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Abstract 
 
A common seryl tRNA induces a –1 frameshift binding to an alanine codon in the bacteriophage 
MS2 coat protein gene. Previous research has suggested that tRNA3

Ser causes this frameshift at 
alanine codons by a 2-base interaction involving conventional base pairs between position 34 
and 35 of the tRNA and the first two bases of the codon. The aim of this project was to study the 
specific combination of tRNASer and an alanine codon (GCA) and to biochemically and 
structurally characterize how a non-standard translocation step size is induced in the ribosome. A 
protocol was developed for overexpression and purification of tRNASer in E. coli.  tRNA3

Ser  was 
separated and purified from total tRNA using hydrophobic interaction chromatography (HIC). 
Phenyl sepharose based liquid separation in conjunction with further separation on a second 
stationary phase, a TSK-Phenyl-5PW column was concluded to be well suited for large scale 
tRNA purification. For codon binding affinity measurements two control tRNAs, tRNA1

Ala and 
tRNA3

Gly, were successfully cloned using two different approaches. T. thermophilus 70S 
ribosomes were crystallized in complex with mRNA, a P-site tRNA and tRNASer bound to the A-
site, using established conditions. The initial crystals obtained diffracted to a resolution of 16Å 
and need to be optimized for structure determination. Thus, further studies are needed to 
investigate the binding mechanism of tRNASer to the alanine codon at the ribosomal A-site. 
 



Abbreviations 
 
“I am a Bear of Very Little Brain, and long words bother me.” 
Winnnie the Pooh 
 
 
aaRS aminoacyl-tRNA synthtase 
AEC anion exchange chromatography 
DNA deoxyribonucleic acid 
dNTP deoxyribonucleoside triphosphate 
DOBC deoxy big chap 
HIC hydrophobic interaction chromatography 
LC liquid chromatography 
mRNA messenger RNA 
ncRNA non-coding RNA 
PAGE polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 
PEG polyethylene glycol 
RNA ribonucleic acid 
rRNA ribosomal RNA 
S Svedberg unit (sedimentation coefficient) 
tRNA transfer RNA 
Q Quaternary amine (Sepharose) 
Å Ångström (1Å = 0.1 nm) 
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1. Introduction 
 
“The central dogma of molecular biology deals with the detailed residue-by-residue 
transfer of sequential information. It states that such information cannot be transferred 
back from protein to either protein or nucleic acid.” (Crick 1970) 

 
 

The central dogma of molecular biology was first suggested by Francis Crick in 1958 (Crick 
1958) and finally confirmed in 1970 (Crick 1970). Proteins are formed through the process of 
transcription of DNA into RNA, which is later translated to protein. This process is a major task 
performed by all living cells and takes place in four steps: 

1. DNA replication 
2. Transcription of the replicated DNA into messenger RNA (mRNA) 
3. In eukaryotes the mRNA is processed and transported out from the nucleus to the cytosol 
4. Translation of the mRNA by the ribosome  

 
Information transfer from RNA to DNA was not excluded in the central dogma and is now 
known to occur (reverse transcription). Transfer of genetic information from protein to nucleic 
acid never occurs (Alberts et al., 2002). 
 

 
 

1.1 Protein structure determination by X-ray crystallography 
 

X-ray crystallography is an important technique to determine the three-dimensional structure of 
proteins and this is a key to understanding their function. Thus, studying protein structure is 
essential to a broad range of industrial applications, including pharmaceuticals, food, and bulk 
chemicals. (Myerson 1999). Highly concentrated proteins can form crystals when allowed to 
precipitate in solution, as the protein molecule form ordered structures held together by non-
covalent interactions (Rhodes 1993). The goal of crystallography is to determine the structural 
content of the unit cells of the protein crystals, which can only be achieved for crystals that are 
large and pure enough to diffract X-ray radiation.  
 
The reagents necessary to crystallize a protein differs for each protein, but the most common 
technique is the same and is termed vapor diffusion. A droplet of buffer containing purified 
protein and precipitant is allowed to equilibrate with reservoir solutions where factors such as 
ionic strength, pH, detergents and temperature vary, in an airtight chamber.  
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Drop with purified protein and 
precipitant 

Reservoir solution 

pedestal 

 
Figure 1. Schematic drawings of a 24-well sitting drop plate and the crystallization setup in one well.  A drop 
containing purified protein or macromolecular complex and precipitant is allowed to equilibrate with the reservoir 
solution in an airtight chamber. 
 
 
Formation of crystals (as shown in Fig. 2) will start when the protein becomes oversaturated and 
the drop and reservoir are at, or close to, equilibrium (Ducruix et al., 1992). Several techniques 
for crystallization are based on this strategy, of which the most common two are the hanging 
drop and the sitting drop technique (Rhodes 1993, Bergfors 1999)  
 
 

 
Figure 2. Lysozyme crystals. Crystals of 10 mg/mL lysozyme in 5 µL 12% NaCl (my unpublished data). These 
crystals were obtained using the hanging drop technique as described by Bergfors (Bergfors 1999)  
 
 
Polyethylene glycol (PEG) is a polymeric precipitant that has volume exclusion properties. In 
theory high-molecular weight PEG crowds out other molecules from solution due to its 
distressing social behavior and is widely considered one of the most successful protein 
crystallization agents (McPherson 1999).  Almost half of the reagents in crystal screens include 
PEG and PEG monomethyl ether (PEGMME) (Zhang and Tanner, 2004). 
 
The antibiotic paromomycin has been shown to reduce the fidelity of decoding during translation 
(Ogle et al., 2001). The addition of paromomycin in crystallization has also been shown to give 
better diffracting crystals and a more defined structure of complexes (Ogle et al., 2002). 
 
Protein structure determination by X-ray crystallography is based on a crystal’s ability to diffract 
X-rays, which results in reflections of varying intensity from which the three-dimensional 
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protein structure can be derived. However, this requires highly intense radiation, which can be 
obtained from a synchrotron; a cyclic particle accelerator where electrons or positrons can be 
accelerated to near light speed and forced on distinct paths by utilizing electric and magnetic 
fields. The majority of current diffraction data collection is done using the very intense and 
tunable X-ray beams obtained from synchrotron storage rings. (Abola et al., 2000). The 
European Synchrotron Radiation Facility (ESRF) is one of the world's most powerful sources of 
synchrotron light (http://www.eiroforum.org). 
 
Powerful as this technique is, the resolution can be limited by many factors. If the crystals have 
formed too rapidly, the packing may not be correct. The size of the crystal is also limiting, as 
enough material is needed in the synchrotron beamline to collect data. For structure 
determination, a resolution of between 4 and 2 Å is required.  
 
 

1.2 The role of RNA in translation  

Ribonucleic acid (RNA) is constructed of ribonucleotide monomers. Compared to DNA it differs 
in the sugar residue of the backbone structure. Furthermore, RNA can fold and create multiple 
secondary and tertiary structure motifs. The four alternating bases in the RNA molecule are 
adenine (A), guanine (G), cytosine (C) or uracil (U), whereas DNA contains thymine (T) instead 
of uracil.  

RNA can be divided into coding RNA and non-coding RNA (ncRNA). The coding mRNA 
sequence is the blueprint for the 20 naturally occurring amino acids where codons of three 
nucleic bases are interpreted to give one amino acid in the process of translation. While coding 
RNA builds the transcriptome, the message, ncRNAs are not translated into protein, but instead 
have different functions, e.g transfer RNA (tRNA), ribosomal RNA (rRNA), and small RNAs 
such as snoRNAs, microRNAs, siRNAs and piRNA (Huttenhofer and Schattner, 2006). 

 

1.2.1 The ribosome 
 
Ribosomes are the protein factories of the cell, translating the genetic message into peptide 
chains with the help of mRNA and aminoacyl-tRNA (Alberts et al., 2002). The prokaryotic 
ribosome is assembled from two subunits with a combined molecular weight of 2.5 MDa, 
containing a characteristic set of three ribosomal RNA molecules and approximately 50 
ribosomal proteins (Cate et al., 1999). When Watson described the classical model of translation 
in 1964 (Watson 1964) only two binding sites where tRNA binds to the ribosome were known. 
The initiator tRNA binds at the peptidyl (P) site while the following aminoacyl-tRNAs bind at 
the aminoacyl (A) site. In addition to the P-site and A-site, a third site was described as the exit 
(E) site by Rheinberger (1981). In the last years great progress has been made in determining the 
ribosome structure and its interactions with tRNA and mRNA (Selmer et al 2006). See Fig. 3. 
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Figure 3. Structure of the 70S ribosome in complex with three tRNA and mRNA at 2.8Å resolution. (Selmer et 
al ., 2006). The decoding center of the 30S subunit (yellow) senses the correct codon-anticodon interaction of 
mRNA and tRNA. In the catalytic centre included in the 50S subunit (blue) the peptidyl transfer reaction takes place. 
This is the highest resolution structure to date of the 70S ribosome.  
 
 
 
The 50S subunit contains the catalytic peptidyl transfer site where new peptide bonds are formed, 
and together with the 30S subunit the ribosome forms the A, P and E sites for tRNA binding. 
These two subunits make up the complete 70S ribosome that associates when translation is 
initiated (reviewed by Hill et al., 1990). 
 
 
 
 
 

1.2.2 Translation 
 
Protein synthesis can be divided into three steps: initiation, elongation and termination. During 
all of these steps the ribosome is assisted by helper proteins (factors). An overview of the 
translation process is presented in Fig 4. 
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Figure 4. Overview of the translation cycle (Courtesy of M. Selmer). Translation starts with the formation of an 
initiation complex in which the ribosome is bound to the start site on the mRNA while the initiator tRNA is 
annealed to the initiator codon and bound to the ribosome. The elongation consists of joining amino acids to the 
growing polypeptide chain according to the sequence specified by the mRNA. Incorporation of each amino acid 
occurs by the same mechanism. Thus, the same steps are repeated over and over again until the termination codon is 
reached in the message. The termination codon gives the signal for the third and last stage of protein synthesis, the 
termination, in which the ready-made protein is released from the ribosome and the subunits dissociate. In all steps 
the ribosome is assisted by helper proteins.  
 
 
 
 
Initiation starts when tRNA-fMet, bound to the P-site in the small subunit, encounters the start 
sequence AUG (the codon for the amino acid methionine) and the two ribosomal subunits 
associate to form the initiation complex.    
 
During elongation a new aa-tRNA binds to the ribosomal A-site. It base-pairs with the codon on 
the mRNA (provided it is the correct tRNA), and the ribosome catalyses the formation of the 
peptide bond that links the amino acids together in the growing polypeptide chain. The tRNA is 
then translocated together with the mRNA in the ribosome to expose the next three bases for the 
incoming tRNA. This process is repeated for each codon in the message until the termination 
codon is reached. 
 
Termination begins when one of the stop codons (UAA, UAG, and UGA) reaches the ribosomal 
A-site. The stop codons do not code for an amino acid but are the signal for the ribosome to 
release the peptide assisted by protein release factors. The ribosome subunits dissociate and the 
process can start again (Stryer 1995).     
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1.2.3 Transfer RNA 
 

It is aminoacyl-tRNAs that provide the link between the template and the functional protein 
(Crick 1958). The tRNA is a linear molecule consisting of 75-95 nucleotides in a cloverleaf 
configuration (See Fig. 5). Its base sequence was first described by Holley (Holley 1965). All 
tRNAs have a common design including the phosphorylated 5’ terminus, the 3’ CCA-sequence 
where the amino acid is bound during activation, and the three base anticodon (in the middle of 
the molecule). One structural feature differentiating the tRNAs is the variable loop which is 
longer in some tRNAs. To specify the tRNA with a particular anticodon, for instance serine, it is 
commonly written “tRNASer”. If the tRNA is activated with an amino acid, it is denoted “Ser-
tRNA”.  
 
The tRNA used in this study, tRNASer, is one of the largest tRNA with 93 bases and a molecular 
weight of 30.5 kDa (Fig. 5a). tRNAAla and tRNAGly are both composed of 76 bases and a 
molecular weight of 24.9 kDa (Fig. 5b). Furthermore, all elongator tRNAs have uridine at 
position 33. 
 
The anticodon interacts with the codon on the mRNA. The correct codon-antcodon base pairing 
is sensed by the ribosome and the amino acid is incorporated in the peptide chain. The enzymes 
activating the tRNA with their specific amino acids are called aminoacyl-tRNA synthetases 
(aaRSs) (reviewed by Carter, 1993). 
 
 
 
 
 

         
 
Figure 5. tRNA secondary structure. a. The cloverleaf model of tRNASer. b. The cloverleaf model of tRNAAla.  
The position of the anticodon that matches the codon on the mRNA, and the CCA 3’-end that binds the amino acid 
is common for all tRNAs. Note the difference in the variable loop between these two tRNAs.  
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There are 61 available codons in the genetic code, but tRNAs with 61 different anticodons are 
not necessary for the cell as the third base, the wobble position, is not as strongly discriminated 
as the first two bases. The first two positions in the codon-anticodon interaction is monitored 
more precisely than the basepair in the third position (reviewed by Ramakrishnan, 2002).  
 
 
 

1.2.4 Frameshifting 
 
 
Frameshifting is a process in translational elongation when the ribosome shifts the original frame  
into translating a new frame. This results in erroneous interpretation of the intended reading 
frame because of the triplet character of the genetic code. Thus the entire sequence following the 
mutation will be translated into an altered peptide chain. The earlier in a sequence the mutation 
occurs, the larger the aberration. This also means that a stop codon can be encountered earlier or 
later than in the original transcriptome, and the protein consequently can be abnormally long or 
short. Although the reading frame normally is maintained at very high accuracy, depending on 
the nature of the sequence frameshifting does occur (Atkins et al., 1972).  
 
Frameshifting has been shown to occur in vitro on the RNA from phage MS2, in the genes of 
lysis and coat products (Atkins et al., 1979). If the balance of particular tRNAs is manipulated 
into excess in an in vitro translation system, the frequency of apparent frameshifting errors 
increases (Dayhuff et al., 1986 and Atkins et al., 1979).  One such standard tRNA that produces 
high levels of frameshifting is tRNASer, which upon binding in a non-triplet manner to an alanine 
codon shifts the reading frame in the –1 direction. Apart from tRNAThr, which also has been 
shown to induce frameshifting when decoding a proline codon, the approximately 43 other E. 
coli tRNAs do not (Farabaugh 1996). The mechanism for this frameshifting is not clear as the 
anticodon of tRNASer is not complementary to the GCA codon. tRNASer can promote 
frameshifting at GCA, GCU and GCC alanine codons, but frameshifting occurs more frequently 
at GCA (Dayhuff et al., 1986). According to Farabaugh the structural features of these two 
tRNAs are responsible for inducing the frameshifts (Farabaugh 1996). 
 
Weiss suggested that the uridine at position 33 preceding the anticodon, becomes the wobble 
base in the shifty tRNA (Weiss 1984). Two years later, Bruce et al (1986) proposed that the 
uridines at position 33 and 36 are essential for frameshifting, but not for reasons of base pairing. 
They concluded that tRNA3

Ser causes a frameshift at alanine codons by a 2-base interaction 
involving conventional base pairs between position 34 and 35 of the tRNA and the two first 
bases of the codon (Fig. 6).   
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Figure 6. Secondary structure of the tRNA anticodon stem-loop and mRNA interactions. a. tRNA3

Ser binds to 
the alanine codon in the standard manner and forms one proper base pair. b. tRNA3

Ser binds with two base pair to the 
same codon, in a non-standard position in the ribosomal A-site. c. tRNA1

Ala binds to the alanine codon. d. tRNA3
Gly 

could potentially interact in with the same two bases as tRNA3
Ser with the alanine codon. (Courtesy of M. Selmer) 

 
 
 
The frequency at which frameshifting occur is difficult to estimate, but Kurland suggests a 
frequency of 3 x 10-5 per codon (Kurland 1979). However in the case of MS2, nearly 100% of 
the ribosomes translate in the –1 reading frame in the presence of excessive levels of tRNA3

Ser 

(Atkins et al., 1979).  
 
 
 
 

1.3 Aim of study 
 
“Before beginning a Hunt, it is wise to ask someone what you are looking for before you begin looking for it.”  
Winnie the Pooh 
 
In order to gain insight into whether the three-base step size of translocation is an inherent 
property of the ribosome or a function of the three-base size of the codon-anticodon interaction, a 
specific tRNA-mRNA combination that induces a non-standard translocation step size can be 
studied.  The aim of this project was to biochemically and structurally characterize how the 
AGU/C-decoding E. coli tRNA3

Ser induces a –1 frameshift when reading a GCA (alanine) codon. 
In addition to intrinsic interest, the frameshift caused by tRNA3

Ser can provide an opportunity to 
understand the ribosomal control of the translocation step and reading frame maintenance.  
 
For structural analysis of the mechanism, the goal was to form and crystallize a complex 
consisting of 70S ribosomes with tRNA3

Ser bound to the A-site, mRNA and a P-site tRNA, using 
established crystallization conditions (Selmer et al. 2006).  
 

 11



2 Results 
 
“When looking at your two paws, as soon as you have decided which of them is the right one, then you can be sure 
the other one is the left.” 
Winnie the Pooh 
 
 
 
To determine the affinity of tRNA3

Ser to the alanine codon, two control tRNAs were produced 
intended to be used for affinity measurements performed by nitrocellulose filter binding. Also, 
aa-tRNA synthetases were overexpressed intended for tRNA activation. A purification protocol 
for tRNA3

Ser was developed, whereafter crystallization experiments could be performed.  
 
 
 

2.1 Cloning and expression of tRNA 
 

2.1.1 Construction of clones for overexpression of tRNAs 
 
Plasmid constructs were made for overexpression of tRNA1

Ala and tRNA3
Gly in the chosen vector 

pBSTNAV-2, containing the constitutive (non-inducible) lipoprotein promoter lpp which causes 
expression at a moderate level continuously. The first strategy was to construct the tRNA gene 
using two long overlapping DNA oligos with the intention to extend the oligos in a PCR reaction 
to form the desired insert. This approach has previously been applied successfully for other 
tRNA constructs (data not shown, M. Selmer). 
 
 
 

 
Figure 7. Overlapping DNA oligos for extension by PCR.  
 
In the first attempts to amplify the tRNA1

Ala and tRNA3
Gly, a PCR product was observed at the 

expected size although the band was not distinct, as seen in Fig 8a. Furthermore an experiment 
was performed showing that a PCR product was obtained in a reaction only with both primers 
present. The agarose gel in Fig. 8b suggests that a portion of the oligos binds to each other and 
extend a product larger in size than a single oligo, however not sufficient for ligation into a 
vector. The attempts to clone this fragment into expression vectors (several were tried, data not 
shown) were unsuccessful. 
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Figure 8. 2% agarose gel showing PCR products using the first approach with long DNA oligos a. PCR 
product of Ala1A next to a 100bp ladder. b. Experiment with single or both oligos in a PCR reaction. Samples 
loaded as follows: lane 1: Ala1A forward, 2: Ala1A reverse, 3: Ala1A forward + reverse, 4: Gly3 forward, 5: Gly3 
reverse, 6: Gly3 forward + reverse.  
 
 
 
 
In this study the cloning of tRNA3

Gly was successfully realized following this strategy. In the 
case of tRNA1

Ala it was necessary to design a new set of primers for a two step scheme. In the 
first step, this approach led to the amplification of a larger segment of the E. coli genome 
(approximately 2 kbp) using outer primers covering the desired tRNA sequence. In the second 
step this sequence was used as a template for the inner primers to bind to and amplify the tRNA 
fragment (Fig 9).  
 
 
 
 
 

 
Figure 9. The two-step approach. Outer primers (Ala_Temp_For and Ala_Temp_Rev) bind to DNA template and 
the desired sequence is amplified. Inner primers (Ala_1B_For and Ala_1B_Rev) bind the desired tRNA sequence 
and amplifies it from the first product.  
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Figure 10. PCR amplicons of Ala_Temp (a), Ala1B (b) following the two-step approach and Gly3 using 
overlapping oligos, on 2% agarose gel. The samples were loaded as follows: (a) lane 1: 200 bp ladder, 2: alanine 
template of outer primers (Ala_Temp amplified a sequence of ~2 kbp) (b) lane 1: 200 bp ladder, 2: Ala1B amplicon 
of inner primers (with 25 µM dNTP added before amplification), 3: Ala1B (with 2 µM dNTP added before 
amplification). (c) lane 1: 200 bp ladder, 2: Gly3 (with 2 µM dNTP added before amplification). 
 
 
 
 
 
 
After PCR amplification (See Fig. 10), the gel purified amplicons of Ala1B and Gly3 were 
ligated into the cleaved and dephosphorylated pBSTNAV-2 vector, in ratios of 5:1 and 10:1 
(insert:backbone). Transformation into chemically competent cells resulted in 2 to 25 
colonies/plate with a background of two or fewer colonies on the control plates.  
 
 
 
 
 
 
 

2.1.2 Colony PCR 
Colonies were checked for inserts with colony PCR using sequencing primers. Out of 14 
colonies, nine were found to contain inserts of the correct size (429 bp), (Fig. 11a). Colony PCR 
using sequencing and cloning primers confirmed that the inserts contained the respective tRNA 
genes and had correct orientation. See Fig 11b. 
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a 

b 

Figure 11. Products from colony PCR. Alanine (A1-9) and Glycine (G1-5) a. 14 colonies were checked for insert 
using M9(-48) and M9rev(-46) primers along with positive and negative control. b. The nine colonies containing 
insert of the correct size (429 bp) yielded amplicons only if the insert had the correct orientation, using one sequence 
primer (M9(-48)) and one cloning primer. 
 
 
 
 
The plasmids were sequenced, confirming the expected sequence of pBSTNAV2-tRNAAla1B and 
pBSTNAV2-tRNAGly3 in four sequenced plasmids. The plasmids were then used for expression 
in E. coli HMS174.  
 
 
 

2.2 Overexpression of tRNA synthetases 
 
In order to activate tRNAs for one particular purification approach, aminoacyl-tRNA synthetases 
are required. Seryl-tRNA synthetase (SerRS) and Alanyl-tRNA synthetase (AlaRS) were 
expressed upon transformation of existing plasmids into E. coli BL21 and E. coli 
SG13009PREP-4, respectively, and induction with isopropyl-β-D-thiogalactoside (IPTG). 
Samples of the cultures were analyzed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Overexpression of both SerRS and AlaRS was found to be 
successful as substantial bands were seen at the expected molecular weights (48 kDa and 96 kDa, 
respectively) (Fig. 12).  
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                                                                   a                b 
Figure 12. SDS-PAGE gel showing samples of expressed aaRS. a. Lane 1: Low molecular weight marker, lane 2: 
Alanyl-tRNA synthetase (AlaRS) expressed in E. coli SG13009PREP-4. b. Lane 1: Low molecular weight marker, 
lane 2: Seryl-tRNA synthetase (SerRS) expressed in E. coli BL21. Lane 3:  Sample from E. coli BL21 before 
induction with IPTG. 
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2.3 Purification of tRNA3
Ser 

 
The tRNA of specific interest, tRNA3

Ser, was overexpressed in E. coli HMS174 from an existing 
clone (courtesy of M. Selmer) and total RNA was extracted from the cells using phenol.  
 
Purification started with initial experiments for chromatography optimization on analytical 
columns packed with Phenyl Sepharose for hydrophobic interaction (HIC) and Q (quaternary 
amine-) Sepharose for anion exchange chromatography (AEC). The results of the analytical 
experiments showed poor separation of tRNA from side products on Q Sepharose (data not 
shown).  
 
Analytical liquid chromatography (LC) of the crude extracted tRNA on a lower resolution 
Phenyl Sepharose column and a high resolution TSK-Phenyl-5PW column showed that the 
overexpressed tRNA3

Ser showed better retention behaviour to HIC columns than most other 
tRNAs (Fig 13). Thus, for preparative liquid chromatography, Phenyl Sepharose (HIC) was 
chosen as stationary phase as it offers high capacity and good separation. 
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a 

HMS174 without  
pBSTNAV2-tRNASer 

HMS174 with  
pBSTNAV2-tRNASer 

 

b HMS174 with  
pBSTNAV2-tRNASer 

HMS174 without  
pBSTNAV2-tRNASer 

 
Figure 13. Chromatogram of tRNA separation using Phenyl Sepharose (a) and TSK-Phenyl-5PW (b).  Curves 
show 260 nm absorbance during analytical separation of total RNA from HMS174 cells without (blue) and with (red) 
pBSTNAV2-tRNASer. 
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The tRNA was analyzed by analytical LC using a TSK-Phenyl-5PW packed column. TSK-
Phenyl-5PW gave a higher resolution for tRNASer compared to Phenyl Sepharose (See Fig. 13b) 
and therefore was taken in consideration to be used for an additional second purification step, if 
needed.  
 
After expression of tRNA3

Ser in an 800 mL culture and extraction of total RNA, a yield of 
approximately 1000 absorbance units was detected at 260 nm. The results of separation using a 
preparative Phenyl Sepharose column were plotted on a chromatogram seen in Fig 14a. The 
fractions corresponding to the peak were pooled, whereafter the product purity was verified on a 
denaturing polyacrylamide gel (Fig 14b).  
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Figure 14. (a) Phenyl sepharose column separation and (b) polyacrylamide electrophoresis of collected 
fractions corresponding to the peak estimated to be tRNA3

Ser. The first lane contains total yeast tRNA for size 
comparison, where most of the tRNAs have sizes around 75 bp. Lane 2-7 contain pooled fractions (between 26 and 
35) corresponding to the peak in (a). 
 
 
 
 
To further purify the tRNA obtained from the HIC separation using Phenyl Sepharose a second 
LC separation on a TSK-Phenyl-5PW packed column was performed (Fig. 15a) and the fractions 
corresponding to the peak subsequently analyzed on a 12% polyacrylamide gel (Fig.15b). The 
desired product could be detected with high purity and at the expected position. 
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(a)  

(b) 

    1             2              3                4             

Figure 15 (a) TSK-5PW column separation and (b) polyacrylamide gel of the collected fractions 
corresponding to the peak. The fractions were eluted from the stationary phase with a (NH4)2SO4 gradient 
increasing from 0% to 100%. The first lane contains total yeast tRNA for size comparison, where most of the tRNAs 
have sizes around 75 bp. Lane 2-4 contain the fractions corresponding to the peak of tRNA3

Ser. 
 
 
The sample purity after these two steps was estimated by polyacrylamide electrophoresis to 
>95%. The tRNA from this fraction was used in crystallization experiments after concentration 
and buffer exchange. 
 
 

2.4 Preliminary crystallographic results 
 
In initial trials to crystallize tRNA3

Ser in complex with T. thermophilus 70S ribosomes, mRNA 
and two different P-site tRNAs, rod shaped crystals were obtained from sitting drops after 14 
days at room temperature. Single crystals were observed (Fig 16). The biggest crystals were 
obtained with tRNALys in the ribosomal P-site and grew in wells with a lower percentage of PEG. 
The addition of the antibiotic paromomycin to the drops seemed to have no significant effect.  
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Figure 16. Crystals of tRNA3

Ser in complex with mRNA and tRNALys T. thermophilus 70S ribosomes. Crystals 
were approximately 1.0 and 0.5 mm long. In this well the PEG concentration was 7.8% and it contained no 
paromomycin.  
 
 
 
Two crystals were screened at the European Synchrotron Radiation Facility (ESRF). The crystals 
diffracted to 16Å and could not be used for data collection (Fig 17).  
 
 

 
Figure 17. Diffraction pattern reflected by crystal of tRNA3

Ser in complex with T. thermophilus 70S. The circle 
indicates 16Å resolution. The light area in the figure is a shadow from the beamstop. 
 
As most of the crystals were small, a second attempt to crystallize ribosome complexes with 
tRNA3

Ser was performed, however this time only with tRNAfMet in the ribosomal P-site. In order 
to obtain larger crystals with a more accurate packing, the concentration of PEG was lowered in 
this experiment. No crystals were observed within 3 weeks after setting up the drops. New 
attempts to crystallize complexes with tRNA3

Ser are in process.  
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3 Discussion 
“Sometimes, if you stand on the bottom rail of a bridge and lean over to watch the river slipping slowly away 
beneath you, you will suddenly know everything there is to be known.” 
Winnie the Pooh 
 
 

3.1 Construction of clones for overexpression 
 
In the first attempts to amplify PCR products of the tRNA1

Ala and tRNA3
Gly using the first 

strategy with long DNA oligos, indistinct bands were observed on the agarose gel. As a product 
was visible, the reason why the ligation was unsuccessful was not obvious and many parameters 
were changed before the conclusion could be drawn that the first set of primers were causing the 
problem. Possible reasons for this could be that a majority of the primers have formed hetero- or 
homodimers or even hairpin structures resulting in self-extension of their ends in the PCR 
reaction. This is not an unusual problem in PCR and means that there are few or no primers 
available to create the desired product. A few examples of such secondary structures possibly 
created by the Ala1A-primers are presented in Figure 18. 
 
 
 
 

 
Figure 18. Possible secondary structures formed by Ala1A primers, as suggested by IDT SciTools (IDT 
SciTools Oligo Analyzer 3.0, ©2007 Integrated DNA Technologies).   
 
 
 
The concentration of dNTP used in a reaction is determined by the affinity of the enzyme for the 
substrate (the Km of the enzyme). In the initial experimental setup, accidentally a higher 
concentration of dNTP (25 µM) was used. When the concentration of dNTP was decreased, 
positive results were obtained in the subsequent experiments. It is therefore a convincing 
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hypothesis that excessive dNTP concentration reduces polymerase accuracy or extensively 
inhibits the polymerase. It is also probable that the increased dNTP concentration requires higher 
Mg2+ in the reaction mix as nucleotides chelate Mg2+.  
Mg2+ affects the annealing of the oligo to the template DNA by stabilizing the oligo-template 

3.2 Expression and purification of tRNA 
 

roteins have different qualities and characteristics, hence all proteins can not be purified in the 

 this project the strategy for the purification was a trial and error approach to separate the 

ccording to the chromatogram the separation by hydrophobic interaction chromatography using 

urthermore, LC analysis of tRNA on TSK 5PW resulted in an improved separation profile. 

interaction and stabilizes the replication complex of polymerase with template-primer. 
 
 

P
same manner or using the same techniques. Therefore, all protein purification entails 
optimization and assessment. This is of course also true for purifying RNA. RNA purification is 
typically achieved by preparative gel electrophoresis.  A major disadvantage of purifying RNA 
using PAGE is the poor recovery of the RNA after electrophoresis and the rather small loading 
capacity of the conventional slab PAGE gel (Cunningham et al., 1996). However, for more 
complex samples where more products with similar sizes are expected to be in the sample, 
separation techniques with higher resolution are required. Preparative liquid chromatography is a 
well suited approach for separating analytes of similar sizes, like different tRNAs, as it offers 
high capacity and good resolution. In LC separation this is achieved due to different physical 
parameters of the analytes like hydrophobicity or charged functional groups and the resulting 
differences in retention behavior on distinct stationary phases.  
 
In
major species from the minor, as the physical properties of different tRNAs cannot be predicted 
easily. The purification was performed by liquid chromatography and the separation was 
optimized on different columns with respect to packing material and elution gradient. LC with 
the Q Sepharose column showed poor separation of tRNASer from other analytes. This result 
could be explained due to low tRNA content, as the early analysis using the Q Sepharose column 
began when the phenol extraction gave moderate yield of tRNA and insufficient sample load in 
theory could be the reason for the result. Q Sepharose can hence not be excluded as a purification 
strategy. 
 
A
Phenyl Sepharose as stationary phase seemed to be more efficient compared to Q Sepharose. 
Further analysis of the pooled fractions corresponding to peaks proved this LC strategy to be 
useful. The desired tRNA could be detected on gels in high intensity and purity. This strongly 
suggests that HIC is a good approach.  
 
F
Therefore it was concluded that the Phenyl Sepharose column was the optimal choice for large 
scale purification of tRNASer due to its high capacity, followed by additional purification on the 
TSK 5PW as it offers higher resolution. 
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3.3 Crystallization of tRNA in complex with the ribosome 
 
Cry za at the 
ompound is pure, meaning all other components in the solution must be reduced (Drenth 1999). 

l A-site, two different tRNAs were expected bind to the P-site in 
o experiments. In order to alter as little as possible from the original crystallization conditions, 

EG in the first crystallization experiment was excessive and resulted in many 
all crystals. Hence, lowering the concentration of PEG may induce slower crystal formation 

dy displayed the morphology seen in previous 
rystals. This morphology offers several wedges of data during synchrotron light exposure as a 

ines, in part, its function. Thus, understanding the three-
imensional structure is important to gain knowledge in the role of such a complex at the 

stalli tion is affected by numerous factors. Firstly, it is of extreme importance th
c
This demands a lot from the purification process. Other factors such as detergents and pH may 
also influence the crystallization considerably. Potentially crystal quality could be improved if 
the complexes were allowed to crystallize at a constant temperature rather than variable room 
temperature. Among the external factors, there is an obvious need for experience both in setting 
up drops and crystal handling. 
 
With tRNA3

Ser in the ribosoma
tw
which have produced well-diffracting crystals, tRNAfMet was bound to the P-site. In addition, 
tRNA3

Lys was bound to the P-site in the next setup, to form a complex similar to the 
physiological frameshifting sequence in the well known mRNA of the bacteriophage MS2 coat 
genome. The complete nucleotide sequence of MS2 was established in 1976 by Fiers et al. (Fiers 
et al., 1976). The large crystals were obtained of the complexes with tRNA3

Lys in the ribosomal 
P-site. This result suggests that in addition to tRNA3

Ser, the P-site tRNA is also important for 
frameshifting.  
 
The effect of P
sm
and lead to fewer but larger crystals with more accurate packing. After the second attempt to 
crystallize ribosome complexes with tRNA3

Ser with a lower gradient of PEG, no crystals were 
observed. The reason for this is not obvious as the complexes consist of many components and 
the stability of such a large complex is easily altered. The perhaps most important component are 
the ribosomes, all of which may not be fully active as it is, during purification, difficult to 
separate the active ribosomes from the inactive.   
 
The larger rod shaped crystals obtained in this stu
c
number of shots in theory could be acquired from the same crystal. Thus if crystals of good 
quality are obtained the number may not be limiting. Of the crystals obtained in this study, only 
two were analyzed using synchrotron radiation. It is common for structural studies to test many 
crystals since even crystals grown in the same well can be of considerably varying quality. It is 
also possible that a higher resolution could be obtained if these crystals were subjected to longer 
exposure or a more intense beamline.     
 
The structure of a macromolecule determ
d
molecular level.  The binding mechanism of tRNA3

Ser to the alanine codon at the ribosomal A-
site remains to be investigated. The results of these studies are greatly anticipated as they could 
potentially give deeper insight into the process of translocation in the ribosome. 
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Now the project has reached a stage where the binding studies for tRNA3
Ser and control tRNAs 

can start. Affinity measurements could be complemented with toeprinting assays, confirming 
how many steps the mRNA is dislocated.  
 
Still many questions remain about the unlikely event of frameshifting studied in the 
bacteriophage MS2. Why does this frameshift occur only when tRNA3

Ser is present in excess? 
Why is the observed frameshift only allowed by the ribosome to take place at certain doublet 
sites, and not all of the potential doublet sites? Comparing the RNA sequences of MS2 and E. 
coli bioinformatically is an exciting prospect.  
 
 
 
“Rivers know this: there is no hurry. We shall get there some day.” 
Winnie the Pooh 
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4 Materials and methods 
 

4.1 Cloning, expression and purification of tRNA 
 

4.1.1 Strains 
 

In these studies Escherichia coli strain HMS174 was used for tRNA overexpression (Tab. 1). 
Strain E. coli SG13009PREP-4 and BL21 for protein expression, and MG1655 genomic DNA as 
template for PCR reactions. For cloning chemically competent Top10 Escherichia coli 
(Invitrogen, Paisley, UK) were used according to manufacturer�s recommendations. All bacterial 
cultures were grown in 2xTY medium (See Tab. 4a) unless otherwise indicated.  
 
 
 
 
 
Table 1. Strains 
Strain 
 

Genotype Purpose Source 

E. coli K: HMS174 F- recA hsdR hsdM RifR Host used for tRNA overexpression 
 

Novagen 

E. coli B: BL21 F- ompT hsdR hsdM Expression host for SerRS; expression 
is induced by the addition of IPTG 
 

M. Selmer; 
(Studier and 
Moffatt, 1986) 

E. coli K: MG1655 wild type Genomic DNA used for primer design 
and PCR template 
 

G. Wagner 

E. coli K: 
SG13009[pREP]4 

carries plasmid pREP4 KanR that 
constitutively expresses Lac repressor 

Expression host for AlaRS; expression 
is induced by the addition of IPTG 
 

Qiagen 

E. coli K: Top10 (K) F- mcrA ∆(mrr-hsdRMS-mcrBC) 
φ80lacZ∆M15 ∆lacX74 recA1 araD139 
∆(ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG 

Chemically competent cells for general 
purpose cloning and plasmid 
propagation 

Invitrogen 
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4.1.2 Plasmid  
 

The plasmid used in cloning was pBSTNAV-2 (Fig. 19, Tab. 2).  
 

pBSTNAV2
3025 bp

APr

transcription start

M13 (-21)

M9-rev(-46)

M9(-48)

T7forw

lpp promoter

rrnC terminator

-10 promoter

-35 promoter

EcoRI (2875)

PstI (2861)

 
Figure 19. Vector map showing the pBSTNAV-2 vector used for cloning in this study.  (Produced in VectorNTI 
(Invitrogen)) pBSTNAV, (derived from Bluescript M13+KS) carrying a multisite cloning sequence EcoRl/Smal/Pstl 
flanked upstream with a synthetic lipoprotein promoter and downstream with the rrnC transcription terminator, both 
prepared from the pGFIB-I phasmid). (Meinnel et al., 1988)  
 
 
Table 2. Plasmids 
Plasmid Purpose Source 
pBSTNAV-2 Cloning M. Selmer 
pBSTNAV2-Ser3 Overexpression of tRNA3

Ser M. Selmer 
pBSTNAV2-Gly3 Overexpression of tRNA3

Gly This report 
pBSTNAV2-Ala1 Overexpression of tRNA1

Ala This report 
AlaRS Expression of AlaRS M. Selmer 
SerRS Expression of SerRS M. Selmer 

 

4.1.3 Buffers and media  
All buffers and media were prepared according to Table 3, 4 and 5 and autoclaved or filter 
sterilized before use. 
 
Table 3. Buffers for electrophoresis 
Buffers  Component Amount1 
10x TAE Buffer (Tris-Acetate-EDTA)2  
  

Tris base 
Acetic acid  
0.5 M EDTA 

242 g  
57.1 mL  
100 mL  
 

10x TBE Buffer (Tris-Borate-EDTA)3 Tris 
Boric acid 
EDTA 

108 g  
55 g  
0.76 g  

1 Per liter ddH2O 
2 pH adjusted to 8.5 
3 pH was 8.3 
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Table 4a. Media for bacterial growth 
Media  Component Amount1 
2xTY 1L Tryptone 

Yeast Extract 
NaCl 
 

16 g  
10 g  
5 g  
 

Luria Bertani agar plates 1L Tryptone 
Yeast Extract 
NaCl 
Agarose 
1M NaOH 

10 g  
5 g  
5 g  
15 g  
1 mL  
 

PSI Broth2 
 

Tryptone 
Yeast extract 
MgSO4 

20 g  
5 g  
5 g  
 

1 Per liter ddH2O 
2 pH adjusted to 7.6 with KOH 
 
Table 4b. Media for competent cells by the rubidium chloride method 
Media  Component Concentration 
TfbI1 
 

KOAc 
RbCl 
CaCl2 
MnCl2 
glycerol 

30 mM  
100 mM  
10 mM  
50 mM  
15%  
 

TfbII2 
 

MOPS 
CaCl2 
RbCl 
glycerol 
 

10 mM  
75 mM  
10 mM  
15%  
 

1 pH adjusted to 5.8  with HAc 
2 pH adjusted to 6.5 with KOH 
 
Table 5. Buffers for chromatography and crystallization 
Buffer Component Concentration 
Phenyl Sepharose A 
 

NaOAc pH 5.3 
MgCl2 
(NH4)2SO4 

20 mM  
10 mM  
1.5 M  
 

Phenyl Sepharose B 
 
 

NaOAc pH 5.3 
MgCl2 

20 mM  
10 mM  
 

Q Sepharose buffer A 
 
 

Tris-HCl pH 7.5 
MgCl2 
EDTA 

20 mM  
8 mM  
0.1 mM  
 

Q Sepharose buffer B 
 
 

Tris-HCl pH 7.5 
MgCl2 
EDTA 
NaCl 

20 mM  
8 mM  
0.1 mM  
1 M  
 

Q Sepharose buffer AA 
 
 
 
 

Tris-HCl pH pH 7.5 
MgCl2 
EDTA 
NaCl 

20 mM  
8 mM  
0.1 mM  
200 mM  
 

TSK Phenyl 5PW Buffer A 
 

AmOAc pH 6.3 
(NH4)2SO4 

10 mM  
1.7 M  
 

TSK Phenyl 5PW Buffer B 
 

AmOAc pH 6.3 
 

10 mM  

Buffer G 10X 
 

HEPES pH 7.5 
KCl 
NH4Cl 

50 mM  
500 mM  
100 mM  
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MgOAc 
β-mercaptoethanol 

100 mM  
5 mM  
 

Cryofreezing precipitant solutions1 
 

Tris-Hac pH 7.0 
KSCN 
20% PEG20K 
PEG550MME 
mRNA 
tRNA1 
tRNA2 

0.1 M  
0.2 M  
9 to 25% (v/w) 
9 to 25% (v/w) 
1 µM 
1 µM 
1 µM 

1 ddH2O added to a final volume of 30 µL 
 

4.1.4 Primer design and PCR 
 
The primers were designed based on the E. coli K12 genome (strain MG1655)� and ordered from 
Invitrogen (Invitrogen, Paisley, UK) (Tab 6).  
 
Table 6. Sequence of primers  
Target Forward Reverse 
Alanin1A 5�-

TACATGTTATGGGGCTATAGCTCAGCTGGGAGA
GCGCCTGCTTTGCACGCAGGAGGTCTGC-3� 

5�-
ACTACAGAGATGGTGGAGCTATGCGGGATCGA
ACCGCAGACCTCCTGCGTGCAA-3� 

Glycin3 5�-
GACCACCCAAGCGGGAATAGCTCAGTTGGTAGA
GCACGACCTTGCCAAGGTCGGGGTCGCGAGTT-
3� 

5�-
GAGAAGAATTTGGAGCGGGAAACGAGACTCGA
ACTCGCGACCCCGACCTT-3� 

Alanin 
Template 

5�-GACGAAGACTGACGCTCA-3� 5�-AACCAGCTATCTCCCGGT-3� 

Alanin1B 5�-GGAATTCTATGGGGCTATAGCTCAG-3�  5�-AACTGCAGCACTACAGAGATG-3� 
M13(-21) 5� � TGTAAAACGACGGCCAGT � 3�  
M9(-48) 5� � GCCAGGGTTTTCCCAGTCACGA � 3�  
M9rev(-46)  5� � GAGCGGATAACAATTTCACACAGG � 3� 

 
 
The sequences were amplified by PCR (Techgene Thermal Cycler, Techne, Staffordshire, UK). 
The mixtures were prepared in 200 µL PCR reaction tubes (Axygen Scientific Ink, CA, USA). 
Of the 20 µM primers, aliquots of 1 µL forward and reverse primer was mixed with 2 µL 10X 
Pfu Buffer, 2 µL 2 mM dNTPs, 12.5 µL ddH2O and 0.5 µL Pfu DNA Polymerase (Fermentas 
Life Sciences Sweden, Helsingborg, Sweden). For the alanine template (to be amplified by the 
outer set of primers) and alanin1B (to be amplified by the inner set of primers) reactions 1 µL 
genomic DNA template (from strain MG1655) was added. The PCR reactions were carried out 
with an initial denaturation step at 95 °C for 5 min followed by 30 cycles of 94 °C 30s, 52 °C 30s, 
72 °C 30s and final extensions at 72 °C for 5 min.  
 
The samples were run on a 2% agaose gel in TAE-buffer (Tris-Acetate-EDTA) and the products 
of estimated size cut out and extracted from the gel using a commercial gel extraction kit 
QIAquick Gel Extraction Kit (Qiagen AB, Solna, Sweden). 

 
After gel extraction the inserts were digested with restriction enzymes EcoRI and PstI 
(Fermentas) to enable introduction into the pBSTNAV-2 vector between the EcoRI and PstI sites.  
                                                
� http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genome&cmd=Retrieve&dopt=Structural+RNA+Table&list_uids=115 
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4.1.5 Vector preparation 
A volume of 10 µL corresponding to 2 µg plasmid pBSTNAV-2 provided by M. Selmer was 
cleaved by adding 3 µL 10X FastDigest Buffer (Fermentas), 1 µL EcoRI (1 u/µL, Fermentas) 1 
µL PstI (1 u/µL, Fermentas) and 15 µL ddH2O followed by incubation for 5 min at 37 °C. The 
cleaved ends were phosphorylated at 37 °C for 1 h using calf intestine alkaline phosphatase 
(CIAP) (Fermentas) by the addition of 1 µL of 10X CIAP buffer together with 8 µL ddH2O and 
1 µL CIAP enzyme (1u/µL) to the cleaved vector solution.  

4.1.6 Rapid DNA Ligation 
 

The insert DNA was ligated into the vector using the Rapid DNA Ligation kit (Fermentas) 
according to the manufacturer�s recommendations in proportions of 5:1 and 10:1 
(insert:backbone).  
 
The ligated plasmids were transformed into chemically competent E. coli Top10 cells 
(Invitrogen) according to manufacturer�s recommendations.  
 

4.1.7 Colony PCR 
 
A pipette tip was dipped into a bacterial colony and transferred to a microcentrifuge tube 
containing 50 µL ddH2O. The tubes were heated to 95 °C for 5 min and centrifuged for 2 min at 
8165.3 g. A volume of 5 µL of the template solution was added to 4 µL ddH2O, 10 µL Biomix 
2X (Bioline Ltd, London, UK) and 0.5 µL 20µM forward and reverse primers M9(-48) and 
M9rev(-46), respectively. The PCR was performed as above and samples were analysed on a 2% 
agarose gel as above. The colonies found to contain insert were further controlled for correct 
direction of the insert by a second PCR reaction as above, using one sequencing primer (M9(-48)) 
and one cloning primer in the other direction (Fig. 20). 
 
 
 

 
Figure 20. Confirming correct insert and orientation using one sequencing and one cloning primer. A product 
is only obtained from the PCR reaction if the insert is correct and oriented in the correct direction. 
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4.1.8 DNA purification 
 
Plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen, Solna, Sweden) 
according to manufacturer�s recommendations.  
 

4.1.9 Sequencing 
 
For sequencing, isolated plasmid DNA (approximately 400 ng) and sequencing primers M13(-21) 
(4 pmol/sample) were mixed and the volume was adjusted with ddH2O to a total of 18µL. The 
plasmids were sequenced by Uppsala Genome Center (Dept. of Genetics and Pathology, 
Rudbeck Laboratory, Uppsala). 
 

4.1.10 Competent cells by the Rubidium Chloride Method 
 

A single colony of E. coli strain HMS174 was inoculated in 50 mL PSI Broth and incubated at 
37 °C with shaking until the OD600 reached approximately 0.5. The cultures were transferred to 
50 mL Falcon tubes and incubated for 15 min on ice before centrifugation for 5 min at 3600g 
(Hermle Z252M, Hermle Labortechnik, Wehinger, Germany). The pellet was resuspended in 20 
mL TfbI and incubated on ice a second time for 15 min. The centrifugation was repeated and the 
pellet resuspended in 2 mL TfbII and incubated on ice a third time for 15 min. The cells were 
divided into eight Eppendorf tubes (250 µL each) and frozen in liquid nitrogen before storage at 
-80 °C.  
 

4.1.11 Transformation of chemically competent cells 
 
An aliquot of 50 µL rubidium chloride competent HMS174 cells was used for transformation 
with approximately 10 ng plasmid DNA. The cells were incubated on ice for 30 min before 
being heat shocked at 42 °C for 90 s. After a second incubation on ice for 5 min, 200 µL SOC 
medium (Invitrogen) at room temperature was added to the culture, which was then incubated 
with shaking for 1 h at 37 °C. The transformation reaction was plated on Luria-Bertani agar 
plates with ampicillin (100 mg/mL) and allowed to grow at 37°C overnight. 
 

4.1.12  Overexpression of tRNA 
 
Transformed colonies were grown with shaking at 37°C overnight in 10 mL 2xTY and 
ampicillin (50 mg/mL). A portion of 2 mL overnight culture was inoculated in 800 mL 2xTY 
medium with ampicillin (100 mg/mL). After growing for 20 h at 37 °C, the cells were harvested 
by centrifugation at 5900 g for 20 min at 4 °C (Sorvall RC 3C Plus, H6000A rotor, Sorvall 
Instruments, Newton, CT). The pellet was transferred to 50 mL Falcon tubes and stored at -20 °C. 
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4.1.13 Overexpression of tRNA synthetases 
 
Plasmids previously constructed to overexpress SerRS and AlaRS (courtesy of M. Selmer) were 
transformed into E. coli BL21 as above and allowed to grow to an OD600 of 0.5-0.9 in 800 mL 
2xTY medium. Isopropyl-β-D-thiogalactoside (IPTG) was added to a final concentration of 0.1 
mM and the cells were grown for an additional four hours with shaking at 37°C before 
harvesting as above. Samples of the colonies were taken before induction with IPTG and at 
harvesting to determine protein content in the cells. Analysis was performed using SDS-PAGE 
PhastGels (Homogenous 12.5% acrylamide, GE Healthcare, Uppsala, Sweden) with PhastGel 
buffer strips (0.20 M tricine, 0.20 M Tris, 0.55% SDS, pH 8.1).  
 

4.1.14 Total RNA Extraction 
 

Cell pellets from 800 mL growth were homogenized using a glass homogenizer in 6.8 mL Tris-
HCl, 10 mM MgOAc until a lump-free suspension was obtained, and transferred to a 50 mL 
Teflon centrifuge tube (Nalgene, Nalgene Nunc Int., USA). After the addition of 8 mL phenol 
solution (Sigma-Aldrich Sweden AB, Stockholm, Sweden), the suspension was vortexed 
thoroughly 4 x 30s. To remove the cell debris and proteins, the tubes were centrifuged at 17000g 
for 90 min at 20 °C (SS34, Sorvall RC 3C Plus, Sorvall Instruments, Newton, CT). The aqueous 
phase was carefully transferred into a fresh centrifuge tube for ethanol precipitation. After the 
addition of 10 mL ice-cold ethanol, the tube was left on ice for 30 min, followed by 
centrifugation at 21000g for 30 min. The supernatant was discarded and the pellet was allowed to 
dry for 15 min in a fume hood. 
 
The dry pellet was resuspended in 3.2 mL 1 M NaCl whereafter a second ethanol precipitation 
and centrifugation was repeated in the same manner. After drying the remaining pellet was 
resuspended in 3.2 mL 2 M Tris-HCl pH 8.0 and incubated for 2 h in 37 °C. A last ethanol 
precipitation step was performed and the pellet was stored at -20 °C. 
 

4.2 tRNA3
Ser purification 

 
Two columns (Pharmacia Biotech, Uppsala, Sweden) were packed; one with Phenyl Sepharose 6 
Fast Flow medium (GE Healthcare, Uppsala, Sweden) and the other one with Q Sepahrose Fast 
Flow medium (GE Healthcare) with a flow rate of 0.5 and 0.2 mL/min, respectively.  
 

4.2.1 Phenyl Sepharose 
 
The column (approximately 78 mL) was equilibrated with 10 column volumes of 100% B (Tab. 
5) followed by 10 colume volumes 0% B. The sample (100 µL corresponding to approximately 
50 absorbance units) was mixed with 10 mL buffer A (Tab. 5) prior to loading on the column 
and eluted with a (NH4)2SO4 gradient from 25 to 100%.  
 



 32

4.2.2 Q Sepharose 
 
The column was equilibrated with 11 column volumes of 100% B (Tab. 5) followed by 11 
colume volumes 0% B. Approximately 1.5 absorbance units of sample were dissolved in buffer 
AA (Tab. 5) to a final concentration of 200 mM NaCl prior to loading on the column, which was 
then eluted with a NaCl gradient from 35% to 100%. 
 
Fractions of 7 mL were collected using a Frac-950 (Amersham Biosciences, Uppsala, Sweden) 
and concentrated (Vivaspin 500, Vivascience, UK). 
 

4.2.3 High resolution purification of tRNA3
Ser 

 
Fractions collected from the Phenyl Sepahrose column were pooled and further purified using a 
high resolution HIC column (Ultropac TSK-Phenyl-5PW, 7.5 x 70 mm, LKB produkter, 
Bromma, Sweden) connected to an automated liquid chromatography system (ÄKTA Explorer, 
Amersham Pharmacia Biotech). The column (3.3 mL) was equilibrated with 10 column volumes 
of 100% B (Tab. 5) followed by 10 column volumes of 0% B (Tab. 5). Elution was performed 
using a linear gradient from 0% to 100% of buffer A (Tab. 5) and a flow rate of 0.5 mL/min. 
Fractions of 5 mL were collected and stored in tRNA storage buffer (10 mM AmOAc pH 5.0, 50 
mM KCl) in -20 °C for crystallization experiments. 
 
 

4.2.4 Denaturing polyacrylamide electrophoresis 
 
Polyacrylamide gels were cast with 12% acrylamide (containing acrylamide:bis-acrylamide 
19:1), 7M Urea, 1X TBE, 15 µL ammonium persulphate (APS, 10%v/w) and 5 µL 
tetramethylethylenediamine (TEMED). Prior to loading 6 µL of the samples were mixed with 4 
µL RNA dye (0.005% xylene cyanol and bromophenol blue, 7M Urea, 1X TBE buffer), heated 
to 75 °C for 5 min and centrifuged briefly. The gels were pre-warmed for 20 min and after 
loading run in 1X TBE buffer at a constant 300V for 1 h. Gels were stained with toluidine blue 
(0.02%) or ethidium bromide (0.01%). 
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4.3 Crystallization 

4.3.1 Complex formation 
 
T. thermophilus 70S ribosomes were stored at -80 °C (courtesy of M. Selmer). Complexes were 
formed with two different tRNAs bound in the P-site, tRNAfMet or tRNALys, and two 
corresponding mRNAs (provided by M. Selmer) (Tab. 7). Buffer G (Tab. 5) and ddH20 was 
gently mixed with the thawed ribosomes to yield a final concentration of 4.4 µM of buffer G, and 
incubated for 5 min at 55°C after the addition of mRNA. P-site tRNA (tRNAfMet or tRNALys) was 
added to the complex and activated by heating to 55°C for 30 min. tRNASer was then added to 
the complex to a final concentration of 17.6 µM, followed by 30 min incubation at 55 °C. To half 
of the complex solution, paromomycin was added to a final concentration of 1 mM; this sample 
was further incubated at room temperature for 30 min. Before crystals were set up, detergent 
(Deoxy Big Chap, DOBC, Sigma-Aldrich Sweden AB) was added to a final concentration of 14 
mM.  
 
Table 7. mRNA sequences for complex formation  
mRNA Sequence 
Z4AUGGCA  5� � GGC AAG GAG GUA AAA AUG GCA AAA � 3�            
Z4AAGGCA 5� � GGC AAG GAG GUA AAA AAG GCA AAA � 3� 

 

 

4.3.2 Crystallization 
 
Drops were set up in a 24-well sitting drop plate and equilibrated against 440 µL reservoir 
solution containing 0.1M Tris-HAc pH 7.0, 0.2M KSCN, PEG concentrations gradually 
increasing from 7.00 to 8.10% (20% PEG 20000 (PEG20K), PEG monomethyl ether 
(PEG550MME)) and ddH2O to a final volume of 440 µL. From each reservoir, 2 µL (precipitant) 
was taken and carefully added to the complex drop of 2.4 µL before sealing the wells airtight 
with clear sealing tape. The plates were placed in darkness at room temperature for 14 days for 
the crystals to form.  
 
The obtained crystals were captured in nylon loops (Hampton Research). In order to cryoprotect 
the crystals the precipitant solution (See Tab. 5) was exchanged in three steps to mixtures of 
increasing PEG concentrations; 9, 17 and 25% (w/v) allowing the crystals to equilibrate for a few 
minutes after every step. Crystals were flash-frozen in liquid nitrogen and stored for data 
collection.  
 

4.3.3 Data acquisition 
 
Crystals were screened at beamline ID14-3 at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble, France.  
 
 



 34

5 Acknowledgements 
"One can't complain. I have my friends. Someone spoke to me only yesterday."  
Eeyore in Winnie the Pooh 
 
I would like to dedicate my true appreciation and warmest thanks to my supervisor Maria Selmer, 
not only for accepting me as a diploma student but also for keeping me after my first day when I 
mixed up the strains and plated the wrong colony. And - of course - for support, inspiration and 
giving me some insight in the life of a great crystallographer. I also want to thank all the people 
in the ICM lab for generously taking time from their own projects to answer questions and I am 
in particular indebted to Mikael and Nina for troubleshooting creativity and to Pavel for smooth-
talking the thermal cyclers. I also thank the ESRF for providing beam time and all the referees 
for helpful comments.  

 



 35

6 References 
 
�No Give and Take. No Exchange of Thought. It gets you nowhere, particularly if the other person's tail is only just 
in sight for the second half of the conversation.� 
Eeyore in Winnie the Pooh 
 

 
Abola, E., Kuhn, P., Earnest, T. & Stevens, R. C. Automation of X-ray crystallography. Nature Structural 
Biology 7, 973-977 (2000). 
 
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. and Walter, P. Molecular Biology of the Cell. 4th Ed.  
(Garland Publishing, New York, 2002). 
 
Atkins, J. F., Elseviers, D. & Gorini, L. Low activity of beta-galactosidase in frameshift mutants of Escherichia 
coli. Proc Natl Acad Sci U S A 69, 1192-1195 (1972). 
 
Atkins, J. F., Gesteland, R. F., Reid, B. R. & Anderson, C. W. Normal tRNAs promote ribosomal frameshifting. 
Cell 18, 1119-1131 (1997). 
 
Bergfors, T. M. Protein Crystallization Techniques, Strategies, and Tips. 2nd Ed. (International University Line, 
La Jolla, 1999). 
 
Bruce, A. G., Atkins, J. F. & Gesteland, R. F. Transfer-Rna Anticodon Replacement Experiments Show That 
Ribosomal Frameshifting Can Be Caused by Doublet Decoding. Proceedings of the National Academy of 
Sciences of the United States of America 83, 5062-5066 (1986). 
 
Carter, C. W. Cognition, Mechanism, and Evolutionary Relationships in Aminoacyl-Transfer Rna-Synthetases. 
Annual Review of Biochemistry 62, 715-748 (1993). 
 
Cate, J. H., Yusupov, M. M., Yusupova, G. Z., Earnest, T. N. & Noller, H. F. X-ray crystal structures of 70S 
ribosome functional complexes. Science 285, 2095-2104 (1999). 
 
Crick, F. H. C. On protein synthesis. Symp. Soc. Exp. Biol. 12, 138-163 (1958). 
 
Crick, F. H. C. Central Dogma of Molecular Biology. Nature 227, 561-563 (1970). 
 
Cunningham, L., Kittikamron, K. & Lu, Y. Preparative-scale purification of RNA using an efficient method 
which combines gel electrophoresis and column chromatography. Nucleic Acids Research 24, 3647-3648 
(1996). 
 
Dayhuff, T. J., Atkins, J. F. & Gesteland, R. F. Characterization of Ribosomal Frameshift Events by Protein-
Sequence Analysis. Journal of Biological Chemistry 261, 7491-7500 (1986). 
 
Drenth, J. Principles of Protein X-Ray Crystallography 2nd Ed. (Springer, New York, 1999). 
 
Ducruix, A. & Giegé, R. Crystallization of Nucleic Acids and Proteins: A Practical Approach (Ed. Hames, B. 
D.) (Oxford University Press, 1992). 
 
Farabaugh, P. J. Programmed translational frameshifting. Annual Review of Genetics 30, 507-528 (1996). 
 
Fiers, W., Contreras, R., Duerinck, F., Haegeman, G., Iserentant, D., Merregaert, J., Min Jou, W., Molemans, F., 
Raeymaekers, A., Van den Berghe, A., Volckaert, G. & Ysebaert, M. Complete nucleotide sequence of 
bacteriophage MS2 RNA: primary and secondary structure of the replicase gene. Nature 260, 500-507 (1976). 



 36

 
Hill W. E., Moore P., Dahlberg A., Schlessinger R., Garrett R. and Warner J. The Ribosome: Structure, 
Function, and Evolution (American Society for Microbiology, Washington DC, 1990). 
 
Holley, R. W., Apgar J., Everett, G. A., Madison , J. T., Marquisee, M., Merrill, S. H., Penswick, J. R., Zamir, 
A. Structure of a Ribonucleic Acid. Science 3664, 1462 - 1465 (1965). 
 
Huttenhofer, A. & Schattner, P. The principles of guiding by RNA: chimeric RNA-protein enzymes. Nature 
Reviews Genetics 7, 475-482 (2006). 
 
Kurland, C. G. in Nonsense Mutations and tRNA Suppressors (eds. Celis, J. E. & Smith, J. D.) 97-108 
(Academic Press, New York, 1979). 
 
McPherson, A. Crystallization of biological macromolecules (Cold Spring Harbor Laboratory Press, 1999). 
 
Meinnel, T., Mechulam, Y., Fayat, G. Fast purification of a functional elongator tRNAmet expressed from a 
synthetic gene in vivo  Nucl. Acids Res. 16: 8095-8112 (1988) 
 
Myerson, A. S. E. Molecular Modeling Applications in Crystallization (Cambridge University Press, New York, 
1999). 
 
Ogle, J.  M., Brodersen, D. E., Clemons, W. M., Tarry, M. J., Carter, A. P., Ramakrishnan, V. Recognition of 
cognate transfer RNA by the 30S ribosomal subunit. Science 292, 897-902 (2001). 
 
Ogle, J. M., Murphy, F.V. IV, Tarry, M.J. and Ramakrishnan V. Selection of tRNA by the ribosome requires a 
transition from an open to a closed form. Cell 111, 721-32. (2002) 
 
Ramakrishnan, V. Ribosome structure and the mechanism of translation. Cell 108, 557-572 (2002). 
 
Rheinberger, H. J., Sternbach, H. & Nierhaus, K. H. Three tRNA Binding Sites on Escherichia coli Ribosomes. 
Proc Natl Acad Sci U S A 78, 5310-5314 (1981). 
 
Rhodes, G. Crystallography made crystal clear. 8-10, 29-38 (Academic Press, San Diego, 1993). 
 
Selmer, M., Dunham, C.M., Murphy, F.V. IV, Weixlbaumer, A., Petry, S., Kelley, A.C., Weir, J.R. and 
Ramakrishnan, V Structure of the 70S ribosome complexed with mRNA and tRNA. Science 313, 1935-1942 
(2006). 
 
Stryer, L. in Biochemistry 899-902 (W.H. Freeman & Company, 1995). 
 
Studier F.W. and Moffatt, B. A. Use of bacteriophage T7 RNA polymerase to direct selective high-level 
expression of cloned genes. J Mol Biol. 189:113-130. (1986) 
 
Watson, J. D. The synthesis of proteins upon ribosomes. Bull Soc Chim Biol (Paris) 46, 1399-1425 (1964). 
 
Weiss, R. B. Molecular model of ribosomal frameshifting. Proc Natl Acad Sci U S A 81, 5797-5801 (1984). 
 
Zhang, M. & Tanner, J. J. Detection of L-lactate in polyethylene glycol solutions confirms the identity of the 
active-site ligand in a proline dehydrogenase structure. Acta Crystallographica Section D-Biological 
Crystallography 60, 985-986 (2004). 

 


	1.  Introduction
	1.1 Protein structure determination by X-ray crystallography
	1.2 The role of RNA in translation 
	1.2.1 The ribosome
	1.2.2 Translation
	1.2.3 Transfer RNA
	1.2.4 Frameshifting


	1.3 Aim of study
	2.1 Cloning and expression of tRNA
	2.1.1 Construction of clones for overexpression of tRNAs
	2.1.2 Colony PCR


	2.2 Overexpression of tRNA synthetases
	2.3 Purification of tRNA3Ser
	2.4 Preliminary crystallographic results


	3 Discussion
	3.1 Construction of clones for overexpression
	3.2 Expression and purification of tRNA
	3.3 Crystallization of tRNA in complex with the ribosome





