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Abstract
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How the linear protein chains fold into their three-dimensional active conformation is one of
the remaining puzzles of modern science. Other than molecular chaperones, ribosome - the
cellular protein synthesis machinery, has also been implicated in protein folding. The active
site of protein folding activity of the ribosome (PFAR) is in the domain V of the main RNA
component of the large ribosomal subunit, which also constitutes the peptidyl transferase center.

We have characterized the mechanism of PFAR using ribosomes or ribosome-borne folding
modulators (RFMs) and human carbonic anhydrase I (HCA) as a model system. RFMs from
all three kingdoms of life showed PFAR.  By multiple addition of the denatured protein in the
refolding assay we demonstrate that the RFMs can recycle efficiently to assist refolding of a
new batch of denatured protein. The turnover of the RFMs, which includes release of the protein
substrate, takes milliseconds. Furthermore, fast kinetics of HCA refolding suggests that an early
folding intermediate is the substrate for PFAR. Our results demonstrate for the first time that
PFAR is catalytic.

It was shown that two anti-prion drugs 6AP and GA specifically inhibit PFAR by binding to
the domain V of the 23S / 25S rRNA. Using UV-crosslinking followed by primer extension we
have identified the interaction sites of 6AP on domain V of 23S rRNA, which overlap with the
protein binding sites, and are sensitive to mutagenesis. We find that 6AP and GA inhibit PFAR
by direct competition with the substrate protein for the binding sites. Also, 6AP derivatives
inhibit PFAR in the same order as their antiprion activity, 6AP8CF3 > 6AP8Cl > 6AP > 6APi.
These results suggest involvement of PFAR in prion processes.

To clarify the role of PFAR in prion processes, we studied HET-s prion aggregation in the
presence of domain V/ IV/II of rRNA. The rRNAs, especially domain V rRNA not only reduced
HET-s aggregation, but also changed the morphology of the HET-s fibrils, which became shorter
and less compact. These results show that PFAR actively prevents large amyloid aggregation
and thus, possibly influence prion propagation.
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6AP                                            6-Aminophenanthridine 
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6AP8Cl                                      6-Amino 8-chloro phenanthridine 
6APi                                           6-(2-Aminopropyl) indole  
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B. subtilis                                   Bacillus subtilis 
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E. coli                                        Escherichia coli 
GA                                             Guanabenz acetate 
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mRNA                                       messenger RNA 
NAC                                          nascent chain associated complex 
ORF                                           open reading frame 
P. anserina                                Podospora anserina 
PDF                                           peptide deformylase 
PFAR                                        protein folding activity of ribosome 
PFD                                           prion forming domain 
PNP                                           para-nitrophenol 
PNPA                                        para-nitrophenyl acetate 
PTC                                           peptidyl transferase center 
RAC                                          ribosome-associated complex 
RFMs                                        ribosome-borne folding modulators 
r-protein                                    ribosomal protein 
rRNA                                         ribosomal RNA 
S. cerevisiae                              Saccharomyces cerevisiae 
SD-Ade                                     adenine-deficient medium 
TEM                                          Transmission Electron Microscopy 
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Introduction 

Proteins are essential components of all living organisms, which act either as 
structural components of body tissues such as muscle, skin, hair etc. or as 
functional components such as enzymes or hormones. Proteins can regulate 
cellular processes, provide energy, transport materials and help with im-
munity. Vast array of biological functions in living cells are performed by 
protein. Proteins are macromolecules composed of one or several chains of 
amino acids. Each protein consists of unique sequence of amino acids di-
rected (or encoded) by its own gene. The amino acids sequence of protein 
allows it to fold up into particular three-dimensional conformation that is 
able to perform specific biological functions.  

The process of protein folding is remarkably efficient in the cell. However 
proteins do not always fold correctly, sometimes folding can go wrong under 
influence of several cellular and environmental factors. Misfolding of pro-
teins can have many harmful results.  If protein folding is disrupted, proteins 
can display sticky surfaces and aggregate or can even assemble into amyloid 
fibers; such nonfunctional protein aggregates can be toxic to the cell.  The 
current knowledge base demonstrates that incorrect folding of proteins is the 
cause of a growing number of age-related diseases in human, such as  Alz-
heimer's disease, Parkinson's disease and a wide range of other disorders 
(Carrell and Lomas, 1997; Chiti and Dobson, 2006; Friedrich, 2006; Spinner, 
2000; Walker and LeVine, 2000; Westermark et al., 2007). Currently, there 
is no certain cure for these diseases; thus, understanding protein folding re-
mains one of the biggest goals of modern biological research. Only a con-
certed effort covering various aspects of protein folding and misfolding 
would provide the knowledge base required for development of new thera-
peutic strategies against these diseases. 

Protein synthesis  
How are the proteins synthesized in cell and how do they reach their func-
tionally active folded conformation are the subjects of many studies and 
speculations. Each protein is essentially a chain of amino acids, encoded by 
the corresponding gene. In the cell, there are 20 different amino acids. After 
the genomic DNA is transcribed into the messenger RNA (mRNA), the ribo-
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some together with transfer RNA (tRNA) and other translation factors join 
the individual amino acids corresponding to the codons in the mRNA with 
series of peptide bonds.  

Ribosome 
Ribosome is the protein-synthesizing machine of the cell. This macromolec-
ular machine is a massive ribonucleoprotein complex composed of over 50 
proteins, three ribosomal RNA (rRNA) chains in prokaryotes and four rRNA 
in eukaryotes. Two thirds of the mass of the ribosome is contributed by 
rRNA and the remaining one third is from ribosomal proteins (r-protein) in 
prokaryotic ribosomes. The ratio between rRNA and r-protein is close to 1 in 
eukaryotic ribosomes. In mitochondrial ribosomes, this ratio is roughly 1:2. 
Based on the sedimentation coefficients the prokaryotic ribosome is often 
referred to as 70S and the eukaryotic ribosome as 80S. The prokaryotic (70S) 
and eukaryotic (80S) ribosomes are very similar in their overall structural 
organization, although there are several differences in their individual con-
stituents. The ribosome has two subunits designated as the large subunit 
(50S in prokaryotes and 60S in eukaryotes) and the small subunit (30S in 
prokaryotes and 40S in eukaryotes). In prokaryotic ribosome,  the 30S subu-
nit contains 16S rRNA and 21 different r-proteins and the 50S subunit con-
tains 36 r-proteins along with two rRNA components 23S and 5S rRNA. The 
23S rRNA is approximately 3000 nucleotides long and folds into six second-
ary structural domains (I to VI) containing over 130 RNA helices (Cate et al., 
1999). 

The rRNA is the solely component of the peptidyl transferase center (PTC) 
of the ribosome large subunit, which is the active site for the formation of 
peptide bonds after initial selection and proofreading. More specifically PTC 
is composed of the domain V of the largest rRNA (23S in prokaryotes, 25S 
or 28S in eukaryotes) of the large ribosomal subunit. Ribosomes also exhibit 
an ‘exit tunnel’ which is effectively an unbranched tubular channel originat-
ing at PTC through which nascent peptides emerge outside of the ribosome.  
(Nissen et al., 2000). Other than 23S rRNA, four auxiliary r-proteins L4, 
L22, L23 and L29 constitute the exit tunnel (Contreras-Martinez et al., 
2012). The tunnel diameter is not uniform and there are some constrictions, 
which will not allow accommodation of folded polypeptides larger than α-
helices (Voss et al., 2006). 

The role of the ribosome in protein synthesis 
Protein synthesis is a highly complex process executed by the ribosome. The 
process of protein synthesis is commonly called translation, which is divided 
into four stages, namely initiation, elongation, termination and ribosome 
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recycling. The elongation step, during which amino acids are joined in the 
nascent peptide chain, is composed of two main substeps – decoding and 
peptidyl transfer. While correct decoding is a function of the decoding center 
located in the small subunit and composed of conserved bases of the 16S 
rRNA, peptidyl transfer is the function of the highly conserved domain V of 
the 23S rRNA of the large subunit. In the decoding step, a tRNA molecule 
charged with an appropriate amino acid is brought to the ribosome by elon-
gation factor-Tu. Upon correct codon – anticodon recognition, the decoding 
center of the ribosome gives green signal by changing conformation of the 
three gatekeeper bases (Sanbonmatsu, 2006) and the tRNA gets accommo-
dated to the A-site of the ribosome. The following step is peptidyl transfer 
during which the covalently linked peptide chain is transferred from the pep-
tidyl tRNA in the P-site to the aminoacyl tRNA in the A-site. A peptide bond 
is formed and the peptide chain gets longer by one amino acid. Then this 
peptidyl tRNA is translocated to the P-site by EF-G and the process repeats 
until a stop codon reaches the A-site.  As the peptide chain gets longer, it 
goes through an ‘exit tunnel’ in the large ribosomal subunit. Once the chain 
is completed, it is released through the exit tunnel. Although there are many 
translation factors involved in these steps, the guiding principle is the same 
in both prokaryotes and eukaryotes. 

Protein folding 
The newly synthesized nascent protein chain is biologically inactive. It must 
be folded to adopt a precise three-dimensional conformation in order to gain 
functionality. According to Anfinsen’s classical experiment, all proteins 
carry the code for its folding in its amino acid sequence (Anfinsen et al., 
1954), which means that all proteins should be able to fold by themselves. 
However, in reality, due to crowding in the cellular environment, folding of 
newly synthesized proteins can be a big challenge. When the cellular solu-
tion is highly concentrated with proteins and other macromolecules, and 
when there is a high probability of misfolding and aggregation due to en-
counter and interaction with several other factors, how can the nascent pro-
teins fold at all? Thus, the newly synthesized proteins often need additional 
factors, which help them to fold by creating a protective environment. These 
factors, commonly known as ‘molecular chaperons’, was a major discovery 
in the mid-1980s, and since then, have been studied by various genetic, 
structural and biochemical methods. The knowledge base about chaperones 
has been so enriched that lately the mode of action of different chaperones 
can be described with molecular details (Kim et al., 2013). These chaperons 
themselves are usually proteins. They help nascent proteins to fold efficient-
ly by providing a sequestered environment in which correct protein folding 
can occur, mostly by preventing aggregation into nonfunctional structures. In 
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some cases, chaperones can unfold incorrectly folded proteins and direct 
them to productive folding pathway. There are many different types of chap-
erones identified, each type aids protein folding in different way. These in-
clude trigger factor (TF) in prokaryotes and specialized Hsp70 complex such 
as ribosome-associated complex (RAC; in saccharomyces cerevisiae (S. 
cerevisiae)), MPP11 and Hsp70L1 (in mammals), and nascent chain associ-
ated complex (NAC; in archaea and eukaryotes) (Bukau et al., 2000; Hartl et 
al., 2011; Preissler and Deuerling, 2012).  

Co-translational folding  
Co-translational folding refers to the folding of the polypeptide chain while 
it is still being synthesized from ribosome. Many studies have been conduct-
ed to explore folding process of the growing polypeptide chain (Cabrita et 
al., 2009; Clark and King, 2001; Eichmann et al., 2010; Hsu et al., 2009; 
Johnson, 2004, 2005; Khushoo et al., 2011; O'Brien et al., 2010; Woolhead 
et al., 2004). It is now widely accepted that co-translational folding process 
starts as soon as the nascent protein chain emerges from the ribosome 
through an ‘exit tunnel’, which extends from the PTC to the surface of the 
large ribosomal subunit (Nissen et al., 2000).  According to the length of the 
exit tunnel, it can accommodate 30 - 40 amino acid residues of growing pol-
ypeptide chain inside it (Dingermann, 2007). In reality, during co-
translational folding, greater number of amino acids can be accommodated 
in the tunnel suggesting that some degree of structural reorientation is per-
mitted in the ribosomal exit tunnel (Bhushan et al., 2010; Kramer et al., 
2001).  As the exit tunnel is a tubular structure of very narrow width (28 Å at 
the widest point), folding to various structures is not permitted (Voss et al., 
2006). However cryo-EM studies (Nilsson et al., 2015; Seidelt et al., 2009) 
have revealed different folding jones in the ribosomal exit tunnel and sug-
gested folding of the nascent chain in a helical conformation.  An independ-
ent NMR study also suggests that the emerging nascent chain has the pro-
pensity to adopt partially folded structure (Cabrita et al., 2009).  The for-
mation of alpha helical structures in the ribosomal exit tunnel has also been 
reported for a trans-membrane protein (Tu and Deutsch, 2010). With the 
recent development of high-resolution cryo-EM, it is likely that the confor-
mation of various protein chains in the tunnel will be revealed in the near 
future. 
 
When the nascent chain starts emerging from the exit tunnel, it comes in 
contact with the ribosome-associated chaperones and enzymes. These mole-
cules include ribosome binding targeting factors (e.g., signal recognition 
particle) (Eisner et al., 2003; Ullers et al., 2003) and modifying enzymes 
such as peptide deformylase (PDF) (Bingel-Erlenmeyer et al., 2008), as well 
as the chaperones such as TF and DnaK-DnaJ (Ghosh et al., 2003) in bacte-
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ria, ribosome-associated chaperones (RAC) and nascent polypeptide-
associated complex (NAC) etc. in eukaryotes. The TF covers the exit tunnel 
like a molecular cradle and assists folding by binding to the nascent chain by 
hydrophobic interaction (Cabrita et al., 2010). In eukaryotes, RAC and NAC 
may fulfill a role similar to TF (Kim et al., 2013). Recent evidences from 
ribosome profiling and computational biology show that translation speed 
can influence co-translational protein folding (Caniparoli and O'Brien, 2015; 
O'Brien et al., 2014a; O'Brien et al., 2014b; Wang et al., 2015; Yu et al., 
2015). On the basis of these results it is believed that there exists a strong 
correlation between translational speed and co-translational folding, which 
can create a strong impact on protein folding in vivo.  

Post-translational folding 
Despite the possibility of co-translational folding, many proteins often gain 
the active conformation by post-translational folding. Post-translational fold-
ing refers to the folding of the polypeptide chain after its complete synthesis. 
As mentioned earlier, several chaperone factors are known to interact with 
the target protein at this stage of its folding. These include Hsp70-Hsp40 
(also known as DnaK-DnaJ in bacteria) chaperone systems which can assist 
co- or post-translationally folding, GroEL-GroES in bacteria and TRiC/CCT 
and other Hsps in eukaryotes e.g. Hsp90, Hsp104 etc. (Hartl and Hayer-
Hartl, 2009; Kim et al., 2013). The role of these chaperones in post-
translational folding of polypeptides has been established by in vitro and in 
vivo experiments (Jaenicke, 1998; Kim et al., 2013; Spektor and Rice, 2009). 
However, how these chaperones assist protein folding is beyond the scope of 
this thesis. 

Protein folding activity of the ribosome (PFAR) 
Although there are many different classes of chaperones present in the cell, 
only 20 to 30 percent of nascent polypeptide chains can get assistance from 
chaperones for their folding under normal growth conditions (Hartl et al., 
2011). This is because many chaperones being heat shock proteins express 
predominantly under stress conditions. Moreover, chaperone activity often 
requires binding and hydrolysis of adenosine triphosphate (ATP). So, how 
do proteins fold in the crowded cellular milieu under normal growth condi-
tions, without extra input of energy and molecular chaperones? Is there a 
more general folding modulator in the cell?  
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Ribosome as the protein folding modulator 
Ribosome plays an important role not only in protein synthesis, but also in 
protein folding. In case of both the co- and post-translational protein folding, 
the ribosomes can be much more than just a spectator. It was first demon-
strated in early nineties that 70S ribosome from bacteria Escherichia coli (E. 
coli) can act as a folding modulator by refolding denatured bacterial alkaline 
phosphatase and fungal glucose-6-phosphate dehydrogenase in vitro (Das et 
al., 1992). Later, ribosomes from various prokaryotic and eukaryotic sources 
have been demonstrated to assist refolding of more than twenty different 
proteins (Argent et al., 2000; Basu et al., 2008; Bera et al., 1994; 
Chattopadhyay et al., 1994; Chattopadhyay et al., 1996; Das et al., 1996; Das 
and Gupta, 1992; Samanta et al., 2008). The protein folding activity of the 
ribosome (PFAR) (reviewed in (Banerjee and Sanyal, 2014; Basu et al., 2008; 
Kudlicki et al., 1997; Voisset et al., 2011)) was identified primarily in the 
large subunit of the ribosome (Chattopadhyay et al., 1994), and  later 
demonstrated as an activity of the 23S rRNA in bacterial ribosome or its 
equivalent RNA component in ribosomes from other sources 
(Chattopadhyay et al., 1999). The small ribosomal subunit and its rRNA / r-
protein components did not show any protein folding activity 
(Chattopadhyay et al., 1994). As discussed before, the 23S rRNA is divided 
in six domains and the domain V is the most conserved domain of all 
(Tsiodras et al., 2000; Vester and Douthwaite, 1994). Surprisingly, the do-
main V of 23S rRNA was identified as the active center for PFAR 
(Chattopadhyay et al., 1996). In fact, this was the very first demonstration 
that an in vitro transcribed ~600 nt long RNA could act as a protein folding 
modulator. Smaller pieces of domain V rRNA did not retain the protein fold-
ing activity (Pal et al., 1997; Pal et al., 1999), thereby suggesting that the 
conserved domain V rRNA may have been an universal protein folding 
modulator from the early phases of the modern cell. The 70S (or 80S) ribo-
some and its components, which can assist in protein folding, are generally 
called as the ribosome-borne folding modulators (RFMs). There are so far 
two reports where PFAR has been demonstrated also in vivo (Chattopadhyay 
et al., 1999; Tribouillard-Tanvier et al., 2008b). Although fully established 
as a protein folding modulator from in vitro experiments, the in vivo demon-
stration of PFAR adds highly valuable information in the context of the liv-
ing cell. 

PFAR as the target of two antiprion drugs 
It is already known that ribosome is the target of many antibiotics (Wilson, 
2014; Yonath, 2005). Antibiotics chloramphenicol and erythromycin, which 
bind to the 50S subunit and block protein synthesis, could also inhibit pro-
tein folding (Chattopadhyay et al., 1996). Recently, two potential antiprion 
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drugs 6-Aminophenanthridine (6AP) and Guanabenz acetate (GA) were 
identified with the yeast-prion based assay (Barbezier et al., 2011; Gug et al., 
2010; Voisset et al., 2009), which were shown to target ribosomes, especial-
ly rRNA and to inhibit PFAR (Tribouillard-Tanvier et al., 2008b). This the-
sis explores the mechanism of PFAR inhibition by these antiprion drugs. 

Prions are misfolded, infectious proteins that cause neurodegenerative dis-
ease in mammals (Prusiner, 1998a, b, c). Till now; there is no proven effec-
tive treatment for these diseases. Prions form amyloid fibrils, which cannot 
be degraded by common proteases. Moreover, the transmissible nature of 
prion diseases adds to the challenges of identifying antiprion drugs using 
proteinase-K based assays. The scenario changed in early 90’s with the dis-
covery of yeast prions such as Sup35 ([PSI+]) and [URE3] systems 
(Paushkin et al., 1996; Wickner, 1994). Consequently, new antiprion drug 
screening methods employing yeast [PSI+] were developed, which identified 
several novel compounds (Bach et al., 2006; Tribouillard-Tanvier et al., 
2008a; Tribouillard et al., 2006; Tribouillard et al., 2007). Among these were 
6AP and GA, which showed very high antiprion activity in both the [PSI+] 
and [URE3] systems (Tribouillard-Tanvier et al., 2008b). Later, these com-
pounds were also shown to be active against prions in cell-line based assays, 
even in vivo in murine system (Tribouillard-Tanvier et al., 2008a; Voisset et 
al., 2009), which led to further investigations of their mode of actions. Using 
pull-down assay, it was shown that 6AP and GA do not interact with prion 
protein; instead they bind to the ribosome in an rRNA dependent manner 
(Banerjee and Sanyal, 2014; Barbezier et al., 2011; Tribouillard-Tanvier et 
al., 2008b). Most interestingly, it was shown that 6AP and GA selectively 
inhibit the PFAR without affecting the ribosomal function in protein synthe-
sis (Tribouillard-Tanvier et al., 2008b). These findings opened up many 
questions and possibilities, which lay the basis of the works presented in this 
thesis. 
 
  

 17 



The present work 

In this thesis, we have investigated the mechanism of PFAR and its implica-
tion in prion diseases using antiprion drugs 6AP, GA as tools. Moreover, we 
have studied the role of rRNA in aggregation - disaggregation of prion pro-
teins, using fungal prion protein HET-s as the model protein. 

Unlike the cellular chaperones, little is known about the mechanism of 
PFAR. It has been shown that one segment of domain V rRNA with the 
highly conserved central loop captures the substrate protein and another 
fragment constituting the stem-loop region of the domain V rRNA releases 
it. By this alternative capture and release mechanism, the protein is moved to 
the productive folding pathway (Pal et al., 1999). However, questions re-
mained whether PFAR is catalytic or not, and what state of folding is the 
actual substrate for PFAR. We have investigated these two questions in this 
study and came to conclusion that ribosomes and other RFMs can recycle 
like common enzymes meaning that PFAR is catalytic. Using human carbon-
ic anhydrase I (HCA) as a model protein we also demonstrate that the sub-
strate of PFAR is a very early folding intermediate of the protein and that the 
RFMs can be recycled to fold a new batch of denatured protein in millisec-
ond time scale.  

As mentioned earlier, 6AP and GA are the first identified specific inhibitors 
of PFAR. Thus, we used these two antiprion drugs as tools to investigate the 
mechanism of this novel ribosome function. In paper I, we have character-
ized the mode of inhibition of PFAR by 6AP and GA by biochemical exper-
iments. Our results showed that these two antiprion drugs inhibit PFAR by 
competition with the unfolded protein for binding to the rRNA.  Further, in 
paper II, using UV cross-linking and primer extension we showed that 6AP 
and the protein substrate interact with a common set of nucleotides on the 
domain V of 23S rRNA, which serve the basis of their competition. Muta-
genesis of those bases renders domain V rRNA inactive in PFAR; the bind-
ing of the protein substrate and 6AP also becomes affected in a correlated 
fashion. Furthermore, using RFMs from both prokaryotic and eukaryotic 
sources, it could be re-demonstrated that PFAR is conserved from prokary-
otes to eukaryotes. Finally, we proposed a scheme for PFAR inhibition by 
6AP (paper II). 
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Since 6AP and GA showed active reversal of [PSI+] phenotype, several 6AP 
and GA based compounds were synthesized and checked in vivo. While 6-
Amino 8-chloro phenanthridine (6AP8Cl) and 6-Amino 8-trifluoromethyl 
phenanthridine (6AP8CF3) showed increased antiprion activity, another 6AP 
derivative in which the 6 amino group is substituted with a 2-(butan-1-ol) 
turned it fully inactive (6APi) (Tribouillard-Tanvier et al., 2008b). In paper 
III, we have investigated the reason for this varied activity of the 6AP deriv-
atives using biochemistry and ab-initio electronic structure calculation. We 
found that the PFAR inhibition activity of these compounds correlates well 
with their antiprion activity 6AP8CF3 > 6AP8Cl > 6AP > 6APi. Using first 
principle density functional theory, we proposed that the deviation of planar-
ity in 6APi and the steric hindrance from its bulky side chain are the reasons 
which prevent it from interacting with rRNA and render inactive. 

In the last part of this thesis we have investigated whether PFAR is involved 
in prion propagation. Although prion diseases are reported mostly in mam-
mals, several prion-forming proteins have been reported in fungi as well 
(Wickner et al., 2015). These fungal prions provide safe model systems for 
studying prion formation and propagation. Using HET-s prion from the fila-
mentous fungus Podospora anserina (P. anserina) (Saupe, 2011) we have 
studied the role of rRNA in prion aggregation using light scattering, Thiofla-
vin T (ThT) binding and Transmission Electron Microscopy (TEM) tech-
niques. Our result presented in paper IV suggest that rRNA in general, and 
domain V of 23S rRNA in particular, can influence folding and aggregation 
of HET-s. Using UV-crosslinking followed by primer extension, we also 
show that HET-s interacts with the domain V rRNA involving the same nu-
cleotides as other substrate proteins tested in PFAR. This paper is the first 
demonstration of direct involvement of domain V rRNA in prevention of 
prion fibril aggregation. 
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Methodology 

The experiments performed in this thesis utilized techniques from multiple 
research areas including molecular biology, biophysics and biochemistry. A 
PFAR – assay, with human carbonic anhydrase I as the model protein, was 
developed. This assay has been widely used to test the folding activity of the 
ribosome-borne folding modulators (RFMs) as well as that of the potential 
inhibitors. Molecular approaches were used to introduce mutations in the 
rRNA, and further, for mapping the interaction sites of the antiprion drugs 
on domain V of 23S rRNA. Fast kinetics method utilizing stopped-flow 
equipped with fluorescence detector was used to study the mechanism of 
PFAR. Biophysical techniques, such as absorbance and fluorescence spec-
troscopy and light scattering were widely used for enzyme activity assays 
and, for studying amyloid fibril formation in HET-s system. The major 
methods are described below. 

PFAR – assay  
We have chosen human carbonic anhydrase I (EC 4.2.1.1) (HCA) as a model 
protein to investigate PFAR. Carbonic anhydrase is a well-characterized 
enzyme found in both prokaryotes and eukaryotes. HCA is a monomeric 
protein with the molecular weight 29.8 kDa. It hydrolyzes esters to release 
CO2 and H2O. It is a metallozyme and contains a zinc ion in its active site 
that interacts with three histidine residues (His 94, His 96 and His 119) for 
the catalysis of the reaction. The absence of disulfide bonds in the protein 
makes it a simpler subject to study protein folding. The enzymatic activity of 
HCA can be followed spectrophotometrically using colorless para-
nitrophenyl acetate (PNPA) as the substrate, which when hydrolyzed by 
HCA converts into a yellow colored product para-nitrophenol (PNP). The 
accumulation of PNP can be measured with time by the increase in absorb-
ance at 400 nm in a spectrophotometer or multimode plate reader. 

HCA contains six Tryptophan (Trp) residues (Figure 1). In the native state, 
Trp 5, Trp 122 and Trp 191 are fully exposed to surface, while Trp 15 and 
Trp 96 are partially exposed and only Trp 208 is totally buried in the interior 
of the molecule. These Trp residues constitute important tools to follow re-
folding of HCA with fluorescence spectroscopy. 
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Figure 1. The 3D structure of human carbonic 
anhydrase I (PDB: 2CAB) (Kannan et al., 1984) 
with Trp residues shown in slate. 

 
 
 
 

 
In a typical PFAR assay, first native HCA is denatured with 6 M guanidine 
hydrochloride (Gdn-HCl) and 30 µM EDTA (pH 8.0) at 37 oC overnight. 
The refolding is initiated by diluting the denatured HCA in refolding buffer 
(20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 100 mM NaCl and 0.05 mM 
ZnSO4) without (self-folding) or with RFMs pre-incubated in the refolding 
mix (RFMs assisted folding). For antiprion drug inhibition studies, the drugs 
6AP and GA were pre-incubated in the refolding mix with RFMs before the 
denatured HCA was added for refolding (Figure 2). After desired time (typi-
cally 25 min at 25 oC), the activity of the refolded HCA was assayed by add-
ing 8 mM PNPA to the refolding mix in the room temperature and measur-
ing the increase in absorbance at 400 nm due to formation of PNP. The ex-
tent of refolding is estimated by the ratio of the activity of the refolded en-
zyme to that of the native enzyme stored in ice. The PFAR assay is used to 
determine the PFAR mechanism, effect of antiprion drugs as well as to fol-
low the time course of the refolding reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Scheme illustrating the principle of PFAR assay. Refolding of the 
denatured protein without any modulator leads to self-folding while refold-
ing with RFMs reflects PFAR. The refolding in the presence of both RFMs 
and antiprion drugs indicates inhibitory action of the drugs on PFAR.  
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This PFAR assay system has a lot of advantages such as it is fast, economic, 
highly reproducible and easy to establish. However, there are some disad-
vantages as well, which deals mainly with the activity assay of HCA. The 
substrate of this assay, PNPA, is sensitive to many buffers or salt conditions 
and can break down easily, which can result into high background. It is par-
ticularly sensitive to ammonium salts which results in rapid formation of 
PNP. However, ribosome and ribosomal components are commonly stored 
in polymix buffer (Pettersson and Kurland, 1980), which contains ammoni-
um chloride. Thus in order to study PFAR one needs to store or dialyze ribo-
some (and other RFMs) in Tris buffer, which causes loss of their activity. 
Because of this limitation, several functional ribosomal complexes (e.g. ri-
bosome initiation complex) could not be tested in this PFAR assay. Thus, 
change of the model protein for future PFAR studies is strongly desired. 

Delay experiment  
To determine the time-span required for interaction of RFMs with the pro-
tein substrate, the ‘delay experiment’ was introduced. In this assay, the 
RFMs were added in the refolding mixture prior or after certain time delay 
(3 to 80 sec), from the time-point at which the refolding of denatured HCA 
has been started. Each refolding reaction was assayed after 25 min and the 
time delay beyond which RFMs assistance in refolding (over self-folding) 
could not be seen was determined by plotting percentage of refolding activi-
ty against delay time. This indicated the time-range required for interaction 
of the RFMs and the substrate protein.  

In a separate experiment, the interaction time of the RFMs and the protein 
substrate was also determined by delayed addition of the drugs in the PFAR 
assay with RFMs. The loss of the inhibitory effects of the drugs after certain 
time delay indicated the time-range for interaction between the two. 

Multiple round PFAR assay 
Can RFMs be recycled in PFAR assay? To answer this question, we de-
signed multiple round PFAR assay (Figure 3). In this assay, instead of add-
ing only one batch of the denatured protein, several batches of the denatured 
protein were added after different time lag (from millisecond to minute) 
from the addition of the first batch. The refolding reactions were assayed 
after 25 min incubation at room temperature and compared with native en-
zyme activities. Since refolding yield in the presence of RFMs was signifi-
cantly different from self-folding, the multiple round PFAR assay also al-
lowed determining the turnover time of the RFMs during PFAR.  
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Figure 3. The scheme of multiple round PFAR assay 

Refolding kinetics of HCA using Trp fluorescence  
Fluorescence spectroscopy is often used as a tool to study the folding and 
unfolding of proteins. Trp is an aromatic amino acid with intrinsic fluores-
cence properties.  Since fluorescence yield is highly sensitive to the envi-
ronment, Trp fluorescence is often used to follow the tertiary structure fold-
ing of the proteins. In a hydrophobic environment (e.g. inside the core of the 
protein), Trp has a high quantum yield and therefore results in a high fluo-
rescence intensity. In contrast, in a hydrophilic environment (exposed to 
solvent), the quantum yield decreases leading to decrease in fluorescence 
intensity. Trp can be excited at 295 nm, and the emission maximum is usual-
ly 340 nm, which may vary depending on its environment.   

The kinetics of refolding of HCA in the absence or presence of RFMs was 
followed with Trp fluorescence using stopped-flow instrument and fluores-
cence spectrophotometer. For that, 24 µM of HCA was denatured overnight 
at 37 oC  with 2.4 M Gdn-HCl. Refolding was initiated by diluting the dena-
turation mix 40 times in refolding buffer. The initial phases were recorded 
with a stopped-flow instrument (BioLogic SFM 3000), while the later times 
were measured in a HITACHI F-7000 fluorescence spectrophotometer. 

The stopped-flow kinetics 
Stopped-flow technique involves a rapid mixing device, which is used to 
study the fast kinetics reactions in solution. In stopped-flow machine, small 
volumes of reactants are rapidly forced from different syringes into a high 
efficiency mixing chamber to initiate a fast reaction. The solution entering 
the mixing chamber only takes milliseconds. As the reaction progresses, it 
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fills the “stop syringe” which is used to limit the volume of solution expend-
ed with each experiment and also to abruptly stop the flow. The flow of solu-
tion into the stop syringe also triggers data to be collected. The reaction is 
monitored by observing change in optical properties (such as fluorescence, 
light scattering etc.) as a function of time (Figure 4).  

 
 
 
 
 
Figure 4 Schematic representation of the 
stopped-flow technique used for measur-
ing HCA refolding kinetics.  

 
 
 
 

For HCA refolding, the A-syringe contained refolding buffer and the B sy-
ringe contained denatured HCA (24 µM). For PFAR reactions, syringe A 
also contained 23S rRNA (60-500 nM). The reaction was initiated by rapid 
mixing of the solutions in a way that HCA gets diluted 40 times. The fluo-
rescence change with time was monitored at 332 nm by setting the excitation 
wavelength at 295 nm. Each reaction was repeated about 6 times and the 
average data were used for fitting and estimating rates. 

Time course measurement in fluorescence spectrophotometer 
Refolding of HCA was also studied in a fluorescence spectrophotometer 
(HITACHI, F-7000) to follow HCA refolding for longer time period (beyond 
initial 30 seconds). The advantage is that there is no quenching problem in 
the fluorescence spectrometer in contrast to the stopped-flow, which had a 
different light source. After manual (40X) dilution of HCA in refolding 
buffer with / without 23S rRNA, fluorescence change at 332 nm was record-
ed (exc. 295 nm) for 1500 seconds. The data from three independent exper-
iments were averaged to generate curves for fitting and presentation. 

HET-s prion protein aggregation assay 
HET-s is a prion protein which corresponds to [Het-s] in the filamentous 
fungus P. anserina (Saupe, 2011). It is a two domain protein with a C-
terminal domain (218 - 289) that is known as the prion forming domain 
(PFD), and the α-helical globular N terminal domain (1 - 227), also called as 
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the HeLo domain. It has been purified under denatured condition following 
its expression in E. coli as reported earlier in (Dos Reis et al., 2002). The 
over-expression construct of HET-s was a kind gift from Sven Saupe, 
France. In order to follow the aggregation of the HET-s prion protein and to 
study the effect of rRNA in this process, Rayleigh light scattering and Thio-
flavin T binding techniques were used.  

Rayleigh light scattering  
Rayleigh light scattering is commonly used for monitoring protein aggrega-
tion as the intensity of the scattered light depends on the particle size; it is 
proportional to the square of the molecular weights of the particles (Kam, 
1983). Thus, higher light scattering indicates increase in the particle size, in 
our case larger protein aggregate.  

For studying HET-s aggregation, urea denatured HET-s (200 µM) was dilut-
ed in 50 mM Tris-HCl buffer to a final concentration of 4 µM and incubated 
with / without different RNA components overnight at 37 oC. Then light 
scattering was measured at 402 nm (excitation 400 nm, excitation and emis-
sion slit 2.5 nm) with a HITACHI F-7000 fluorescence spectrophotometer at 
25⁰C. All measurements were performed in triplicates and the data represent 
average of three independent experiments. 

Thioflavin T binding assay 
Thioflavin T (ThT) is a benzothiazole salt – widely used for visualization 
and quantification of amyloid fibrils (LeVine, 1999). ThT bind preferentially 
to amyloid fibrils, which contain beta sheet-rich structures. Binding to such 
structured aggregates results in an additional absorption peak at 450 nm, 
enhances its fluorescence emission and produces a characteristic red shift in 
its emission spectrum around 480 nm. As ThT fluorescence increases imme-
diately with fibrillation of the substrate protein, it constitutes a suitable 
method to probe formation of amyloid fibrils (Krebs et al., 2005). 

ThT (obtain from Sigma) solutions were prepared in double-distilled water 
and filtered through a 0.22-µm syringe filter. The HET-s samples with / 
without RNAs were treated in the same way as in the light scattering assay. 
ThT was added in the HET-s mix in a ratio 20: 1 and incubated 3 min at 
25⁰C before measurement. The ThT fluorescence emission spectra between 
465 and 565 nm were recorded using fluorescence spectrophotometer (HI-
TACHI, F-7000) with excitation at 450 nm. The background spectra with 
buffer or 23S rRNA were recorded and subtracted prior to data analysis. 
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Results 

Refolding of HCA with ribosome-borne folding 
modulators (RFMs) 
The effect of different RFMs from bacterial and eukaryotic sources on the 
refolding of HCA was studied by PFAR assay which employed biochemical 
activity measurement as a tool. The activity of HCA is used as an estimate of 
its folding, since activity of protein depends on attainment of proper three-
dimensionally folded structure. In all experiments, native HCA activity 
(stored undiluted in ice) has been considered as 100%. When HCA was re-
folded in the absence of any RFMs (self-folding) it regained 25±3% of na-
tive enzyme activity. In comparison, when the protein was refolded in the 
presence of RFMs, significant to moderate increase of activity was noticed. 
The reactivation with 70S ribosome, 50S subunit, 23S rRNA isolated from 
E. coli, and domain V of 23S rRNA from E. coli transcribed in vitro was 
59±2%, 70.6±2.4%, 47.3±3% and 37.2±2.1% respectively confirming that 
these ribosomal components assist in protein refolding (Figure 5) (Basu et 
al., 2008). However, no increase in refolding was observed when the 30S 
subunit and the 16S rRNA, in line with previous reports (Chattopadhyay et 
al., 1994; Chattopadhyay et al., 1996). Similar to the bacterial RFMs, refold-
ing was also achieved when 80S ribosome from S. cerevisiae (60±3%), total 
rRNA of 80S ribosome from S. cerevisiae (50±2%) and domain V of large 
subunit rRNA from different sources (E. coli, human, Bacillus subtilis (B.  
subtilis), Mycobacterium smegmatis, S. cerevisiae, human mitochondrial) 
transcribed in vitro (38±5%) were used as RFMs. But domain II, IV of 23S 
rRNA from E. coli transcribed in vitro did not show any folding assistance in 
PFAR. Similarly, no folding activity was found with the bulk tRNA from E. 
coli. These results have been summarized in Figure 5, where the refolding of 
HCA is expressed as the percentage of native HCA activity.  

The extent of folding varied according to the nature of the RFMs used. The 
refolding activity of the E. coli RFMs followed the order 50S > 70S = 80S > 
23S rRNA > domain V of large subunit rRNA. The highest refolding was 
seen with the 50S subunits, probably due to the fact that the protein folding 
center of ribosome, i.e. the domain V of the main RNA component (23S 
rRNA) is exposed in the 50S subunit and thus readily available to the protein 
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Figure 5 Refolding of denatured HCA with prokaryotic and eukaryotic RFMs. HCA 
denatured with 6 M Gdn-HCl was refolded without any RFMs-self (1) and in the 
presence of 70S ribosome E. coli (2), 80S ribosome from S. cerevisiae (3), 50S sub-
unit (4), 30S subunit (5), 23S rRNA (6) and 16S rRNA (8) from E. coli, total rRNA 
of 80S from S. cerevisiae (7), domain V of 23S rRNA from E. coli (9), S. cerevisiae 
(10), Bacillus subtilis (B. subtilis) (11), human mitochondria ribosome (12), human 
(13) and Mycobacterium smegmatis (14), domain II (15), IV (16) of large subunit 
rRNA from E. coli, and bulk tRNA from E. coli (17). The X-axis represents the 
different RFMs added to the refolding reaction. On the Y-axis refolding is plotted as 
a percentage of native HCA activity. 

substrate. In contrast, it is partly masked in the 70S ribosome by the 30S 
subunit, resulting in somewhat lower assistance in refolding. The lesser re-
folding of HCA with 23S rRNA is probably due to partial loss of its confor-
mation during multiple rounds of phenol chloroform treatment for the re-
moval of the r-proteins. The domain V rRNA transcribed in vitro, showed 
least assistance in protein folding, probably because it is just a single rRNA 
domain and may not be fully structured as in the whole ribosome or 50S 
subunit. However, it is worth mentioning that so far no reports are available 
where peptide bond formation could be achieved with this individual domain 
synthesized in vitro although domain V rRNA hosts PTC. Thus, the fact that 
the purified domain V rRNA fragments show protein folding activity may 
have some significance in regards to evolution of ribosomal functions.  
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Antiprion compounds 6AP and GA inhibit PFAR in a 
similar manner 
The effect of the antiprion compounds 6AP and GA on the folding activity 
of RFMs were studied in PFAR – assay (in paper I). RFMs were from both 
from E. coli and S. cerevisiae. We found that the increase in concentration of 
6AP and GA in the refolding reactions resulted in a gradual decrease in the 
amount of refolded HCA in the presence of RFMs to the level of self-folding 
(Figure 6 A and B). However, these two antiprion drugs showed no inhibito-
ry effect on the self-folding and native enzyme activity of HCA. The value 
of half maximal inhibitory concentrations (IC50) for both of these two drugs 
for all five RFMs was around 90 µM. These values are quite close to the in 
vivo dosage of these drugs required for reversion of [PSI+] phenotype in 
yeast (Tribouillard-Tanvier et al., 2008b) and therefore, of high physiologi-
cal relevance. No decrease in the extent of self-folding was seen even at a 
high-concentration of the drugs (Figure 6A, B), suggesting that 6AP and GA 
act via their influence on the RFMs. 

Figure 6 The effect of increasing concentration of 6AP (A) and GA (B) on HCA 
refolding (percentage of native HCA activity), without RFMs – Self (blue) and with 
RFMs 70S ribosome (orange), 50S subunit (green), 23S rRNA (purple), in vitro 
transcribed domain V of 23S rRNA (pink) from E. coli MRE600 and 80S ribosome 
(yellow) from S. cerevisiae. The IC50 is determined from the x-intercept drawn at 
half maximal refolding considering the difference between the self and RFM assist-
ed folding as 100%. 

We also explored the inhibitory effect of these two drugs on the rate of the 
HCA refolding using 23S rRNA purified from 50S subunit of E. coli ribo-
some and in vitro transcribed domain V rRNA (E. coli) as the RFMs (papers 
I, II). Time course experiments for HCA refolding were carried out in the 
presence of various concentrations of 6AP and GA. The results show that the 
rates of 23S rRNA assisted refolding of HCA (0.14±0.08 min-1) and domain 
V from 23S rRNA assisted refolding of HCA (0.191±0.05 min-1) were quite 
similar to the rate of its self-folding (0.17±0.03 min-1). This suggests that the 
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interaction between RFM and HCA is most probably fast and not the rate 
limiting step. Interestingly, the refolding rates did not change much in the 
presence of 6AP and GA in various concentrations although the amount of 
the refolded HCA was highly compromised. These results suggested that 
most probably 6AP and GA inhibit the fast RFMs (23S rRNA or domain V) 
– protein substrate interaction step, without affecting the much slower activi-
ty regain process.  

The inhibition by 6AP and GA could be overcome by increasing amount of 
RFMs, which indicates that 6AP and GA compete with HCA for binding to 
the RFMs. These experiments were further conducted with the 80S ribosome 
from S. cerevisiae and total RNA extracted from it as the RFMs. Although 
the 59±3% and 48±3% of refolding were different, the results remained qual-
itatively same. The results also indicated that the working principle of the 
RFMs is rRNA dependent and conserved from prokaryotes to eukaryotes. 

The binding sites of 6AP and the protein substrates on 
domain V rRNA 
It seems that the antiprion drugs 6AP and GA have a common inhibition 
effect to RFMs activity in assisting protein folding (paper I). It has been 
shown previously that these antiprion drugs target domain V of the large 
rRNA (23S / 25S) (Tribouillard-Tanvier et al., 2008b). In paper II, we identi-
fied the nucleotides on domain V rRNA from E. coli, which interact with 
antiprion drug 6AP during the HCA refolding process. Primer extension 
studies were done with UV cross-linked domain V rRNA-6AP complexes. 
We found ten distinct clusters of strong reverse transcriptase stops, scattered 
mostly in the central loop region of domain V rRNA (Figure 7), which are 
highly conserved through evolution (Figure 8) (Gorski et al., 1987; Minnick 
et al., 1995). We had a striking observation that most of the antiprion drug 
binding sites on domain V rRNA overlapped with the protein substrate bind-
ing sites detected by the same technique as well as reported earlier (Samanta 
et al., 2008). This finding strengthened the model of competitive inhibition 
of PFAR by the antiprion drug 6AP.  
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Figure 7 Secondary structure of the central loop of E. coli domain V rRNA. The 
boxes marked in black and green indicate protein and 6AP cross-linking sites, re-
spectively. The solid line indicates the primer binding site.  

 

Figure 8 Multiple sequence alignment (Clustal 2.1) of central loop of do-
main V rRNA from E. coli, S. cerevisiae (S. cere), Human sapiens (H. sapi-
ens), B. subtilis and Human mitochondrial ribosome (H. mito). The bases 
which are in the protein binding sites and the drug binding sites are in the 
black boxes and the green boxes in E. coli sequence, respectively. The con-
served bases in protein or drug binding sites are in the yellow boxes.  
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Effect of mutations in domain V rRNA in protein 
folding 
Numerous studies on the mutations of domain V rRNA have been reported 
in literature. However, most of them were only tested for their effect on pro-
tein synthesis (Green et al., 1997; O'Connor et al., 2001; Porse and Garrett, 
1995; Thompson et al., 2001) and seldom on protein folding aspect 
(Chowdhury et al., 2002). To understand the individual contribution of the  
nucleotides which are located in the overlapping positions of protein and 
6AP binding sites (Figure 7), we made several mutations on domain V 
rRNA from both E. coli  and S. cerevisiae , and tested the resulting mutants 
in PFAR – assay (paper II). Total 21 mutations were created in the domain V 
of E. coli 23S rRNA and 9 mutations were created on the corresponding 
positions in the domain V of 25S rRNA from S. cerevisiae. Most of the mu-
tations, which substituted bases in the overlapped binding sites, such as 
UUG2492 - 94CCA, UU2554 - 55AA, UU2561 - 62AA, and UAG2586 - 
88CCA in the domain V of E. coli 23S rRNA showed substantial decrease in 
refolding of HCA (Figure 9A). Corresponding mutations in the domain V 
from S. cerevisiae also showed loss of PFAR.  Mutations made on the con-
trol positions (in neither protein nor drug binding sites) e.g. CGG2486-
88AUU (E. coli) and A2820C (S. cerevisiae) showed almost no effect in 
folding.  

 

Figure 9 Effect of mutations in domain V rRNA on PFAR and their interaction 
maps of HCA and 6AP. (A) Refolding of HCA without modulators (Self-folding) or 
with domain V (Dom V) of E. coli 23S rRNA - wild-type (WT) or with mutations in 
various base positions as indicated. (B) and (C), the cross-linking (binding) sites of 
denatured HCA (B) and 6AP (C) on in vitro transcribed WT (lane 1) and mutant 
domain V rRNAs UUG2492-94CCA (lane 2) and UAG2586-88CCA (lane 3) from 
E. coli detected by primer extension after UV cross-linking. Lane 4 is control with-
out HCA (B) or 6AP (C). The bands corresponding to the mutation sites are boxed. 
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Thus, we have been able to identify the nucleotides on the domain V rRNA 
from both prokaryotic and eukaryotic sources, which are strongly involved 
in interaction of the protein folding intermediate. Whether this event can be 
correlated with the folding of nascent protein chain or not remains as an 
interesting question. Interestingly, some of the bases G2553, U2555, U2492, 
and U2493 are also shown to be important for tRNA binding and transla-
tional fidelity (Gregory and Dahlberg, 1999; Oconnor and Dahlberg, 1993, 
1995). Thus, these mutations also give us an opportunity to identify the over-
lap and sequestration of the two major functions of the ribosome. 

Mutations in domain V rRNA alter 6AP and protein interaction 
map 
In order to investigate whether the mutations in the domain V rRNA, which 
caused decrease in its protein folding activity results from the changing bind-
ing patterns of the denatured protein to the rRNA, we studied the binding of 
the unfolded protein with the mutant domain V rRNAs using UV-
crosslinking followed by reverse transcription (paper II). Two mutations 
from E. coli domain V rRNA (UUG2492-94CCA and UAG2586-88CCA), 
which showed defect in HCA refolding were chosen. The primer extension 
analysis showed clear change in the binding pattern of both the protein sub-
strate and the antiprion drug (6AP). The results show that for the mutation 
UUG2492-94CCA, the bands corresponding to the positions UUG2492-94 
were virtually absent for both the protein substrate and 6AP (Figure 9B, C). 
These bands are clearly visible for the wild type rRNA as well as for the 
other mutant UAG2586-88CCA. Similarly, when the other mutant 
UAG2586-88CCA was used in this experiment, weaker or no bands were 
seen in these positions for the protein and drug binding experiments. These 
results confirmed that UUG2492–2494 and UAG2586–2588 indeed interact 
with both the protein substrate and 6AP. Thus, we conclude that the antipri-
on drug 6AP react in the same way as the protein folding intermediates of 
HCA towards the base mutation on the domain V of 23S rRNA. The nature 
of the interactions remains to be revealed by further experiments. 

The effect of 6AP derivatives in PFAR 
We have tested three 6AP derivatives in PFAR assay, since they show varied 
efficiency in reversal of [PSI+] phenotype as well as in mammalian cell-
based assays (Bach et al., 2003). These are 6AP8Cl and 6AP8CF3, which 
showed higher active against prions (Bach et al., 2003), and 6APi – practi-
cally inactive in in vivo prion assay (Tribouillard-Tanvier et al., 2008b). As 
shown in the Figure 10A, these compounds showed same order of activity in 
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PFAR inhibition i.e. 6AP8CF3 > 6AP8Cl > 6AP > 6APi (no inhibition). 
These results suggest a perfect correspondence of reversal of prion pheno-
type in vivo with PFAR tested in vitro. Moreover, the reason for inactivity of 
6APi could be attributed to its inability to bind to domain V rRNA due to its 
nonplanar structure and steric hindrance from its bulky side chain (Figure 
10B).  

 
Figure 10 (A) 
Effect of 6AP 
derivatives on 
PFAR. (B) The 
side view of 6AP 
and its derivatives 
enabling visual 
comparison of 
these molecules. 

Ribosome-borne folding modulators (RFMs) can be 
recycled in PFAR 
The titration of RFMs in PFAR assay always demonstrated more or less 1:1 
requirement of RFM: protein substrate for maximal refolding. This lead to 
the question whether ribosome and other RFMs do not recycle like enzymes. 
We used multiple round PFAR assay to test whether RFMs can be recycled 
in PFAR assay or not. For that, a second batch of same concentration of de-
natured HCA was added to the refolding mix after a certain time lag from 
initiation of refolding of the first batch of denatured HCA. Under our exper-
imental condition, self-refolding of one batch of HCA lead to about 25% 
activity, while ~60% and ~70% activity was achieved by refolding with 70S 
and 50S as RFMs, respectively. The difference in the activity gain with self- 
and RFM-assisted refolding allowed us to determine whether refolding of 
the second batch was like self-folding or similar to 70S / 50S assisted refold-
ing. The result is summarized in Table 1, which shows that both 70S and 
50S could refold the second batch of denatured HCA as efficiently as the 
first batch. More interestingly, the second batch of denatured protein could 
be refolded with a time lag as small as the 0.2 seconds. This result demon-
strates that the RFMs can recycle efficiently to assist refolding of a new 
batch of denatured protein and the turnover of the RFMs, which includes 
release of the RFMs from the protein substrate, takes place only in subsec-
ond time range. 
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Table 1: Multiple round PFAR assay with different time lag between addition of the 
first and second batch of the denatured HCA in the same refolding mix.   

 Time gap to add sec-
ond batch of denatured 

HCA (sec) 

Refolding (% 
of native) 

Refolding (% of native for 
second batch of HCA 

Self folding - 26 - 
Self folding 0.2 50 24 
70S assist - 60 - 
70S assist 0.2 115 55 
70S assist 1 112 52 
70S assist 2 113 53 
50S assist - 70 - 
50S assist 0.2 139 69 
50S assist 1 147 77 
50S assist 2 141 71 

We have further asked whether RFMs can be recycled multiple (more than 
two) times. For that, a second and third batch of same concentration of dena-
tured HCA was added in the refolding mix with a time gap of 3 seconds 
between each addition. The refolding reactions were allowed to proceed for 
30 minutes. As shown in Figure 11, both 70S and 50S RFMs could refold 
the second and third batches of HCA as efficiently as the first batch. This 
result demonstrates that RFMs can be recycled more than twice for refolding 
new unfolded proteins. Addition of fresh batch of denatured HCA also caus-
es increase of carry-over concentration of Gdn-HCl in the reaction, for 
which RFMs recycling with more than three batches of denatured proteins 
could not be tested.  

Figure 11 Multiple 
addition of denatured 
HCA in the presence of 
70S and 50S as RFM in 
HCA refolding reaction 
with 3 seconds delay. 
X-axis indicates the 
different addition time 
of the denatured HCA 
in the refolding mix. 

 
Our results demonstrate for the first time that PFAR is catalytic. PFAR is not 
like the classical enzyme reaction systems, in which a small amount of en-
zyme recycles to catalyze conversion of a large amount of substrate to the 
product. In refolding reactions, the substrates change continuously by self-
folding / misfolding. Thus, although RFMs probably release the substrate 
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within a very short time, it does not recognize other protein molecules as the 
substrates. As a result, PFAR apparently seems to be non-catalytic, although 
that is not the actual scenario. This experiment also suggests indirectly that 
unlike molecular chaperones, which recognize a wide range of misfolded / 
partially folded proteins as the substrates, PFAR substrates are most likely 
very early folding intermediates. This has been tested in the following ‘delay 
experiments’. 

The substrate of PFAR is a very early folding intermediate 
In the ‘delay experiment’, 70S and 50S (RFMs) were added in the HCA 
refolding reaction at different time points, either before or after certain time 
–points from the beginning of the refolding reaction. Our aim with this ex-
periment was to find out up to which time lag the RFMs can still assist in 
HCA refolding. As shown in the Figure 12, maximum assistance in refold-
ing was obtained only when RFMs were present in the refolding buffer prior 
to the addition of denatured HCA. However, the assistance was lost even 
with a small delay of ~3 s in the addition of RFMs. This result suggested that 
there is a very short time window in the early phase of protein folding during 
which the RFMs interact with the unfolded protein. If RFMs missed the ear-
ly intermediate of protein folding, the PFAR activity cannot be realized.   
 

 
Figure 12 The effect of delay 
in addition of 70S and 50S as 
RFM in HCA refolding reac-
tion. 0 indicates the start point 
of refolding by addition of 
denatured HCA in refolding 
mix. 

 

 

RFMs accelerate the initial rate of refolding of the protein  
To further understand the mechanism of PFAR, we have followed the refold-
ing of HCA without and with 23S rRNA using Trp fluorescence. The early 
phase was followed in the stopped-flow, while the later time points were 
followed in the steady-state fluorescence spectrophotometer. 

The HCA refolding occurred clearly at least in two phases – an initial short 
phase (~2 - 3 sec) during which Trp fluorescence increased. This phase was 
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followed by a much longer phase (~25 min) during which Trp fluorescence 
decreased and reached different plateau (Figure 13). The initial phase with 
rapid increase of Trp fluorescence most probably indicates a hydrophobic 
collapse leading to complete or partial burial of the Trp residues in a polar 
environment, which forms a relatively stable HCA folding intermediate. The 
second phase during which Trp fluorescence decreased, indicates further 
folding during which majority of the Trp residues get exposed to the aqueous 
solvent (as in the native HCA, Figure 1). The fluorescence after 3 seconds 
we observed upon refolding could be explained by the fact, in native state of 
HCA, more Trp are solvent-exposed.      

Figure 13 Refolding of HCA (600 nM), self or with different concentration of 23S 
rRNA and bulk tRNA, monitored by intrinsic tryptophan fluorescence. The refold-
ing was initiated by rapid mixing of 2.4 M Gdn-HCl denatured HCA with refolding 
buffer (40X) in a stopped flow instrument (left and middle panels), which allowed 
fast detection of absolutely initial phase of HCA refolding. For later time points, 
HCA refolding was also followed in a fluorescence spectrophotometer (right panel), 
where refolding was initiated by manual dilution of the denatured HCA directly in 
the measuring cell. 

In the presence of different concentrations of 23S rRNA, but not bulk tRNA, 
both folding phases of HCA became faster in a concentration dependent 
manner (Figure 13). The rate of refolding of the first phase saturated at 
about 500 nM 23S rRNA. This result clearly suggests that 23S rRNA of the 
large subunit of the ribosome can influence the initial hydrophobic collapse. 
At the end of this phase, all fluorescence curves reached the same plateau 
suggesting that a general folding intermediate has been formed. After the 
initial 3 seconds, Trp fluorescence gradually decreased for about 25 / 30 
seconds. In this phase as well, a linear dependence of the rate of decrease of 
Trp fluorescence on the concentration of 23S rRNA was seen. Faster de-
crease was seen with higher concentration of the rRNA. Beyond 30 seconds, 
Trp fluorescence decreased further but without much variation for different 
rRNA concentration and reached different plateaus. Interestingly, when the 
Trp fluorescence plateau values were plotted against rRNA concentration, a 
clear correlation between the percentages regain of Trp fluorescence and 
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HCA activity in PFAR could be seen. It would mean that for HCA Trp fluo-
rescence directly reflects the activity of the protein. Further experiments will 
be required to clarify this point.  

Our results from the multiple round PFAR and delay experiments in combi-
nation of the fast kinetics suggests that the ribosome imprints folding code in 
the substrate protein at a very early stage of folding. The interaction with 
RFMs directs the protein to the productive folding pathway.  

The effect of rRNA in HET-s aggregation  
Although earlier results with the antiprion drugs 6AP and GA suggested an 
involvement of PFAR in prion diseases, till date, the role of rRNA in prion 
protein aggregation has remained unclear. In the present work, we have stud-
ied the role of various RNAs including rRNA, mRNA, tRNA etc. in HET-s 
prion aggregation using mainly Rayleigh light scattering and ThT binding 
assay. As mentioned earlier, HET-s is a prion protein from filamentous fun-
gus P. anserina. The structure of amyloid aggregates of HET-s has been 
solved with NMR spectroscopy (Siemer et al., 2005) and the correlation 
between structure and infectivity of HET-s has also been investigated by 
cryo-EM (Mizuno et al., 2011). The results summarized below are shown in 
paper IV. 

HET-s protein purified in urea denatured state was subjected to aggregation 
by incubation in 50 mM pH 7.5 Tris-HCl buffer overnight at 37 oC and the 
extent of aggregation was followed by measuring Rayleigh light scattering. 
While freshly diluted HET-s showed almost only background level of scat-
tering, a significant increase in light scattering was seen after overnight in-
cubation of HET-s, thereby suggesting a high level of aggregation in the 
HET-s sample.  In order to study whether RNA and in particular rRNA in-
fluences HET-s aggregation, the overnight incubation of HET-s was done 
together with different RNA samples at a fixed concentration. These includ-
ed bulk tRNA isolated from E. coli MRE600, mRNAs from two unrelated 
proteins; i) E. coli  dihydrofolate reductase  (DHFR mRNA, 498 nt long) and 
ii) human carbonic anhydrase I (HCA mRNA, 783 nt long) and rRNAs. 
Since whole 23S rRNA will possibly lead to high background scattering, 
individual domains of E. coli 23S rRNA were transcribed, purified from free 
nucleotides and subjected to this assay.  

As shown in Figure 14A, neither mRNAs nor tRNAs showed any noticeable 
change in light scattering, thereby suggesting that they don’t have any influ-
ence on HET-s aggregation. In contrast, moderate to significant decrease in 
light scattering was seen with different domains of rRNAs. Domain V of 23S 
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rRNA showed the highest reduction in light scattering, suggesting a strong 
inhibitory effect of this highly conserved domain on HET-s aggregation. 
Domain IV and II of 23S rRNA was also quite effective in reducing light 
scattering. It is worth mentioning that the domain V of 23S rRNA hosts PTC 
as well as the active sites for PFAR. The domains IV and II are closely asso-
ciated with the domain V. Next, domain V rRNAs from various prokaryotic 
(E. coli, B. subtilis) and eukaryotic sources (yeast S. cerevisiae, human, hu-
man mitochondria) were tested in HET-s aggregation assay. As shown in 
Figure 14B, all of these domain V rRNAs showed same level of reduction in 
light scattering. This result suggests that similar to peptidyl transfer and 
PFAR, this aggregation prevention function of HET-s is also conserved from 
prokaryotes to eukaryotes.   

 

 

 

 

 

 

Figure 14 Aggregation of HET-s prion protein studied by monitoring Rayleigh light 
scattering at 402 nm (A) without or with different RNAs, and (B) with domain V 
rRNAs from various sources 

Next, HET-s aggregation was followed with ThT binding assay. ThT fluo-
rescence increases specifically by binding to amyloid aggregates. As shown 
in Figure 15A and B, ThT fluorescence increased significantly upon HET-s 
aggregation. This observation suggests that most likely HET-s aggregates to 
fibrillar amyloids, which is in good agreement with earlier reports (Dos Reis 
et al., 2002). However, similar to light scattering, ThT fluorescence de-
creased in the presence of different domains of rRNAs (domain II, IV, V of 
23S rRNA from E. coli), domain V rRNA being the most effective one. The 
bulk tRNA (isolated from E. coli) did not show any effect on HET-s aggre-
gation. 
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Figure 15 Aggregation of HET-s followed by ThT fluorescence, which increases by 
binding to amyloid aggregates.  The effect of different RNAs on aggregation of 
HET-s was studied. (A) Emission spectra with different RNAs denoted also by plot-
ting the peak intensity as bars (same color code) in (B). 

These results clearly show that RFMs directly influence aggregation of 
HET-s prion. This is also visualized with TEM (paper IV), which shows a 
clear decrease and change in fibril morphology when HET-s was incubated 
with domain V rRNA. Besides that, primer extension analysis followed by 
UV-crosslinking of freshly diluted HET-s showed the same interaction map 
on domain V rRNA as the other unrelated substrates of PFAR (Paper IV) 
(Figure 7). Moreover, HET-s interaction with the specific sites is sensitive to 
mutation of those bases as also seen with other proteins. Thus, altogether 
these results suggest that PFAR may be involved in prevention of HET-s 
aggregation. Whether this is a general activity of the ribosome remains to be 
checked in other prion systems.  
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Conclusion and outlook 

Ribosome has a classical role in protein synthesis. Venki Ramakrishnan, 
Ada Yonath and Tom Steitz were awarded Nobel Prize in Chemistry in 2009 
for solving high-resolution structures of the ribosome. Their work accompa-
nied by several world-class structural and functional studies elaborated the 
mechanism of ribosomal function in protein synthesis, its interplay with 
translation factors and chaperones, and described co-translational protein 
folding involving components of the exit-tunnel. In this thesis, we have stud-
ied a relatively less familiar yet novel rRNA based function of the ribosome 
– protein folding. Pioneered by Chanchal Das Gupta’s research group in 
India, PFAR has been demonstrated in several proteins using ribosomal 
components from various origins. Our studies explored the mechanism of 
PFAR and set a connection of PFAR with prion propagation. The main con-
clusions from this thesis are the following. 
 
1. The active site of PFAR is the domain V of the main rRNA from the 
large subunit of the ribosome. Our studies, in line with previous reports 
(Chattopadhyay et al., 1996; Pal et al., 1997; Pal et al., 1999) demonstrate 
that the domain V rRNA based PFAR is conserved from prokaryotes to 
higher eukaryotes. We have used domain V rRNA from different sources, 
which all show positive assistance in protein folding. 

2. We have demonstrated by multiple round PFAR assay that similar to 
enzymes, ribosome or other RFMs can be recycled for folding of several 
batches of unfolded proteins, and that the ribosome turnover takes place in 
the millisecond time range. This indicates that PFAR is catalytic. We also 
demonstrate that the substrate for PFAR is a very early folding intermediate, 
which is the reason why RFMs cannot assist folding of the substrate proteins 
that have already entered the self-folding pathway. For the same reason de-
layed addition of the inhibitors shows no effect on PFAR. These are new 
understandings of PFAR mechanism. 

3. We show that the antiprion compounds 6AP and GA inhibit PFAR by 
competition with the substrate protein for the common binding sites on the 
domain V rRNA. Binding of both the substrate protein and 6AP are sensitive 
to mutations on the domain V rRNA. Thus, PFAR is probably involved with 
prion processes. 
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4. rRNA domains, particularly domain V rRNA, can prevent aggregation 
of HET-s prion fibrils at least to some extent. This is visualized by TEM and 
adds valuable understanding for involvement of PFAR in prion processes. 
Although it has not been tested whether RFMs can disaggregate already 
formed HET-s fibrils or not, the partial prevention of HET-s aggregation 
suggests that PFAR can be involved in formation of small prion aggregates 
or ‘seeds’, which facilitate prion propagation to daughter cells. 

5. Altogether, this thesis makes us suggest how possibly PFAR can be 
involved in prion propagation. It also allows us to link with the in vivo ex-
periments with antiprion drugs 6AP and GA from Marc Blondel’s lab 
(Tribouillard-Tanvier et al., 2008b).  

In order to understand the following discussion, we have to review the red / 
white colony based antiprion drug screening method developed in Marc 
Blondel’s group in 2003, France (Bach et al., 2003). The screening method 
is based on the principle that in [PSI+] cells, most of Sup35 protein, a subu-
nit (also called eRF3) of the eukaryotic release factor, is sequestered into 
protein aggregates and thus unavailable to function in translation termina-
tion. As a result, [PSI+] causes an increased tendency to read through stop 
codons. The ade1-14 allele contains an opal stop codon in the open reading 
frame (ORF) of ADE1. When Sup35p is in its aggregated prion confor-
mation ([PSI+] cells), ribosomes read through this opal codon, which allows 
cells to grow on adenine-deficient medium (SD-Ade) and produces usual 
white colonies. However, when Sup35p is in its normal soluble form ([PSI-] 
cells), translation of the ade1-14 allele terminates at the opal codon prevent-
ing cells from growing on SD-Ade and leading to red colonies due to the 
formation of a metabolic byproduct. The assay starts by spreading a dilute 
culture of [PSI+] yeast on YPD containing plates. Without antiprion com-
pounds, these cultures grow into white colonies, which is [PSI+] phenotype. 
However, with 6AP and GA, the daughter colonies show red color, which is 
[PSI-] phenotype. Since domain V of rRNA, which is the active site for 
PFAR, is the specific target of 6AP and GA, this experiment already sug-
gests that PFAR is involved in prion processes. However, it could not be 
decided whether PFAR is involved in seed formation and thus prion propa-
gation or alternatively, in large prion fibril formation. What we have learnt 
from the direct HET-s aggregation experiment is that the domain V rRNA 
inhibits aggregation into large amyloid fibrils, but does not eliminate it com-
pletely. This leads to a clearer hypothesis on the role of ribosome or RFMs 
in prion processes. Extrapolating our in vitro results to in vivo, we propose 
that ribosome facilitates smaller aggregate or seed formation and thus, pro-
motes prion propagation.  
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However, this hypothesis opens up many new questions related to PFAR and 
prion propagation for future investigations, which we list below. 

 
1. Can ribosomes or RFMs disaggregate large amyloid fibrils to smaller 
fibrils or seeds? This can be tested in the HET-s system in vitro first by for-
mation of HET-s large fibrillary aggregates and then, by incubating these 
large aggregates with various RFMs. If the RFMs reduce the aggregation of 
the large fibrils to smaller ones, it will answer this question. Ribosomes have 
already been demonstrated for their disaggregate property (Dai et al., 1986; 
Pathak et al., 2014). It will not be too surprising if ribosomes can disaggre-
gate large HET-s fibrils to the smaller ones. 

2. Is prevention of aggregation of HET-s amyloid fibrils is same as PFAR? 
This is a highly intriguing question which needs further experiments, but we 
try to add perspectives from our current experiments. In the HET-s aggrega-
tion assay, we started by diluting denatured HET-s protein as in a typical 
PFAR assay. We also find that HET-s binds to the same sites on domain V 
rRNA as the other protein substrates of PFAR. Moreover, a mutant domain 
V rRNA, carrying mutation on one of the HET-s binding sites, is much less 
efficient than the WT domain V rRNA in preventing HET-s aggregation. 
Therefore, it is tempting to speculate that the prevention of aggregation to 
large fibrils is a reflection of PFAR. However, there are differences as well. 
PFAR is a specific function of domain V of 23S rRNA, which HET-s dis-
aggregation is less specific and other rRNA domains, domain IV and II also 
show disaggregation activity similar to domain V rRNA. Moreover, the do-
main V rRNA mutant did not show complete loss of disaggregation property 
although it is completely inactive in PFAR. Thus, more experiments will be 
required to clarify this point. 

3. Is PFAR a co- or a post-translational function of the ribosome? Since 
our PFAR experiments suggest that the active site for PFAR is in the subunit 
interface on 50S, and a very early folding intermediate is the actual substrate 
for PFAR, it leads to a paradox and raises the question how PFAR is func-
tional in the cell and how the nascent protein chains gain access to the active 
site of PFAR. In order to answer this question we must find out whether 
translating ribosomes can show protein folding activity or not. The evidence 
so far suggests that PFAR is a post translational function of free 50S subu-
nits. However, what fraction of ribosome remains in the subunit condition in 
the cell is unknown. Thus one possibility is that while the nascent chain 
comes out of the ribosome, free 50S subunits interact with it and prevent its 
aggregation and drive to productive folding pathway. The alternative possi-
bility is that the domain V of rRNA imprints folding message already imme-
diately after synthesis of the protein chain and thus, enables domain V rRNA 
to perform dual function. 
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4. One way to clarify the mechanism and significance of PFAR in the live 
cells is to set up in vivo experiments for checking PFAR. One can use GFP 
fusion to target proteins to study the role of PFAR in their refolding by look-
ing in situ or by single molecule experiments. PFAR inhibitors like 6AP and 
GA will be instrumental in such studies as they will pinpoint which morpho-
logical changes can be expected when PFAR is blocked. 

5. Can protein synthesis and folding functions of the ribosomes be isolat-
ed? This is a key question for PFAR and to answer that question ribosomes 
with mutation on protein interaction sites should be produced and checked 
for their function both in protein synthesis and protein folding. One idea is to 
express ribosomes with mutation on subunit bridges on 23S rRNA in WT 
background. It will result into free 50S subunits, which will be presumably 
defective in translation without affecting the domain V bases. However, if 
these 50S subunits retain folding activity the synthesis and folding function 
of the ribosome can be isolated. Further in vivo experiments with such mu-
tant ribosomes will help to clarify the role of PFAR in the cell. 

6. What is the relation between PFAR and molecular chaperones? It is 
widely accepted that ribosome associated molecular chaperones assist fold-
ing of newly synthesized proteins and corrects protein misfolding. Some 
studies already suggested that defects in molecular chaperone interactions 
may play a substantial role in human disease. Mutations linked to Alzhei-
mer's disease have already been shown to disrupt the expression of chaper-
ones in the endoplasmic reticulum (Meriin and Sherman, 2005; Muchowski 
and Wacker, 2005). Our finding that rRNA prevents aggregation of large 
HET-s fibril suggests that PFAR may have the same property as the ribo-
some associated chaperones in prion disease. However we don’t know 
whether the RFMs have the ability to unfold the misfolded / aggregated pro-
teins. Also, it is unlikely that the RFMs recognize a wide range of the un-
folded and misfolded substrate conformations like the chaperones. Moreo-
ver, PFAR does not need any extra energy input while most of the chaper-
ones hydrolyze ATP or GTP for their action. Thus, RFMs cannot be directly 
classified under the general category of molecular chaperones. What is the 
actual substrate of PFAR in the cell and under which conditions PFAR is 
effective in the cell remain for future investigations.  

Since the possible implication of PFAR in prion propagation is certainly 
appealing; this role of the ribosome should be further explored. A better 
understanding of the involvement of ribosomes in protein folding is not only 
important for fundamental biology, but might also impact the understanding 
of misfolding diseases. Molecular understanding of the relationship between 
PFAR and prion mechanism may lead to new strategies to combat these fatal 
diseases.     
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Sammanfattning på Svenska 

Proteiner är en vital del av alla levande organismer och utför en stor del av 
alla biologiska funktioner i levande celler. Hur proteiner veckas för att få sin 
aktiva tredimensionella struktur är en av de största öppna frågorna i modern 
vetenskap. Det har visats att ett flertal hjälpproteiner s.k. molekylära 
chaperoner (förkläden) har en viktig roll i den här processen. Även riboso-
men, cellens proteinfabrik, har implicerats i proteinveckningen. Det aktiva 
sätet för ribosomens proteinveckningsaktivitet (PFAR, Protein Folding Acti-
vity of the Ribosome) har spårats till domän V i den stora RNA molekylen i 
ribosomens stora subenhet (23S rRNA) vilken även innehåller ribosomens 
proteinsyntescenter. 

Till skillnad från vanliga chaperoner så är relativt lite känt om PFAR. För att 
förstå PFAR på djupet har vi karaktäriserat denna process med hjälp av hela 
ribosomer och delar av ribosomer, här kallade RFMs (Ribosomal Folding 
Modulator) från olika organismer och använt mänskligt karbonanhydras I 
(HCA, Human Carbonic Anhydrase) som modelsystem. Precis som i tidigare 
rapporter så observerar vi PFAR med RFMer från alla livets tre kungadö-
men. Genom att tillsätta oveckat protein flera gånger till samma ribosomer 
kunde vi demonstrera att PFAR fungerar som en katalysator för vecknings-
reaktionen. Vidare har vi följt HCAs veckningsprocess med hjälp av fluore-
scensen från aminosyran tryptophan och därigenom upptäckt att PFAR age-
rar på proteinet väldigt tidigt i veckningsprocessen och att RFMs kan vecka 
protein efter protein med bara några millisekunders mellanrum. Detta är 
första gången som det demonstrerats att PFAR är katalytiskt. 

Prioner är felveckade, infektiösa proteiner som orsakar en grupp allvarliga 
neurodegenerativa sjukdomar så som Creutzfeld-Jacobs sjukdom eller BSE 
(galna kosjukan). I dessa sjukdomar så konverteras den normala formen av 
ett protein (PrPc) till en sjukdomsorsakande form (PrPsc) och sjukdomarna 
kallas ofta ”proteinvecknings associerade problem”. Det finns ingen funge-
rande behandling för dessa sjukdomar. Det har rapporterats att två orelate-
rade antiprionläkemedel; 6-Aminophenanthridine (6AP) och Guanobenz 
(GA) binder till domän V i 23S/25S ribosomalt RNA och specifikt inhiberar 
ribosomens proteinveckande förmåga men inte des proteinsyntetiserande 
förmåga. Eftersom 6AP och GA är de första kända inhibitorerna av PFAR så 
använde vi dem som verktyg för att få insikt i PFARs mekanism. Våra resul-
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tat visar att dessa två läkemedel inhiberar PFAR genom att tävla med det 
oveckade proteinet om bindning till det ribosomala RNAt. Vidare, med 
hjälpt av UV-sammanbindning följt av primer-förlängning har vi visat att 
6AP och det oveckade proteinet binder till samma nukleinbaser på domän V 
av 23S rRNA vilket är grunden i deras tävling om bindning. Mutation av 
dessa nukleinbaser förstör PFAR och minskar bindning av både 6AP och det 
oveckade proteinet till ribosomen. 

Eftersom 6AP och GA båda vänder [PSI+] fenotypen så syntetiserades ett 
flertal derivat av dessa två läkemedel och testades in vivo. Medan 6-amino 
8-chloro phenanthridine (6AP8Cl) och 6-amino 8-trifluoromethyl phenant-
hridine (6AP8CF3) visade ökad antiprionaktivitet, så var ett annat 6AP deri-
vat där 6-amino gruppen hos 6AP ersatts av 2-(butan-1-ol) helt inaktivt 
(6APi). Vi har undersökt grunden för denna varierande aktivitet hos 6AP 
derivaten med hjälp av biokemi och ab-initio elektronstrukturberäkningar. Vi 
upptäckte att dessa kemikaliers PFAR-inhiberande förmåga kan korreleras 
med deras antiprionaktivitet. Genom att använda första-principens täthets-
funktionsteori kunde vi även föreslå att det faktum att 6APi är mindre planär 
än 6AP och att det har en väldigt stor substituent är anledningarna till att det 
saknar biologisk aktivitet. Tillsammans demonstrerar de här studierna hur 
prionhämmande läkemedel påverkar PFAR. 

Även om prionsjukdomar främst är ett problem hos däggdjur så finns det ett 
flertal prionbildande proteiner även i svampar. Dessa svamp prioner erbjuder 
säkra modellsystem för att studera prionformation och propagering. Genom 
att använda oss av HET-s prionen från den filamentösa svampen Podospore 
anserina har vi studerat det ribosomala RNAts roll i prionformation med 
hjälp av ljusspridning, Thioflavin T bindning och transmissions elektronmik-
roskopi. Våra resultat antyder att ribosomalt RNA i allmänhet och domän V i 
synnerhet influerar veckning och aggregering av HET-s. Med hjälp av UV-
sammanbindning och primer-förlängning har vi visat att HET-s interagerar 
med domän V genom samma nukleinbaser som andra oveckade proteiner. 
Detta är första gången som direkt involvering av domän V rRNA i prionfi-
bril-dissaggregering demonstrerats. 
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