figure 3.4 Average yields of soluble and total protein per vector. The color-coding of the 
column diagrams is identical to that in figure 3.3. Columns represent protein yields measured
by Bradford analysis (left axis) while the scatter diagram displays protein yields as measured on
SDS gel (right axis). Upper panel: average yield of purified soluble protein for each vector and
relative performance of vectors. Lower panel: average yield of total protein for each vector and 
relative performance of vectors. Proteins that could not be purified were included in
calculation of the average. The pie diagrams show the percentage of proteins for which
different vectors were best, as determined from Bradford data or SDS gel.  
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physiological conditions (purifying only soluble protein) and pTH24C-His for 
denaturing conditions. The purification results per vector averaged for all proteins are 
summarized in figure 3.4. As the pie diagrams show, half of the target proteins could 
be purified under physiological conditions. Of these proteins, most were under 20 
kDa. Only two of the larger proteins were produced in soluble form by the bacteria. 
This size barrier is a common problem in structural genomics, but it may be 
circumvented by expressing domains instead of full-length proteins 25; 87. The relatively 
good yields of pTH24C-His constructs in soluble protein purification appear to contrast 
the generally low solubility fractions of these constructs, but cell growth rates (and 
thus the absolute amounts of produced protein) are high for this vector, which is 
determinant for protein yield.  

3.2.4 Conclusions 
This study shows that high soluble/total protein ratios do not necessarily result in 
high protein yields after purification. High protein production levels combined with 
high host cell growth levels with the vector encoding C-His tag proteins made it the 
preferred vector for both soluble and total protein purification, while good yields were 
also obtained with one of the vectors encoding N-His tag proteins. Furthermore, we 
find that the His tags have a negative effect on protein solubility. Our data suggest 
that our N-His tags have a smaller negative effect on solubility than our C-His tag. 
The solubilizing 434 repressor DBD fusion tag was able to reverse the negative effect 
of the His tag. 

3.33.33.33.3    Fast purification and biophysical characterization of Fast purification and biophysical characterization of Fast purification and biophysical characterization of Fast purification and biophysical characterization of 
proteins proteins proteins proteins     

3.3.1 Techniques for determination of protein structure content 
There are many biochemical and biophysical techniques that are sensitive to and give 
information about the secondary and/or tertiary structure of proteins. Paper II makes 
use of a combination of circular dichroism (CD) spectroscopy, NMR spectroscopy, 
and 8-anilino-1-naphtalene-sulfonic acid (ANS) binding and fluorescence, all of which 
are discussed below. There are, however, many more useful techniques, each with 
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their own strength and requirements6. Analytical gel filtration, for instance, gives 
information about the degree of self-association and the form of the protein molecule, 
as compact globular proteins move slower through the gel than elongated or 
aggregated proteins by entering the gel rather than to move only through the larger 
spaces. Analytical ultracentrifugation is also useful in determining if any self-
aggregation takes place or whether the molecule has an unusual shape. Recent 
progress in fluorescence correlation spectroscopy (FCS) has made it possible to study 
protein shape, binding and conformational change on the single molecule level 89; 90. 
For disulfide-bonded proteins, the formation of intermolecular disulfide bonds can be 
studied by gel filtration or native polyacrylamide gel electrophoresis (PAGE). New 
developments in mass spectrometry, such as soft ESI-MS, allow for detection of weak 
protein-ligand complexes 91. Dynamic light scattering gives information about the 
diffusion rate (and thus the size) of molecules in solution, while small angle X-ray 
scattering can measure the dimensions of macromolecules and can thus study their 
tertiary and quaternary structure 92; 93. Internal mobility in protein structure can be 
studied by hydrogen exchange, which can be monitored by NMR spectroscopy or 
neutron diffraction. Fluorescence quenching of aromatic groups in the protein can be 
indicative of their degree of rotational freedom (and thus their position in the protein) 
and of the structural state of the protein 92. Infrared and Raman spectroscopy are 
sensitive to backbone conformation and give information about secondary structure.  

3.3.1.1 CD spectroscopy 
Almost all molecules synthesized by living cells are chiral or optically active. Chiral 
molecules interacting with polarized light forms the basis of CD spectroscopy. The 
optical activity of small molecules is determined by covalent structure, but for proteins 
it is molecular conformation that is determinant.  

Light is composed of oscillating electric and magnetic waves, which are 
perpendicular to each other (figure 3.5). Unpolarized light, such as sunrays, has 
electric components in all directions perpendicular to the direction of propagation.  In 
linear polarized light, the electrical component is confined to a plane (the amplitude 
thus varies with oscillation), while in circular polarized light the amplitude remains 
constant while direction changes, either in a left-hand or a right-hand mode (figure 
                                                           
6 Unless other references are indicated, most of the information in this section can be found in 
88. Creighton, T. E. (1992). Proteins: structures and molecular properties. 2nd edit, W.H. 
Freeman & Company, New York, NY.. 
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3.5). Linear polarized light can be viewed as the sum of opposite (right and left) 
circular polarized light of equal amplitude and phase. In CD spectroscopy, right and 
left-handed circularly polarized light is sent through the sample. Amino acids in 
different secondary structure elements absorb right and left-handed circularly 

polarized light beams differently 
(this is called dichroism), which 
causes a difference in amplitude 
between the left and right-handed 
circularly polarized light. Because 
of this, the projection of the 
resulting amplitudes of the right 
and left-handed circularly 
polarized light will yield an ellipse 
instead of a line.  

Ellipticity is used as the 
general unit in CD spectroscopy. 
This is the ratio of the minor to 
the major axis of the ellipse. CD 
spectroscopy is usually performed 

using near (250-300 nm) and far-UV light (below 230 nm), covering the region where 
the peptide backbone (around 190 nm) and aromatic amino acid side chains absorb 
(in the near-UV region). Due to differences in backbone conformation, α-helical, β-
sheet and random coil conformations give rise to different CD spectra. A protein is 
often a mixture of different structural elements and consequently so is its CD 
spectrum. Thus, CD spectra can be used to estimate the relative amounts of 
secondary structures types in proteins by deconvolution of the curve or fitting of the 
curve to CD spectra of proteins with known secondary structure. 

3.3.1.2 NMR spectroscopy: the 15N-HSQC 
As was mentioned in Chapter 2, the 15N-HSQC experiment is a sensitive probe for 
protein tertiary structure and behavior in solution. A well-dispersed 15N-HSQC is a 
requirement for structure determination using NMR (see Chapter 4), as many three-
dimensional (3D) experiments have a 15N-HSQC sequence implemented in their pulse 
sequences. A 15N-HSQC spectrum is a two-dimensional (2D) heteronuclear spectrum 

Figure 3.5 Characteristics of light. The electric
component of an electromagnetic wave is shown in
the upper picture, with the direction of the
magnetic component indicated with an arrow.
Below are schematic illustrations of unpolarized,
linearly and circularly polarized light. 
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with a hydrogen and a nitrogen dimension. It shows all amide groups in the protein, 
most important of which are the backbone amides, one for each amino acid. Apart 
from the backbone amides, the side chain amide groups of Asn and Gln can be 
observed as two peaks with one 15N shift and different 1H chemical shifts, the amine 
group in the indole ring of Trp can be observed, as well as some Arg side chain amine 
groups. The peaks of amide groups in the 15N-HSQC spectrum are exquisitely 
informative of the surroundings of the amide groups:  

• The dispersion of the peaks is indicative of the degree of secondary and 
especially tertiary structure of the protein (figure 3.6). Random coil backbone 
HN shifts lie between 7.7 and 8.5 ppm 94, while those of a structured protein 
can range from around 6 to 12 ppm, depending on secondary structure type, 
the presence of nearby aromatic rings and other factors like hydrogen bonds. 
Side chain amides of Gln and Asp are often well dispersed in a structured 
protein, while they form two sharp peaks in a random coil protein. 

• The number of peaks should equal the number of amino acids (except Pro 
and the N-terminal residue) in a well-behaving monomeric protein of a size 
suitable for NMR. Absence of peaks could indicate exchange, disorder (see 
next point), or proteolytic degradation. Too many peaks can be an indication 
of the presence of multiple stable conformations. 

• Conformational and/or chemical exchange can be manifested as differences 
in the height and sharpness of peaks. Aggregation can cause peaks to 
disappear because of the long rotational correlation times of large aggregates, 
while multimerization results in reduced sharpness of peaks.  

Figure 3.6 Com-
parison of 15N-HSQC 
spectra of a structured 
(human TCPG) and an 
unstructured protein 
(human IPKA). The 
horizontal axis repre-
sents the 1H dimen-
sion, the vertical axis 
15N.
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3.3.1.3 ANS binding and fluorescence 
ANS is a hydrophobic molecule that binds to molten globular proteins upon which its 
fluorescence is both enhanced and shifted in wavelength 95. It does not bind to 
completely structured proteins – except to those with accessible hydrophobic pockets 
– or to hydrophobic sequences in random coils. The molten globule state is 
characterized by the presence of all native secondary structure and most tertiary 
structure, though in a less compact and stable form. While CD spectroscopy detects 
secondary structure and the HSQC is indicative of tertiary structure, there is a grey 
zone in which it is problematic to define the structural state of the protein. In these 
cases, binding and fluorescence studies of ANS to the protein is helpful, although it is 
not entirely conclusive. 

3.3.2 Fast screening for protein structure content 
In structural genomics, proteins are produced and purified in parallel using one or 
several standard protocols. As was touched upon in Chapter 2, it can be helpful to 
screen a protein for structural content before production of large quantities of protein 
is attempted. When producing human proteins in E. coli there are many steps that can 
prevent a protein from adopting its native conformation; these range from expression 
to the need for cofactors, misfolding, lack of binding partners and proper 
posttranslational modification. Paper II describes the development of a fast protein 
purification protocol based on affinity purification, followed by biophysical 
characterization, going from expression to knowledge about the secondary and 
tertiary structure of a protein in one to two days. 

For expression, a culture volume of 50 ml in 15N-labeled minimal medium was 
chosen, as it is an easily handled volume while it also yields sufficient amount of 
protein – up to ca 25 picomoles, which corresponds to a 50 µM 500 µl sample. For 
biophysical characterization, concentrations lower than tens of micromolars are 
possible but would require longer experiment times and more uncertainly due to 
lower signal to noise levels. A purification protocol was developed as illustrated 
schematically in figure 3.7. An advantage of the method is that the purification 
strategy is the same for the different fusion proteins, apart from affinity matrix-
specific buffer use. Subsequently eluted proteins were concentrated if necessary and 
subjected to biophysical characterization by NMR and CD spectroscopy and ANS 
fluorescence. We were able to produce, purify and characterize various proteins using 
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this method, three of which are disease-related human proteins of which the 
structures were not known at the time of this study (data not shown).  

We chose a system that included removal of fusion tags by proteolytic digestion, 
since fusion tags can complicate structural studies. In NMR, small fusions such as the 
Gb1 and Z domains used in Paper II can dominate a NMR spectrum run on the 
entire fusion protein (unpublished results). This is likely due to their small size (and 
thus a fast rotational correlation time) and stable structure, both of which are 
manifested as relatively sharp peaks in the 15N-HSQC spectrum. Even the shorter 
tags, for example the His tag, have been found to complicate both NMR spectra (by 
signal broadening) and protein crystallization, although the presence of fusion tags is 
not always a problem for the formation of well-diffracting crystals 96. 

Paper II also showed that a combination of ANS fluorescence assays, NMR and 
CD spectroscopy results in a more thorough knowledge about the structural state of a 

Figure 3.7 Schematic representation of the of purification scheme. The total time including
measurement of the NMR (and/or CD) spectra accumulates to 3 to 6 hours, depending on the 
protease that is used and if a concentration step is included.  The SDS-polyacrylamide gel 
shows the purification process of target protein TCTP. Lane S shows the soluble fraction of
the sonicated cells, with the target protein fused to GB1 as a 28 kDa product (apparent size 35
kDa); lane W represents the flow-through after binding of the target to the IgG column; lane 
C is the cleaved TCTP protein (19.5 kDa – apparent size 27 kDa); lane N is the concentrated 
sample that was subsequently used for characterization by NMR and CD spectroscopy; lane E
contains the eluate from the IgG column. 
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protein than any of the techniques by themselves. This is illustrated in figure 3.8. For 
either a completely structured or a non-aggregating random coil protein, the 
information in the 15N-HSQC is satisfactory. However, in a grey zone where proteins 
can be in a molten globular state, aggregated, or in conformational exchange, the 15N-

Figure 3.8 Examples of CD and NMR spectra and ANS fluorescence curves of: the 19.5 kDa
human protein TCTP (translationally controlled tumor protein; top), the 8.0 kDa human
protein IPKA (protein kinase inhibitor alpha; center) and the 8.5 kDa human protein HBP1
(heat shock factor binding protein; bottom). On the y-axis of the ANS fluorescence curves is
Intensity, with arbitrary units. The grey curve represents the fluorescence of ANS in a sample
containing only buffer, while the black curve is ANS fluorescence when the protein in
question is present. The NMR spectrum of TCTP is recorded at 600 MHz with 8 scans. The
NMR spectrum of IPKA is recorded at 600 MHz with 8 scans; that of HBP1 is recorded at
500 MHz with 32 scans. 
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HSQC can be puzzling and here combination with CD spectroscopy and ANS 
fluorescence can detect promising proteins. CD spectroscopy will detect the 
occurrence of secondary structure while ANS binds to hydrophobic pockets and can 
probably be inserted in the poorly packed hydrophobic core of a molten globule. In 
paper II, heat shock factor binding protein HBP1 was classified as a molten globule 
judging from a poor NMR spectrum, the presence of helical structure as seen by CD 
spectroscopy, and binding of ANS with the characteristic shift towards a shorter 
emission wavelength (figure 3.8). However, another publication showed that HBP1 
probably consists of a single helix that self-associates into a coiled-coil trimer and 
sometimes a hexamer 97. The paper, a more traditional and thorough biophysical 
characterization study, described the occurrence of slow motions that reduced the 
sensitivity of the 15N-HSQC experiment. Removal of the unstructured C-terminus and 
use of a TROSY experiment improved the data in this publication significantly, 
neither of which was attempted in our study. Our aim was merely fast characterization 
of the structural state of proteins as they were for structural genomics applications, 
and with the construct used in our study this protein was problematic. Our conclusion 
in this case has to be that despite the wide and successful use of ANS in studying 
intermediate folding states of proteins, it is not suitable for all proteins. The slow 
motion that was observed in HBP1 might indicate subunit exchange, as the authors 
indicated, in which case it would not be unlikely that ANS could associate with the 
hydrophobic interior of the trimer. It should also be observed that even though 
typical molten globules exist, a folding intermediate of a protein is usually rather an 
ensemble of states than a well-defined single state, thereby complicating detection and 
definition. 

In future biophysical characterization studies, caution should be exercised in 
interpretation of data such as those obtained for HBP1. While many proteins may 
readily be classified according to their structural content, some proteins will remain 
hard to pin down if not extensive studies are performed. In these cases, a potential 
molten globular protein could be subjected to proteases, as molten globules have been 
found to display increased sensitivity to proteases 98. However, the unstructured C-
terminal region of HBP1 was found to be sensitive to protease digestion 97, which is 
probably common for proteins with flexible termini. Furthermore, melting curves can 
give insight in the degree of cooperativity of unfolding. Molten globules are 
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established to have no cooperative melting trajectory 99 and could in this way be 
distinguished from well-folded, multimeric and dynamic structures such as HBP1. 

3.3.3 Conclusions 
We have developed and tested a simple and efficient protein purification method for 
biophysical screening of proteins and protein fragments by NMR and optical 
methods, such as CD spectroscopy. Using the present purification scheme it is 
possible to take several target proteins, produced as fusion proteins, from cell pellet to 
NMR spectrum and obtain a judgment on the suitability for further structural or 
biophysical studies in less than one day. The method is independent of individual 
protein properties as long as the target protein can be produced in soluble form with a 
fusion partner. Identical procedures for cell culturing, lysis, affinity chromatography, 
protease cleavage, and NMR sample preparation then only initially require 
optimization for different fusion partner and protease combinations. The purification 
method can be automated, scaled up or down, and extended to a traditional 
purification scheme. We have tested the method on several small human proteins 
produced in E. coli, and find that the method allows for detection of structured as well 
as unfolded proteins, while it also aids in characterizing proteins that contain some 
degree of structure. 
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4444    Structure determination of ribosomal Structure determination of ribosomal Structure determination of ribosomal Structure determination of ribosomal 
protein L18protein L18protein L18protein L18    

4.14.14.14.1    New methods in structure determinationNew methods in structure determinationNew methods in structure determinationNew methods in structure determination    
The section below describes the structure determination of a protein by NMR in the 
traditional way. Despite many improvements in pulse sequences, isotope labeling, 
magnetic field strength and software, protein structure determination by NMR is still a 
laborious process. Traditional structure determination methods are based on the 
assignment of the resonances of nitrogen, carbon and hydrogen atoms (depending on 
the isotope labeling) in the protein. These assignments can subsequently be used to 
identify NOEs, which form the most important distance restraints in NMR structure 
determination (see paragraph 4). The total acquisition time of the spectra needed for 
structure determination is generally around four to six weeks, while both assignment 
and identification of NOEs take months to complete, depending on the size of the 
protein, the quality of the spectra, skill, etc. 

Especially in structural genomics, a high output of structures is desirable. There is 
thus a great demand for new, faster structure determination methods in NMR. 
Presently, developments in this area appear to take two different courses. One 
direction is the development of automated assignment methods and structure 
determination using NOEs. A number of programs for automated backbone and side 
chain assignment have been developed and they work fairly well 100; 101; 102; 103; 104. 
Automated assignment of NOEs, however, is more difficult as there is more overlap 
to be dealt with. These methods are often iterations of assignment and structure 
calculation, adding more assignments each round 105; 106; 107; 108; 109. Acquisition time can 
be reduced by improved hardware such as a cryoprobe, while clever cloning or 
labeling schemes can reduce overlap 110; 111. 

A new way of structure determination is the use of residual dipolar couplings. The 
dipolar interaction that forms the basis of the NOE contains both distance- and 
angle-dependent terms. In solution NMR, the angle component is averaged out 
because of the tumbling of the molecules in solution. If the proteins can be ordered in 
solution to some extent, the angle component is not averaged out resulting in 
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resonance splittings the frequency difference between which yields residual dipolar 
couplings. Aligning proteins can be done using liquid crystal media such as bicelles 112, 
phages 113; 114, cellulose microcrystals 115, and acrylamide gel 116; 117. Residual dipolar 
couplings contain long-range information about the orientation of atoms, which is 
due to the fact that they relate to an external frame of reference 118. While NOEs give 
distance information up to 5 Å, residual dipolar couplings can be used to determine 
the relative orientation of secondary structure elements – something highly useful for 
elongated proteins and nucleic acids. Residual dipolar couplings have been used in 
refining structures determined using NOEs, but they can also give structural 
information by themselves. Annila and coworkers classified a structure by residual 
dipolar coupling data using a fold library 119, while new folds can be identified using a 
method called molecular fragment replacement 120. Backbone structures can be 
directly calculated with residual dipolar couplings as main restraints 121. Even though 
these structures are only good enough for fold classification, clear advantages are the 
short acquisition time and less need for double labeling. 

It is possible that these two courses in NMR structure determination will converge 
and yield a faster way of determining NMR structures than the methods we currently 
use. It is also conceivable that the two methods will serve different purposes. As one 
of the aims of structural genomics is to search the fold space, low resolution 
structures might be sufficient in providing us with new folds. The need for high 
resolution structures will always exist, and NMR spectroscopy has definitely a niche in 
this area, as many proteins do not crystallize and thus cannot be studied by X-ray 
crystallography. 

4.24.24.24.2    The ribosomeThe ribosomeThe ribosomeThe ribosome    
The ribosome is an intricate molecular machine that translates mRNA strands into 
proteins. With a molecular weight of around 2.6 MDa, the bacterial ribosome is 
among the largest components in the prokaryotic cell. It is a ribonucleoprotein 
complex composed of three RNA molecules, 5S rRNA, 16S rRNA and 23S rRNA 
(where the ‘S’ designation refers to the sedimentation rate, which is related to 
molecular size), and over 50 proteins. Ribosomal RNA is often used for constructing 
evolutionary trees, as its importance for survival should have left it largely intact 
throughout evolution and the separation of species. However, enough differences 
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between prokaryotic and eukaryotic ribosomes exist for several antibiotics (for 
example tetracycline and chloramphenicol) to block the function of prokaryotic 
ribosomes only. 

Translation of mRNA into protein begins by binding of the ribosome to the 
mRNA molecule through complementarity between the SD site and a sequence in the 
16S rRNA of the small subunit. Three initiation factor proteins move in to help the 
initiation of translation. A tRNA molecule carrying the first amino acid of the protein 
chain arrives at the ribosome and settles in the so-called A (aminoacyl tRNA) site, 
interacting with the AUG codon for methionine. Moving to the P (peptidyl tRNA) 
site, a tRNA carrying the second amino acid can bind at the A site, and a peptide 
bond is formed between the first and the second amino acids. The empty tRNA from 
the P site moves into the E (exit) site and is released, while the dipeptide tRNA from 
the A site now moves into the P site, and the translation process continues until a stop 
codon is met.  

It has taken X-ray crystallographers many years to determine a high-resolution 
structure of the ribosome. In 2000, when determination of the solution structure of 
TthL18 was in process, the X-ray structure of the large subunit of the Haloarcula 
marismortui ribosome was determined to 2.4 Å 122, which was soon followed by two T. 
thermophilus small subunit structures 123; 124, a bacterial large subunit structure 125 and 
the entire ribosome of T. thermophilus at somewhat lower resolution 126. Until then, it 
had only been possible to study the individual proteins and parts of the rRNA 
molecules by X-ray crystallography and NMR spectroscopy, while low-resolution 
images of the ribosome were available from EM and X-ray crystallography studies. 
Many ribosomal proteins were suitable for NMR with relatively small sizes and 
flexible tails complicating crystal formation. The structure determination of L18 
should be viewed in the light of the absence of high-resolution ribosome structures. 
In addition, many were inclined to think of ribosomal proteins as the active parts of 
the ribosome, while the role for rRNA could be in recognition and structural support 
for the proteins. As it turned out when the first structure was published, the situation 
was exactly the opposite: many of the ribosomal proteins functioned as recruiters of 
and cement between rRNA helices. No protein was observed in the vicinity of the 
active site portion of the large subunit, and a mechanism for peptidyl transfer was 
proposed that attributed catalytic properties to the rRNA 127. While the occurrence of 
enzymatic activity of RNA has long been established, another mechanism has been 
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proposed more recently by Yonath and coworkers, in which they suggest the energy 
for peptidyl transfer is obtained from the structural framework the ribosome offers 
for the alignment of tRNA molecules 128; 129. 

4.34.34.34.3    Ribosomal protein L18Ribosomal protein L18Ribosomal protein L18Ribosomal protein L18    
L18 from Thermus thermophilus (TthL18) is a 12.5 kDa large subunit protein that is one 
of the primary 5S rRNA binding proteins and is also associated with 23S rRNA. 
Binding of L18 to 5S rRNA induces a conformational change in the RNA molecule, 
stimulates subsequent binding of L5 to 5S rRNA and induces formation of the 
5S/23S rRNA – protein complex 130; 131. The subdomain of the ribosome formed by 
the 5S rRNA – protein complex is generally named the central protuberance, and the 
location of this subdomain and L18 in the large ribosomal subunit is shown in figure 
4.1. 

The basic N-
terminus of L18 is not 
involved in 5S rRNA 
binding, but is necessary 
for formation of the 
complex with 23S 
rRNA. The 2.4 Å 
structure of the archaeal 
large subunit 122 shows 
that the basic N-
terminus of H. 
marismortui L18 
(HmaL18) becomes 
partially structured upon 
interaction with both its 
substrates: a helix and a 
helical turn are formed 
in the C-terminal half of 
the basic N-terminus. 
The first ten amino acids 

Figure 4.1 The position of L18 in the 50S subunit. HmaL18 is 
shown in green, 5S rRNA in purple, and the two proteins that
contact L18, L5 and L21e (e: does not occur in prokaryotes),
are shown in red and blue, respectively. The rest of the 50S 
subunit is shown in black (proteins) and grey (23S rRNA). 
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are completely unstructured and stick like a rod between 5S and 23S rRNA. The rest 
of the structure is largely similar to the solution structure of uncomplexed TthL18; 
details are further discussed in Paragraph 4 of this chapter. 

4.44.44.44.4    Structure determination by NMRStructure determination by NMRStructure determination by NMRStructure determination by NMR7777    

4.4.1 Resonance assignment  
NMR experiments can either involve transfer of magnetization through covalent 
bonds (scalar couplings), or transfer of magnetization through space (the nuclear 
Overhauser effect or NOE), or a combination of both in certain complex 
experiments. Scalar or J couplings are mediated by the electrons that form chemical 
bonds between atoms, while the NOE arises from dipolar cross-relaxation between 
nuclei close in space. A NOE between two interacting nuclei is dependent on the 
distance between these nuclei and as a consequence it yields direct information on the 
relative position of these nuclei in space. Hence, NOEs are the most important 
structural constraints used in structure determination by NMR. In order for the 
NOEs to be useful, it is necessary to assign (i.e. identify) all resonances corresponding 
to hydrogen atoms in the backbone and amino acid side chains in a protein.  

As was discussed in Chapter 2, isotope labeling is frequently used in order to 
increase resolution and selectivity. In such cases, assignment of labeled carbon and 
nitrogen atoms are also performed, and special experiments have been designed for 
the sequential assignment of doubly labeled (13C/15N) proteins. For small proteins 

                                                           
7 In this section, information is mostly derived from two different textbooks: 132. Cavanagh, 
J., Fairbrother, W. J., A.G., P. I. & Skeltin, N. J. (1996). Protein NMR spectroscopy: principles and 
practice, Academic Press, San Diego, CA. 133. Wüthrich, K. (1986). NMR of proteins and nucleic 
acids, John Wiley & Sons, New York, NY. Other sources are indicated in the text. 

Figure 4.2
Schematic dra-
wing of a serine 
residue with its 
characteristic 
COSY and 
TOCSY spectra. 
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labeling with 15N usually suffices and is often used even when unlabeled protein 
would yield spectra suitable for assignment. Without labeled carbon atoms a 
combination of TOCSY, COSY and NOESY spectra are generally used for the 
assignment procedure. TOCSY is the acronym for TOtal Correlation SpectroscopY 
and is based on scalar coupling. A TOCSY experiment uses a so-called isotropic 
mixing sequence to transfer magnetization between all nuclei in a scalar coupled 
network. This mixing sequence consists of a series of pulses designed to remove all 
chemical shift differences and to create a strong coupling environment. These 
networks are often called spin systems and in protein NMR one amino acid 
corresponds to one spin system (figure 4.2). Despite chemical shift differences 
between side-chain hydrogens, the Cβ and Cγ hydrogens in particular can often not be 
assigned in a TOCSY spectrum, as their chemical shift ranges overlap. In order to 
alleviate assignment of a TOCSY spectrum, a COSY (COrrelation SpectroscopY) 
spectrum is usually used in parallel. COSY was the first two-dimensional NMR 
experiment to be developed and consists of a simple pulse scheme of two pulses 
separated by an incremented delay. Crosspeaks are the result of magnetization transfer 
between scalar coupled spins, and the strength of COSY is that transfer is restricted to 
three bonds. This distance is 
close enough to observe 
couplings between 
neighboring side chain 
hydrogens (e.g. Hα-Cα-Cβ-Hβ) 
but not beyond direct 
neighbors; this makes COSY 
perfectly complementary to 
TOCSY (figure 4.2). 

With a 2D homonuclear 
(1H-1H) TOCSY spectrum or 
a 3D heteronuclear (15N-1H) 
TOCSY-HSQC spectrum, in 
which the 2D 1H-1H TOCSY 
spectrum is separated by a 
third nitrogen dimension 
(figure 4.3), the nature of the 

Figure 4.3 Schematic illustration of a 3D spectrum, in 
this case a 1H-15N-TOCSY-HSQC. The 3D spectrum 
consists of planes of 2D spectra that, when projected in 
two directions, form a 2D TOCSY and a 15N-HSQC. 
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amino acids in the protein can be identified. However, in order to place these amino 
acids at the correct locations in the protein sequence, a NOESY (NOE 
SpectroscopY) spectrum is required. In NOESY, magnetization is transferred through 
dipolar couplings during the mixing time, a fixed delay that should be optimized in 
order to allow for maximize NOE crosspeaks and to avoid indirect couplings (the 
result of spin diffusion) to result in crosspeaks. Both 2D 1H-1H NOESY and 3D 15N-
1H NOESY-HSQC spectra are commonly used for sequential assignment. 

Triple resonance experiments used for sequential assignment of double-labeled 
proteins facilitate assignment by their increased selectivity and separation. Another 
advantage of resonance assignment using sequential triple resonance experiments 
compared to NOESY-based assignment is that there are no long-range NOEs 
complicating the assignment of sequential NOEs. The most common form of these 
experiments yield 3D spectra with a proton, nitrogen and carbon dimension. 

Assignment of N, HN, and Cα nuclei can be done by a combination of HNCA and 
HN(CO)CA experiments (figure 4.4). The experiment names give information on the 
path of the magnetization throughout the experiment. In the HNCA, magnetization is 
transferred in the following ways: 1HNi-15Ni-13Cα

i (forward) and: 1HNi-15Ni-13Cα
i-1 

(backward). In the HN(CO)CA, magnetization is transferred through the carbonyl 

Figure 4.4 Schematic illustration of sequential assignment using triple resonance experiments.
HNCA and HN(CO)CA experiments are analyzed in parallel in order to obtain sequential
backbone assignments. The magnetization transfer in both experiments is shown to the left
(redrawn from reference 132). To the right is a schematic overlay of HNCA and HN(CO)CA
spectral strips, which are numbered by amino acid residue. The strips are 2D 1H-13C planes
separated by a 15N dimension. 



  Structure determination of ribosomal protein L18 43 

carbon, but it is not frequency-labeled there, which results in a spectrum containing 
the same information as a HNCA spectrum but only backward since magnetization 
starting on 1HNi can only travel through its neighboring carbonyl carbon to 13Cα

i-1. 
Similar experiments have been developed for assignment of CO nuclei (HNCO, 
HN(CA)CO) and for side chain assignment (for instance HNCACB, CBCA(CO)NH). 
In order to obtain carbon shifts for all side chains a 3D 1H-13C HCCH-TOCSY with a 
complementary HCCH-COSY is often used. 

4.4.2 Secondary structure determination 
Once the assignments have been completed the aim is to identify and assign NOE 
crosspeaks, which give information about the tertiary structure of the protein. 
However, different secondary structure elements have characteristic NOE patterns 
and information about the location of secondary structure elements in the protein 
thus facilitates the search process for these crosspeaks at least to some extent. Vice 
versa, NOE patterns aid in identification of secondary structure elements. 

The chemical shifts of Cα, Cβ and CO nuclei in a protein are strongly correlated to 
secondary structure 134; 135. It was found that these shifts could be used quantitatively 
to determine secondary structure conformation in a protein chain 136. Both Cα and 
CO nuclei shift downfield when located in helices and upfield in β-sheet structure. 
The Cβ nuclei experience a shift in the opposite direction. Wishart and Sykes 
developed a Chemical Shift Index (CSI) with reference values from twenty different 
proteins 136. The CSI has the values 1, 0, and –1 and is assigned to all nuclei based on 
their shifts relative to amino acid specific reference shifts. Consecutive sequences of 
either 1 or –1 indicate presence of a secondary structure element and whether it is α 
or β structure. The CSI for TthL18 as published in paper III is shown in figure 4.5. 

Scalar coupling constants between the backbone HN and Hα, 3JHNHα, contain 
information about the backbone dihedral φ angle and can thus be used to determine 
the sequential location and nature of secondary structure elements. A common 
experiment used to measure these coupling constants is the 3D 15N-1H HNHA. The 
crosspeak intensity is related to the intensity of the diagonal peak, giving coupling 
constants in units of Hertz (Hz). Coupling constants typical for α-helical structure are 
lower than 5 Hz, while coupling constants indicative of β-sheets are higher than 8 Hz 
(figure 4.5). 
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As was mentioned in the beginning of this section, NOE patterns are 
characteristic for secondary structure and are a third tool in identifying structural 
elements. For instance, as a single turn of a α-helix contains 3.6 residues, Hα of the 
first residue is close in space to HΝ of the third residue, while these atoms are far apart 
in β-sheets. Short-range NOEs are thus indicative of secondary structure elements. 

Figure 4.5 Identification of secondary structure features in L18. Top: amino acid sequence of 
TthL18. Black dots mark residues whose amide protons exchange slowly (resonances that are
still present in the 15N-HSQC 10 minutes after dissolving lyophilised L18 in 2H2O; after 10 
hours residues 36-40, 48, 68-73, 76, 77, 100, 102-105, and 109 could still be observed clearly). 
Secondary structure elements (arrows for β-strands, cylinders for α-helices) as identified by the 
data are indicated below the sequence. First panel: 13C chemical shift index of L18. Filled bars 
represent data derived from Cα secondary shifts, open bars represent data derived from Cβ
secondary shifts. Residue numbers are indicated between the panels. Second panel: 3JHNHA
coupling constants calculated from integrals of non-overlapping peaks in a 3D 15N,1H-HNHA 
spectrum. Approximate limits for 3JHNHA coupling constants typical for α-helices (< 5 Hz) and 
β-strands (> 8 Hz) are indicated with dashed lines in the diagram. Third panel: {1H}-15N 
heteronuclear NOEs defined as Isaturated/Iunsaturated. Errors were estimated using the average 
noise level in the spectra. *: the value for Leu3 is not displayed in the graph; it was determined 
to be -3.89 +/-0.38. 
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Finally, measurement of internal dynamics in the protein gives information about 
the degree of order in various parts of the protein and the likelihood of finding long-
range structurally important NOEs in these parts. All proteins are dynamic to a certain 
degree and dynamic processes exist on various timescales, such as side chain rotation 
(fast) and domain motion (slow). Motion in the protein causes spin relaxation, which 
affects the NMR spectrum. This can result in lower quality data, but it is also useful 
and informative. The heteronuclear {1H}-15N steady state NOE experiment is often 
used to obtain information about the degree of order throughout the protein based on 
relaxation of backbone amide groups (figure 4.5). 

4.4.3 Restraints for structure calculation 
Distance restraints based on NOEs constitute the most important information for 
structure determination by NMR. It is not unusual to use 1500-2000 NOEs for 
structure calculation for a high-resolution structure of a small to medium-sized 
protein such as L18. The integral of a NOE crosspeak is a measure of the distance 
between the nuclei that give rise to the crosspeak. A number of classes are generated 
for NOEs of different strength, for instance a class for very weak interactions 
(restraining the distance between the two nuclei to 1.8-6.0 Å), weak interactions (1.8-

Figure 4.6 Dihe-
dral angles. Top
figure: segment of
a polypeptide
chain with the
locations of the
dihedral angles. ω
is the peptide
bond angle, which
is always planar
(180º). The rota-
mers for the χ1
angles are shown
in the bottom
figure. 
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4.3 Å) medium interactions (1.8-3.5 Å) and strong interactions (1.8-2.5 Å). 
Angles in the protein backbone can also be used as structural restraints, as they 

are specific for different secondary structure elements. The φ angle is that around the 
backbone N atom and the Cα, while the ψ angle describes the angle around the Cα-C’ 
bond (figure 4.6). Already in the 1960s, shortly after publication of the first protein 
structures, the Indian physicist G.N. Ramachandran determined that only certain φ 
and ψ angles were allowed in proteins 137. A so-called Ramachandran plot displays the 
allowed regions for combinations of φ and ψ angles. In other areas, steric collisions 
would occur and none of these ‘disallowed’ angles occur generally in proteins, except 
in glycine residues. Glycine is the simplest amino acid and contains only a hydrogen as 
a side chain, resulting in many more possible backbone conformations 138. This 
unusual property makes glycine structurally important and often conserved in proteins 
139.  

The HNHA experiment used for identification of secondary structure segments 
can also be used to obtain φ angular restraints. Angles are fixed to helical (-60º ± 30º) 
or sheet (-120º ± 30º) structure based on 3JHNHα, couplings. There are also programs 
that calculate φ and ψ angles based on backbone carbon, nitrogen and proton chemical 
shifts, one of which is the software TALOS 140. The χ1 torsion angle around the Cα-Cβ 
bond in the amino acid side chain (figure 4.6) is subject to conformational restrictions 
due to steric hindrance between the side chain atoms at the γ position and the protein 
main chain. Three different conformations can be possible: gauche gauche (+60º), 
trans gauche (-60º), and gauche trans (180º; figure 4.6). Using a combination of 
different experiments, such as TOCSY and NOESY experiments with short mixing 
times, χ1 angles can be determined experimentally. 

Hydrogen bonds are important restraints in structure calculation and their 
presence is characterized by the short distance – around 2.2 Å – between the 
hydrogen-bond donor (e.g. an amide proton) and the hydrogen-bond acceptor (e.g. a 
carbonyl oxygen). A simple way to identify hydrogen bonds involving backbone 
amide groups is to dissolve 15N-labeled protein in 2H2O. Amide protons are prone to 
exchange with solvent protons (or deuterons), especially if they are not hydrogen 
bonded. A 15N-HSQC experiment run shortly after dissolving the protein in 2H2O will 
show only resonances of those amide groups involved in hydrogen bonds. 
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4.4.4 Structure calculation using CNS 
Protein structure calculation from distances between hydrogen atoms is a highly 
complex optimization process in which it has to be avoided that the model settles into 
local minima during convergence. The basic task for a structure calculation program is 
to convert distances between atoms into spatial coordinates for all the atoms in such a 
way that they obey all laws in protein conformational chemistry. A number of 
programs exist nowadays that are generally used for protein structure calculation from 
NMR or X-ray crystallography data. The most well-known of these are X-PLOR 141 
and CNS 142 for both types of data, and DYANA for only NMR data 143.  

There are a few different structure calculation methods, combinations of which 
are applied in the above-mentioned programs. The amino acid chain needs to be fitted 
to the distance restraints, which can be done using either distance geometry or 
restrained molecular dynamics (MD) simulated annealing (SA). These techniques can 
work either in Cartesian space or in torsion angle space. The main difference between 
torsion angle space and Cartesian space is that in torsion angle space is dealt with 
internal coordinates rather than Cartesian coordinates. This reduces the need for 
strong functions to preserve the covalent structure (bonds and angles) that are needed 
in Cartesian space MD 143. It also reduced the risk for chirality errors that were 
discovered in structures calculated with Cartesian space MD 144. In CNS, a choice 
between Cartesian and torsion angle space can be made, while the structure 
calculation method is SA. As Paper IV uses CNS for structure calculation, the 
principle of SA is briefly discussed here. In SA, the allowed conformational space is 
searched at high temperature. The degrees of freedom are either the Cartesian 
coordinates of atoms (in Cartesian space) or the dihedral angles (in torsion angle 
space). A simplified force field is applied that disregards non-bonded electrostatic 
interactions and does not consider solvent. The temperature is subsequently lowered 
in a large number of steps, during which the model can settle in the conformation 
with the lowest potential energy. As a final step, the energy of the model is minimized 
in a number of cycles.  

In practice, many structural models are calculated independently and sorted from 
low to high potential energy. Structure calculation is an iterative process during which 
violations are checked and corrected, while new restraints might be added between 
different runs. An ensemble of typically 20 models out of 40-50 calculated structures 
usually represents the final NMR structure. As there usually are few distance restraints 
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for loop and other flexible regions, these regions remain undefined in the structural 
model, which is visible as large variations in conformation (figure 4.7). The quality of a 
structure is assessed by the energy of the structure, the number of distance restraints, 
the precision of the structure (i.e. the r.m.s.d. of all models to the average structure), 
and the number of violations in distances and angles. 

 
Figure 4.7 Number of distance restraints and backbone r.m.s.d. of the ensemble. To the left, 
the column diagram shows the number of NOEs per residue (left axis). From bottom to top 
are displayed: intraresidue (light grey), sequential (white), medium range (grey) and long range 
(black) NOEs. The scatter diagram shows the average local backbone rmsd (right axis).  The 
secondary structure elements are shown schematically above the diagram. To the right, the 
final ensemble of 27 structures of TthL18, superimposed on ordered regions. Resides 1-21 are 
not depicted (all structure images are made using MOLMOL 145). 

4.54.54.54.5    Solution structure of L18 from Solution structure of L18 from Solution structure of L18 from Solution structure of L18 from Thermus thermophilusThermus thermophilusThermus thermophilusThermus thermophilus    

4.5.1 Description of the structure and comparison to other 
structures 

The assignment of TthL18 was presented in Paper III. Out of 109 expected 
resonances in the 15N-HSQC, 101 were observed and could be assigned. Missing 
peaks represented resides in the N-terminus or in loop regions. The N-terminus 
(residues 1-22) is completely disordered in solution, as was shown by measurement of 
{1H}-15N heteronuclear NOEs. Based on CSI, 3JHNHα couplings and amide proton 
exchange data, the secondary structure elements could be identified (figure 4.5).  

Paper IV describes the solution structure of TthL18. It was found to be a mixed 
α/β protein with three consecutive antiparallel β-strands (residues 23 to 51) followed 
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by a helical turn, a long loop, an α-helix (residues 63 to 79), a fourth small β-strand 
parallel to the first β-strand, another loop, the second helix (residues 96 to 107) and 
an extended, well-ordered C-terminus which almost forms a β-strand parallel to the 
fourth β-strand (figure 4.8a). Interestingly, the amide hydrogen of Phe111, the C-
terminal residue, is hydrogen-bonded, but no other acceptor except its own aromatic 
ring can be seen in the vicinity of the NH group. The third β-strand was assumed to 
be shorter in Paper III (Leu47 – Ala50 vs. Val45 – Ala50 in the structure). The structure 
shows that Leu47 forms a bulge in the beginning of β3, with a φ angle of around –95º 
and a ψ angle of -63º. The CSI thus indicates that this residue and neighboring Thr46 
are not typical β-sheet residues, although surrounding amino acids are.  

Recently, a medium resolution structure of Bacillus stearothermophilus L18 (BstL18) 
was published 146. Comparison of this structure to the structure of TthL18 shows that 
the two proteins clearly possess the same fold (figure 4.8a). As in TthL18, the N-
terminus of BstL18 is completely unstructured in solution. The globular domain has 
the same fold as other L18 proteins, although the helices are oriented differently in 
BstL18. The difference in orientation is reflected in a r.m.s.d. value of 2.87 Å when all 
residues in the α-helices and β-sheets of the two structures are superimposed, 
compared to 1.67 Å when only β-sheet atoms are superimposed 146. This is interesting 
regarding the high sequence similarity between the globular domains of TthL18 and 
BstL18 (72%). The largest sequence difference occurs in loop 3, which is longer in 
BstL18, but it is unclear whether this loop affects placement of the helices. The 
structure of this region is poorly defined in either of the structures. 

As most of the positively charged residues were clustered in the N-terminal 
region, the β-sheet surface and the loops, it was anticipated that the main interactions 
with rRNA would be with these regions. Comparison of our TthL18 solution 
structure with the 2.4 Å resolution crystal structure of HmaL18 determined within the 
large subunit of the ribosome confirmed this (figure 4.8b). Superposition of the Cα 
atoms of the secondary structure elements in solution TthL18 with those in HmaL18 
gave an r.m.s.d. of only 1.16 Å, making the two structures very similar. This suggests 
that L18 in its uncomplexed form is a scaffold prepared for RNA recognition, which 
agrees with its primary RNA binding function and its important role in inducing 
structural changes in 5S rRNA that subsequently allow for association with 23S rRNA 
and L5. Even though a 5.5 Å X-ray structure of the entire T. thermophilus ribosome is 
available 126, HmaL18 was fitted into the density map of this structure, which is the 
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reason – apart from low resolution – why uncomplexed TthL18 was not compared to 
complexed TthL18. 
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4.5.2 Other homologues of L18 
Structural homology was detected between L18 and small subunit ribosomal 

protein S11. Although sequence alignment showed only a 22% identity between 
TthS11 and TthL18, their structures are highly similar, as is the conformation of a 
short region of the RNA molecules (16S rRNA for S11 and 5S rRNA for L18) that 
interacts with the β-sheet. Sequence-specific interactions with RNA, however, are not 
conserved in the two proteins, suggesting that neither of the proteins would recognize 
the substrate of the other. A typical example of structural integrity but divergence of 
specific protein-RNA interactions is the bulge at the beginning of the third β-strand. 
This structure is present in complexed and uncomplexed L18 as well as in S11. Its 
presence causes two residues in the β-strand to form contacts with the bases of RNA 
in both the HmaL18 structure and the TthS11 structure, but the nature of the residues 
as well as that of the interacting bases is completely different in L18 and S11. The 
similarity of S11 and L18 indicates that the two proteins may be paralogous, i.e. the 
result of a gene duplication event. As they are located at only around 3 kB distance 
from each other in the E. coli chromosome, this is not unlikely. 

The homologue of L18 in eukaryotes is L5, a multidomain protein of which one 
domain is homologous to prokaryotic L18. Sequence alignment as shown in Paper IV 
suggests that the structure of the L18-like domain in L5 has a structure similar to 
those of prokaryotic and archaeal L18 proteins. Xenopus laevis L5, however, was found 
to be largely unstructured in solution, but there is a mutual induced fit effect when the 
protein binds to 5S rRNA and as its prokaryotic homologue it appears to bind a large 
region of 5S rRNA 147. Aromatic ring interactions with RNA have been found to be 

Figure 4.8 Structure of L18 and comparison to other structures. (A) Ribbon representation of
L18 with secondary structure elements. Left: similar orientation as the ensemble in figure 4.7.
Center: similar orientation as in (B). Right: overlay with BstL18. Here, TthL18 is colored paler
than BstL18 with black coil regions. (B) Left: superposition of HmaL18 (green) and TthL18
(red) with Hma 5S rRNA (grey). Right: the large figure shows the surface electrostatic potential
of TthL18 with Hma 5S rRNA in the same orientation as in the left figure. The small figure
shows a different angle. (C) Left: superposition of HmaL18 (green) and TthS11 (blue) with
similar-structured parts of their substrates: 5S rRNA (nucleotides 1-12 and 116-122; dark
green) and 16S rRNA (nucleotides 676-690 and 701-713; dark blue). Right: bulge region of
TthL18 (residues 44-49; red), HmaL18 (55-60; green) and TthS11 (37-42; blue) with the
basepairs close in space to this region. In dark green is shown C6-G117 of Hma 5S rRNA,
while in dark blue is shown C707-G683 of Tth 16S rRNA. Protein-RNA distances closer than
4.0 Å are indicated by dashed lines.  
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important for the interaction of L5 with 5S rRNA, which are not found in L18 
interaction with 5S rRNA 148. Furthermore, Paper IV suggested that the region in 
eukaryotic L5 corresponding to the flexible N-terminus in prokaryotic L18 has gained 
a new function in eukaryotes as it contains a nucleolar-localization signal for transport 
of the protein – 5S rRNA complex to the nucleolus 149. Another signal sequence, a 
nuclear export signal, has been mapped to a region corresponding to the first α-helix 
in prokaryotic L18 150. As nuclear export was found to be most efficient when L5 was 
not bound to 5S rRNA, the unstructured state of L5 in solution might be of 
importance for nuclear export 150. 

4.5.3 Thermostability of TthL18 
Thermus thermophilus has an optimal growth temperature of around 70ºC, which groups 
the organism among the thermophilic bacteria. The largest group of organisms is 
mesophilic and prefers to grow around 30ºC (some of these organisms live inside 
mammals and have optimal growth temperatures of 37ºC), while the extreme 
temperatures for life are -20ºC on one end in polar ice 151 and 113ºC on the other end 
in black smokers at 3.5 km depth on the bottom of the ocean 152. While cold-adapted 
proteins need to possess larger flexibility compared to their mesophilic counterparts, 
heat-adapted proteins need an increased rigidity. A number of factors have been 
suggested to provide the increased stability of thermostable proteins: increased 
number of hydrogen bonds and salt bridges, better packing of the hydrophobic core, 
increase in the number of charged residues, decreased length of superficial loops and 
stabilization of secondary structure 153; 154; 155; 156; 157; 158. Other factors, such as high 
ratios of (Glu + Lys)/(Gln + His) and characteristic codon usage, have also been 

Figure 4.9 (E+K)/(Q+H) ratios for 
nine L18 variants from different 
species. All organisms are prokaryotes 
except the archaeon M. jannaschii. The 
proteins are sorted according to 
increasing ratio, which groups them 
into mesophiles (meso) and 
thermophiles (thermo), excepting B. 
subtilis L18 (indicated as an outlier by 
an asterisk). 
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postulated to be of significance for thermostability 159; 160. 
As expected, TthL18 is a thermostable protein. Temperatures up to 95ºC do not 

induce melting, and the protein is completely intact after being subjected to this 
temperature, as shown by CD spectroscopy (unpublished data). As high-resolution 
structures of mesophilic L18 are not available, the number of hydrogen bonds and salt 
bridges, packing of the hydrophobic core and stability of secondary structure cannot 
be compared. As for loop length, loop 3 of TthL18 is the only loop that has different 
lengths in prokaryotes. It is shorter in T. thermophilus and D. radiodurans than in Bacillus 
species, E. coli and H. influenzae. Sequence comparisons suggest that these differences 
are rather the result of evolutionary kinship than of thermal adaptation. When 
comparing the occurrence of all amino acids in a number of mesophilic (E. coli, H. 
influenzae, Mycobacterium leprae and Vibrio cholerae, Bacillus subtilis) and thermophilic L18 
sequences (M. jannaschii, B. stearothermophilus, Thermotoga maritima, Thermus thermophilus), 
pronounced grouping of mesophiles and thermophiles can be observed for a number 
of amino acids. Mesophile L18 contains more alanine and valine, while thermophile 
L18 has more leucine and slightly more phenylalanine and isoleucine. Residue volume 
increase as well as increased hydrophobicity of side chains have been linked to 
increased thermostability 161, which could explain the bias towards bulkier 
hydrophobic side chains in thermophilic L18. Moreover, the lysine content of 
thermophilic L18 is clearly increased compared to mesophilic L18. The (Glu + 
Lys)/(Gln + His) ratio for thermophilic L18 lies around 4.0, while it lies around 1.5 
for mesophilic L18 (figure 4.9). Interestingly, B. subtilis has a ratio of 4.0 and groups 
with the thermophiles rather than mesophiles (its optimal growth temperature is 
30ºC), while V. cholerae L18 has a relatively high ratio of 2.6. Although there is a 
general agreement with values reported in literature, the RNA-binding properties of 
L18 may in some species cause the ratios to be biased towards higher values. 
Nevertheless, TthL18 behaves like a typical moderately thermostable protein with 
increased occurrence of bulky hydrophobic side chains and lysine residues, and a (Glu 
+ Lys)/(Gln + His) ratio of 3.6. 

 

4.5.4 Conclusions 
L18 of Thermus thermophilus was found to be a mixed α/β protein with two helices that 
lie packed against a β-sheet. It contains a basic N-terminus of 20 amino acids that is 
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unstructured and flexible in solution. The N-terminus is crucial for interaction with 
23S rRNA and undergoes the largest structural change upon binding RNA. The 
globular part of the protein is very similar in its free and RNA-bound states, indicating 
that it is a scaffold for recognition of the parts of 5S rRNA that its binds. S11 was 
found to be a structural homologue of L18, recognizing partly similar structures of 
16S and 5S rRNA, respectively. Furthermore, TthL18 appears to be a typical 
moderately thermostable protein when judged by amino acid composition.
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