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Summary 
 
Ribonuclease P (RNase P) is an ancient enzyme present in all kingdoms of life; it is a 
holoenzyme that catalyzes the processing of the 5’- leader sequence of precursor-tRNA 
(ptRNA).  It is composed of one catalytic RNA molecule and a variable number of 
protein sub-units depending on origin; Bacteria have one, Archaea four to five, 
Eukaryotes eight to ten. Proteins participating in the holoenzyme RNase P for the 
eukaryotic parasite Giardia lamblia, were identified, expressed and purified by S.Svard 
and colleges. There were two proteins identified in a bioinformatical study performed by 
S.Svard  (Rpp29 and Rpp21) for G.lamblia, which is rather surprising since other 
eukaryotes posses eight to ten protein sub-units.  

In this project two kinds of assays were performed for RNase activity, one 
cleavage assay and one reconstitution assay. The substrate used in all assays was a 
radioactively 5’-end labeled 44 nucleotide long model hairpin substrate (pATSerUG), 
where the labeling made it possible to detect and compare cleaved versus non-cleaved 
substrate. The cleavage assay was performed in order to confirm the intrinsic catalytic 
properties of G. lamblia RNase P RNA. It required conditions of high concentrations of 
Mg2+ (160 mM) and long incubation times (20 hours), to obtain detectable cleavage 
products. In the reconstitution assay I tried to achieve activity by adding the G. lamblia 
proteins to relatively low concentrations of G.lamblia RNase P RNA and have more 
physiological conditions compared to the cleavage assay. The incubation times for these 
assays were around 2 hours. Assays with G. lamblia proteins together with Escherichia 
coli RNase P RNA were also performed.  

The results from the cleavage assays confirmed that the G. lamblia RNase P RNA 
possessed catalytic properties. The reconstitution of G. lamblia RNase P indicated that 
the identified proteins participate in the RNase P since weak cleavage did occur after 
adding the proteins to low concentrations of RNase P RNA. The result unfortunately was 
not reproducible due to heavy degradation problems all along the project. The most 
interesting result was the enhancement of activity achieved for Escherichia coli RNase P 
RNA by using Rpp21 as co-factor. This protein shares no structure or sequence similarity 
with C5, which is the protein co-factor for E. coli RNase P. No previous research has 
showed catalytic activity for any of Rpp21 homologs together with E. coli RNase P RNA.      
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Introduction 
 
Ribozymes are RNA molecules with catalytic properties. Even though most of the 
catalytic reactions in the cell are performed by proteins, some of the essential cellular 
processes (i.e. protein synthesis) involve RNA. For example both the ribosome and 
RNase P are believed to perform RNA mediated catalysis. This study has focused on the 
essential RNase P.  
 
 
RNase P 
 
In all kingdoms of life the in vivo processing of 5’-end precursor tRNA (ptRNA) is 
performed by the endoribonuclease called RNase P, consisting of one catalytic RNA 
molecule and a variable number of protein subunits that varies dependent on origin. 
Bacteria have one, Archeae have four to five and Eukaryotes have eight to ten protein 
sub-units12. The figure shows a schematic 
picture a bacterial RNase P with its substrate. 

RNase P was first described by 
Robertson and Altman in 1973, as an 
endoribonuclease2. It was responsible for the 
processing (therefore the name P) of the 5´-
end of t-RNA precursors. The first catalytic 
RNA molecules were discovered by Cech in 
19821 and Altman in 19832. This led to their 
Nobel-prize in chemistry in 1989. Altman and 
colleges showed that the RNA moiety of 
bacterial RNase P possessed catalytic 
properties in trans. Later, catalytic properties 
of the RNase P RNA8,12 were identified for 
other organisms as well. Besides the 
precursor-tRNA (ptRNA), as the most 
abundant RNase P substrate many other RNA 
substrates have been identified as well. A few 
examples are tmRNA (transfer messenger 
RNA), 4,5S rRNA, mRNA from polycistronic 
his operon4.    

Figure 1: Schematic picture of a 
bacterial RNase P complex1. 
Red: RNA, Blue: Protein, 
Green: tRNA  
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The RNA moiety of RNase P 
 
Just like proteins, catalytic RNA can be divided into domains. The RNA moiety of RNase 
P folds into several domains; they have been grouped together according to their 
involvement in either the catalysis of or binding to the substrate1. According to E. 
Kikovska is the active site in the RNA moiety is a matter of hot debate. However it is 
clear that an active site as seen in catalytic proteins does not seem to be present in the 
RNase P RNA. The eukaryotic RNase P is much smaller than its bacterial corresponding 
unit and until recently no catalytic activity had been detected for the eukaryotic RNA 
moiety.  It was believed to have vanished with the loss of several structural elements such 
as the P15-17 loop6. Proteins were believed to have taken over this function throughout 
evolution, even though Jarrous and colleges in 200310, made assumptions concerning the 
catalytic properties of the RNA moiety catalytic properties. The RNA moiety was 
thought to be aiding with the binding of substrate and coordination of the protein 
subunits. Recently Kikovska et al 20076 demonstrated the RNA-mediated activity for 
both the human (referred to as H1 RNA in the text) and the G. lamblia (referred to as G1 
RNA in the text) RNase P RNA moieties.  This was assayed at low pH and high salt 
concentration. The activity was very low, ~5-6 orders of magnitude lower than of the 
bacterial RNase P. This knowledge gives new opportunities to investigate the role of the 
proteins in RNase P activity.    

 
 
 
 

Figure: 2: Secondary structure of bacterial Escherichia coli M1 (a) and eukaryotic 
Giardia lamblia (or G1) RNA(b)6.   

a
bb
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Proteins of RNase P  Proteins of RNase P  
  

Figure 3:  
Left: Archeal homolog of the protein Rpp2910 

Right: Archeal homolog of the protein Rpp213 

Several eukaryotic proteins have been shown to have their own distinct function that may 
be linked to the function of RNase P. 
For example the human subunit 
proteins Rpp14, Rpp21 and Rpp29 can 
bind to ptRNA as observed in gel-shift 
assays performed by Jarrous and 
colleges10. No study indicates that any 
protein is directly involved in the 
catalysis. This indicates that the 
proteins might participate in the 
recognition and the binding of 
substrate, and folding of RNase P 
RNA. Rpp29 is highly conserved in 
both arch 
to be one of the most ancient RNase P 
proteins. Rpp29 and Rpp21 were 
shown to be the essential proteins for 
reconstitution of the human RNase P. 
This study also demonstrated that the 
human Rpp29 forms a stable 
ribonucleoprotein complex with M1 
RNA and has the ability to enhance its activity. Bioinformatical studies of the G. lamblia 
genome (S. Svärd unpublished data) indicated the presence of only two proteins 
homologous to human RNaseP proteins, namely homologs of Rpp29 and Rpp21 in G. 
lambia RNase. Svärd and colleges expressed and purified the identified proteins in the 
Escherichia coli. Other eukaryotes for example Saccharomyces cerevisae (yeast) possess 
no less than 9 protein subunits.     

Several eukaryotic proteins have been shown to have their own distinct function that may 
be linked to the function of RNase P. 
For example the human subunit 
proteins Rpp14, Rpp21 and Rpp29 can 
bind to ptRNA as observed in gel-shift 
assays performed by Jarrous and 
colleges

  

10. No study indicates that any 
protein is directly involved in the 
catalysis. This indicates that the 
proteins might participate in the 
recognition and the binding of 
substrate, and folding of RNase P 
RNA. Rpp29 is highly conserved in 
both archaea and eukaryotes and seems  
to be one of the most ancient RNase P 
proteins. Rpp29 and Rpp21 were 
shown to be the essential proteins for 
reconstitution of the human RNase P. 
This study also demonstrated that the 
human Rpp29 forms a stable 
ribonucleoprotein complex with M1 
RNA and has the ability to enhance its activity. Bioinformatical studies of the G. lamblia 
genome (S. Svärd unpublished data) indicated the presence of only two proteins 
homologous to human RNaseP proteins, namely homologs of Rpp29 and Rpp21 in G. 
lambia RNase. Svärd and colleges expressed and purified the identified proteins in the 
Escherichia coli. Other eukaryotes for example Saccharomyces cerevisae (yeast) posses 
no less than 9 protein subunits.     

  
Giardia lamblia Giardia lamblia 
  
Giardia lamblia is a parasite that infects the small intestine in 
mammals; the infection may cause diarrhea, vomiting and 
nausea. G. lamblia occurs worldwide and is a primary cause of 
non-bacterial diarrhea.  It infects its hosts through the drinking 
water. In many cases the infected individual does not develop 
symptom. G. lamblia is a great problem for children, old 
people and individuals with impaired immune defense in the 
third world. If a child with an already weakened health is 
afflicted by diarrhea, it might be put in a life threatened 
condition within only 24 hours and die.  

Giardia lamblia is a parasite that infects the small intestine in 
mammals; the infection may cause diarrhea, vomiting and 
nausea. G. lamblia occurs worldwide and is a primary cause of 
non-bacterial diarrhea.  It infects its hosts through the drinking 
water. In many cases the infected individual does not develop 
symptom. G. lamblia is a great problem for children, old 
people and individuals with impaired immune defense in the 
third world. If a child with an already weakened health is 
afflicted by diarrhea, it might be put in a life threatened 
condition within only 24 hours and die.  
  

Figure 4: Giardia lamblia 
a parasite that infect the 
small intestine 

  

 4



Model substrate and cleavage conditions for RNaseP 
 
In an experiment aiming to show low catalytic activity on RNA spontaneous degradation 
of the participating RNA can be avoided by lowering pH below physiological values (e.g. 
pH 6). At pH >7 spontaneous and Me2+ (e.g. Mg2+)-induced cleavage of RNA become 
prominent, especially in experiments where long incubation times are necessary7. 
Therefore the possibility of detecting weak catalytic activity is highly reduced. The 
chemistry of cleavage of the scissile bond is suggested to be rate limiting at pH 6. 
Besides low pH, increased amount of Me2+ improves the catalytic performance of RNA. 
Divalent metal-ions promote proper folding of RNA by interacting with its negatively 
charged backbone and directly involved in the catalytic activity. A high concentration of 
divalent metal-ions is necessary for obtaining activity of RNase P RNA in absence of 
proteins.  
Correct cleavage is 
between -1 and +1 
position of the substrate 
and is referred to as +1 
on fig 8. The 
radioactive substrate 
provides an excellent 
and easy way of 
detection, by separating 
the cleaved product on 
a 22 % polyacrylamide 
gel (PAGE). This is 
followed by exposure 
on a screen which 
accumulates the 
radiation. The screen is 
then scanned at a 
certain wavelength and 
displays where in the 
lane of the sample the 
most radioactivity is 
and therefore the 
cleaved product is 
located. 

 -9 -8 -7 -6-5 -4 -3-2 

 -1
+1

Figure 5. Model substrate for RNaseP assays  
The encircled part is cleaved off, the canonical cleavage site 
is between -1 and +1 position on the substrate. Single 
stranded regions as the loop and 5’- flank shown by arrows, 
are easily degraded.   

 
 
Aims 
 
The aim of this study was to reconstitute and study the RNase P for Giardia lamblia and 
characterize the two proteins participating in the holoenzyme. The experiments included 
radioactively labeled substrates which provided information of cleavage products from 
the reaction.   
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Results 
 
In order to reconstitute the RNase P for G. lamblia and further characterize the G. 
lamblia proteins provided to me, all participating moieties had to be functional. The 
activity for G1 RNA and the M1 RNA was confirmed in the activity assay as described 
below and seen in figure 6.  To investigate the function for the G. lamblia proteins Rpp21 
and Rpp29 activity assays using M1 RNA was used. M1 RNA was diluted until no 
activity was detected for it acting alone. The same concentrations were than used when 
Rpp29 and Rpp21 were added, separately or together (see fig 9).   
 
Activity of G1 RNA 
 
 
 
 Positive 

control 
Negative 
control  

 G1 RNA 

 
Non-cleaved 
substrate 

 
 
 
 
 
 
 
 
 
 
 
 +1 5’ cleavage   fragments -1 
 Figure 6. Activity assay. Catalytic activity for G1 

RNA 0.4 nM M1 RNA was incubated for one 
minute and used as positive control. For detection of 
activity 9.9 µM G1 RNA was incubated for 20 
hours. In the negative control water was added 
instead of enzyme with an incubation time as 
G1RNA. Assay conditions:  50 mM 5xMES pH 6.0, 
0,16 M Mg(OAc), 9.9 µM G1 RNA,  0,02 µM 
pATSerUG. 

 
 
 
 
 
 
 
 
 
After in vitro synthesis and purification of G1 RNA, a cleavage assay was performed in 
order to test its intrinsic activity. As seen in figure 6 the G1 RNA cleaved its substrate in 
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the same position as the positive control (M1 RNA). This result confirms previous results 
from E. Kikovska7 that eukaryotic G1 RNA possesses catalytic activity in absence of the 
RNase P proteins at pH 6 and an Mg2+ concentration of 0.16M. Having seen this, the 
experiments were continued with the reconstitution of G. lamblia RNase P.  
 
 
Reconstitution of G. lamblia  RNase P 
The reconstitution was performed by first carrying out seven-fold serial dilutions of G1 
RNA, followed by addition of buffer and the G. lamblia proteins Rpp29 and Rpp21 
(provided to me through S. Svärd and collegues). The protein-RNA solution was incubated 
for 5-10 minutes at 37 °C before the substrate was added and incubation performed for 1 
hour at 37 °C. The results are shown in figure 7. Cleavage and therefore reconstitution of 
RNase P has clearly occurred in the three lanes to the right containing the highest 
concentrations of G1 RNA. The achieved values were not sufficient for kinetic constant 
calculations, but presented a good estimate for the holoenzyme activity under the given 
reaction c

 

onditions.  

 

 
G1 RNA 

Rpp29 Rpp21 
Rpp29
+21 

 Non-cleaved 
substrate  

 
 
 
 Degradation of loop region (see 

fig. 5)  
 
 
 
 
 
 5’ cleavage 

fragments  
 
 
 

Figure 7: Enzyme titration. The seven lanes to the right contain 
decreasing G1 RNA concentration from right ((4.9, 2.45, 1.225, 
0.6125, 0.3063, 0.1531 and 0.0766) µM). The protein 
concentrations were kept constant for all samples. The three lanes 
to the left contained only protein (from left Rpp29+Rpp21, Rpp21, 
Rpp29) and acted as negative controls Assay conditions; 10xPA 
buffer (TRIS pH 7.9: NH4Cl 2 M) 10%, MgCl2 10 mM, RNA dilution 
20 %, protein solutions 20%, pATSerUG <0.02 µM 
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Purification of Rpp29 from M1 contamination 

 previous experiments (not shown in report) a contamination of M1 RNA deriving from 

A 

egradation of substrate 

n unfortunate degradation of the substrate made detection of cleavage product 
te of the 

 
In
the expression and purification was discovered in the Rpp29 sample. To purify it an 
aliquot of the sample was incubated with 5 mM Pb2+ for 3-4 hours. Pb2+ degrades RN
so it had to be dialyzed from the solution. The lane with Rpp29 alone showed no sign of 
cleavage and confirmed that the M1 RNA had been degraded and removed from the 
solution.    
 
D
 
A
practically impossible. Figure 8 shows this degradation of the pATSerUG substra
singlestranded region in the loop and at the ends. These regions provide binding-sites for 
metal ions, a possible explanation for the degradation might be a contamination of metal-
ions in the solution.    

G1 RNA
 

Neg. controls 

Figure 8. Example of substrate degradation. The negative controls are consisting of 

-5 

-

M1 
RNA

1
+1

Degradation of loop region 
see fig 5 

protein in absence of G1 RNA, M1 RNA acts as positive control the G1 RNA has a 
from left increasing concentration of G1RNA.. Assay conditions 10xPA buffer (TRIS 
pH 7.9: NH4Cl 2 M) 10%, MgCl2 10 mM, RNA dilution 20 %, protein solutions 20%, 
pATSerUG <0.02 µM 
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Stimulation of M1 RNA activity by G. lamblia RNase P proteins 
 

     1                2     3      4     5 

5’-end cleavage 
product  

+1

Figure 9. Activity enhancement of M1 RNA.  Lane 1: Positive control 
containing 40 nM M1 RNA, lane 2: 40 pM M1 RNA+Rpp29+Rpp21, 
lane 3: 40 pM M1 RNA+Rpp29, lane 4: 40 pM M1 RNA +Rpp21 and 
lane 5: 40 pM M1 RNA.  Assay conditions: 10xPA buffer (TRIS 
pH 7.9: NH4Cl 2M) 10%, MgCl2 10 mM, RNA dilution 20 %, protein 
solutions 20%, pATSerUG <0.02 µM 

 
 
This experiment was performed in order to try to create a stable ribonucleoprotein 
complex with proteins deriving from Giardia together with low concentrations of M1 
RNA. The assay conditions were as in the kinetic assays. Low concentrations of M1 
RNA showed no intrinsic activity see figure 9, lane 1. Rpp21 had been added as a 
component to the reaction in lane 4 and a clear activity can be detected. In lane 2 had 
both Rpp21 and Rpp29 been added an activity is detected but it were lower than in lane 4, 
the cleavage seemed to be restrained. Rpp29 in lane 3 gave no detectable cleavage.  
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Expression of the G. lamblia RNase P proteins Rpp29 and Rpp21 
 
For purification purposes the proteins were fused with 26 kD GST tag, supposed to bind 
to agarose beads in a affinity chromatography colon. The final mass of each protein was 
37 kD for Rpp21 and 48kD for Rpp29. After recombinant expression in Escherichia coli 
of these proteins a sodium dodecyl sulfate polyacryl amide gel was performed from the 
lysate from each clone see figure 10. In the Rpp21 lane a protein around the size of 36-37 
kD was overexpressed. In the Rpp29 lane a protein around the size 50 kD was over-
expressed. This indicates that the expression succeeded, time prevented elution of the 
desired proteins. 

 
 

Rpp21 Rpp29  
 
 70 kD

 
35  kD  

Figure 10. Protein analysis of lysate. SDS-PAGE was performed on lysate 
from the recombinant expression of the Giardia proteins. In the lane 
with Rpp21 lysate was a strong band seen at ~37 kD and in the Rpp29 
lane was a strong band seen around 48 kD.  
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Discussion 
 
 
Catalytic activity of RNase P RNA 
 
The release of the 5'-precursor sequence of ptRNA is catalysed by RNase P. The 
hydrolysis of the phosphodiester bond in ptRNA generates tRNA:s with mature 5' ends. 
The experiment shown in figure 6, clearly demonstrated the capacity of RNase P RNA 
from the eukaryotic parasite Giardia lamblia to catalyse the hydrolysis of this 
phosphodiester bond in the model hairpin substrate pATSerUG. The important function 
of catalysis has remained in the RNA moiety of eukaryotic organisms despite loss of 
several structural elements (see figure 2).   
 
 
Reconstitution of G. lamblia RNase P 
 
One of the main goals of this study was to reconstitute the RNase P of G. lamblia  and to 
be able to perform some kinetic calculations concerning its activity. A degradation 
problem prevented a more rigorous approach to the kinetic experiments so the results 
were not so extensive. But the accomplished results provided some useful information. 
Activity was achieved in a kinetic assay performed using both proteins under the 
conditions given in the result section. This indicates that the proteins actually participate 
in the holoenzyme and confirms the computional studies performed by S. Svard and 
colleges. An interesting evolutionary aspect is that archeal Rpp21 and Rpp29 together did 
not enhance the activity of the acrchaeal Pyrococcus furiosus RNase P holoenzyme13. 
The same proteins in human are the most essential for RNase P activity10. If there are 
only 2 participating proteins in Giardia RNase P will be confirmed when or if it is 
purified and analyzed. The low number of proteins raises new questions, so far 
eukaryotes have been considered to have eight to ten proteins and this seem to be 
significantly lower. The differences in shape and size of the RNA moiety is not striking 
between eukaryotes, so the question is why other eukaryotic RNase P need 10 protein 
subunits and G. lamblia  significantly less?  
 
Characterization of Rpp21 and Rpp29 
 
The G. lamblia proteins used in this study were identified, expressed and purified in the 
group of S. Svärd. Previous experiment by Jarrous et al 200310 has showed that the 
human Rpp29 could form a stable ribonucleoprotein complex with M1 RNA. This 
complex could perform catalysis under conditions where M1 RNA alone showed no 
activity by itself. Computational studies made by me have revealed that Rpp29 shares no 
sequence or structural similarity with C5, the protein subunit in Escherichia coli RNase 
P.   
The proteins I received were GST-tagged and purified in an affinity batch. During the 
initial experiments aimed to test the purity of the proteins, M1 RNA was discovered to 
co-purify with the protein and contaminate the sample. This affinity co-purification 
indicated that it had to be quite strongly associated to M1 RNA. RNA binding motifs 
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have been identified on homologs to both Rpp29 and Rpp213, but since only Rpp29 was 
contaminated, my conclusion was that M1 RNA did not provide any proper binding site 
for Rpp21. This meant that an addition of G. lamblia Rpp21 to M1 RNA would not result 
in a functional ribonucleo protein complex. However the results in figure 9 showed the 
opposite result, a significant cleavage only when Rpp21 was added and a much lower 
activity when both proteins were present. The lower activity when both proteins were 
added might be due to competitive environment for the proteins binding to the same site. 
G. lamblia  Rpp21 is 101 amino acids long and has a molecular weight of 11 kD and no 
previous research have showed any of its homolog able to perform catalysis together with 
M1 RNA.     
 
 
Future aspects 
 
If Rpp21 binds to a site on M1 RNA similar to its naturally occurring binding site on G1 
RNA, bioinformatic studies of the RNA structure should be able to locate such regions 
for further biochemical experiments. Further investigation of the Giardia RNase P is 
necessary in order to calculate kinetic constants and mathematically prove its higher 
efficiency compared to its RNA moiety alone. The experimental approach should be the 
same as in this study. The Giardia RNAse P proteins also require further studies, an 
interesting aspect would be to see whether other proteins can be found to associate to G1 
RNA in vivo.  
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Materials and methods 
 
In vitro transcription and purification  
 
In vitro transcription 
 
T7 RNA polymerase transcription of G1 RNA was performed on purified PCR products, 
generated by using a T7-G1 RNA gene construct14 in a pCR4-TOPO vector (Invitrogen) as 
template and wild type G1 RNA primers (see table 2). 
 
Purification 
 
The reaction mixture was incubated with RQ1 DNase (Promega) to a final concentration 
of 10% at 37°C for 1-2 hours. The samples were than incubated with 0.01 M EDTA for 
10 minutes. The first precipitation was performed with 2.6 M NH4OAc and 2.5 volumes 
99.5% ethanol. The samples were frozen for 1-2 h at -20°C and then centrifuged at 10000 
g for 20-25 minutes at 4 °C, the supernatant was discarded and the pellet dried in a 
vacuum centrifuge until dry (20-120 min.). The dry pellet was dissolved in 30 µl double 
distilled (dd) H2O and loaded on an 8% polyacrylamide gel. The gel was run for 2 h at 
25W and the RNA transcript was detected with a UV-lamp and cut out. 300 µl TE-buffer 
(10 mM Tris-HCl pH 7.5 and 1 mM EDTA) per gel piece were added and the RNA was 
eluted over night.  Phenol and chisam (chloroform and iso-amyl alcohol; ratio 24:1) extractions 
were performed. Equal volume of phenol as sample was added and it was vortexed for 1 
minute and centrifuged at 10000 g  for 2 minutes. The supernatant was transferred to an 
eppendorf tube with a double volume of chisam pre-added. The sample was vortexed and 
centrifuged as before and the chisam step was repeated. A second precipitation was then 
performed on the extracted RNA (volume ~200 µl ),  adding NaOAc to 0.3M and 3,5 volumes 
of 99,5 % EtOH. The rest of the procedure was as described above. The dried RNA was 
dissolved in  20-40 µl dd H2O. The concentration was measured in Nano Drop (Saveen 
Werner).  
 
Preparation of substrates  
 
Labeling 
 
The substrate pATSerUG was purchased from Dharmacon US (Lafayette, CO) and was 
labeled in the 5’-end with γ-32P by mixing 1 µl of the enzyme T4 polynucleotide kinase 
(Fermentas) together with 100 pmol of pATSerUG, 10 µl of  [γ-32P] ATP (specific 
activity 3000 Ci/mmol) and 3 µl of Buffer A (Fermentas), reaction volume 20 µl.  
Incubation time was 45 minutes. 
 
Purification 
 
All work was performed in a radioactive hood. After labeling a 15 % PAGE was 
performed and bands detected by Phosphor imager analysis and cut out. The rest of the procedure 
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was carried out as for purification of RNA, the dried pellet was dissolved in 20 µl. 1 µl of 
substrate containing  ~20 cpm (counts per minute) was used in the assays. 
 
 
Polymerase chain reaction 
 
Polymerase chain reactions were carried out using 0.2 ml tubes containing 20 µl 
mastermix (table 1). The program used for the PCR reactions was FPTA60PH with the 
following cycles ; 98 °C for 2 minutes followed by 34 cycles of, 98 °C for 15 seconds, 65 
°C for 30 seconds, 72 °C for 30 seconds. The samples were then put at 72 °C for 30 
seconds, finally at 4 °C to hold. This program was used for amplification of G1 RNA 
template.  
  
Table 1  
PCR Mastermix ingredients Volume 
5xPhusion buffer (F-518) 
(Finnzymes) 

20 µl 

dNTP mix (20mM) 1 µl 
Forward primer  (10µM) 10 µL 
Reverse primer  (10µM) 10 µL 
Plasmid (1ng/µL) 5 µL 
Phusion DNA polymerase 
(Finnzymes) 

2 µl 

ddH2O 52 µL 
Final volume 100 µL 
 
 
 
Table 2   
Construct Primer name Primer sequence 

G1 RNA         5'  
Forward 5'-CCGAATTCGAAATTAATACGACTCACTATAGAG
                   GAATTAGGAGGGGCGCCACCG-3

  3'  Reverse 5'-CCCTGCAGAGGAACCAAGGAGTAGTCTGAATCG-3'  
 
 
Kinetic assays  
Both RNA and proteins are needed in order for the kinetic assay to function. Up to 10 
dilutions were carried out of either RNA or proteins, they were performed in a 2-fold 
manner (1, 0.5, 0.25… etc). The dilutions were 2 µl of the 10µl reaction mixture which 
contained; 10xPA buffer (TRIS- HCl pH 7.9: NH4Cl 2 M) MgCl2 1 mM, 2 µl of the not 
diluted component , 2 µl pATSerUG <0.02 µM. The dilution and buffer (10xPA, MgCl2 
and ddH20) were incubated at 37 °C or room temperature for 7 minutes. The other 
component was added and the mixture was incubated for an additional 7 minutes before 2 µl 
of the pre-warmed substrate was added. The reaction mix was incubated for 1-3 hours. To 
stop the reaction 20 µl stop solution (10 M Urea, 10 mM EDTA, Brom Phenol Blue and 
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Xylene Cyanol) was added, and samples were analyzed on a 22% PAGE and exposed 
overnight to a Phosphor Imager screen (400S; Molecular Dynamics).   
 
 
Cleavage assays  
 
Cleavage assays contained 50 mM 5xMES pH 6.0, 0.16M Mg(OAc), 4 µg G1 RNA,  
pATSerUG <0.02 µM .All components but the substrate were incubated at 37 °C for 10 
minutes, then pre-warmed substrate were added. The mixture was incubated at 37 °C 
overnight. To stop the reaction 20 µl stop solution (same as for the kinetic assay) were 
added to the samples, which were then analyzed on a 22% denaturing PAGE. The gels were 
exposed overnight to a Phosphor Imager screen.     
 
 
Expression and purification of Rpp29 and Rpp21 
 
Escherichia coli BL-21 transfected with pGEX 6P-3 plasmids (GE lifescience) 
containing the sequences corresponding to the ORF of Giardia Rpp29 and Rpp21 
respectively, (the Giardia genes had been cloned in frame with glutathione-S-transferase 
GST) was provided to me by Staffan Svärd (Department of Cell and Molecular Biology, 
Uppsala universitet)    
 
 
Expression  
 
BL-21 cells containing plasmid expressing either Rpp29 or Rpp21 were cultured in 
Luria-Bertani broth (LB) (tryptone 10 g/l, yeast extract 5 g/l, NaCl 10 g/l) containing 
ampicillin 100 µg/ml to OD600 0.9. The expression of the insert was under control of a 
lac promoter and induced for 3.5 hours by adding IPTG (isopropyl β-D thiogalactosidae) 
to a final concentration of 0.1 mM. The cells were pelleted by centrifugation at 4000g for 
12 minutes. The pellets were resuspended in lysis buffer containing 10 mM Tris-HCl pH 
8, 150 mM EDTA, 100 µg/ml lysozyme, 5 mM DTT (dithiothreitol) and 1.5% Sarkosyl 
(N-laurylsacosine), sonicated on ice at amplitude 5 for 1 min. The lysate was clarified by 
centrifugation for 20 min at 4000g  at 4 °C, and Triton-X was added to the lysate to a 
final concentration of 2%.  
 
 
Purification of Rpp21 and Rpp29 
 
The steps were performed at 4 °C. A medium of 50 % slurry of ProCatch glutathione 
resin beads (Miltenyi Biotec) was prepared according to the provided protocol. The 50% 
slurry beads were first saturated in a Falcon tube with 0.1 mg/ml of BSA (Bovine serum 
albumin). After that the beads were washed and equilibrated with 1xPBS (140 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3) as binding buffer. The slurry 
was added to the lysate and the recombinant GST-tagged proteins from the plasmid   
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were bound to the beads overnight. The lysate was centrifuged for 12 min at 4000g. The 
supernatant was collected and the slurry was transferred to a poly-prep chromatography 
column (Bio-Rad). The column was washed in 1xPBS and bound proteins were eluted by 
adding different buffers (table 3) to the column and collecting the flow-through.  
 
 
Table 3    

Elution Buffers 1 Glutathione 20mM 
  NaCl 1 M 
  Tris pH 10 50mM 
    
 2 Glutathione 10mM 
    Tris-HCl (pH 8) 50 mM 

 
 
 
Purification of Rpp29 contaminated by E. coli M1 RNA  
 
M1 RNA contaminated with protein Rpp29 was purified by adding 5 mM of Pb2+ to an 
aliquot of the protein solution an incubate for 3-4 hours at 37 °C. The solution was then 
dialyzed on Millipore 0,025 µm membrane for ~1 hour at room temperature in PBS.     
 
 
Gel electrophoreses 
 
 
Agarose gels for DNA analysis 
 
Agarose gel electrophoresis was performed in a 2 % agarose gel with ethidium bromide 
(0.5 µg/ml) in 0.5xTEB (1.2 mM EDTA, 45 mM Boric acid, 45 mM Tris) for 
approximately 1 hour. 6x loading buffer (Fermentas) was added to the samples before 
loading them on the gel. 
 
 
Polyacrylamide gels for RNA analysis 
 
Polyacrylamide gels were made by diluting a stock solution of 25% acrylamide deriving 
from 40% 19:1 acrylamide:bis-acrylamide (BioRad) with 7M Urea in 1xTEB   to 
appropriate concentration, followed by polymerizing the gel by adding APS (ammonium 
persulfate 10g/100ml) (1:100 to gel volume) and TEMED (1:1000 to gel volume). A 
denaturing solution (10 M Urea, Brom Phenol Blue and Xylene cyanol) was applied to 
samples before loading them on the gel. The gel was generally ran for around 2 hours 
with 1xTEB as running buffer and exposed overnight to a Phosphor Imager screen.  
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Polyacrylamide gels for protein analysis 
 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed 
using a 5 % stacking gel ( H2O 3.4 ml, 40% acrylamide 0.63 ml, 1 M Tris-HCl (pH 6.8) 
0.63 ml, 10% SDS 0.05 ml, APS 0.05 ml, TEMED 0.005 ml)  and a 10 % running gel ( H2O 
2,4 ml, 40% acrylamide 1.3 ml, 1 M Tris-HCl (pH 9) 1.95 ml, 10% SDS 0.05 ml, APS 0.05 ml, 
TEMED 0.002 ml). The samples were prepared by adding equal volume of SDS-loading 
buffer (10 % sodium dodecyl sulfate, 5% glycerol, 5% β-mercapto ethanol, 1M Tris-HCl, 
5% brom phenol blue) to the sample. They were put at 95 °C for 3 minutes before loading 
them on the gel. The gels were stained with coomassie blue (Coomassie Brilliant Blue 
0.125% (w/v), isopropanol 25% (v/v), acetic acid 10 (v/v)) for 15 minutes and destained 
around 1 hour in 10 % ethanol to see protein bands.  
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