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Abstract 

Pentatricopeptide repeat (PPR) proteins are organelle-specific RNA-binding proteins 

that regulate RNA processing, stability, translation and editing. Natural PPR proteins 

are mostly insoluble and they bind RNA in a largely unpredictable manner. To bypass 

these limitations, our group has utilized a consensus design strategy to engineer an 

artificial scaffold, known as a consensus PPR (cPPR), for programmable RNA 

recognition.  

 

In the present study, I extensively characterized the biochemical properties of cPPRs. 

cPPRs are more stable and soluble than their natural counterparts. They can bind to 

any RNA sequence of interest with high affinity and specificity, depending on the 

choice of amino acids at position 4 and 34 of each cPPR repeat. This makes cPPRs 

ideal tools for RNA manipulation. The molecular structures of cPPRs have been 

solved at atomic resolution and these provide the structural basis for their stability and 

RNA-binding specificity.  

 

The expression of cPPRs in mammalian cells was increased by fusion with super-

folder green fluorescent protein. I showed that a mitochondria-targeted cPPR-poly(A) 

can block mitochondrial protein translation by sequestrating the poly(A) tail of 

mitochondrial transcripts. I further engineered two cPPRs that can block the activity 

of microRNA-122. I demonstrated that targeting the seed sequence of miR-122 is 

critical to ablate miR-122 activity.  

 

I have unexpectedly discovered that cPPRs can bind not only RNA but also single-

stranded DNA (ssDNA) with high affinity. Interestingly, cPPRs can be programmed 

to bind any ssDNA sequence of interest using the same RNA-binding code. I designed 

two cPPRs to target human telomeres and demonstrated that they can inhibit 

telomerase activity in vitro. When fused with the C-terminus of hPOT1, cPPR-

hPOT1(ΔOB) can be directed to telomeres in HeLa cells.  

 

This is the first study on re-designing a natural RNA-binding protein using a 

consensus design approach. The resultant cPPR is versatile and can target ssDNA, 
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mRNA and microRNA. This should open up new opportunities to manipulate 

endogenous metabolism using a simple and programmable cPPR scaffold.  
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CHAPTER 1 

Introduction 

 

 

1.1 RNA in regulation of eukaryotic gene expression 

 

1.1.1 A RNA revolution 

 

Completion of the Human Genome Project in 2003 was considered as one of the 

most important milestones in the history of biology
1
. It opened up a new era for 

biologists of this century by providing invaluable raw genetic data for studying 

various diseases, gene regulation, proteins and evolution. To the surprise of most 

biologists at that time, only 1.1% of the genome is made up of exons, the protein 

coding regions, while the rest are introns (24%), the non-coding regions between 

exons, and intergenic regions (74%)
2,3

. Instead of the expected 100,000 or more 

genes, biologists were astonished by discovering that only 35,000 genes 

scattered along the 3 billion DNA bases, with the number of genes subsequently 

whittled down to about 21,000
4
. In between genes are these seemingly “junk” 

DNA sequences. The curious biologists then gathered and were determined to 

solve this great mystery by investing in an even more ambitious project:  the 

Encyclopedia of DNA Elements (ENCODE)
5
. The study aims to identify all 

functional elements in the human genome sequence. In the pilot study, they have 

identified many “genes” in which DNA codes for RNA as the final product, 

rather than a protein
6
. In contrast to previous views, they found that as much as 

80 percent of the human genome sequence is transcribed into RNAs and this 

includes many non-coding RNA transcripts that either overlap protein coding 

loci or are located in regions previously thought to be transcriptionally inactive
4,6

. 

The ENCODE project revealed that gene expression is far more complex than 

previously thought, with extensive RNA-generating activity beyond traditional 

gene boundaries. These findings put our decades-long gene-centric view of the 

genome in question
4
. From merely messengers of DNA to playing central roles 

in the genome, a RNA revolution has truly emerged.  
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1.1.2 RNA in protein synthesis  

 

Following the discovery of double-helical structure of DNA, biologists were 

preoccupied with the tasks to decipher the genetic codes for protein and 

establishing the molecular pathways that link DNA to protein. The concept of 

ribosomal RNA (rRNA), transfer RNA (tRNA) and messenger RNA (mRNA) 

evolved in the 1950s, a time when Francis Crick proposed his historic central 

dogma of molecular biology that describes the flow of genetic information from 

DNA to RNA to protein
7,8

. This simple concept, despite some controversies
9
, 

remains largely accurate in describing eukaryotic gene expression. Eventually, 

the existence of rRNA
10

, tRNA
11

 and mRNA
12

 was experimentally validated in 

1955, 1958 and 1961, respectively. 

 

Messenger RNA is the carrier of genetic information from DNA and to ribosome. 

The core information within a functional mRNA is the coding sequence which is 

deciphered by tRNAs in the ribosome according to three-nucleotide codons that 

specify the final amino acid composition of the encoded polypeptide. The 

ribosome of eukaryotic cells contains RNA components, known ribosomal 

RNAs, which form the structure of ribosome and interact with tRNA during the 

fabrication of the polypeptide. Translation of mRNA usually starts with an AUG 

start codon that encodes a methionine and ends with a stop codon. Preceding the 

start codon is the 5´-untranslated region (5´-UTR). 5´-UTRs of eukaryotic 

mRNAs contain a few important elements that regulate translation such as the 

Kozak consensus sequence and cis-acting regulatory elements, mutations in 

which significantly impair protein translation. For instance, mutation in the -6 G 

position of the Kozak sequence was found to reduce the translation efficiency of 

beta-globin by as much as 30%
13

. In contrast, the sequence followed 

immediately after the stop codon is the 3´-UTR. The 3´-UTR contains 

microRNA binding sites and protein binding sites. Messenger RNA and its 5´- 

and 3´-UTRs can be bound by different activators, repressors, splicing factors 

and editing factors to further control the expression of genes
14

. All these 

contribute to the maturation, stability, and translation efficiency of the mRNA.  
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1.1.3 Small regulatory RNA 

 

After the discovery of tRNA, rRNA and mRNA, new classes of small RNAs, 

that usually exist in the form of ribonucleoprotein complexes, were subsequently 

unveiled
15,16

. Among those are a class of small nuclear RNA (snRNA) 

designated as spliceosomal RNAs. snRNAs are involved in pre-mRNA splicing 

and they interact with other RNAs and proteins to form the large spliceosome 

complexes
17,18

. Other small RNAs are required for different modifications of 

RNA, such as methylation and pseudouridylation, during tRNA and mRNA 

maturation
19-21

. Notably, a class of small RNA reside in the sub-organelle Cajal 

bodies, where telomerase is located.
22

 These small RNAs act as templates for 

telomerase reverse transcriptase during telomere elongation, hence the name 

Cajal body-specific RNAs (scaRNAs). Nonetheless, none of these discoveries 

suggest any additional roles of RNA other than predominantly assisting in 

protein synthesis. The first hint came from the discovery of heterogeneous 

nuclear RNA (hnRNA), a type of RNA found exclusively in the nucleus, which 

led to the speculation that RNA regulatory networks may exist in complex 

organisms
23-26

. This prescient proposal, however, was not well regarded by 

scientists at that time
27

. 

 

The discovery of microRNA in 1993 was perhaps a turning point for RNA. 

Ambro and colleagues demonstrated for the first time that small (20-23 

nucleotides) non-coding RNAs, lin-4, possessed regulatory roles in post-

transcriptional gene expression and controlled the timing of Caenorhabditis 

elegans development
28

. MicroRNAs (miRNAs) were subsequently found in 

many organisms including plants
29

, humans
30

 and viruses
31

. Functional miRNA 

is associated with Argonaute (Ago) proteins to form a ribonucleoprotein 

complex known as RNA-inducing silencing complex (RISC)
 32

. RISC binds to 

the target mRNA by complementary base-pairing with the miRNA and the 

targeted mRNA is either degraded, blocked from translation or destabilized by 

Ago protein. Interestingly, plant miRNA usually have near perfect pairing with 

its target mRNA while animal miRNA recognises its target via a 6-8 nucleotide 

seed sequence at the 5´-end of the miRNA. These differences suggest that the 
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modes of action of miRNAs in plants and animals may have diverged during 

evolution. MicroRNAs play many important roles in regulating diverse 

physiological and developmental processes such as stem cell differentiation
33

, 

neurogenesis
34

, angiogenesis
35

 and memory formation
36

. Loss of microRNA 

activity has been linked to various diseases including diabetes
37

, kidney 

diseases
38

 and cancers
39

.  

 

1.1.4 Long non-coding RNA 

 

The discovery of intervening sequences between protein-coding regions (introns) 

stunned biologists in the late 1970s
40-42

. It re-interprets a gene in higher 

organism as mosaics of coding and non-coding sequences. Observing the size 

and density of introns increased with developmental complexity, Mattick 

speculated the existence of intron-only regulatory RNAs that confer evolutionary 

advantages to higher organisms
43

. The presence of vast long non-coding RNAs 

in the genome was eventually confirmed by experiments applying tiling array 

technologies
44-46 

and subsequently reinforced by the ENCODE project
4-6

. Long 

non-coding RNAs (lncRNAs) are non-protein coding RNA transcripts that are 

more than 200 nucleotides long. They can regulate transcription by interactions 

with transcriptional activators, repressors, initiation complexes and promoters to 

directly interfere with transcription of RNA. For example, lncRNA transcribed 

from an upstream region of the dihydrofolate reductase (DHFR) gene of human 

forms a stable triplex structure in the major promoter to prevent binding of the 

general transcription factor IIB
47

. Perhaps more strikingly, some lncRNAs 

appear to be responsible for stem cell differentiation. Pnky is an lncRNA 

predominantly expressed in neural stem cells and it regulates expression of 

differentiation transcripts
48

.
 
Knockdown of Pnky stimulates neuronal lineage 

commitment and significantly increases neuron production in vivo. These finding 

potentiate targeting RNA for regenerative medicine and cancer therapy. Taken 

together, these highlights the pivotal roles played by RNA in regulating all 

cellular, physiological and developmental processes, and make RNA an 

important target for manipulation. While technologies to manipulate DNA are 

relatively mature with tools like TALE (Transcription Activator-Like Effector), 
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zinc finger and CRISPR/Cas9 (Clustered, Regularly Interspaced Short 

Palindromic Repeats), less are available in the biologists’ toolbox for RNA.   

 

1.2 Current technologies to manipulate RNA 

 

1.2.1 RNA interference  

 

Current technologies to manipulate RNA are predominantly limited to RNA 

interference (RNAi). RNAi can be endogenous, via genome encoded microRNA, 

or exogenous, by introducing small interfering RNA (siRNA). siRNA is a short 

(20-25 bp) double-stranded RNA (dsRNA) molecule that have sequence fully 

complementary to the target mRNA. Once inside the cytoplasm, dsRNA is 

processed by Dicer and unwound into two single-stranded RNAs, the guided 

strand and the passenger strand
32

. The passenger strand is degraded while the 

guided strand interacts with Ago to form RISC. RISC regulates gene expression 

using mechanisms as described above.    

 

RNAi, despite its power in downregulating mRNA expression, has a number of 

limitations. The target cells must have accessible endogenous RNAi pathway, 

thereby limiting its use in bacteria and RNAi-inaccessible organelles such as 

chloroplasts and mitochondria. Besides, its mode of action is generally limited to 

downregulation of gene expression. It is not possible to perform other functions 

such as targeted RNA splicing and RNA editing. Therapeutic use of RNAi has 

also been proved difficult. Small RNAs are unstable in vivo
49

.
 
They not only 

trigger unwanted immune responses but also causes undesired side effects as a 

result of off-target binding
50-54

. In view of these drawbacks, new RNA-targeting 

technologies are necessary to overcome these limitations. Recently, a new set of 

tools for manipulating RNA has been developed by modifying the powerful 

genome editing CRISPR/Cas9 system to recognise RNA. 
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1.2.2 CRISPR/Cas9 system   

 

Clustered, regularly interspaced short palindromic repeats (CRISPRs)/ 

CRISPRs-associated protein 9 (Cas9) is a powerful genome editing system 

derived from bacterial and archaeal adaptive immune systems
55

. It protects 

bacteria and archaea by destroying foreign genetic elements from viruses and 

plasmids using a mechanism analogous to RNAi system. CRISPRs are DNA loci 

that contain short palindromic repeat sequences interspaced by similarly sized 

non-repetitive spacer sequences. A set of cas genes usually reside adjacent to the 

CRISPR DNA loci. Spacer sequences are derived from invading exogenous 

DNAs and help in guiding the Cas9 endonucleases to destroy the 

complementarily paired foreign DNA. Repeats and spacers are first transcribed 

as a long pre-CRISPR RNA (crRNA) precursor. Cas9 endonucleases then cleave 

at specific site of the repeats to produce shorter crRNA. crRNA and Cas9 

endonucleases form a ribonucleoprotein complex to destroy target DNAs. 

 

Recognition and cleavage of target DNA by CRSPR/Cas9 requires recognition 

of a short trinucleotide, known as protospacer adjacent motif (PAM). This 

requirement is thought to be a protective mechanism to avoid self targeting by 

CRISPR/Cas9. By presenting the PAM in trans as a separate DNA 

oligonucletide (also termed as PAM-presenting oligonucleotides or PAMers), 

CRISPR/Cas9 can be programmed to target and cleave RNA sequences
56

. 

However, similar to RNAi technology, RNA CRISPR/Cas9 system suffers from 

inaccessibility to organelles such as mitochondria and chloroplasts. The 

technology is so new that its specificity and off-target rate have not been 

comprehensively evaluated. Cas9 endonuclease is a large protein (~1400 amino 

acids) and its stability for therapeutic applications is yet to be determined. The 

versatility of CRISPR/Cas9 in modulating RNA is limited by the strict 

requirement of the PAM sequence and a large Cas9 endonuclease protein
57

. It is 

unclear whether such technology can be engineered to perform more 

sophisticated RNA modulations such as RNA editing and tRNA targeting. 

Engineering RNA-binding proteins are an alternative strategy to bypass these 

limitations.  
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1.2.3 Engineering RNA-binding proteins  

 

Many diverse RNA-binding proteins (RBPs) have evolved to efficiently 

modulate endogenous RNA activities. There are about 500 proteins encoded in 

the human genome that contain at least one RNA-recognition motif (RRM)
 58

. 

RRMs are compact and approximately 90-100 residues in size
59

. They usually 

consist of four-stranded antiparallel sheet backed by a pair of alpha helices and 

arranged in tandem repeats of two or more RRMs. They can recognise ssRNA 

sequences up to 10 nucleotides or longer. However, natural RBPs usually target 

specific RNAs and offer limited flexibility to alter their specificities. Even with 

the structures of these RBPs solved, lack of modularity and predictability in their 

RNA-binding domains hinders their practical use. An ideal solution would be to 

have a modular repeat motif where each repeat binds a single RNA nucleotide 

with predictable and programmable binding codes. Pumilio and FBF homology 

(PUF) repeat proteins and pentatricopeptide repeat (PPR) proteins are two 

promising candidates that fulfil such criteria.          

 

1.3 PUF proteins 

 

1.3.1 Characteristics of PUF proteins 

 

Pumilio and FBF homology (PUF) proteins are a family of eukaryotic RNA 

binding proteins (RBPs) that contain a unique crescent-structure PUF repeat 

domain
59

. They are usually responsible for regulating gene expression during 

embryogenesis and development. The first protein identified in this family is 

Pumilio protein from Drosophila melanogaster
60

. Pumilio proteins bind to 

maternal hunchback mRNAs during embryogenesis and recruit two additional 

factors, Brats and Nanos, to suppress translation of hunchback proteins in 

posterior of the embryo and generate a gradient of hatchback proteins to 

accommodate the formation of abdominal segments
61-64

. Pumilio is a large 

protein consisting of 1,533 amino acids and 160 kDa in molecular weight but 

only its C-terminal fragment is responsible for RNA binding
65

. An interesting 

repeat structure was identified in this C-terminal fragment which consists of 
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eight tandem arrays of 36 amino acids in three helix bundles flanked by a 

degenerative “capping” repeat at each end. This unique structure was also 

identified in fem-3 mRNA binding factor (FBF), a translational repressor from 

Caenorhabditis elegans, which prompted the naming of this emerging protein 

family as the Pumilio and FBF homology (PUF) repeat proteins.   

 

PUF proteins are rare in nature compared to other RBPs
59

. There are only two 

known PUF proteins encoded in the human genome, namely Pumillo 1 (PUM1) 

and PUM2. PUM1 targets mRNAs that are associated with transcriptional 

regulation and cell cycle control. Binding of PUM1 enhances decay of targeted 

mRNAs and represses translation
66

. On the other hand, PUM2 is expressed 

abundantly in embryonic stem cells and germ cells
67

. It interacts with Deleted in 

Azoospermia (DAZ) and DAZ-like protein, probably via PUF repeat domain, to 

regulate translation during development and differentiation. 

 

The crystal structures of PUF repeats from Pumilio and human PUM1 proteins 

revealed an arc structure formed by eight arrays of repeats with each repeat 

consists of three α-helices, structurally reminiscent of the armadillo (ARM) 

repeat proteins (Figure 1.1a)
 65,68

. However, unlike armadillo repeats which fold 

into a superhelical structure, PUF repeats pack together to form an extended arc 

structure, resembles Huntington-elongation-A subunit-TOR (HEAT) repeats in 

protein phosphatase 2A. Perhaps the most surprising feature of PUF is that it 

binds RNA in a modular fashion in which a single PUF repeat binds to a single 

nucleotide in a RNA sequence (Figure 1.1b). This characteristic makes 

engineering PUF proteins to target endogenous RNA a promising prospect. 

However, a detailed understanding of the PUF-RNA recognition code is 

essential before any manipulation is feasible.   

 

1.3.2 RNA recognition code of PUF proteins 

 

The binding specificity of PUF is determined by the amino acids at position 12 

and 16, in which cysteine and glutamine bind adenine; asparagine and glutamine 

bind uracil; and serine and glutamine bind guanine
60

. There are no natural 

occurring residues that recognise cytosine. This greatly limits the potential of  
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a                                                b               

 

 
 

 

 

 

 

 

Figure 1.1 Structure of PUF. (a) Crystal structure of the human PUM1 PUF 

domain bound to target RNA. (Figure created using Pymol v1.8 

(www.pymol.org) and PDB ID 1M8Y
68

). N- and C-termini of PUF and 5´- and 

3´-end of the NRE RNA are indicated. (b) Schematic representation of the 

recognition of NRE RNA by PUF repeats of human PUM1.      
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engineering PUF protein for modulating RNAs, especially cytosine-rich RNA 

sequences. To overcome this limitation, our lab has designed a yeast-three 

hybrid selection system in which the survival of Saccharomyces cerevisiae is 

linked to the interaction between PUF domain and its target RNA
69

. We 

generated a library of mutant PUF in which position 12 and 16 of the repeat 6 of 

human PUM1 PUF domain was randomly mutated to code for all 20 possible  

amino acids and screened this library against RNAs containing the 

corresponding cytosine mutation. Five mutants were identified which 

specifically bind to cytosine residue but not the other nucleotides. All five 

variants contain an arginine at position 16 and different amino acids at position 

12, namely alanine, cysteine, glycine, serine and theorine. An independent study 

by Dong et al. subsequently confirmed our finding that the serine/arginine pair 

specifically binds to cytosine residues
70

. Structural experiments revealed that the 

side chain of arginine at position 16 forms hydrogen bonds with O2 and N3 of 

the cytosine while serine at position 12 merely assists in positioning arginine
21

. 

This may explain the redundancy of amino acids at position 12.  

 

1.4 Engineering PUF proteins 

 

1.4.1 Artificial site-specific RNA endonuleases 

 

With the binding codes for cytosine finally deciphered, we now have a complete 

set of tools to engineer PUF to target any RNA of interest. Custom PUF repeats 

have been fused with various effector domains to manipulate RNA metabolism. 

Choudhury et al. fused PUF repeats with a non-specific RNA endonuclease, a 

PIN domain (PilT amino terminus) of SMG6, to selectively cleave RNA of 

interest
71

.
 
They introduced a mitochondrial targeting sequence in their design to 

translocate the silencing complex into the mitochondria, a RNAi inaccessible 

organelle, and selectively cleaved nd6 mRNA. They termed their chimeric 

protein as artificial site-specific RNA endonucleases (ASREs). They found that 

the linker sequences between PUF repeats and its effector domain play a critical 

role in the success of the fusion protein. A short linker with only 3 amino acids 

had low activity while a long linker of 12 amino acids caused non-specific RNA 
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cleavage, possibly due to the excessive flexibility between the PUF repeats and 

its endonuclease. A linker of 7 amino acids performed best in their design and 

showed the highest activity. These findings indicate that future engineering of 

PUF-effector fusion protein should consider not only the type of effector domain 

but also an appropriate linker to maximize its effectiveness.  

 

1.4.2 Artificial translational regulator 

 

Translation of messenger RNA into protein is a tightly regulated process. GLD2 

and CAF1 are effector proteins that activate and repress translation, respectively. 

GLD2 is a regulatory cytoplasmic poly(A) polymerase required during 

oogenesis and long term memory formation
72,73

.
 

In contrast, CAF1 is a 

cytoplasmic mRNA deadenylase that shortens poly(A) tails
72

. A deadenylated 

mRNA is a substrate for mRNA decapping, which exposes the mRNA to 5´ to 3´ 

exonucleolytic degradation
74

. Both GLD2 and CAF1 do not bind mRNA with 

high affinity but instead, they rely on other factors to recruit them to the targeted 

mRNAs. Cooke et al. fused PUF with GLD2 and CAR1 to generate chimeric 

proteins that can activate and repress the targeted RNA, respectively, partially by 

adding or removing poly(A) tails
75

. In addition, they demonstrated that the 

magnitude of translational regulation is directly correlated to the binding affinity 

of PUF-RNA. It is important to note that engineered PUF proteins have varied 

binding affinities to different RNA targets
76

. Therefore, future applications of 

this technology should be aware that by simply changing the coding of PUF to 

target other RNAs may affect the magnitude of translational regulation despite 

the design being intact.  

 

1.4.3 Artificial splicing factor 

 

Another exciting application of PUFs is to engineer artificial splicing factors that 

can selectively favour splicing of clinically advantageous isoforms of particular 

genes. Dong et al. fused PUF with splicing factors to manipulate splicing of 

VEGF-A gene
70

. Vascular endothelial growth factor-A, or VEGF-A, is a potent 

tumour growth factor that stimulates vasculogenesis and angiogenesis, thereby 

promoting solid tumour malignancy. However, VEGF-A b, a new isoform of 
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VEGF-A, shows the opposite anti-angiogenic effect
77

. A switch from the anti-

angiogenic b isoform to the pro-angiogenic a isoform is thought to promote 

metastasis in solid tumour. The two isoforms were formed by alternative splicing 

of its 3´ splice site in exon 8. Isoform a is spliced with a proximal 3´ splice site 

while isoform b is spliced with a distal 3´ splice site. Dong et al. designed a PUF 

protein that recognised proximal 3´ splice site and fused it with Gly-rich domain 

of heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1). hnRNP A1 is 

known to antagonize splicing factors and the PUF-hnRNP1 chimera blocked 

splicing of VEGF-A isoform a
78

. Another PUF protein is designed to bind the 

distal 3´ splice site and was fused with RS domain of ASF/SF2 splicing factor, 

which promoted splicing of isoform b. Together, they favoured the splicing of 

the anti-angiogenic form of VEGF-A. Wang et al. used a similar approach to 

favour splicing of pro-apoptotic Bcl-xS splice isoform to promote apoptosis and 

increase sensitivity of chemotherapy
79

. These studies highlight the versatilities of 

PUF to fuse with other effectors to regulate all levels of RNA metabolisms.  

 

1.4.4 PUF fluorescent probe for live-cell imaging 

 

Ozawa et al. and Tilsner et al. utilized two PUF proteins, each fused to a split 

fragment of a fluorescent protein, to visual mitochondrial RNA and plants’ viral 

RNA, respectively, in live cells
80,81

.  The basis of the technique is to design two 

PUF proteins that recognize two closely adjacent 8-nucleotide sequences in the 

target RNA. Upon binding of the two PUF proteins, the split fluorescent protein 

fragments are brought into close proximity, allowing them to spontaneously 

assemble into a functional fluorescent protein and be visualized in real time, a 

technology now termed as bimolecular fluorescent complementation (BiFC). 

With two PUF proteins, the technology can theoretically distinguish 4.3 x 10
9
 

transcripts, which is sufficient to uniquely identify a target RNA transcript in a 

single cell
81

.
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1.5 PPR proteins 

 

1.5.1 Classification of PPR proteins 

 

Pentatricopeptide repeat proteins, or PPRs, are a family of organelle specific 

RNA-binding proteins first discovered in Arabidopsis thaliana
82.83

.
 
There are 

about 400 – 600 PPR proteins identified in plants and they regulate diverse RNA 

metabolisms including RNA processing, editing, splicing, cleavage, degradation, 

stability, maturation and translation. PPRs typically consist of tandem arrays of 

2-30 degenerate repeats with each repeat usually consisting of 35 amino acids 

and forms two anti-parallel α-helices. A number of PPR proteins consist entirely 

of tandem array of PPR repeats, such as PPR10 from maize, while others may 

contain nucleases or editing domains
84-86

. 

 

PPRs can be classified into P Class and PLS class (Figure 1.2)
 60

. The former is 

a classical tandem array of PPR repeats with 35 amino acids in each repeat, such 

as human PTCD3. The latter consists an array of triple repeats alternating in the 

order of a typical PPR (P), a longer PPR of 36 amino acids (L) and a shorter PPR 

of 31 amino acids (S), hence the name PLS. The C-termini of PLS class of PPR 

proteins usually consist of unique E/E+/DYW domains responsible for RNA 

editing, such as CRR22 from Arabidopsis thaliana. The significances of these 

array differences are not exactly clear but it is thought to be related to the 

binding affinity of PPR proteins. Editing PPR proteins of PLS class may require 

only modest and transient interaction with their targets while P class PPRs form 

stable RNA-protein complexes
87-89

.  

 

1.5.2 PPR proteins in human mitochondria 

 

There are seven PPR proteins identified in human mitochondria to date, namely 

MRPP3 (Mitochondrial RNaseP Protein 3), POLRMT (mitochondrial RNA 

polymerase), MRPS27 (Mitochondrial Ribosomal Protein of the Small subunit 

27), LRPPRC (Leucine-Rich PPR Cassette), PTCD1 (PPR Domain Containing 

Protein 1), PTCD2 and PTCD3. Due to the lack of structural and functional  
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Figure 1.2 Schematic representation of a typical P class PPR protein, human 

PTCD3 and a typical PLS class PPR, CRR22 of Arabidopsis thaliana.  
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information, there is no clear boundary on defining a PPR repeat, which results 

in inconsistency in counting the number of PPR repeats in these mitochondrial 

proteins. Our group have previously utilized TPRpred to predict the number of 

PPR motifs in all seven mitochondrial PPR proteins based on primary structure 

of these proteins
90-91

 (Figure 1.3). Due to redundancy in PPR domains, there 

may be more PPR motifs in these proteins and potentially some unclassified PPR 

proteins in the mammalian genome. In fact, Lipinski et al. utilized an iterative 

hidden Markov model algorithm approach to identify as many as 200 new 

potential PPR proteins in yeast genomes, making it possible that more 

unidentified PPR proteins may be present in the human genome
92

.
 
 

 

The human mitochondrial RNA polymerase (POLRMT) is a large (139 kDa) 

polypeptide responsible for transcription of mitochondrial genes. POLTMT is 

encoded in the nucleus and transported into mitochondria with the assistance of 

its N-terminal mitochondrial targeting sequence. There are two PPR motifs near 

to the N-terminus of POLTMT with unknown function and a RNA polymerase 

domain located at the C-terminus. In yeast, the N-terminus of the mitochondrial 

RNA polymerase is required for efficient and stable mitochondrial protein 

synthesis, making it likely that human POLTMT may share the same 

importance
93,94

. It is speculated that PPR domain in POLTMT may bind and 

stabilize nascent mitochondrial RNAs during transcription.  

 

Mitochondrial RNase P protein 3, or MRPP3, is a 67 kDa mitochondrial protein 

with 3 predicted PPR domains and a putative metallonuclease domain at the C-

terminus
91

. MRPP3 is loosely connected to the tightly bound MRPP1-MRPP2 

complex to form a protein-only RNase P that catalyses maturation of 5´ tRNAs 

in mitochondria. Our lab has previously demonstrated that knocking down 

MRPP3 decreased the level of mRNAs and tRNA but increased the presence of 

precursor transcripts in the mitochondria, suggesting a role of MRPP3 in 

processing of mitochondrial polycistronic transcripts
95

. It is likely that the PPR 

domains of MRPP3 bind to the substrate tRNA and the metallonuclease domain 

cleave the precursor transcript to release the tRNAs. However, with only 3 PPRs, 

it remains elusive on how MRPP3 achieves its target specificity. As a 
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Figure 1.3. Schematic representation of the seven mammalian mitochondrial 

RNA proteins in the order of the number of PPR motifs. (Figure redrawn from 

Ref 91.) 
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comparison, an ortholog of MRPP3 from Arabidopsis thaliana, known as 

PRORP1, contains 5.5 PPRs
96

.  

 

The leucine-rich pentatricopeptide repeat cassette (LRPPRC) is a 130 kDa 

mitochondrial matrix protein that contains as many as 22 predicted PPR motifs. 

It was first identified from a mutation that changed the highly conserved alanine 

to a valine residue at position 354 of the protein and caused a rare French-

Canadian variant of the neurodegenerative Leigh syndrome
97

. The V354A 

mutation reduced the abundance of LRPPRC and decreased the mRNAs of 

cytochrome c oxidase (COX) 1 and 3, indicating a link between LRPPRC and 

regulation of these mRNAs
98

.  

 

PTCD1, PTCD2 and PTCD3 are three distinctive mitochondrial proteins with 8, 

5 and 15 PPR motifs, respectively, and are responsible for 3´ tRNA processing, 

CytB RNA processing and mitochondrial protein synthesis, respectively
91

. On 

the other hand, MRPS27 has 6 PPR motifs and is associated with the small 

subunit of mitochondrial ribosome. It is involved in the synthesis of the 13 

mitochondrial polypeptides. Collectively, all these seven mitochondrial PPR 

proteins are essential for mitochondrial functions. Abnormality in any one of 

them would lead to aberrant mitochondrial protein synthesis, accumulation of 

precursor RNA transcripts, reduced mitochondrial functions and diseases. Given 

their importance, it is crucial to elucidate the binding specificities and the 

structures of these proteins to better understand their roles and potentially 

manipulate them.  

 

1.5.3 RNA recognition code of PPR proteins 

 

The molecular mechanisms underlying RNA recognition by natural PPRs are 

largely unknown. The highly insoluble nature of most natural PPRs is likely the 

reason behind the lack of structural information on PPRs. By extensive 

mutagenesis of the Arabidopsis thaliana HCF152 PPR protein, Kobayashi et al. 

showed that the amino acids at position 1, 4, 8, 12 and 34 of a PPR motif are 

important for RNA binding
100

.  
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Barkan et al. used computer analysis to find correlations between amino acid 

residues of a few well-characterized PPRs and RNA residues within their 

binding sites
101

. They found a strong correlation between the amino acids at 

position 4 and 34 of each PPR motif and the particular RNA nucleotide it binds. 

Parallel alignments of all possible combinations of amino acids in each PPR to 

its RNA target reveal a simple set of rules that define RNA recognition by a PPR 

motif: threonine and aspartic acid at positions 4 and 34, respectively, bind 

guanine; threonine/serine and asparagine bind adenine; asparagine and aspartic 

acid bind uracil; and asparagine and asparagine/serine bind cytosine (Table 1.1). 

Notably, a combination of asparagines at both positions 4 and 34 binds both 

cytosine and uracil. The variability of amino acids at these positions suggests 

that the binding code may be degenerate. Nonetheless, these combinational 

amino acid codes are observed in 64% of all canonical PPRs in Arabidopsis 

thaliana and rice.  

 

Another computational analysis by Yagi et al. confirmed the importance of 

amino acids at 4 and 34 in RNA recognition by PPRs
102

. Amino acid at position 

4 can distinguish between purines and pyrimidines and plays the most important 

role in PPR specificity. In contrast, amino acid at position 34 can discriminate 

amino from keto groups. Residue 1 is less important than residue 4 and 34 but it 

provides an additional fine-tuning to base recognition. A thorough understanding 

of how each amino acid within a PPR motif contributes to RNA recognition 

would require detailed structural information.  
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Table 1.1: RNA recognition code of PPR repeat reported by Barkan et al.
101

 

 

 

Amino Acid 
RNA Nucleotide 

Position 4 Position 34 

Threonine (T) Asparagine (N) Adenine 

Asparagine (N) Serine (S) Cytosine 

Threonine (T) Aspartic Acid (D) Guanine 

Asparagine (N) Aspartic Acid (D) Uracil 

Asparagine (N) Asparagine (N) Cytosine/Uracil 

 

  



CHAPTER 1                                                                                         Introduction 

 

 

21 

1.6 Structures of PPR proteins 

 

1.6.1 Human mitochondrial RNA polymerase 

 

The mitochondrial RNA polymerase (POLRMT) is the first PPR protein 

structure solved at atomic resolution
103

. POLRMT is large protein that is 

responsible for mitochondrial gene expression and it also provides RNA primers 

to initiate replication of mitochondrial genome. The structure of POLRMT is 

closely related to phage polymerases with the exception of its N-terminus that 

contains two PPR motifs. They form a pair of anti-parallel alpha helices. The N-

terminus is important for transcription of double-stranded promoter DNA and 

that prompted the speculation that PPR motifs may interact with DNA promoter 

or RNA transcripts. Since most PPR proteins contain more than 2 PPR motifs, it 

remains elusive whether the small PPR domain nestled within a large POLRMT 

protein will resemble other PPR proteins, especially those that consist entirely of 

PPR motifs.  

 

1.6.2 Proteinaceous RNase P1  

 

For decades, it was thought that RNases P only exist as ribonucleoproteins with 

a conserved RNA component. However, the discovery of a novel RNase P that 

consists of entirely protein changes the perception. Instead of having a RNA 

component, RNase P in Arabidopsis thaliana, known as proteinaceous RNase P1 

or protein-only RNase P1 (PRORP1), contains a PPR domain at its N-terminus
96

.
 

RNase P catalyses the maturation of tRNA by cleaving the 5´-end of the tRNA. 

It is speculated that these RNA-binding PPR motifs may replace the role of RNA 

components found in a typical RNase P. PRORP1 consists of a PPR domain, a 

1.5 α-helix linker, a central domain and a metallonuclease domain (Figure 1.4a). 

The PPR domain of PRORP1 consists of 5.5 consecutive PPR repeats and each 

repeat forms a helix-turn-helix hairpin structure. The 11 α-helices form a right-

handed superhelical structure, reminiscent of the structure of tetratricopeptide 

repeat (TRP) protein (Figure 1.4b). Removing 8 of the 11 helices from PRORP1 

decreased pre-tRNA binding by 34-fold and impaired catalytic activity by more 

than 2000-fold, highlighting the importance of the PPR domain in the overall  
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Figure 1.4. Structure of PRORP1 protein. (a) Topology map of PRORP1. (b) 

Crystal structure of PRORP1 protein. PPR domain (green), 1.5 α-helices 

(orange), central domain (red) and metallonuclease domain (purple) are 

coloured. N- and C-termini are indicated. (Figure created using Pymol v1.8 

(www.pymol.org) and PDB ID 4G23
96

).  

http://www.pymol.org/
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function of RNase P
96

.
 
The PPR domain is connected to the central domain by a 

1.5 α-helices linker. The central domain consists of an antiparallel 4-stranded β-

sheet with two extended loops that link to the metallonuclease domain. The 

conserved zinc-binding site within the central domain is important for stabilizing 

the overall structure of the loop-rich central domain and properly orientates it to 

the metallonuclease domain. The metallonuclease domain shows a unique 

structure of NYN (Nedd4-BP1, YacP Nucleases) domain of the PIN (PilT N-

Terminal) domain-like fold superfamily. It is structurally homologous to the 

nuclease domain of the FLAP nucleases, whose members include human 

exonuclease I
104

. The structural homology suggests that both PRORP1 and 

FLAP nuclease family may have evolved from a common ancestor.  

 

RNA footprinting experiment reveals that residues within D and TψC loops of 

the tRNA are essential for PRORP1 binding
105

. The same loops are also equally  

important for binding of ribonucleoprotein RNase P, suggesting that both 

PRORP1 and RNA-based RNase P may share a similar RNA recognition mode, 

despite having different types of catalysis. It is interesting to note that protein-

only RNase P is also present in human mitochondria. However, unlike a single 

RNase P protein in A. thaliana, human mitochondrial RNase P consists of three 

distinct proteins, namely MRPP1, MRPP2 and MRPP3 (Mitochondrial RNaseP 

Protein)
 106

. MRPP1 is a tRNA methyltransferase that binds tightly to MRPP2, a 

short chain dehydrogenase/reductase
107

. MRPP3, a PPR protein, is loosely 

connected to MRPP1-MRPP2 complex and, like PRORP1, it contains a 

metallonuclease domain that provides enzymatic cleavage activity for the 

complex.
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1.6.3 Pentatricopeptide repeat 10  

 

Yin et al. reported the crystal structure of pentatricopepetide repeat 10 (PPR10) 

protein, a P-class PPR protein from maize chloroplasts
108

 (Figure 1.5). PPR10 

contains 19 PPR motifs flanked by three short alpha-helices at the N-terminus 

and a single alpha-helix at the C-terminus (Figure 1.5a). These capping motifs 

in PPR10 may contribute to ligand specificity, as suggested from the studies of 

two closely related repeat proteins, tetratricopeptide repeat (TPR) and 

transcription activator-like effector (TALE). PPR10 binds to the 17-mer ATPH 

and 18-mer PSAJ RNAs. The 35 amino acids PPR motif forms two helices and 

each contains four helical turns followed by a five residues loop. The two helices 

are connected by a short turn of two amino acids to form an anti-parallel alpha 

helical structure. The 19 PPR repeats assemble into a right-handed superhelical 

spiral (Figure 1.5b). Upon binding to RNA, PPR10 forms an asymmetrical, anti-

parallel, intertwined homodimer and changes its overall structure to resemble a 

hollow cylindrical tube (Figure 1.5c). The capping motifs at both N- and C-

termini compress towards the centre to stabilize the RNA:protein complex.  

 

1.6.4 Thylakoid assembly 8  

 

THA8 is a maize PPR protein required for splicing of ycf3 transcripts in 

chloroplasts
109

. It plays an important role in biogenesis of chloroplast thylakoid 

membrane. In contrast to PPR10, THA8 is a small PPR protein with only 5 

tandem PPR motifs. It binds to the purine-rich sequence in Zm1a and Zm4 RNA. 

Interestingly, removal of up to 6 residues from Zm4 does not significantly affect 

the binding of THA8, indicating the G-A rich sequences are sufficient for strong 

binding of THA8 to RNAs. The crystal structure of THA8-RNA complex 

reveals a dimer structure similar to that of PRR10. The dimer formation creates a 

strong positively charged potential at the concave surface where the negatively 

charged RNA residues can bind.  
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Figure 1.5. Structure of PPR10. (a) Schematic representation of a PPR10 

protein. (b) Crystal structure of the 19 PPR repeats capped by three short α-

helices at the N-terminus (Blue) and a single helix at the C-terminus (Orange). 

(Figure created using Pymol v1.8 (www.pymol.org) and PDB ID 4M57
108

). (c) 

Same as b, homodimer structure of PPR10. 

   

http://www.pymol.org/
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1.6.5 Challenges in engineering PPR proteins 

 

These structural studies reveal a surprisingly low number of PPR motifs within 

the natural proteins that follow the RNA recognition code predicted by Barkan et 

al. and Yagi et al. This inconsistency and high insolubility may explain why 

there are currently no engineered PPR proteins to date. PPR proteins are found in 

all levels of RNA metabolism and the ability to program its RNA-binding 

preference would be invaluable to study and modulate RNA regulation. 

Therefore, I will describe the design of an artificial cPPR scaffold that can 

bypass the limitations imposed by natural PPR motifs.  

 

1.7 Purview of thesis 

 

To overcome the inconsistent RNA recognition codes and insolubility of natural 

PPR proteins, our lab utilized a consensus design strategy to create a 

programmable and highly soluble artificial consensus PPR (cPPR) scaffold. I 

demonstrated that cPPR was capable of, depending on the choices of amino 

acids at position 4 and 34, discriminating each RNA nucleotide from the others. 

The biochemical properties and molecular structure of cPPR have been 

extensively characterized and described in Chapter 3. These should serve as the 

basis for future applications of cPPRs. 

 

While expression of cPPR was simple and straight forward in bacteria, 

mammalian expression proved to be extremely difficult. Transfection of native 

cPPRs usually results in no detectable expression by western blotting. In Chapter 

4, I describe the optimization for cPPR expression in mammalian cells by fusion 

with GFP. With this optimized cPPR, I engineered a cPPR-polyA that 

suppressed mitochondrial protein translation as a proof of concept that cPPR can 

target RNAi-inaccessible organelles. Two variants of cPPRs, cPPR-miR-122A 

and cPPR-miR-122B were designed to successfully block miR-122 expression. 

Together, the versatilities of cPPRs to manipulate various aspects of RNA 

metabolism were established.     
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In Chapter 5, I describe a completely unexpected but exciting finding that cPPRs 

can bind ssDNA using the same programmable code discovered for RNA. 

Generating a ssDNA-specific cPPR was extremely challenging due to the lack of 

screening strategy for identical repeat proteins. To overcome this, I designed an 

in vitro screening system based on the different binding preference of cPPR to 

adenine and uracil. I demonstrated that the system is specific and more cost 

effective than gene synthesis. In addition, I showed that cPPRs can block 

telomerase activity in vitro and be translocated to telomeres in vivo by fusion 

with the hPOT1(ΔOB) domain. In a nutshell, the new synthetic cPPR scaffold 

described in this thesis should serve as a new versatile tool for programmable 

nucleic acid manipulation.   



 

CHAPTER 

TWO 

Materials and 

Methods 
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CHAPTER 2 

Materials and Methods 

 

2.1 Materials  

 

All reagents and chemicals used in this study were of analytical grade and stored 

according to manufacturers’ instructions.  

 

2.1.1 Chemicals 

 

Table 2.1: General chemicals used in this study 

 

Chemical Supplier Catalog 

Number 

30% Acrylamide/Bis Solution Bio-Rad  161-0158 

Agar Amresco J637-500G 

Agarose I Amresco 0710-500G 

Ammonium Persulfate (APS) Bio-Rad  161-0700 

Ampicillin Sodium Salt Sigma-Aldrich A9518-5G 

Benzyl Viologen Dichloride Sigma-Aldrich 271845-1G 

Bicinchoninic Acid Solution Sigma-Aldrich B9643-1L 

Bovine Serum Albumin (BSA) Sigma-Aldrich A6003-10G 

Bromophenol Blue Sodium Salt Sigma-Aldrich B8026-5G 

Calcium Chloride Amresco 0556 

Casamino Acids BD Biosciences 228820 

Chloramphenicol Sigma-Aldrich C0378-5G 

Coomassie Brilliant Blue Amresco M128-10G 

Copper Sulfate Pentahydrate Sigma-Aldrich C7631-500G 

D-Glucose, Anhydrous Amresco 0188-500G 

Dimethyl Sulfoxide (DMSO) Amresco 0231-500ml 

DL-Dithiothreitol (DTT) Fluka Analytical 43815 

dNTPs 10 mM Fermentas R0192 

Ethanol Ajax FineChem 214-20L 
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Ethidium Bromide (EtBr) Sigma-Aldrich E7637-1G 

Ethylenediaminetetraacetic Acid (EDTA) Amresco 0322-500G 

Glycerol Amresco 0854-500ml 

GlycoBlue Ambion AM9515 

Gracial Acetic Acid Ajax FineChem A1-2.5L GL 

HEPES Free Acid Amresco 0511-250G 

Hydrochloric Acid (HCl) Ajax FineChem 1367-2.5L GL 

Isopropanol Ajax FineChem 425-2.5L GL 

Isopropyl-β-D-Thiogalactopyranoside 

(IPTG) 

AppliChem A4773 

Kanamycin Sulfate Sigma-Aldrich K1377-5G 

Magnesium Sulfate (MgSO4) Sigma-Aldrich M8150-500G 

Methanol Ajax FineChem 318-20L 

PMSF Protease Inhibitor Thermo Fisher 36978 

Potassium Chloride Amresco 0395-500G 

Potassium Phosphate Dibasic Anhydrous Amresco 0705-500G 

Potassium Phosphate Monobasic 

Anhydrous 

Amresco 0781-500G 

Sodium Chloride (NaCl) Sigma-Aldrich S9625-1KG 

Sodium Dodecyl Sulfate (SDS) Amresco 0227-1KG 

Sodium Formate Sigma-Aldrich 71541-250G 

Sodium Hydroxide Amresco 0583 

Tetracycline Hydrochloride Sigma-Aldrich T7660-5G 

Tetramethylethylenediamine (TEMED) Merck 1.10732.0100 

TopVision Agarose Fermentas FMTR0491 

Tris Amresco 0497-1KG 

Triton X-100 Amresco 0694-1L 

Trizma Base Sigma-Aldrich T1503-1KG 

Tryptone, Bacteriological Amresco J859-500G 

Tween 20 Amresco 0777 

Water for Irrigation Baxter Healthcare 60670A 

Yeast Extract, Bacteriological Amresco J850-500G 
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2.1.2 Buffers and solutions 

 

All buffers and solutions were stored at room temperature except 6 x DNA 

loading dye and EMSA buffers were kept at 4
º
C and SDS loading buffer was 

stored at -20
º
C. 

 

Table 2.2: General buffers and solutions used in this study 

 

Buffers/Solutions Composition 

  DNA electrophoresis 

 

  6x DNA Loading Dye 0.03% Bromophenol Blue 

 

60 mM EDTA 

 

10 mM Tris 

 

60% Glycerol 

  Tris-Acetate-EDTA Buffer (TAE) 40 mM Tris  

 

20 mM Acetate 

 

2 mM EDTA 

 

0.5 μg.ml
-1

 EtBr 

  Tris-EDTA Buffer (TE) 10 mM Tris, pH 8 

 

1mM EDTA 

  Electrophoretic mobility shift assay (EMSA) 

  EMSA Buffer 10mM HEPES, pH 8.0 

 

1mM EDTA 

 

50mM KCl 

 

2mM DTT 

 

0.1mg.ml
-1

 fatty acid-free BSA 

 

0.02% Tween-20 
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SDS-PAGE &  Immunoblotting 

  Coomassie Blue Stain 45% v/v Methanol 

 

9% v/v Glacial Acetic Acid 

 

0.1% Coomassie Brilliant Blue 

  Destain Solution 20% v/v Methanol  

 

7.5% v/v Glacial Acetic Acid 

  SDS Loading Buffer 100 mM Tris-HCl, pH 6.8  

 

4% w/v SDS 

 

20% w/v Glycerol 

 

0.2% w/v Bromophenol Blue 

  Nitrocellulose Buffer 48 mM Tris 

 

39 mM Glycine 

 

0.05% w/v SDS 

 

20% v/v Methanol 

  Resolving Gel Buffer 3 M Tris-HCl, pH 8.8 

  SDS PAGE Running Buffer 25 mM Tris, pH 8.3 

 

192 mM Glycine 

 

0.1% w/v SDS 

  Stacking Gel Buffer 

 

0.5 M Tris-HCl, pH 6.8 

Tris Buffered Saline and Tween 20 

(TBST) 

10 mM Tris-HCl pH 7.3 

100 mM NaCl 

0.1% v/v Tween 20 
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2.1.3 Enzymes 

 

All restriction enzymes were sourced from New England Biolabs (NEB), unless 

otherwise specified. The concentrations of enzymes used were according to 

manufacturers’ recommendations.  

 

 

Table 2.3: General enzymes used in this study 

 

Enzyme  Supplier Catalog Number 

   Polymerase chain reaction (PCR) 

  

   Phusion Hot Start Flex DNA  NEB M0535L 

Polymerase 

  

   DreamTaq Thermo Fisher   EP0702 

   Molecular cloning 

  

   FastAP Thermosensitive Alkaline Thermo Fisher   EF0651 

Phosphatase 

  

   T4 DNA Ligase Thermo Fisher   EL0011 

   AscI  NEB R0558S 

   BamHI-HF NEB R3136S 

   NcoI-HF NEB R3193S 

   NheI-HF NEB R3131S 

   XbaI NEB R0145S 
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2.1.4 Culture media 

 

All culture media were stored at 4
º
C except LB and SOC were kept at room 

temperature. All bacterial culture media were autoclaved before use.  

 

Table 2.4: Culture media 

 

Medium Composition 

  Bacteria culture 

 

  Lysogeny Broth (LB) 1%  w/v Tryptone 

 

0.5%  w/v Yeast Extract 

 

1%  w/v NaCl 

  Super optimal Broth with 2%  w/v Tryptone 

catabolite repression (SOC) 0.5%  w/v Yeast Extract 

 

8.56 mM NaCl 

 

2.5 mM KCl* 

 

10 mM MgSO4* 

 

20 mM Glucose* 

  LB Amplicin plates LB 

 

1.5% w/v Agar 

 

100 mg.ml
-1

 Amplicilin 

  LB Kanamycin plates LB 

 

1.5% w/v Agar 

 

100 mg.ml
-1

 Kanamycin 

  Mammalian Tissue Culture 

 

  D10 medium Dulbecco’s Modified Eagle 

Medium (DMEM) 

 

1 mM Sodium pyruvate 



CHAPTER 2                                                                       Materials and Methods 

 

 

35 

 

4.5 g.l
-1

 Glucose 

 

2 mM Glutamine 

 

100 U.ml
-1

 Penicillin 

 

100 µg.ml
-1

 Streptomycin sulfate 

  D10 medium + Puromycin D10 Medium 

 

2 µg.ml
-1

 Puromycin 

    

* Sterile, added after medium was autoclaved
 

  

2.2 General molecular biology 

 

2.2.1 Polymerase chain reaction (PCR) 

 

All DNA used for cloning was PCR amplifying using high-fidelity Phusion Hot 

Start Flex DNA polymerase.  

 

Table 2.5: PCR Reaction 

 

Component Typical Volume (µM) Final Concentration 

5X Phusion HF Buffer 10 1 x 

10mM dNTP 1 200 µM 

100µM Forward Primer 1 2 µM 

100µM Reverse Primer 1 2 µM 

Template DNA 1 100-500 ng 

DMSO 2.5 5% 

Phusion DNA polymerase 0.5 1 unit 

Nuclease-Free Water 33.0 
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Table 2.6: PCR Cycling Condition 

 

Temperature Time Cycle 

95
o
C 30 seconds 1 

80
o
C 90 seconds 1 

95
o
C 30 seconds 

20 68
o
C* 30 seconds 

72
o
C 1 minute/kb 

95
o
C 30 seconds 

25 55
o
C 30 seconds 

72
o
C 1 minute/kb 

72
o
C 5 minutes 1 

4
o
C Hold 

 * temperature decrease by 1
º
C/cycle 

 

 

Table 2.7: List of oligonucleotides used in this study 

 

 

No Name Sequence (5' to 3') Notes 

1 hPOT1(N) 

NcoI Fwd 

gatcgaccatggatATGTCTTTGGT

TCCAGCAAC 

Amplify hPOT-N 

terminal for cloning 

into pTEM30 vector 

2 hPOT1 

(aa341) 

BamHI Rev 

ctcgatggatccCTGATGATCTGT

AAGTATTG 

  

3 hPOT1(N) 

AscI Fwd 

gatcgaggcgcgcccATGTCTTTG

GTTCCAGCAAC 

Amplify hPOT-FL  for 

cloning into pEF 

vector 

4 hPOT1(C) 

XbaI 

BamHI Rev 

cacgatggatcctctagaTTAGATTA

CATCTTCTGCAA 

  

5 hPOT1(C) 

AscI NheI 

Fwd 

ccatggggcgcgccaGCTAGCCCA

AGCTCTGGATCAGTATC 

Amplify hPOT-C 

terminal together with 

primer #4  for cloning 

into pEF vector 

6 NLS sfGFP 

BamHI Fwd 

actgacggatccaacATGGATAAA

GCGGAATTAATTCCCGAGC

CTCCAAAAAAGAAGAGAA

AGGTCGAATTGGGTATGGT

Introduce NLS into 

sfGFP 
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GAGCAAGGGCGAGGA 

7 sfGFP AscI 

NcoI Rev 

ttacccatgggcgcGCCACCCTTGT

ACAGCTCGTCCATGC 

Amplify sfGFP 

together with primer 

#6  for cloning into 

pEF vector 

*Protein coding sequences are shown in capital letters. 

 

All primers (Table 2.7) were synthesized by Geneworks, Australia. PCR (Table 

2.6) was performed using a Mastercycler ep Gradient S thermal cycler 

(Eppendorf, Germany). PCR products were visualized using 1% agarose gel 

electrophoresis (100 V, 1 h) in TAE buffer containing 0.5 µg.ml
-1

 EtBr. 5 µl of 

Gene Ruler 1kb Plus DNA Ladder (Thermo Fisher, SM1332) was also as 

molecular weight marker. Gels were visualized using a ChemiDoc XRS 

Molecular Imager (Bio-Rad Laboratories, USA). PCR products were purified 

using GeneJet PCR Purification Kit (Thermo Fisher, K0701). If non-specific 

amplicons were detected, PCR products were purified by gel extraction. PCR 

products were run in a 0.8% TopVision Agarose gel and extracted using a 

surgical blade. The gels containing DNA were purified using GeneJet Gel 

Extraction Kit (Thermo Fisher, K0692).  

 

2.2.2 Plasmid construction 

 

PCR products and vector backbones were digested with various restriction 

enzymes depending on the choice of vector. 1 µl of FastAP Thermosensitive 

Alkaline Phosphatase was added to the reaction mixes containing the vectors to 

remove the 5´ terminal phosphate group from the vector, to prevent re-

circularization in the subsequent ligation reactions. Digested PCR products were 

purified using GeneJet PCR Purification Kit and cut vectors were heat 

inactivated at 80
º
C for 20 minutes.  

 

Ligation was performed with a large insert to vector ratio. Reactions were 

performed in a final volume of 20 µl reaction mix, containing 5 units of T4 DNA 

ligase in 1X Ligase Buffer. Reactions were incubated overnight at 16
º
C.  
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For transformation, 10 µl of ligation mixture was incubated with 50 µl of 

chemically treated competent cells, DH10β for 30 minutes on ice. The cells were 

heat shocked by incubating at 42
o
C for 30 seconds and immediately returned to 

incubate on ice for 5 minutes. 1 ml of SOC mediumwas then added and the cells 

were incubated at 37
o
C for 50 minutes with agitation. The cells were then 

centrifuged at 4500 g for 1 minute and supernatant was discarded. Cell pellets 

were resuspended in the remaining SOC in the tubes and plated on LB plates 

containing the appropriate antibiotics.  

 

2.2.3 Bacterial colony screens 

 

To identify cells harbouring correct recombinant plasmid, a PCR-based bacterial 

colony screen was performed. 12 – 24 bacterial colonies were picked with 10 µl 

pipette tips and resuspended into a 96-well PCR plate (Thermo Fisher, AB-0700) 

containing 6 µl of LB and appropriate antibiotics. 2 µl of the suspension was 

then transferred into a fresh 96-well plate containing 8 µl of 0.5% Tween-20 and 

heated at 100
º
C for 30 seconds to lyse the bacteria cell walls and release the 

DNA. 1 µl of the suspension was used as template DNA for PCR amplification 

using appropriate primers and DreamTaq DNA polymerase. Colonies with 

positive PCR results were incubated overnight in 5 ml of LB with appropriate 

antibiotics. Plasmids were purified using GeneJet Plasmid Miniprep Kit (Thermo 

Fisher, K0502). Restriction test digests were performed to confirm that the 

plasmids contained inserts of the correct sizes. The test digest was performed in 

a 10 µl reaction mix that contained two restriction enzymes (1 unit each) and 1 

µl of purified plasmid DNA. Reaction mixture was incubated at 37
º
C for at least 

1 hour and analyzed on 1% agarose gel electrophoresis. The correct plasmid was 

verified by DNA sequencing (the Australian Genome Research Facility, Perth).    

 

2.2.4 Preparation of chemically competent E. coli cells 

 

Stocks of competent E. coli ER2566 strains were prepared by inoculating 10 ml 

of LB medium with a frozen glycerol stock not previously exposed to CaCl2 and 

incubated overnight at 37
º
C with shaking. Cells were diluted in 500 ml LB 

medium and further incubated with shaking until OD 600 was between 0.4 and 
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0.6. Cells were centrifuged at 4000 g for 10 minutes at 4
o
C and pellet was 

resuspended in 150 ml of ice cold 100 mM CaCl2/10% glycerol solution. Repeat 

the centrifugation again but resuspended in 20 ml ice cold 100 mM CaCl2/10% 

glycerol solution. Cells were incubated on ice for 25 minutes and snap frozen in 

liquid nitrogen and stored at -80
º
C. New batches of competent cells were tested 

for sensitivity to antibiotics and transformation efficiency.  

 

2.2.5 Real-time PCR (RT-PCR) 

 

RNA was isolated from harvested mammalian cells using miRNeasy RNA 

extraction kit (Qiagen, 217004) according to the manufacturer’s instructions. 

cDNA was synthesized using ThermoScript reverse transcriptase (Invitrogen, 

12236-022) with random hexamers. Quantitative PCR reactions were performed 

using Platinum UDG SYBR Green Mastermix (Invitrogen, 11733-038) on a 

Rotor-Gene 3000 (Corbett Life Sciences) and normalized to 18S rRNA.      

 

2.2.6 Northern blotting 

 

RNA was isolated from cells using miRNeasy RNA extraction kit (Qiagen, 

217004). 5 µg of RNA was resolved in 1.2% agarose formaldehyde gels, then 

transferred onto a 0.45 µm Hybond-N
+
 nitrocellulose membrane (GE Life 

Sciences, RPN119B) and hybridized with biotinylated oligonucleotide probes. 

The hybridization was carried out overnight at 50
º
C in Hybridization Solution 

(150 mM NaCl, 15 mM sodium citrate, pH 7.2, 20 mM Na2HPO4, 7% SDS, 1X 

RNAsecure [Ambion, AM7006] and 100 µg.ml
-1

 heparin). The signal was 

detected by IRDye 800CW Streptavidin (Li-Cor, 926-32230) and visualized 

using the Odyssey Infrared Imaging System (Li-Cor).  

 

2.2.7 Enzyme-linked immunosorbent assay (ELISA) 

 

17,000 of stably transfected Huh-7 cells were plated onto a 96-well plate in D10 

medium. Medium was collected after 72 hours and diluted 1:1000 in PBS. 

ELISA of human α-fetoprotein (AFP) was performed using human AFP 

quantikine ELISA kit (R&D Systems, DAFP00) as per the manufacturer’s 
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instruction. Optical density at 570 nm was measured in Power Wave XS2 

microplate reader (BioTek).  

 

2.3 Design and synthesis of cPPR  

 

2.3.1 Design of cPPR coding sequences 

 

cPPRs were designed based on the amino acid sequence and recognition codes 

described in this thesis. N-terminal cap residue (Met-Gly-Asn-Ser) and a C-

terminal solvating helix (Val-Thr-Tyr-Thr-Thr-Leu-Ile-Ser-Gly-Leu-Gly-Lys-

Ala-Gly) were added to the final design. Synthetic genes encoding the final 

cPPR design were optimized for expression in E. coli and synthesized from 

overlapping oligonucleotides (GeneArt, Life Technologies). For cPPR-hPOT 

chimeric protein, a linker sequence (Val-Asp-Thr-Gly-Asn-Ala-Ser) was added 

to the C-terminal after solvating helix. 

 

2.3.2 cPPR protein purification with pTYB3 vector 

 

cPPRs were subcloned into pTYB3 vector using KpnI and NcoI restriction sites 

and expressed as chimera to IMPACT (Intern Mediated Purification with an 

Affinity Chitin-binding Tag) tags in E. coli ER2566 cells (New England 

Biolabs). This purification technique relies on chitin-binding domains bind to 

chitin resins and subsequently a thiol reagent, dithiothreitol (DTT), is added to 

release the proteins from intein tags. Cells were lysed in Lysis Buffer (20 nM 

sodium phosphate, pH 8.0, 1 M NaCl and 0.1 M PMSF protease inhibitor). 

Lysates were clarified by centrifugation and incubated with chitin beads for 40 

minutes. Beads were washed twice with Wash Buffer 1, once with Wash Buffer 

2 and once with Wash Buffer 3. Wash Buffer 1, 2 and 3 all contained 20 mM 

sodium phosphate, pH 8.0 and 0.1 mM PMSF but contained 1 M, 0.5 M and 

0.15 M NaCl, respectively. After the washes, lysates were resuspended in 5 ml 

of Wash Buffer 3 and DTT was added to the final concentration of 50 nM. The 

tubes were purged with nitrogen gas and incubated at 4
o
C with gentle rocking 

for 3 days. The tubes were centrifuged at 3,000 g at 4
º
C for 10 minutes and 

supernatants containing the cPPR proteins were collected. Purified proteins were 
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dialyzed using DiaEasy Dialyzers (BioVision) at 4
º
C overnight in Dialysis 

Buffer (20 mM Tris, pH 8.0, 1 M NaCl and 10% glycerol). Protein concentration 

was determined by the bicinchoninic acid (BCA) assay using bovine serum 

albumin (BSA) as a standard. Purified proteins were visualized on a 10% SDS-

PAGE gel.  

 

2.3.3 Protein purification with pETM30 vector 

 

Coding sequences for cPPR, sfGFP and hPOT1-C were subcloned into pETM30 

vector and expressed as fusions to GST and His tag in E. coli 2566 cells (New 

England Biolabs). Cells were lyzed by sonication in Lysis Bufer (50 mM Tris-

HCl, pH 8.0, 0.3 M NaCl and 5 mM Imidazole). Lysate were clarified by 

centrifugation and incubated with HisSelect Beads (Sigma) for 30 minutes with 

gentle rocking at 4
º
C. Beads were washed twice with Wash Buffer (same as 

Lysis Buffer but with 10 mM Imidazole) and transferred into a Poly-Prep 

Chromatography Column (Bio-Rad). Beads were washed twice with Wash 

Buffer and proteins were eluted in Elution Buffer (same as Lysis Buffer but with 

250 mM Imidazole). Purified proteins were dialyzed using DiaEasy Dialyzer 

(BioVision) in Dialysis Buffer (25 mM Tris, pH 7.4, 0.2 M NaCl, 0.5 mM 

EDTA and 2 mM DTT) overnight at 4
o
C. Protein concentration was determined 

by the bicinchoninic acid (BCA) assay using bovine serum albumin (BSA) as a 

standard.   

 

2.4 General protein assay 

 

2.4.1 Bicinchoninic acid assay 

 

Purified proteins were diluted in 1% v/v Triton X-100 and 20 µl triplicate of 

each sample were pipetted into a 96-well plate (Thermo Fisher). A series of 

bovine serum albumin (BSA) with gradient concentrations were prepared as 

standards. BCA reagent A (1% BCA, 2% Na2CO3, 0.16% Na2tartrate, 0.4% 

NaOH, 0.95% NaHCO3, pH 11.25) was diluted 1:50 in Reagent B (4% 

CuSO4.5H2O). 200 µl of the mixture was added to each sample. The plate was 

incubated at 37
º
C for 1 hour and OD550 was obtained using a PowerWave 
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XS2 microplate spectrophotometer (Bio-Tek). A standard curve was plotted 

using BSA as a standard and the concentrations of protein were estimated 

according to the absorbance.  

 

2.4.2 SDS-PAGE and immunoblotting 

 

Purified proteins were denatured in SDS Loading Buffer for 5 minutes at 95
º
C 

and separated on a 10% Tris-glycine gel (0.375 M Tris-HCl, 0.1% SDS, pH 6.8) 

using a Bio-Rad Mini PROTEAN System. Gel were stained with Coomassie 

Blue Stain for an hour and destained with Destain solution overnight with gentle 

shaking. Gels were scanned using a LiDE 20 scanner (Canon).  

 

For immunolotting, after SDS PAGE, gels were electrotransfered onto 0.2 mm 

nitrocellulose using a BioRad Mini Trans-Blot system (100 V, 1 h) in transfer 

buffer (25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% methanol) and then 

blocked with Odyssey Blocking Buffer (Li-Cor) at room temperature for an 

hour. Anti-GFP antibody (Novus, 1:1000) was diluted in 5 ml Odyssey Blocking 

Buffer (Li-Cor) and added onto the blot. The blot was incubated overnight at 4
º
C 

with gentle rocking. The blot was washed three times with PBST Solution (PBS 

and 0.05% Tween). IR Dye 800CW Goat Anti-Rabbit IgG (Li-Cor) secondary 

antibody was diluted in Odyssey Blocking Buffer. The secondary antibody 

binding was carried out for 1 hour at room temperature, followed by three 10 

minutes washes in TPBS. Antibody-bound proteins were visualized using 

Odyssey Infrared Imaging System (Li-Cor).  The primary antibody used in this 

study was anti-GFP antibody (NB600-308, Novus Biologicals) at 1:1,000 

dilution. The secondary antibody used was IRDye 800CW goat anti-rabbit 

antibody (Li-Cor, 926-32211) at 1:10,000 dilution.  

 

2.4.3 Electrophoretic mobility shift assay 

 

Purified proteins were incubated at room temperature for 30 minutes with 

fluorescien labelled ssDNA or RNA oligonucleotides (Dharmacon) in EMSA 

Buffer (10 mM HEPES, pH 8.0, 1 mM EDTA, 50 mM KCl, 2 mM DTT, 0.1 

mg.ml
-1

 fatty acid-free BSA and 0.02% Tween-20). Reactions were analyzed by 
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10% PAGE in TAE and fluorescence was detected using Typhoon FLA 9500 

Biomolecular Imager (GE).  

 

The following RNA sequences were used:  

polyA: 5′-(Fl)AAAAAAAAAA-3′ ; 

polyC: 5′-(Fl)CCCCCCCCCC-3′ ; 

polyG: 5′-(Fl)AAGGGGGGGG-3′ ; 

polyU: 5′-(Fl)UUUUUUUUUU-3′ ; 

NRE: 5′-(Fl)AUUGUAUAUA-3′ ; 

NREG2A: 5′-(Fl)AUUAUAUAUA-3′ ; 

NREG2C: 5′-(Fl)AUUCUAUAUA-3′ ; 

NREG2U: 5′-(Fl)AUUUUAUAUA-3′ ; 

MBNL1: 5′-(Fl)AUGCUUCGCU-3′ ; 

 

Sequences for DNA probes are: 

polyA:  5′-(FI)AAAAAAAAAA-3′; 

polyC:  5′-(FI)CCCCCCCCCC-3′; 

polyG:  5′-(FI)GGGGGGGG-3′; 

polyT:  5′-(FI)TTTTTTTTTT-3′; 

 

2.4.4 Thermal shift assay 

 

Thermal scanning was performed using a real-time PCR machine (7900HT Fast 

Real-Time PCR, Applied Biosystems) in 384 well plates at the temperate range 

from 25
o
C to 95

º
C at 3

º
C per minute. Fluorescent intensity was measured after 

every 15s. Purified cPPR-NRE and PPR10 were diluted in Buffer A (10 mM 

Tris-HCl pH 7.5, 5 mM MgCl2 and 150 mM NaCl). The final reaction mix 

contained 8 µl Buffer A, 1 µl of protein (10 µg.µl
-1

 for cPPR-NRE and 1 µg.µl
-1

 

for PPR10) and 1 µl of 100 x SYPRO Orange dye (Invitrogen). Each assay was 

performed in triplicate. PCR plates were sealed and centrifuged. Melting 

temperatures were calculated using real-time PCR instrument software (Applied 

Biosystems).  
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2.4.5 Mitochondrial protein synthesis 

 

HeLa cells were transfected for 3 days for analyzing de novo protein sysnthesis. 

The culture medium was replaced with methionine and cysteine free medium 

containing 10% FCS for 30 minutes and 100 µg ml
-1

 emetine was added for 5 

minutes. 200 µCi Expres35S Protein Labeling Mix [
35

S] (14 mCi, Perkin-Elmer) 

was added and incubated at 37ºC for 1 h. Cell were then washed with PBS, 

centrifuged and resuspended in PBS. 20µg of proteins were analysed on 12.5% 

SDS-PAGE and the radiolabeled proteins were detected on film.   

 

2.5 Tissue culture and microscopy 

 

2.5.1 Tissue culture and plasmid transfection 

 

HeLa human cervical cancer cells and HuH7 cells (a generous gift from Prof. 

Peter Leedman) were cultured at 37
º
C under humidified 95% air/5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) containing glucose 

(4.5 g.l
-1

), 1 mM pyruvate, 2 mM glutamine, penicillin (100 U.ml
-1

), 

streptomycin sulfate (100µgml
-1

) and 10% fetal bovine serum (FBS). HeLa cells 

were plated at 80% confluence in 6-well plates and plasmids were transfected 

using Fugene HD (Roche). For stable clonal cell lines, 2µg.ml
-1

 puromycin was 

added to the culture medium and single cells were sorted onto 96-well plates two 

weeks after transfection based on sfGFP expression using FACS Aria III cell 

sorter (BD Biosciences).  

 

2.5.2 Fluorescence microscopy 

 

Transfected HeLa cells were plated onto 13 mm diameter glass coverslips and 

allowed to attach overnight.  Cells were fixed with 4% paraformaldehyde in PBS 

for 30 minutes and washed with PBS. Cells were then incubated with 10% FBS 

and 0.1% Triton X-100 prepared in PBS for 30 minutes to permeabilise cells and 

block non-specific sites. Staining was done using primary anti-RAP antibody 

(NB100-292, Sapphire Bioscience) and secondary anti-mouse Alexa. Cells were 
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mounted in DABCO/PVA medium and images were acquired using a Nikon 

Ellipse Ti fluorescent inverted microscope using a Nikon 60x objective.  

 

2.6 Telomerase assay 

 

2.6.1 Direct human telomerase activity assay 

 

Purified telomerase was a generous gift from Dr. Scott Cohen from the 

University of Sydney. Telomerase extension assay was performed in 20 mM 

HEPES-KOH buffer, pH 7.9, 300 mM KCl, 2 mM MgCl2, 0.1% vol/vol Triton 

X-100, 1 mM Spermidine-HCl, 10 mM DTT, 1 mM dTTP, 1 mM dATP, 10 uM 

dGTP, 100µCi [α-
32

P] dGTP and 10% vol/vol glycerol. Reaction was initiated 

by addition of 30 µl of purified telomerase and incubated at 37 ºC for 4 hours. 

Reactions were stopped by addition of STOP buffer (500 mM NaCl, 10 mM 

EDTA and 0.1% v/v Triton X-100). 20 µl of Ultralink Neutravidin Plus beads 

(ThermoFisher, 29200) were added to the samples and rotated at room 

temperature for 2 hours. Beads were collected by brief centrifugation at 5,000 

rpm for 10 seconds and washed three times with STOP buffer. Telomerase 

extension products were released by heating in Denaturing Formamide Buffer 

(90% vol/vol formamide, 90 mM Tris base, 90 mM boric acid, 1bmM EDTA, 

0.01% wt/vol xylene cyanol and 0.01% wt/vol bromophenol blue) for 10 

minutes. 5µl of each DNA sample was analyzed by electrophoresis on a DNA 

sequencing gel. Image was taken using Typhoon FLA 9500 (GE Healthcare Life 

Sciences).  
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CHAPTER 3 

An artificial PPR scaffold for programmable RNA recognition 

 

 

3.1 Engineering pentatricopeptide repeat proteins 

 

RNA expression and regulation underlie all cellular processes, from genetic 

information transfer to regulation of gene expression. The classical approaches 

to regulate RNAs are predominantly limited to RNAi, which, despite being 

powerful, is usually restricted to downregulation of gene expression and off-

target issues have been reported. The recent CRISPR/cas9 system is a promising 

alternative but it is complicated by strict requirement of PAM sequences design 

and its use beyond down-regulation of genes remains elusive
56,57

. Given the 

unprecedented complexity of cellular transcriptomes and the diverse 

mechanisms employed by RNAs, more flexible approaches to manipulate RNAs, 

other than down-regulation, are critically needed. Engineering RNA-binding 

proteins (RBPs) is an attractive strategy to overcome these limitations and it has 

the added advantage of diverse functionalities by fusing RBPs to various effector 

domains. This is particularly true as highlighted by the recent successes in 

engineering artificial splicing factors
70,79

, imaging tools
80,81

, organelle-accessible 

RNA nucleases
71

 and transcriptional regulators
72,73

 using modular PUF proteins. 

However, designer PUF proteins suffered from variations in binding affinity as 

compared to native PUFs and their structures also impose limits on the 

maximum number of tandem PUF repeats in the final design
111

. Another family 

of RNA binding proteins, the pentatricopeptide repeat proteins (PPRs), is a 

promising alternative. The PPR family remains a largely unexplored candidate 

for manipulation due to the lack of structural information, high insolubility and 

unpredictable RNA recognition codes.  

 

Computational analyses of PPRs have predicted that they bind RNA in a 

modular and sequence-specific manner
101,102

. Natural PPR proteins consist of 2-

30 PPR repeats and each PPR repeat consists of 35 amino acids, which folds into 

two anti-parallel α-helices
60

. Some PPR proteins consist entirely of tandem 
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arrays of PPR motifs while others have effector domains attached to it, such as 

the metallonuclease domain in PRORP1. Statistical analyses have revealed a 

significant correlation between the amino acids at positions 4 and 34 and the 

RNA bases within the RNA footprint
101

. One study suggests that amino acid at 

position 1 of a PPR motif may assist in specific recognition of RNA 

nucleotide
102

. Two distinct PPR structures have recently been solved at atomic 

resolution
108,109

. Intriguingly, only some of the PPR motifs bind RNA following 

a predictable code while the majority bind RNA without any observable trend. 

Furthermore, PPR proteins are also highly insoluble when expressed in 

heterologous systems. For instance, extensive mutagenesis and truncation were 

required to obtain soluble PPRs for crystallization
108

. To address these 

limitations, I describe the design of a highly soluble and programmable synthetic 

PPR scaffold by using a consensus design strategy.  

 

3.2 Consensus design of a PPR protein 

 

Consensus design is an approach to engineer an artificial protein composed of 

amino acids based on the most common residues from multiple sequence 

alignment at each position
112

.
 
Due to the enrichment over evolution, these amino 

acids are predicted to be the most stable and active in the protein
113

.
 
This strategy 

has been successfully employed in designing many repeat proteins with 

significantly higher solubility and stability than their natural counterparts
114

. 

However, the strategy has never been applied to design RNA-binding proteins. It 

is important to note that there are many diverse PPR proteins found in the nature 

(400 in plants and 7 in human) and these rich sequence resources make PPRs 

particularly suitable for consensus design.  

 

To design a consensus PPR, a set of 23,916 PPR sequences were collected from 

the UniProtKB database. The over represented amino acids at each position 

revealed an enrichment of amino acids at each position of a PPR motif (Figure 

3.1). These amino acids were chosen to construct a synthetic 35-amino acid 

consensus PPR (cPPR), with the only exception where the cysteine at position 

11 was replaced by a glycine residue to prevent any potential  
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Figure 3.1 PPR profile. A sequence logo that represents the enrichment or 

depletion of amino acids at each position of a PPR motif. Amino acids are 

coloured according to the physiochemical property of their side chain: 

hydrophobic (I,L,V,M,P) in green, acidic (D,E) in purple, nucleophilic (C,S,T) 

in blue, amides (Q,N) in yellow, aromatic (FWY) in red, basic (H,K,R) in orange 

and small (A,G) in black. The predicted secondary structure is shown below 

(Figure adapted from Ref 110).  
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interference to the protein folding by disulfide bond formation. The final cPPR 

construct contains eight identical PPR motifs arranged in tandem repeat (Figure 

3.2). The reasons for using eight repeats are (i) it is a manageable size for 

efficient cloning and protein expression, (ii) based on the many successes in 

engineering the 8-repeat PUF protein and (iii) it is predicted to bind a contiguous 

RNA. Two additional features were added to both termini of the cPPR protein. A 

cap sequence (Met-Gly-Asn-Ser) was added to the N-terminus as these amino 

acids have the highest occurrence at the N-termini of α-helices. A solvating helix 

(Val-Thr-Tyr-Thr-Thr-Leu-Ile-Ser-Gly-Leu-Gly-Lys-Ala-Gly) was added to the 

C-terminus to prevent unfolding, according to the successful design of an 

idealized TPR motif reported by Main, et al 
115

. The codon usage for the cPPR 

gene was optimized for expression in E. coli.    

 

3.3 cPPRs are more soluble and stable than natural PPRs 

 

To assess the solubility, the cPPR and 8-repeat equivalents of natural PPR 

proteins (PRORP1, MRPS27, OTP51, LRPPRC, CRR22, PPR10 and LPA66) 

were first cloned into pTYB3 vector and expressed in E. coli ER2566 cells as 

fusions to the IMPACT (Intern Mediated Purification with an Affinity Chitin-

binding Tag) tags as described in section 2.3.2. Cells were induced with IPTG. 

Total proteins, soluble portion of the proteins from lysed cells and purified 

proteins were analysed by SDS-PAGE and Coomassie Blue staining (Figure 

3.3). The cPPR was detected in soluble fraction after cell lysis but not natural 

PPR proteins, illustrating that the cPPR was more soluble than its natural 

counterparts when these proteins are recombinantly expressed in E. coli.  

 

Next, the stability of cPPR was compared with the best characterized natural 

PPR protein, maize PPR10, by using thermal shift assay. PPR10 was PCR 

amplified from the plasmid pET24a-PPR10, which is a generous gift from Dr. 

Stephane Thore from the University of Geneva. Proteins for this assay were 

prepared as described in section 2.3.2. cPPR and PPR10 were mixed with 

SYPRO orange dye and the fluorescence intensity was measured by a real-time 

PCR machine, as described in section 2,4,4. The overall fluorescence was used 

to plot the stability curves and Tm values for both proteins were measured.  
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Figure 3.2 The consensus PPR sequence and cartoon depicting its assembly into 

an eight repeat protein flanked by a N-terminal stabilizing cap and a C-terminal 

solvating helix.  
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Figure 3.3 Solubility of PPRs. Comparing the solubility of natural PPRs and 

cPPR. Equivalent 8-repeat regions of A. thaliana CRR22, LPA66, OTP51 and 

PRORP1; human LRPPRC and MRPS27; maize PPR10; and cPPR were 

expressed as IMPACT-tagged fusion proteins in E coli. Total protein from 

induced cells, soluble protein fraction of the induced cells and purified protein 

were analysed by SDS-PAGE and Coomassie Blue staining.  
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Tm values for the cPPR and PPR10 were 55
º
C and 39

º
C, respectively, indicating 

that the cPPR is more stable than PPR10 (Figure 3.4). These data suggest that 

the cPPR is more soluble and stable than natural PPR proteins and therefore, it 

may be more suitable for biotechnological applications.  

 

3.4 cPPRs bind RNA in a modular manner 

 

Since all eight repeats within the cPPR construct were identical, we 

hypothesized that the cPPR should bind specifically to a particular homopolymer 

if one repeat binds one RNA nucleotide. The cPPR contained asparagine and 

glutamate at position 4 and 34, respectively (Figure 3.5a). According to 

previous computational analyses, PPR with this code should bind specifically to 

an uracil residue. To verify this, I designed a RNA homopolymer that contained 

10 uracil residues with an FITC reporter at the 5´ end and analysed the binding 

by RNA eletrophoretic mobility shift assay (REMSA). As expected, the cPPR 

bound specifically to the uracil homopolymer as confirmed by upward shifted 

bands when cPPR was present and the shifted bands diminished gradually with 

decreasing cPPR concentration (Figure 3.5b). The cPPR did not bind polyA, 

polyC and polyG RNA homopolymers, strongly suggesting that the binding is 

uracil-specific. This supports the one-repeat one-RNA-residue binding mode of 

the cPPR.  

 

To expand the use of the cPPR beyond binding uracil homopolymer, we utilized 

the RNA-binding code of natural PPR proteins. Barkan et al.
101

 and Yagi et al.
 

102
 reported that threonine and asparagine at position 4 and 34, respectively bind 

adenine; asparagines and serine bind cytosine; and threonine and aspartic acid 

bind guanine. We re-designed the cPPR with threonine and asparagine at 

position 4 and 34 (‘T4N34’), respectively, and the cPPR bound specifically to 

adenine RNA homopolymer (Figure 3.5b). The same binding specificity was 

observed for cytosine RNA homopolymer when amino acids at position 4 and 34 

were mutated to asparagines and serine.  
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Figure 3.4 Thermal stability of PPRs. A comparison of thermal stability 

between cPPR and 8-repeat equivalent of maize PPR10. Each protein was mixed 

with SYPRO orange dye and the overall fluorescence intensities were used to 

plot the standard curve. Tm values are shown.  
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a 

 

 

b 

 

 

 

 

Figure 3.5 RNA-binding specificity of consensus PPRs. (a) Amino acid 

sequences of the four different PPR repeats were designed to bind the indicated 

RNA homopolymers. Amino acids at position 4 and 34 are highlighted in red. 

(b) RNA electrophoretic mobility shift assay of the cPPRs from (a). RNA 

homopolymer probes used are indicated on the left and RNA:protein complexes 

are highlighted with red arrows. Protein concentrations used for the assay range 

from 10 µM to 0.15 µM.  
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Elucidation of the binding for guanine RNA homopolymer was complicated by 

the fact that G-rich sequences tend to form stable G-quadruplexes, which may 

hinder the binding of cPPRs. To overcome this, we designed a cPPR that binds 

specifically to the nanos response element (NRE) sequence (5´- UGUAUAUA-

3´) by mutating the amino acids at position 4 and 34 at each repeat according to 

the RNA-binding code (Figure 3.6a). Repeat 2 of the cPPR- NRE contained a 

threonine residue at position 4 and aspartic acid at position 34 (‘T4D34’), which 

should bind a guanine nucleotide. The resulting cPPR-NRE bound specifically to 

NRE RNA sequences (Figure 3.6b). When we mutated the G residue at the 

position 2 of the NRE probe (5´-UGUAUAUA-3´) to C, A or U, cPPR-NRE 

protein bound these mutated probes with significantly less affinity, suggesting 

that ‘T4D34’ code specifically binds to a guanine nucleotide (Figure 3.6b, 

Table 3.1). To further confirm these results, we mutated the repeat 2 to ‘N4S34’, 

which was predicted to bind a cytosine RNA nucleotide. As expected, the 

resulting cPPR-NRE (repeat 2 NS) bound strongly to NRE G2C probe but not to 

NRE, NRE-G2A and NRE-G2U probes, further confirming that ‘T4D34’ 

specifically recognises guanine but not adenine, cytosine or uracil. Collectively, 

we have demonstrated that cPPRs can bind any RNA sequence of interest by 

modifying the residues at position 4 and 34 according to the RNA-binding code. 

Furthermore, these data also experimentally support the validity of the previous 

bioinformatic predictions.  

 

To further show that cPPR can target any RNA sequence of interest, we 

designed a cPPR that binds specifically to the target sequence of MBNL1 

(Muscleblind-like splicing factor 1) (Figure 3.7a). MBNL1 is a splicing factor 

that regulates post-natal alternative splicing of pre-mRNAs and failure of which 

leads to development of myotonic dystrophy
116

. It binds specifically to the RNA 

sequence: 5´-GCUUCGCU-3´ and we designed a cPPR (termed as cPPR-

MNBL1) that binds specifically this RNA sequence. cPPR-MNBL1 bound 

specifically to MNBL1 target sequence but not to the mutated version that 

contained two CC mutations (5´-GCCCCGCU-3´) (Figure 3.7b, Table 3.1). We 

then engineered a cPPR to target the CC mutated sequence (MNBL1-CC RNA). 

cPPR-MNBL(CC) bound specifically to MNBL1-CC RNA but not MNBL1 

RNA or NRE sequence, suggesting that cPPR is able to target CG-rich  
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Figure 3.6 Programmable RNA binding of cPPRs. (a) Schematic view of the 

cPPR designed to bind the nano response element (NRE). cPPR-NRE (repeat 2 

NS) carrying ‘N4S34’ mutations are highlighted. (b) Electrophoretic mobility 

shift assay of cPPR-NRE and cPPR-NRE (repeat 2NS) with a series of RNA 

probes. Upward shifted bands that represent RNA-protein complexes are 

indicated by red arrows. Protein concentration used for the assay range from 10 

µM to 0.15 µM. 
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Table 3.1 RNA-binding affinity for cPPR proteins 

 

 

 

 

 

 

 

 

 

 

 

 

 

cPPR Protein RNA  Kd* (μM)  

cPPR-NRE  NRE  0.68  

cPPR-NRE  NRE G2A  1.6  

cPPR-NRE  NRE G2C  1.3  

cPPR-NRE  NRE G2U  3.0  

cPPR-NRE(repeat 2 NS)  NRE  9.2  

cPPR-NRE(repeat 2 NS)  NRE G2A  7.4  

cPPR-NRE(repeat 2 NS)  NRE G2C  3.4  

cPPR-NRE(repeat 2 NS)  NRE G2U  6.5  

cPPR-MBNL1  MBNL1  2.3  

cPPR-MBNL1  MBNL1-CC  6.8  

cPPR-MBNL1  NRE  n.d.** 

cPPR-MBNL1(CC)  MBNL1  4.7  

cPPR-MBNL1(CC)  MBNL1-CC  3.2  

cPPR-MBNL1(CC)  NRE  n.d.
**

  

cPPR-polyA  poly(A)  0.37  

cPPR-polyA  AAAACAAA  1.6  
*Kd values were determined by first plotting the intensity of each unbound 

protein band in an EMSA assay against concentration of the proteins. Kd 

values were calculated by the Prism software (GraphPad).  

**n.d.= not determined as the binding was insignificant 
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Figure 3.7 cPPRs can bind GC rich sequence. (a) Schematic view of the cPPR 

designed to bind the MNBL1 targeted sequence. cPPR-MBNL1(CC) carries 

‘N4S34’ mutations at its third and fourth cPPR repeats and these mutated cPPR 

repeats should bind to cytosine nucleotides. (b) Electrophoretic mobility shift 

assay of cPPR-MBNL1 and cPPR-MBNL1 (CC) with a series of RNA probes. 

Upward shifted bands that represent RNA-protein complexes are indicated by 

red arrows. Protein concentrations used for the assay range from 10 µM to 0.15 

µM. 
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sequences. Furthermore, we designed a cPPR-polyA that bound adenine RNA 

homopolymer. cPPR-polyA bound mutant polyA probe (5´-AAAACAAA-3´) 

with slightly reduced affinity as compared to polyA probe (5´-AAAAAAAA-3´). 

This is expected as one nucleotide difference is unlikely to completely abolish 

cPPR binding (Table 3.1, Figure 3.8). 

 

3.5 A minimum of 6 repeats is required for cPPR binding to RNA  

 

We investigated the minimum number of cPPR repeats required for effective 

RNA-binding. We designed 8 cPPR-NREs that contain 1 to 8 cPPR repeats. The 

cPPRs were expressed in E. coli and after three hours of IPTG-induction, cPPRs 

of various lengths were analyzed by SDS-PAGE and Coomassie Blue staining 

(Figure 3.9, top). Most of the cPPRs were soluble as evidenced by their 

presence in soluble fractions of the cell lysates (Figure 3.9, middle). The cPPRs 

of various lengths can be purified and the amount of purified protein increased 

as the number of repeats in the cPPRs increased (Figure 3.9, bottom). One-

repeat cPPR cannot be purified, probably due to its small size that may affect the 

protein stability and solubility after removal of the IMPACT tag.  

 

Interestingly, cPPRs with 2, 3, 4 and 5 repeats did not show any shifted bands 

when analysed by the EMSA assay (Figure 3.10). cPPR with 7 and 8 repeats 

bound to RNA with increasing affinity as the number of repeats increased. It is 

interesting to note that a very smaller-than-expected mobility shift was observed 

in 6-repeat cPPR relative to the 7- and 8-repeat version. We investigated whether 

a cPPR with 16 repeats will show an even better binding affinity. We generated 

a 16-repeat cPPR-NRE that consists of two 8-repeat cPPR-NREs (termed as 

cPPR-16-mer). cPPR-16-mer could not be expressed in the E. coli ER2566 strain 

as there was no band corresponding to the fusion protein on the SDS-PAGE gel 

(Figure 3.11). The same results were confirmed in two independent induction 

experiments. It is possible that a protein with 16 cPPR repeats is unstable for 

expression in E. coli.  
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Figure 3.8 Electrophoretic mobility shift assay of cPPR-polyA binding to 

poly(A) RNA probe and 5´-AAAACAAA-3´ RNA probe. Protein concentrations 

used for the assay range from 10 µM to 0.15 µM. 
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Figure 3.9 Solubility of cPPR with 1 to 8 cPPR repeats. Total protein from 

IPTG-induced cells (total), soluble fraction of the cell lysate (soluble) and equal 

volume of affinity-purified protein (purified) were analysed by SDS-PAGE and 

Coomassie Blue staining. cPPRs in total cells (total) and soluble fraction of the 

cell lysate (soluble) are fused to the IMPACT tags and therefore, they are larger 

in sizes as compared to purified cPPR (purified), which have the IMPACT tags 

removed.  
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Figure 3.10 RNA electrophoretic mobility shift assay analysis of the binding 

between cPPR-NRE with 2 – 8 repeats and NRE probes (5´-UGUAUAUA-3´). 

Protein concentration used for the assay range from 10 µM to 0.15 µM. Kd for 

7-repeat cPPR and 8-repeat cPPR are 0.42 µM and 4.5 µM, respectively. 
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Figure 3.11 Expression of cPPR with 16 repeats (16-mer). Two independent 

induction experiments were conducted using two different colonies (#1 and #2) 

of cPPR-16mers with (+) and without (-) IPTG induction. Samples were 

analysed by SDS-PAGE and Coomassie Blue staining. An 8-repeat cPPR-NRE 

was also induced as a positive control (NRE). Expression of cPPR-NRE control 

was indicated by a red arrow. No expression was detected for 16-mers. M, 

protein marker.  
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3.6 The crystal structures of cPPRs revealed variable helical periods among 

different cPPRs  

 

Protein structures are useful for thorough understanding of the stability and 

binding mode of cPPR. Due to lack of special equipments and technical 

expertises, crystallization cannot be performed in our laboratory setting. Instead, 

I have prepared the plasmids for cPPR-polyA, cPPR-polyC, cPPR-polyG, cPPR-

polyU and cPPR-NRE, and sent them over to our collaborators, Sandrine 

Coquille and Stéphane Thore at University of Geneva, to solve the protein 

structures
110

. cPPRs were cloned into pETM30 vector and expressed as a fusion 

to an N-terminal Hig tag and glutathione-S-transferase in the E. coli BL21 (DE3) 

strain. Diffraction data for cPPR protein structures were collected using Swiss 

Light-Source beamline PXIII at 100K (SLS, Villigen-Paul Scherrer Institute).  

Four out of five fusion cPPRs, namely cPPR-polyA, cPPR-polyC, cPPR-polyG 

and cPPR-NRE, were successfully crystallized. The atomic structure of cPPR-

NRE was solved by using anomalous data measured from a selenomethionine-

derivatized protein crystal of cPPR-NRE. The structures of cPPR-polyA, cPPR-

polyC and cPPR-polyC were then solved by molecular replacement using the 

cPPR-NRE as a model.     

 

The overall structures of the cPPRs consist of repetitions of paired helices 

packed against each other to form a right-handed superhelix (Figure 3.12a). 

Although the four cPPR proteins show overall similar structures due to their 

highly similar primary sequences, they did show some noticeable differences. 

The curvatures of different cPPRs showed variable helical periods: 86 Å for 

cPPR-NRE and 91 Å-92 Å for cPPR-polyA, cPPR-polyC and cPPR-polyG 

(Figure 3.12a,b). The helix diameters for cPPR-polyA, cPPR-polyC, cPPR-

polyG and cPPR-NRE show significant differences with the values of 47 Å, 56 

Å, 47 Å and 52 Å, respectively. These coincide with in the increasing number of 

repeats in the superhelix, ranging from 9 repeats in cPPR-polyG and cPPR-

polyA, 10 repeats in cPPR-NRE to 11 repeats in cPPR-polyC. These variations 

are likely due to the slight differences in the packing of helix a and helix b in the 

individual cPPR motifs. Adjacent cPPR motifs were connected by hydrophobic 

interactions and salt bridges. Residues L16, L20 and F23 from 
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Figure 3.12 Crystal Structures of cPPRs. (a) Crystal structures of cPPR-polyC 

(green), cPPR-NRE (purple) and cPPR-polyG (blue). cPPR-polyA had identical 

period length and diameter value as cPPR-polyG and was not included for 

clarity. Symmetry related molecules from crystal lattice were coloured in grey. 

(b) Superposition of the three cPPRs from (a) showed slight differences in 

overall protein folding. (c) Cartoon of cPPR-NRE depicting contacts between 

adjacent cPPR repeats were mediated by various hydrophobic residues and salt 

bridges. Residues are labelled and coloured according to atom type: carbon in 

purple; oxygen in red; and nitrogen in blue. Hydrogen bonds are indicated by 

dash lines (Figure adapted from Ref. 110, PDB ID cPPR-polyA, 4WN4; cPPR-

polyC, 4WSL; cPPR-polyG, 4PJQ; and cPPR-NRE, 4PJR). 
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helix b form hydrophobic interactions with residues Y3, L6 and L10 of the 

adjacent helix a and L22 from the adjacent helix b. Salt bridges were formed 

between residue E7 of the helix b and residues R15, E18 of the adjacent helix b; 

and between residue K27 of helix b and E25 of the adjacent helix b. Together, 

these interactions form stable connections between individual PPR motif and 

properly orientate each PPR motif to the next one. Given the residues that 

mediated the packing between two helices are identical in all cPPRs, the 

observed variations in curvatures among the four cPPRs were likely due to the 

influence from residues at position 4 and 34, probably through slight changes in 

the electrostatic potential.   

 

3.7 Lysine residue at position 12 is important for stabilizing interactions 

with RNA backbone 

 

The interactions between different cPPRs and their corresponding RNAs were 

modelled using PPR10/PSAJ RNA structure as a guide. The electrostatic 

potential indicated that the nucleic acids interaction sites could lie on the inner 

face of the superhelix (Figure 3.13). Interestingly, cytosine, guanine and uracil 

RNA residues can be positioned individually at hydrogen bonding distances to 

the side chains of amino acids at position 4 and 34 of the corresponding cPPRs, 

structurally confirming the roles of these amino acids in discriminating 

individual RNA bases. A three-residue loop formed by alanine, glycine and 

arginine connects two helices within each individual cPPR motif. Towards the 

end of the loop lies a positively charged lysine residue that might stabilize the 

negatively charged phosphate group of the nucleic acid. Moreover, the lysine 

residue is at hydrogen bonding distance from the nucleic acids backbone, further 

supporting its role in stabilizing the nucleic acids backbone. To verify this 

prediction experimentally, I generated two groups of mutant cPPRs. cPPR-NRE 

was mutated so that lysine residues at each of the cPPR motif were replaced by 

aspartic acids (K12D) or serine (K12S). Both mutants showed no detectable 

binding to the NRE RNA probe (Figure 3.14a). Furthermore, lysine residues at 

position 12 of each cPPR motif of cPPR-polyU were mutated to alanine (K12A), 

aspartic acid (K12D) and serine (K12S) and all mutants showed no binding to 

polyU RNA (Figure 3.14b). These observations confirm the prediction that  
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Figure 3.13 cPPR-RNA model. (a) The electrostatic properties of cPPRs on the 

left highlight the nucleic acid binding groove on the inner faces of the 

superhelices.  The locations of the amino acids at position 4 and 34 are indicated 

by dashed ellipses. Lysines (K) at position 12 are labelled. Cartoons on the right 

depict the corresponding cPPRs (cPPR-polyC in green; cPPR-NRE in green; and 

cPPR-polyG in blue) superimposed onto the atomic model of PPR10 (grey, PBD 

4M59). Residues are labelled and coloured according to atom type: carbon in 

yellow/orange; oxygen in red; and nitrogen in blue. Hydrogen bonds are 

indicated by dash lines (Figure adapted from Ref. 110, PDB ID cPPR-polyA, 

4WN4; cPPR-polyC, 4WSL; cPPR-polyG, 4PJQ; and cPPR-NRE, 4PJR). 
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Figure 3.14 cPPRs K12 Mutants. (a) Mutating the 12
th

 lysine to either serine 

(K12S) or aspartate (K12D) completely abolished cPPR-binding to RNA as 

analysed by REMSA. (b) Same as (a), but using cPPR-polyU. cPPR-polyU 

(K12A) has lysine to alanine mutations at position 12 of each cPPR repeat. 

K12D, lysine to aspartic acid mutations; K12S, lysine to serine mutations. 

Protein concentration used for the assay range from 10 µM to 0.15 µM.   

cPPR-NRE(K12D)                                    cPPR-NRE(K12S) 
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lysine at position 12 plays a key role in stabilizing interactions with RNA 

backbone.  

 

3.8 Summary 

 

We have demonstrated that the cPPR scaffold can bind RNA in a modular and 

programmable manner according to the RNA-binding code. It is more stable and 

soluble than natural PPR proteins. The minimum number of repeats required for 

effective cPPR binding is 6 repeats and the binding affinity increases as the 

number of repeats increases. However, the cPPR with 16 repeats cannot be 

expressed in E. coli, possibly due to protein instability. Despite overall 

similarities, cPPR-polyA, cPPR-polyC, cPPR-polyG and cPPR-polyU show 

variable helical periods and helix diameters. Lysine at position 12 plays a critical 

role in stabilizing the interaction with RNA backbone. cPPRs are the first 

modular RNA-binding proteins engineered based on a consensus design strategy 

and their programmability and solubility would be useful for biotechnological 

applications.  
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CHAPTER 4 

Regulating gene expression using cPPRs 

 

4.1 Introduction 

 

After successful expression of soluble and stable cPPRs in E. coli as described in 

Chapter 3, it was important to extend the technology to eukaryotic systems for 

broader biotechnological and medical applications. RNA plays a more diverse 

role in the regulation of gene expression in eukaryotic cells. Many different 

types of RNAs exist in eukaryotic systems such as mitochondrial RNAs, 

microRNAs and long non-coding RNAs. These are promising targets for the 

cPPR technology. In this chapter, I will first investigate the expression of cPPR 

in mammalian cells. Then, two practical application of this technology will be 

described: targeting mitochondrial RNA transcripts and regulating microRNA 

expression.  

 

4.2 Optimizing the expression of cPPRs in mammalian cells 

 

cPPR expression in mammalian cells is surprisingly challenging in the 

experimental setting described in this thesis. Many variants of engineered cPPRs 

and PUFs (positive controls) were used in the optimization experiments. For 

nomenclature, the name after “cPPR” is based on the targeted gene or 

microRNA and the following alphabet or number is an arbitrary label to 

differentiate various cPPRs that target different sequences of the same gene or 

microRNA. For instance, cPPR-miR-122A refers to an engineered cPPR that 

binds to miR-122 sequence. In comparison, cPPR-miR-122B also binds to miR-

122, but it targets a different miR-122 sequence. The “A” and “B” are arbitrary 

labels and should not be confused with variants or isoforms. For simplicity, I 

will first focus on describing the strategies employed to optimize cPPR 

expression in mammalian cells, and the design of the respective cPPRs will be 

described in the subsequent result sections.  
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Coding sequences of different variants of cPPRs and PUFs were fused to TAP 

(Tandem Affinity Purification) tags at their C-termini. The TAP tag consists of a 

tandem repeat of Streptococcal protein G and can be easily detected by anti-IgG 

antibodies
117

. The fusions were cloned into pcDNA3 vectors and transfected into 

HeLa cells for 3 days. Porins (positive controls for endogenous proteins) and 

PUF expression (positive controls for transfected gene) were detected but not 

cPPRs (Figure 4.1a). To verify whether it is an expression vector issue, I 

prepared a few variants of cPPRs and expressed them in a different expression 

vector, pJ609. However, there was still no cPPR expression (Figure 4.1b). 

Similar results were obtained in stable cells and cells repeatedly transfected with 

the plasmids every 3 days for a total of 6 or 9 days.  

 

I speculated that the lack of expression might be due to protein instability or 

misfolding. I hypothesized that if a stable and well-folded domain is added to the 

N-terminus, it might assist cPPR expression. To test this idea, I used the myc tag 

and enhanced green fluorescent protein (EGFP). A myc tag was added by 

cloning cPPR into the myc-containing pTUNE vector. The coding sequence of 

EGFP was fused to N-terminus of the cPPR and cloned into pcDNA3 and pEF 

vectors. HeLa cells were transfected with the plasmids for 3 days and protein 

expression was analyzed by immunoblotting. Excitingly, cPPR expression 

dramatically increased when EGFP, but not myc, was fused to its N-terminus 

(Figure 4.2). myc-TACO1 and myc-EGFP were expressed but not myc-cPPR. 

In contrast, EGFP-cPPR was strongly expressed from both pEF and pcDNA3 

vectors, indicating that vector choice was not the reason for poor cPPR 

expression, but rather protein stability and folding. To further confirm the results, 

I repeated the experiments using more EGFP-cPPR constructs. I fused a 

mitochondria-targeting sequence from ornithine transcarbamylase (OTC)
118

 to 

the N-terminus of the fusion and added a C-terminal PRORP1 sequence (Figure 

4.3a). A total of 5 variants were cloned into pEF vectors and transiently 

expressed in HeLa cells. All were successfully expressed in HeLa cells, as 

verified by immunoblotting (Figure 4.3b).  
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a 

b 

 

Figure 4.1 cPPRs were not expressed in HeLa cells. (a) HeLa cells were 

transfected with pcDNA3 vectors containing different variants of PUFs (70kDa) 

and  cPPRs (72kDa)  that bind to miR-122. All proteins were fused with C-

terminal TAP tags and detected by anti-IgG antibody. The expected sizes of the 

indicated proteins are indicated by red arrows. Positive control porins (35kDa) 

are indicated by blue arrows. (b) Same as (a) but used pJ609 vectors to express 

variants of cPPRs that bind to COI mRNA. The expected sizes of cPPRs are 

indicated by red arrow. 
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Figure 4.2 Expression of cPPR fusions using different tags and vector 

backbones. cPPRs were fused to N-terminal myc or EGFP and expressed in the 

indicated vectors. HeLa cells were transfected for 3 days and protein expression 

was analyzed by immunoblotting. The expected protein sizes were indicated by 

red or green arrows.  

 

 

 

 

 

 

 



CHAPTER 4                                           Regulating gene expression using cPPRs 

 

 

78 

 

a 

 

b 
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c 

 

 

 

Figure 4.3 EGFP-cPPR fusions are highly expressed in HeLa cells. (a) 

Schematic representation of cPPR fusion proteins. The C-termini of PRORP1 

(aa 247-572) are labeled. (b) Expression of EGFP-cPPR fusions was analyzed by 

immunoblotting using anti-GFP antibody. The expected protein sizes were 

indicated by red arrows. (c) Comparing the expression between EGFP-cPPR and 

sfGFP-cPPR.  
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During the course of this work, a report was published by Tanenbaum et al. 

describing a new protein-tagging system using repeated antibody-binding 

peptides
119

.
 
Importantly, the group reported a very low level of expression of 

their SunTag24x protein scaffold, which consisted of an array of 24 GCN4 

antibody-binding peptide sequences. They concluded that the mRNAs were 

intact but the repeat protein was unstable. The group managed to significantly 

increase the expression by modifying the peptide sequence to increase α-helical 

propensity and reduce hydrophobicity. Notably, they also observed that their 

repeat proteins formed aggregates when highly expressed in mammalian cells. 

They added a variety of domains at both N- and C-termini and found that fusion 

of superfolder GFP (sfGFP) alone completely eliminated protein aggregates.  

 

sfGFP was reported by Pedelacq et al. in 2006 when they found that GFP protein 

bearing the ‘cycle-3’ mutations (F99S, M153T and V163A), ‘enhanced GFP’ 

mutations (F64L and S65T) and ‘superfolder GFP’ mutations (S30R, Y39N, 

N105T, Y145F, I171V and A206V) showed improved protein folding, enhanced 

tolerance to circular permutation and greater resistance to chemical 

denaturants
120

.
 
Structurally, Y145F and I171V mutations reduce GFP folding 

intermediates, thereby eliminating aggregation-prone, off-pathway intermediates 

from the GFP folding trajectory. Meanwhile, N105T and A206V mutations 

increase β-strand propensities of sfGFP, which increase the yield of soluble 

proteins and improve protein thermodynamic stability. Importantly, proteins 

fused with sfGFP are more soluble and brighter than conventional GFP. 

Therefore, experiments described in Chapter 4 used EGFP-cPPR constructs and 

the subsequent telomere study detailed in Chapter 5 used sfGFP-cPPR design. I 

investigated whether sfGFP fusion can increase the expression of cPPRs more 

than EGFP fusion but found no significant difference (Figure 4.3c).  

 

4.3 Optimizing the expression of EGFP-cPPR in stable cell lines 

 

Transient expression of fusion proteins can sometimes be low and the cells may 

not produce adequate transfected protein. This may cause underrepresentation of 

the actual efficacy of the fusion protein. For instance, Choudhury et al. reported 

only modest efficacy (20 – 30%) of their PUF-SMG6(ND5) RNA endonuclease 
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in down-regulating ND5 mRNA in transiently transfected cells
71

. The efficacy 

dramatically increased to 70% down-regulation when they generated stable cell 

lines expressing the same fusions. Hence, I generated stable cell lines for some 

of the experiments using EGFP-cPPR fusions.  

 

The pEF vector contains the human elongation factor 1α subunit (hEF-1α) 

promoter for high-level expression in mammalian cells and a puromycin 

resistance gene for selection. EGFP-PPR was cloned into pEF vector and 

transfected into HeLa cells. Cells were cultured in media containing puromycin 

for 2-4 weeks and protein expression was analyzed by immunoblotting. cPPR 

expression was surprisingly low (Figure 4.4a). Fluorescence microscopy 

revealed some green fluorescent cells and this suggests that at least a portion of 

these stable cells were expressing the cPPR fusions (Figure 4.4b).  

 

To isolate the GFP
+
 cells, I sorted the cells using fluorescence-activated cell 

sorting (FACS). Unexpectedly, FACS analysis revealed three populations of 

cells, GFP-negative cells, cells expressing intermediate level of GFP and highly 

green fluorescent cells (Figure 4.4c). The distinctive GFP-high cell population 

was less obvious in the control EGFP-only cells.  A sorting gate was set to sort 

GFP-high and a portion of GFP-intermediate cells so that sufficient number of 

cells was recovered after sorting. Although the expression of EGFP-cPPR cells 

increased as compared to unsorted cells, there were more unspecific 

bands(Figure 4.4d). In particular, the two very strong bands at lower molecular 

weight than the fusion protein were detected for cells expressing EGFP-miR-

122A, which showed the most distinctive GFP-high population (Figure 4.4c, 

top). I suspected that the highly fluorescent cells were enriched with GFP-

truncated proteins and the GFP-intermediate cells were enriched in the fusion 

proteins. To investigate this idea, I generated stable cells using cPPR-polyA and 

cPPR-NRE and sorted them into GFP-high and GFP-intermediate (GFP-mid) 

cells (Figure 4.5a). Indeed, GFP-mid cells were enriched with EGFP-cPPR 

while GFP-high cells had more unspecific bands of lower molecular weight 

(Figure 4.5b). Transfected cells in GFP-mid population were sorted for all 

subsequent experiments.   
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Figure 4.4 Stable EGFP-cPPR cell lines contained truncated proteins. (a) 

HeLa cells stably expressing cPPR-EGFP (59kDa) were generated by puromycin 

selection. Immunoblotting using anti-GFP antibody showed low level of cPPRs 

in these stable cells (red arrows). EGFP-TAP (61kDa) was transfected as a 

positive control. (b) Visualization of cells under microscopy showed that green 

cells were present. (c) FACS was used to isolate GFP
+
 cells. A distinctive bright 

GFP
+
 population was detected in cells transfected with EGFP-cPPR-miR122A. 

(d) Immunoblotting of the sorted cells in (c) using anti-GFP antibody.  More 

enriched EGFP-cPPR expression (red arrows) were detected in the sorted cells 

as compared to unsorted cells in (a). Truncated GFP-cPPR fusions of smaller 

sizes were also detected (green arrows).  
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Figure 4.5 EGFP-cPPR fusions are enriched in intermediately fluorescent 

cells. (a) Highly fluorescent GFP cells (++) and intermediately fluorescent cells 

(+) were sorted by FACS. (b) Sorted cells were analyzed by immunoblotting 

using anti-GFP antibody. EGFP-cPPR expressions (red arrows) were enriched in 

intermediately fluorescent cells. More truncated EGFP-cPPR fusions were 

present in the highly fluorescent cells. The molecular weight of EGFP-cPPR is 

indicated by a red arrow.   
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The cPPR is an identical repeat protein in which every repeat consists of the 

same amino acid sequence. In contrast, PUF repeats are non-identical. The fact 

that we encounter low expression and truncation issues with cPPR but not PUF 

suggests that the repetitive amino acid sequence might be the reason behind 

these issues. It is possible that some unknown mechanisms in eukaryotic system 

intrinsically destabilize proteins with identical repeats. This idea is further 

supported by similar observation by an independent group working on the Sun-

tag repeat antibody peptide 
119

. A possible solution might be to introduce some 

allowed amino acid changes in cPPR repeats and investigate if such changes 

might solve the issue.    

 

4.4 cPPR-polyA suppresses mitochondrial protein translation 

 

The human mitochondrial genome consists of a 16.5 kb, circular, double-

stranded chromosome which encodes for 11 mRNAs, 2 rRNAs and 22 tRNAs
121

. 

Both strands of the mitochondrial DNA (mtDNA) are transcribed into 

polycistronic RNA precursors, which are subsequently cleaved into smaller 

transcripts and polyadenylated
122

. Poly(A) tails of mitochondrial RNAs 

(mtRNAs) are synthesized by mitochondrial poly(A) polymerase (PAP)
123

. The 

polyadenylation at the 5´ terminus is important to create UAA stop codons that 

are not encoded in the mtDNA. Partial inactivation of hmtPAP by RNAi 

decreased the stability of mRNA and reduced mitochondrial protein synthesis. 

Poly(A) tails are degraded by human polynucleotide phosphorylase (hPNPase)
123

.
 

Knocking down hPNPase significantly increases the length of poly(A) tails. The 

exact length of poly(A) tails varies across different mitochondrial RNAs and 

even the same mRNA may have various length of poly(A) tails in different cell 

types
124

. Wydro et al. removed the mitochondrial poly(A) tails by introducing a 

cytosolic poly(A) specific 3´ exoribonuclease (PARN) into the mitochondria
125

. 

They found that removal of poly(A) tails increased the stability of some mt-

mRNAs (MT-ND-1, MT-ND-2 and MT-ND5), while other mRNAs showed 

decreased stability (MT-CO1, MT-CO2 and MT-ATP8/6) or no effects (MT-

ND4L/4, MT-ND3). This suggests that the importance of poly(A) tails varies 

among different mitochondrial RNA transcripts. Introducing a poly(A)-binding 

protein, mtPABP1, into the mitochondria did not affect the mt-RNA transcripts 
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but significantly reduced mitochondrial protein translation
125

. These data 

highlight the importance of poly(A) tails in overall regulation of mitochondrial 

gene expression.  

 

To manipulate mitochondrial polyadenylation, I designed a mitochondria-

targeting OTC-EGFP-cPPR-polyA that binds specifically to poly(A) RNA 

homopolymer. An OTC-EGFP-cPPR-polyC that targets poly(C) RNA 

homopolymer is as used as a control. HeLa cells were transiently transfected 

with the plasmids for 3 days. Northern blotting showed no significant decrease 

in the mt-mRNAs, MT-ND6, MT-CytB and MT-16S, suggesting that binding of 

poly(A) tail by cPPR did not affect mRNA stability of these genes (Figure 4.6). 

To evaluate mitochondrial protein synthesis, cPPRs-transfected HeLa cells were 

treated with cyclohexamine, which inhibited cytoplasmic translation, and labeled 

with Expres35S Protein Labeling Mix. cPPR-polyA significant reduced the 

overall mitochondrial protein synthesis but not control cPPR-polyC or 

untransfected control (Figure 4.7). These data are consistent with the previous 

finding using poly(A)-binding protein, mtPABP1
125

, suggesting that cPPR-

polyA can bind mitochondrial poly(A) tails and be used as a tool to manipulate 

mitochondrial protein synthesis.   

 

4.5 Using cPPRs to block microRNA-122  

 

MicroRNAs (miRNAs) are small, usually 22 nucleotides, non-coding RNAs that 

play an important role in regulation of gene expression. The most common 

methods to block miRNA is to design a oligonucleotide that is complementary to 

the guide strand of the miRNA, termed as antagomirs
128

. The exact mechanism 

of how antagomirs block miRNA remains elusive. It is possible that antagomirs 

bind irreversibly to the targeted miRNAs to prevent them from loading into the 

silencing complex or compete with the endogenous targets. Krutzfeldt et al. 

reported the presence of high levels of miR-122, antagomir-miR-122 complexes 

and degraded antagomir-miR-122 duplexes in liver cells treated with antagomirs, 

suggesting that antagomirs might promote degradation of the target miRNAs by 

cytoplasmic nucleases
128,129

.  
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Figure 4.6 Northern blotting of HeLa cells transiently expressing the indicated 

fusion proteins. The mRNAs probed were indicated at the right. ND6, CytB and 

16S are mitochondria-encoded, while 18S (loading control) is nuclear-encoded .    
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b 

 

 

 

 

Figure 4.7 EGFP-cPPRs affected mitochondrial protein synthesis. (a) HeLa 

cells were transfected 3 days with the indicated plasmids and protein synthesis 

was analyzed by Expres35S Protein Labeling Mix. (b) The gel was stained with 

Coomassie Blue as a loading control 
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While many studies have investigated blocking miRNAs using chemically 

synthesized oligonucleotides
128-134

, there has been no report on blocking 

microRNAs using protein blockers. I investigated whether cPPR can be designed 

to sequester microRNA. I used miR-122 as a study model because (i) it is a well 

characterized microRNA with abundant literatures available for reference, (ii) 

miR-122 is highly expressed in aggressive liver cancer and therefore, it is a 

promising therapeutic target, (iii) I have tested a number of different microRNA 

luciferase expression systems and miR-122 luciferase expression system 

performed the best, (iv) Huh7 hepatocellular carcinoma cells that express high 

level of endogenous miR-122 are readily available. I designed two cPPRs, 

cPPR-miR-122A and cPPR-miR-122B, that target the 5´ and the 3´ regions of 

the miR-122, respectively (Figure 4.8). EGFP was added to the N-terminus to 

facilitate cPPR expression in mammalian cells. 

 

4.6 Optimizing a miR-122 luciferase reporter system 

 

To study miR-122 activity, I have generated and tested a number of different 

miR-122 luciferase reporter systems and found that the LightSwitch miR-122 

3´UTR GoClone reporter system (Switchgear Genomics) performed the best. 

The GoClone reporter contains a promoter that drives the expression of Renilla 

luciferase gene, followed by a 3´UTR that contains a single miR-122 responsive 

element (miR-122RE) (Figure 4.8). Cells were co-transfected with miR-122 

GoClone reporter and miR-122 mimics (a miR-122 oligonucleotide supplied in 

the LightSwitch 3´UTR Reporter kit, Switchgear Genomics). Luciferase activity 

was normally suppressed by miR-122 mimics but if cPPRs were able to block 

miR-122, there should be an increase in luciferase signal.  

 

Titration of the miR-122 mimic was performed to obtain the optimal miR-122 

concentration for the assay because excessive miR-122 mimic will undermine 

the actual efficacy of cPPR proteins while insufficient miR-122 mimic may 

compromise the assay. As expected, the luciferase signal increased gradually as 

the concentration of miR-122 mimic increased (Figure 4.9, Table 4.1).  
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Figure 4.8 Cartoon depicting the design of two cPPRs that target miR-122. 

The Renilla luciferase gene, driven by a promoter, contains a miR122-responsive 

element (miR122-RE) at its 3´-end.  
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Figure 4.9 Titration of miR122 mimic. HeLa cells were transfected with 

GoClone Luciferase reporter and the indicated concentration of miR122 mimic. 

Cells transfected with only the GoClone reporter were used to normalized the 

relative luciferase activity, which is set to 100%. Data represented the mean ± 

s.d. of three independent experiments. 
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Table 4.1 Titration of miR122 mimic 

 

 

miR122 Mimic 
Concentration 

Relative Luciferase Activity 

0 pM 100.0% 

5 pM 96.4% 

10 pM 93.5% 

20 pM 85.4% 

50 pM 56.8% 

100 pM 39.3% 

200 pM 19.9% 

500 pM 9.6% 

1 nM 3.2% 

2 nM 3.6% 

5 nM 3.0% 

10 nM 2.6% 

20 nM 3.2% 

50 nM 2.5% 

100 nM 1.2% 
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Renilla luciferase bioluminescent reaction produces a broad wavelength light 

signal (430 to 530 nm) with the maximal emission at 480 nm. In contrast, the 

maximal excitation and emission of EGFP are at 486 nm and 508 nm, 

respectively. I have contacted the manufacturer of the Renilla luciferase kit 

(Promega) to verify whether EGFP light signals would interfere with the 

luciferase assay. According to the manufacturer, they have tested a range of 10
-12

 

to 10
-19

 mole of recombinant EGFP (rEGFP) with 10
-18

 mole of Renilla 

luciferase and found no change in the Renilla luciferase unit (RLU), even when 

rEGFP was in million-fold excess (at 10
-12

) . An EGFP-TAP fusion was used for 

normalization to reassure that the luciferase readout is not interfered by EGFP.   

 

4.7 cPPRs can silence miR-122 

 

Stable HeLa cell lines expressing EGFP-cPPR-miR-122A, EGFP-cPPR-miR-

122B and EGFP-TAP control were generated by puromycin selection and cell 

sorting as described in section 4.2. The stable cells were plated onto a 96-well 

plate and transfected with GoClone reporter and a miR-122 mimic or a control, 

non-targeting mircoRNA mimic, according to the manufacturer’s instructions. 

Cells were lysed after 24 hours and luciferase signals were recorded. Luciferase 

signals from HeLa cells treated with the non-targeting microRNA (a non-miR-

122 oligonucleotide control supplied in the LightSwitch 3´UTR Reporter kit, 

Switchgear Genomics) were used to normalize the luciferase gene expression. 

The GoGlone-miR-122 reporter system was so robust that only 1 nM of miR-

122 mimic was sufficient to suppress the expression of luciferase down to 2% 

(Figure 4.10, Table 4.2). The expression was significantly increased to 9.6% in 

cells stably expressing EGFP-cPPR-miR-122A. A moderate increase was 

observed in cells expressing EGFP-cPPR-miR-122B. The experiment was 

repeated using cPPR-miR-122A stable cells at different concentration of miR-

122 mimic. Luciferase activity increased from 46.8% to 57.5% and from 53.5% 

to 70.0% at 50 pM and 25 pM of miR-122 mimic, respectively (Table 4.2). The 

consistent downregulation at various miR-122 mimic concentrations further 

reinforced that cPPR-miR-122A can block the activity of miR-122.  
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Figure 4.10 The suppressive effects of EGFP-cPPR-miR122. HeLa cell lines 

stably expressing EGFP-TAP (control), EGFP-cPPR-miR122A and EGFP-

cPPR-miR122B were transfected with GoClone Luciferase reporter and 1nM of 

miR122 mimic (Black bar) or non-targeting microRNA control (white bar).  Test 

values of cell lines transfected with non-targeting microRNA control were 

normalized to 100%. Data represented the mean ± s.d. of three independent 

experiments. *P<0.05， ** P<0.005 (t-test).  
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Table 4.2 Luciferase assays of cPPR-miR-122A-transfected HeLa cells 

 

 

miR-122 mimic 
concentration (pM) 

Relative luciferase activity 
p value 
(t-test) EGFP Control cPPR-miR-122A 

1000 2.0%* 9.6%* <0.005 

50 46.8%* 57.5%* <0.05 

25 53.5%* 70.0%* <0.05 

 

* Percentage was calculated by normalizing the luciferase signals from EGFP- 

transfected cells or cPPR-miR-122A-transfected cells treated with non-targeting 

miRNA. Data represent the mean of three independent experiments.  
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4.8 cPPR-miR122A can silence endogenous miR-122 in Huh7 cells   

 

miR-122 is highly expressed in the liver, where it is responsible for fatty acid 

metabolism and circadian rhythms. Huh7 hepatocellular carcinoma cell line 

expresses high level of endogenous miR-122 and is a great model for studying 

miR-122. I generated stable Huh7 cell lines that express cPPR-miR-122A, 

cPPR-miR-122B and sfGFP control. Kojima et al reported that miR-122-

silenced Huh7 cell line had elevated level of α-fetoprotein (AFP), a widely used 

biomarker for hepatocellular carcinoma (HCC). To investigate this, I performed 

an AFP ELISA assay on Huh7 cell lines expressing cPPRs. As expected, both 

cPPR-miR-122A and cPPR-miR-122B transfected cells showed elevated level of 

AFP as compared to control sfGFP transfected cells (Figure 4.11). The same 

group also reported significant elevation of the epithelial-to-mesenchymal 

transition marker, snail, in miR-122-silenced cells. To prove this, I performed a 

real-time PCR using the same oligonucleotides as reported by the group. Again, 

snail was significantly elevated in cPPR-transfected cells (Figure 4.12). These 

data suggest that cPPRs can sequester miR-122 and validate the cPPR as a viable 

tool for microRNA manipulation.  

 

4.9 Conclusion 

 

Many biological processes, such as translation, are unidirectional. Once a protein 

is made, it cannot be reverted back to mRNA. Blocking a unidirectional process 

(eg. translation) with an inhibitor (eg. cPPR) with a finite affinity and presents at 

limiting concentration poses a formidable obstacle for complete blockage. This, 

unfortunately, is a major limitation to this and many other biological tools. One 

obvious partial solution to this is to increase either the supply of inhibitors 

available. Stable expression of inhibitors in vivo can usually increase the 

effectiveness of these tools. For instance, Choudhury et al. reported only modest 

effectiveness in blocking nd6 gene when their PUF-PIN fusion (designed to 

block nd6 RNA expression) are transiently expressed
71

. The effective 

dramatically increased when they expressed the blockers stably in cells.  
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Figure 4.11 The relative expression of human α-fetoprotein (AFP) in the culture 

medium was determined by ELISA. Data represented the mean ± s.d. of three 

independent experiments. *P<0.05, ** P<0.005 (t-test). 
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Figure 4.12 Expression of the epithelial-to-mesenchymal transition marker, snail, 

in stably transfected Huh7 cell lines was measured by real-time PCR. Values 

represent mRNA expression levels in experimental cell lines relative to sfGFP 

control cell line. Data represent the mean ± s.d. of three independent 

experiments. ** P<0.005 (t-test). 

 

 

 



CHAPTER 4                                           Regulating gene expression using cPPRs 

 

 

101 

Despite initial failure, the cPPRs design described in this chapter can be 

successfully expressed in mammalian cells when they are fused with GFP.  

cPPRs were engineered to target mitochondrial RNA transcripts and regulate 

microRNAs. These are just two examples of RNA regulation. Given the versatile 

biological roles played by RNAs, the technology shows promise for broader 

applications in biotechnology and medicine.   
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CHAPTER 5 

Re-designing a programmable human POT1 using cPPR 

 

5.1 Introduction 

 

In the previous chapter, I showed that cPPRs can be modified to target RNAs of 

interest and regulate endogenous mitochondrial RNA levels and microRNAs. In 

this chapter, I will describe an intriguingly and totally unexpected finding: 

cPPRs can also bind to single-stranded DNA (ssDNA). The chacteristics of 

cPPR binding to ssDNA will first be detailed, followed by description of 

attempts to generate ssDNA-specific cPPRs and finally how this discovery can 

potentially  lead to a novel telomere regulator.   

 

5.2 cPPRs bind ssDNA in a programmable manner 

 

The cPPRs were designed to bind RNA but I unexpectedly found that cPPR-

NRE also bound to ssDNA (Figure 5.1a), albeit at a lower binding affinity 

(Figure 5.1b). To evaluate whether the ssDNA-binding was specific and 

programmable, I performed ssDNA EMSAs using the specific cPPRs against 

poly(dA), poly(dC), poly(dG) and poly(dT) ssDNA probes. The Kd values 

presented in this Chapter are indicative of approximate binding affinity for 

comparison among different cPPR proteins and it is true that more experimental 

data points may increase their accuracy. cPPRs were able to recognise ssDNA 

using the same programmable code as for RNA (Figure 5.2a-c). Interestingly, 

cPPR-polyU can bind to the thymine nucleotide despite the presence of a 5'-

methyl group, albeit at a lower binding affinity than to the uracil polynucleotide 

(Figure 5.3). Notably, only cPPR-polyC binds ssDNA with higher affinity than 

RNA (Figure 5.3). This might partially explain why cPPR-NRE, which targets 

UGUAUAUA, has a higher affinity for RNA than ssDNA (Figure 5.1). 

 

A search of the published literature retrieved only one report that describes PPR-

binding to ssDNA. Tsuchiya et al. reported that the LRPPPC (Leucine-Rich PPR 

Cassette) interacted with a single-stranded cytosine-rich sequence of mouse  
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Figure 5.1 cPPRs bind ssDNA. (a) Electrophoretic mobility shift assays of the 

cPPR-NRE using RNA and single-stranded DNA (ssDNA) NRE probes. Bound 

complexes are highlighted with red arrows. NRE, nano response element. 

Protein concentration used for the assay range from 10 µM to 0.15 µM. (b) 

Equilibrium binding curves for (a). The solid and dashed lines represent 

theoretical binding curves fit to the data for cPPR-RNA and cPPR-ssDNA, 

respectively. Kd values and the ratio of the Kd are indicated.  
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Figure 5.2 ssDNA-binding specificity of cPPRs. (a) The cPPR sequence and 

cartoon depicting its assembly into an eight repeat protein flanked by a N-

terminal stabilizing cap and a C-terminal solvating helix. (b) Amino acid 

sequences of the four different PPR repeats designed to bind the indicated 

ssDNA homopolymers. Amino acids at position 4 and 34 are highlighted in red. 

(c) ssDNA electrophoretic mobility shift assay of the cPPRs from (b). ssDNA 

homopolymer probes used are indicated on the left and ssDNA:protein 

complexes are highlighted with red arrows. Protein concentrations used for the 

assay range from 10 µM to 0.15 µM. 
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Figure 5.3 Equilibrium binding curves for cPPR-polyA, cPPR-polyC and 

cPPR-polyU/T. The solid and dashed lines represent theoretical binding curves 

fit to the data for cPPR-RNA binding and cPPR-ssDNA binding, respectively. 

Kd values and the ratio of the Kd are indicated. 
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hyperviable minisatellite Pc-1, which forms an intramolecular G-quartet 

structure
135

. However, the significance of this was not known nor has it been 

further researched. This is perhaps due to the rarity and instability of ssDNA in 

the chromosome. ssDNA presents only transiently during DNA replication
136

, 

transcription
137

 and DNA double-stranded break
138

. Long-term presence of 

ssDNA in cells require many protective proteins, as in the case for telomere
139

, 

or they form stable G-quartet structures, such as Pc-1
140

 and insulin variable 

number of tandem repeat (VNTR)
141

. To investigate whether natural PPR 

proteins can bind ssDNA, I used PPR10 as a model
108

. Despite the same 

experimental conditions for EMSAs used in all experiments reported in this 

thesis, binding of PPR10 to PSAJ RNA and ATPH RNAs are weaker than those 

of cPPRs. This suggests that the cPPR has a higher binding affinity to its target 

than PPR10. Because the binding affinity of PPR10 is low, Kd values cannot be 

calculated for comparison purpose. Binding to ssDNA by PPR10 is not 

detectable in the EMSA, suggesting that PPR10 either does not bind to ssDNA 

or it binds at a very low affinity. This data suggest  that ssDNA-binding may not 

be common in natural PPR proteins (Figure 5.4). 

 

5.3 Serine 8 may be critical to ssDNA recognition by cPPRs 

 

A cPPR that has both ssDNA- and RNA-binding capability is less of an issue 

when it is used for regulating RNA because ssDNA is extremely rare in the 

genome and off-target effects are unlikely to be a major concern. However, 

when cPPRs are used for targeting ssDNA, its RNA-binding capability cannot be 

ignored. A mutant cPPR that targets only ssDNA would be an ideal solution. 

The cPPR-polyC:RNA structural model suggests that serine at position 8 of a 

cPPR repeat lies in close proximity to the 3' hydroxyl group of a RNA nucleotide 

and therefore, is a potential target for mutagenesis (Figure 5.5a,b). Based on this, 

five mutant cPPRs, namely S8D, S8I, S9L, S8N and S8V, were commercially 

synthesized so that each cPPR repeat contains the designated mutation (Figure 

5.6a). Surprisingly, cPPR-S8I, cPPR-S8L and cPPR-S8V mutants show lower 

than expected molecular weight (Figure 5.6b). As all mutants differ only in 8 

residues, it is unexpected to see such dramatic differences in molecular weight. I 

speculate that it may result from deregulated translation, protein degradation or  
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Figure 5.4 PPR10 does not bind ssDNA. (a) Electrophoretic mobility shift 

assay of the PPR10 against PSAJ and ATPH ssDNA and RNA probes. Bound 

complexes are highlighted with red arrows. Protein concentrations used for the 

assay range from 10 µM to 0.15 µM. 
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Figure 5.5 cPPR-RNA model. (a) Model of a RNA nucleotide bound to a 

cPPR-polyC (PDB: 4WSL).  Serine at position 8 (S8) of repeat 5 is highlighted 

in red. (b) Enlarged view of (a) showing the close proximity between S8 and the 

2´OH group of a RNA nucleotide.  
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Figure 5.6 cPPR S8-mutants. (a) cPPR mutants contain a S8 mutation at each 

of their repeats. (b) SDS-PAGE of mutant cPPRs. The expected size is indicated 

by a red arrow. (c) NRE RNA and NRE ssDNA EMSA of the indicated cPPR 

S8-mutants. Bound complexes are highlighted with red arrows. Protein 

concentrations used for the assay range from 10 µM to 0.15 µM. 
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protein truncation. Each mutant cPPR was screened against a RNA probe and a 

DNA probe (Figure 5.6c). Only cPPR-S8N bound to both RNA and ssDNA and 

the other mutants did not. 

 

To test more variants,another six mutants, namely I7V, G9A, S8Y, S8T, S8R 

and S8H, were synthesized and expressed. Again, cPPR-G9A, cPPR-S8T and 

cPPR-S8R had lower than expected molecular weight (Figure 5.7a). Only 

cPPR-G9A, cPPR-S8Y and cPPR-S8H mutants bind to both ssDNA and RNA 

(Figure 5.7b). No ssDNA preference was observed in these mutants.  

 

5.4 An efficient cPPR-UUUCUUU screening system  

 

All screenings described so far were performed using commercially synthesized 

genes because cPPR proteins, unlike PUF proteins, consist of identical repeats. 

Mutating one repeat is unlikely to provide a sufficient difference when the 

remaining 7 cPPR repeats still contain the wild-type sequence. This is a major 

concern because having to synthesize a new gene for each variant is not only 

time-consuming but also extremely costly. 11 new genes allow us to screen for 

only 11 variants, which is incomparable to the conventional mutation screening 

using randomized libraries. This is the common problem in screening for 

mutants of identical repeat proteins, not only cPPRs but also TALEs. An 

efficient screening methodology is critically needed.   

 

I investigated all the data to date and found two unique characteristics of cPPR 

that may be further explored. First, cPPRs require at least 7 repeats to form a 

binding complex with its targeted oligonucleotide when analysed in an EMSA 

assay (Chapter 3.5, Figure 3.10). Second, cPPR-polyA and cPPR-polyC have 

higher binding affinity than cPPR-polyU/T, for both ssDNA and RNA targets 

(Figure 3.5, Figure 5.2c, Figure 5.3). I took advantages of these two 

characteristics and designed a novel screening system that consists of a seven-

repeat cPPR that binds to the target UUUCUUU (Figure 5.8). Two 

oligonucleotides were designed so that one consists of entirely RNA nucleotides 

(5´-UUUCUUU-3´) and the other hybrid oligonucleotide contained a 

deoxycytidine at position 4 (5´UUUdCUUU-3´). As cPPRs bind weakly to the  
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Figure 5.7 cPPR mutants. (a) SDS-PAGE of mutant cPPRs containing the 

indicated mutations. The expected molecular weights are indicated by red 

arrows. (b) NRE RNA and NRE ssDNA EMSAs of the indicated cPPR mutants. 

Bound complexes are highlighted with red arrows. Protein concentrations used 

for the assay range from 10 µM to 0.15 µM. 
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Figure 5.8 cPPR-UUUCUUU screening system. Cartoon depicting the novel 

system used to screen for variants of repeat cPPR proteins in vitro. A seven-

repeat cPPR that targets UUUCUUU RNA is screened against a RNA 

oligonucleotide and a RNA-dC hybrid oligonucleotide. RNA-dC hybrid 

oligonucleotide is identical to the RNA oligonucleotide except it contains a 4
th

 

deoxyribonucleoside cytidine rather than a ribonucleoside cytidine. Because 

cPPR requires a minimum of seven-repeat for RNA-binding and cPPR binds 

cytosine nucleotide with higher affinity than uracil nucleotide, it is predicted that 

the 4
th

 repeat of cPPR-UUUCUUU is sufficient to provide target specificity, 

thereby narrowing down the mutagenesis requirement from 7 to just 1 repeat.  
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uracil, this design would increase the dependence on the fourth cytosine-binding 

repeat. To further reinforce this, a 7-repeat cPPR was chosen because a 6-repeat 

cPPR would not bind to its target.     

 

I designed a cPPR-UUUCUUU that contains a K12D mutation only at its fourth 

cytosine-binding repeat. I have previously shown that K12D mutation 

completely abolishes the binding of cPPR (Chapter 3.7, Figure 3.14). Indeed, 

the single K12D mutationin the fourth repeat completely abrogated the binding 

of cPPR-UUUCUUU despite the other 6 repeats still carried the wild type K12 

(Figure 5.9). As expected, cPPR-UUUCUUU bound to UUUCUUU probe and 

UUUdCUUU probe but not control UUUAUUU probe or UUUdAUUU probe, 

suggesting that the binding of cPPR-UUUCUUU is highly dependent on its 

fourth cytosine-binding repeat. cPPR-UUUAUUU was also tested but it showed 

some unspecific binding to UUUCUUU probe and UUUdCUUU probe, and is 

less ideal. These show that cPPR-UUUCUUU design is ideal for in vitro 

screening. First, by focusing on just one repeat, random cPPR mutants can be 

easily generated by an error-prone PCR reaction that significantly reduces the 

time and cost associated with new gene synthesis. Second, mutants that contain 

mutations at a particular residue can also be easily prepared by mutating the 

respective codon in the PCR primer. Third, commercial synthesis of a cPPR 

gene may cost 10-20 times than that of an oligonucleotide and may take one to 

two months to arrive. By using the cPPR-UUUCUU for screening, the cost and 

time can be reduced by at least 10-fold. 

 

5.5 Hydrophobicity may be important for ssDNA recognition  

 

Despite a more efficient in vitro screening system, a more specific and targeted 

mutagenesis is desirable. One of the best clues is to learn from how natural 

ssDNA-binding proteins achieve their ssDNA specificity. A good candidate 

would be the telomeric protein, human protection of telomere 1 (hPOT1). 

hPOT1 can discriminate ssDNA from RNA by specifically recognising the 

fourth deoxythymidine residue of its target, d(GGTTAGGGTTAG)
209

. 

Substitution of the deoxythymidine with ribouridine buries the 2´-hydroxyl 

group in a hydrophobic region and eliminates the hydrogen-bonding interactions  
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Figure 5.9 cPPR-TTTCTTT specificity is determined by its 4
th

 repeat. 

EMSA of cPPR-UUUAUUU and cPPR-UUUCUUU against the indicated 

probes. cPPR-UUUCUUU binds to both UUUCUUU and UUUdCUUU probes 

but not the control UUUAUUU and UUUdAUUU probes, suggesting that 

binding of the 4
th

 cPPR repeat is highly specific.  cPPR-UUUAUUU is less ideal 

because it shows non-specific binding to UUUCUUU  and UUUdCUUU probes. 

Introduction of K12D mutation to the 4
th

 repeat of cPPR-UUUCUUU  

completely abolishes its binding. Bound complexes are highlighted with red 

arrows. Protein concentrations used for the assay range from 10 µM to 0.15 µM. 
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at the hPOT1-nucleic acid interface. The hydrophobic environment created by 

phenylalanine at position 64 discriminates ssDNA against RNA. Substitution of 

Phe64 with a more hydrophilic tyrosine residue overturns the ssDNA specificity 

and allows hPOT1 to bind to RNA. This strongly suggests that hydrophobicity 

may be the key to engineering a ssDNA-specific cPPR. 

 

The cPPR-polyC:RNA model is presented according to its hydrophobicity 

(Figure 5.10) and it shows that serine at position 8 fulfils the criteria of being 

both hydrophilic and close to the 2'-hydroxyl group. However, when Ser8 was 

mutated to phenylalanine in cPPR-UUUCUUU, the mutant bound to both 

ssDNA and RNA (Figure 5.11a). To confirm the result, a cPPR-NRE that 

contains S8F mutations in all of its repeats was synthesized and screened against 

ssDNA and RNA probe. Strangely, cPPR-NRE-S8F did not bind to ssDNA and 

RNA, contradicting the observation in cPPR-UUUCUUU-S8F (Figure 5.11b). 

A SDS-PAGE analysis showed that cPPR-NRE-S8F has a slightly lower than 

expected molecular weight (Figure 5.11c). It remains speculative whether this is 

responsible for the no binding. 

 

There are a few interesting observations that can be drawn from these 

experiments. First, Ser8 is less critical for overall cPPR-binding because S8H, 

S8N and S8T mutants still retain their binding ability (Table 5.1). Second, some 

S8 mutants (S8D, S8F, S8R, S8T, S8I, S8L) show truncation that cannot be 

explained by sequence errors or alternative start codon use. Third, the truncation 

issue cannot be the only reason for no binding because the truncated S8T mutant 

still bind to both ssDNA and RNA. This is striking because a cPPR mutant can 

be truncated but still binds to its target. Fourth, most hydrophobic cPPR-NRE-S8 

mutants (S8V, S8F, S8I, S8L) are truncated and do not bind to their target. Fifth, 

when S8F mutation is only present in one of the seven repeats in cPPR-

UUUCUUU, the cPPR retains its binding to both ssDNA and RNA. Surprisingly, 

when S8F mutations are present in all 8 repeats, cPPR-NRE-S8F is slightly 

truncated and it no longer binds to its target. These observations suggest that 

cPPR-UUUCUUU screening may serve as an initial screen where truncation is 

not an issue. When a desirable mutant was obtained, it has to be further tested in 

a full-length cPPR. Engineering a ssDNA-specific cPPR is therefore more   
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Figure 5.10 cPPR-RNA model. Model of a RNA nucleotide bound to a cPPR-

polyC (PDB: 4WSL). Amino acids that are both hydrophilic and lie in close 

proximity to the 2´OH group of a RNA nucleotide are indicated (S8, T5, N4).  
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Figure 5.11 cPPR-S8F.  EMSAs of (a) cPPR-UUUCUUU-S8F and (b) cPPR-

NRE-S8F. Bound complexes are highlighted with red arrows. Protein 

concentrations used for the assay range from 10 µM to 0.15 µM. (c) SDS-PAGE 

of NRE-S8F and NRE. Expected sizes of NRE and NRE-S8F are highlighted 

with a red arrow.   
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Table 5.1 Hydrophobicity of cPPR-NRE-S8F mutants 

 

 

No. Mutation Hydrophobicity of 

mutant 

Truncation Bind DNA Bind RNA 

1 S8V Very hydrophobic Yes No No 

2 S8F Very hydrophobic Yes No No 

3 S8H Neutral No Yes Yes 

4 S8D Very hydrophilic No No No 

5 S8N Very hydrophilic No Yes Yes 

6 S8Y hydrophobic No No No 

7 S8R hydrophilic Yes No No 

8 S8T Neutral Yes Yes Yes 

9 S8I Very hydrophobic Yes No No 

10 S8L Very hydrophobic Yes No No 
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challenging as the mutant must be both ssDNA-specific and show no truncation. 

An alternative strategy would be to translocate cPPR to the desired target by 

fusion with a binding partner. This would mean a more targeted use of cPPR. 

One attractive target would be the single-stranded telomeric DNA, which has 

been subjected to intense research since its discovery
142

, due to its importance in 

aging, cancer development and cell replication.
143

 Therefore, I investigated the 

potential of using cPPRs to manipulate telomeres. 

 

5.6 Human protection of telomere 1 (hPOT1) 

 

Telomeres consist of the repetitive sequence of “TTAGGG” at end of linear 

eukaryotic chromosomes and they form long double-stranded DNA followed by 

short, 50-300 nucleotide, single-stranded ends (Figure 5.12)
144

. In humans, 

telomeres are usually protected by a six-protein complex, known as 

shelterin
139,144-146

. Shelterin is composed of telomeric repeat-binding factor 1 

(TRF1), TRF2, repressor and activator protein 1 (RAP1), TRF1-interacting 

nuclear protein 2 (TIN2), protection of telomeres (POT1) and TPP1 (formally 

named as PTOP, PIP1 orTINT1). Out of the six telomere proteins, only POT1 

binds the single-stranded end of telomere. 

 

POT1 stops telomeres from activation of DNA damage checkpoint and protects 

telomeres against aberrant homologous recombination, loss of which causes 

uncontrolled telomere elongation, end-to-end chromosomal fusion and p53-

dependent replicative senescence
144-150

. The N-terminus of POT1 contains two 

oligonucleotide/oligosaccharide-binding (OB) folds that bind ssDNA
151

. Each 

OB fold forms a five-stranded β-barrel that resembles the OB fold structures 

found in many prokaryotic and eukaryotic ssDNA-binding proteins. OB1 (a.a. 5-

140) and OB2 (a.a. 149-299) pack in tandem, with their individual ssDNA-

binding grooves connected, to create a single continuous ssDNA-binding 

channel. The residues that form the ssDNA-binding interface are highly 

conserved across vertebrate species. Mutations in the highly conserved OB fold 

of POT1 have recently been associated with the development of melanoma
152

 

and chronic lymphocytic leukemia
153

. The OB folds of human POT1 (hPOT1) 

bind specifically to the ssDNA sequence “TTAGGGTTAG”
151

. The binding  
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Figure 5.12 Telomere and the shelterin complex. Cartoon depicting the human 

telomere and its associated proteins. The human telomere is the repeated 

“TTAGGG” DNA sequences at the end of the chromosomes. It consists of 9-15 

kb double stranded DNA (dsDNA) followed by a 50-150 nucleotide single-

stranded end. The human telomere is usually protected by a six-protein shelterin 

complex, consisting of TRP1, TRF2, RAP1, TIN2, TPP1 and POT1. Only POT1 

binds to the single-stranded telomeric DNA.  
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specificity varies across residues with T2, A3, G4, G5 and G10 residues being 

the most critical to OB-fold binding. A9 residue appears to be replaceable 

without affecting the overall affinity. The C-terminus of hPOT1 is important for 

the binding to TPP1. A variant of hPOT1 that consists of only its N-terminal OB 

folds was previously reported in some human tissues but at a considerably lower 

level than full length hPOT1
151,154

. Nonetheless, only full-length hPOT1 is 

detectable in cell lines.     

 

Interestingly, OB-folds are also present at the N-terminus of TPP1, a hPOT1 

binding partner, but it does not bind to telomere. Rather, they bind telomerase 

and recruit them to telomeres
155,156

. The N-terminus of TTP1 contains a hPOT1-

binding domain. TPP1 associates with hPOT1 to form a complex that binds 

telomere with higher affinity than hPOT1 alone
157,158

. hPOT1-TPP1 complex 

can, depending on its binding mode, increase or reduce the processivity of 

telomerase. Wang et al. reported that binding of the hPOT1-TPP1 complex to 3´-

end of the oligonucleotide completely blocks telomerase activity
157

. On the other 

hand, when hPOT-TPP1 binds to 5´-end of the same oligonucleotide and leaves 

an 8 nucleotide 3´-overhang, the hPOT1-TPP1:oligonucleotide complex 

increases the processivity of telomerase. The effect was also observed in 

experiments using hPOT1 alone, albeit at a lower efficacy
158

.  

 

The DNA-binding domain of hPOT1 binds rigidly to its target sequence 

“TTAGGGTTAG” with no opportunity for re-programming
151

. The versatility 

and programmability of cPPR serve as an attractive alternate to hPOT1 to 

manipulate telomere and study the shelterin complex.  

 

5.7 The design of cPPR-Telo proteins  

 

To study whether cPPR can bind single-stranded telomere like hPOT1, I 

designed two 10-repeat cPPRs, termed as cPPR-Telo1 and cPPR-Telo2. cPPR-

Telo1 was designed to bind the exact same sequence as hPOT1 (5´-

TTAGGGTTAG-3´) while cPPR-Telo2 binds to 5´-GGTTAGGGTT-3´. A 

FITC-labelled Primer b contains the binding sites for both cPPR-Telo1 and 
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cPPR-Telo2 (Figure 5.13a). EMSAs showed that both cPPR-Telo1 and cPPR-

Telo2 bind equally well to Primer b (Figure 5.13b). 

  

hPOT1 has a splice variant 2 (v2) that consists entirely of the ssDNA-binding 

domain (Figure 5.14)
151,154

. Lei et al. experimented with both full-length hPOT1 

(v1) and v2 and found that both gave indistinguishable results
151

. They 

concluded that v2 is a biochemical construct suitable for studying DNA-hPOT1 

interactions
151,154,155,157,158

. cPPR-Telo1 is considered equivalent to hPOT1 v2 

and cPPR-Telo2 is designed to study the effect of cPPR-binding to a different 

telomere sequence.  

 

5.8 Do cPPR-Telo proteins bind telomeric G-quadruplex DNA? 

 

Single-stranded guanine-rich sequences are known to form four-stranded 

helices
161-162

. Four guanine residues can fold into compact intramolecular 

square-planar arrays by hydrogen bonding, known as G-quartets. A long G-rich 

sequence, such as the telomere, can pack together these G-quartets and form a 

G-quadruplex, which is prohibitive for telomerase elongation
163-165

. However, 

the physiological significance, mechanism and occurrence of G-quadruplexes at 

telomere remain largely elusive. This is partly due to the difficulties in 

visualizing and detecting G-quadruplex in vivo. The best evidence for the 

presence of G-quadruplex telomere in vivo, thus far, was that antibodies specific 

for G-quadruplexes reacted with macronuclei from hypotrichous ciliate
166

. 

Moreover, the thermodynamic and kinetic stability of these structures suggest 

that they would form naturally in vivo if a preventive mechanism is not 

present
167-169

. The fact that all known chromosome end-capping proteins bind 

unfolded telomeric DNA, but not G-quadruplexes, suggests that most telomeric  

DNA in cells is not folded into G-quadruplexes. Nandakumar et al. suggested 

that G-quadruplexes may be an emergency solution to protect the telomere when 

telomere proteins have been displaced
146

.  

 

Human POT1 can disrupt telomeric G-quadruplexes to allow telomerase 

extension in vitro
147,170

. Zaug et al. reported that addition of just two guanine 

residues to the 5´-end of a (TTAGGG)3 oligonucleotide (termed as Primer GG- 
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Figure 5.13 cPPRs bind to telomeric sequence in vitro. (a) Cartoon depicting 

the design and binding sites of cPPR-Telo1 and cPPR-Telo2. The amino acids at 

position 4 and 34 of each repeat in the 10-repeat cPPRs are shown in red. Primer 

b contains the binding sites for both cPPR-Telo1 and cPPR-Telo2. Target 

sequences for cPPR-Telo1 and cPPE-Telo2 are highlighted in blue and red boxes, 

respectively. (b) ssDNA electrophoretic mobility shift assay using Primer b or 

poly(C) ssDNA (control). ssDNA:protein complexes are highlighted with red 

arrows. Protein concentrations used for the assay range from 10 µM to 0.15 µM. 
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Figure 5.14 Schematic representation of the two variants of human protection of 

telomere 1 (hPOT1). N- and C-termini are labelled in red. Residue numbers at 

the boundaries of various subdivisions are indicated. The two-OB folds are 

labelled. OB, oligonucleotide/oligosaccharide-binding.  
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a) can induce the formation of G-quadruplexes, due to the presence of 4 blocks 

of guanine nucleotides
170

. Interestingly, they showed that Primer GG-a had a 

higher electrophoretic mobility than Primer a despite having a higher molecular 

weight. When they performed direct telomerase activity assay, they found that 

telomerase stalled after every nucleotide addition when Primer GG-a was used 

as a substrate, but not Primer a. Perhaps more strikingly, the abnormal Primer 

GG-a extension by telomerase can be restored back to normal by just adding 

hPOT1 into the reaction mix. These and few other lines of evidence led them to 

the conclusion that hPOT1 can bind and disrupt telomeric G-quadruplex to allow 

telomerase extension.   

 

To investigate whether cPPRs can descript G-quadruplexes similarly to hPOT1, 

I repeated the native gel electrophoresis experiment of Zaug et al.
170

. All 

experimental conditions and oligonucleotides were kept the same as described in 

the paper
170

, except a FITC-labelled probe was used instead of the 
32

P 

radiolabelled probe. A cPPR-polyC was used as a negative control. Both cPPR-

Telo1 and cPPR-Telo2 bind strongly to Primer a and Primer GG-a (Figure 

5.15). However, both Primer a and Primer GG-a appeared to have the same 

electrophoretic mobility, contradicting the observation of Zaug et al.
170

. It seems 

unlikely that the use of FITC instead of 
32

P labelling could be the cause, as both 

labels are routinely and inter-changeably used in native gel electrophoresis Since  

Zaug et al. reported a very significant increase in electrophoretic mobility of 

Primer GG-a, the difference should be easily noticeable on native gel. It is 

important to note that the experiment described in Figure 5.15 contained 50 mM 

KCl in the buffer, the same concentration used by Zaug et al
170

. Therefore, the 

observation is unlikely due to low concentration of KCl needed to support 

quadruplex formation. The reason behind this discrepancy remains elusive. 

Nonetheless, this data supports that cPPRs can bind to both Primer a and Primer 

GG-a, similarly to hPOT1. We are not aware of any other literature that 

described this observation since then. Also, it is an in vitro experiment that took 

advantage of oligonucleotide design and does not represent in vivo scenario. 

Therefore, it is more important to perform direct telomerase assays to evaluate 

whether cPPR can regulate telomerase activity.  
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Figure 5.15 cPPRs bind to Primer a and Primer GG-a. (a) Sequences of 

Primer a and Primer GG-a. Primer GG-a is the same as Primer a except that it 

contains two additional G nucleotides at the 5´-end. Zaug et al.
 
showed that 

Primer GG-a, but not Primer a, formed intramolecular G-quadruplex and 

migrated faster in native gel
170

. (b) Electrophoretic mobility shift assay using 

Primer a or Primer GG-a and 10 µM of the indicated proteins. A cPPR-polyC 

was used as a control.   
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5.9 cPPRs can affect the activity of telomerase in vitro depending on its 

target sequence 

 

hPOT1, either alone or in a complex with TPP1, can regulate the processivity of 

telomerase in vitro depending on its binding site
157,158

. The processivity of a 

telomerase is defined as the probability of disassociating from a given template 

per base synthesized
171

. Telomerase does not synthesize all the telomere upon 

binding to its first substrate. Instead, it may dissociate from the elongating 

telomere and re-initiate the reaction in another round of binding. To determine 

the processivity of a telomerase, it is essential to perform direct telomerase 

activity assay
172-175 

rather than the TRAP (Telomerase Repeat Amplification 

Protocol) assay
176,177

. The direct telomerase activity assay produces gel image 

with telomere bands directly resulted from the telomerase activity, while bands 

obtained from TRAP assay have been amplified by polymerase chain reaction 

and therefore, are indirect. Processivity of telomerase can be quantitated by first 

measuring the intensity of each prominent band using phosphorimager 

analysis
178,179

. The first band in each lane was used to normalize the intensities 

of subsequent bands. Normalized intensities are then plotted versus the repeat 

number. Processivity of a telomerase reaction is inversely related to the slope of 

the line. This method is widely used in the telomere research community as a 

measure of telomerase activity
158,170,178,179

.  

 

Primer a is a typical oligonucleotide used for direct telomerase activity assay 

and it contains two hPOT1 binding sites (Figure 5.16a). hPOT1 has a slight 

binding preference to the 3´-end binding site in vitro
155,158,170

. Lei et al. showed 

that binding of hPOT1 to the 3´-end buries the base of the 3´-terminal guanine in 

the protein and makes it inaccessible to telomerase
158

, thereby inhibiting the 

activity of telomerase. On the other hand, binding of hPOT1 to the 5´-end leaves 

an 8-nucleotide 3´-end overhang that serves as a substrate for telomerase. They 

observed a 20% increase in the telomerase processivity when POT1 binds to the 

5’-end of Primer a. This suggests that hPOT might play a dual role in regulating 

telomerase. It can sequester the ssDNA from telomerase by binding to the 3´-end 

or present the ssDNA tail to facilitate telomerase activity by binding to the 5´-  
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Figure 5.16 Oligonucleotide design for in vitro direct telomerase activity 

assay. (a) Oligonucleotide design reported by Wang et al.
 157

 and Lei et al.
158

 

hPOT1 can bind to the 5´-end (red box) or the 3´-end (blue box) of Primer a. 

Primer a had low telomerase processivity. Primer a5 contains a G to C mutation 

that prevents hPOT from binding to its 3´-end binding site. A tail of 8-nucleotide 

overhang at the 3´-end can be used as a substrate for telomerase and Primer a5 

showed high telomerase processivity. Primer a3 has an A to T mutation that 

prevents hPOT from binding to its 5´-end binding site, leaving only a 2-

nucleotide overhang at the 3´-end. Telomerase was unable to elongate Primer a3. 

(b) cPPR-Telo1 binds to the same target sequence as hPOT1. It is hypothesized 

to have a low processivity as hPOT1. cPPR-Telo2 binds to Primer a (green box) 

and leaves 4-residue overhangs at both the 5- and the 3´- ends. As the 3´-end has 

less than the reported 7-nucleotide overhang needed for telomerase activity,
157,158

 

it is hypothesized that there may be no elongation by telomerase.    
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end
158

. Lei et al reported that at least 7 nucleotides at the 3´-overhang are 

required for telomerase elongation
158

. 

 

hPOT binds ssDNA with varying affinities. One single mutation at T2, A3, G4, 

G5 or G10 of the oligonucleotide can completely abolish hPOT1-binding
151

. In 

contrast, cPPRs bind ssDNA in a modular manner
110

. A single mutation at the 

oligonucleotide cannot completely abrogate binding (as described in Chapter 3 

and shown in Figure 3.6, 3.7 and 3.8). This difference makes replicating the 

experiments of Wang et al.
157

 and Lei et al.
158

 infeasible. A different approach is 

necessary. cPPR-Telo1 can bind to either the 5´-end or the 3´-end of Primer a 

(Figure 5.16b). The binding is mutually exclusive such that binding to the 5´-

end will prevent binding to the 3´-end of Primer a. Therefore, there should be a 

mixture of 5´-end bound and 3´-end bound Primer a in the reaction. According 

to Wang et al.’s
 157

 and Lei et al.’s
158

 reports on hPOT1, this should allow partial 

telomerase activity. On the other hand, cPPR-Telo2 has only one possible 

binding site at Primer a, which leave a 4-nucleotide 3´-end overhang that cannot 

be elongated by telomerase. Therefore, it is predicted that there would be some 

telomerase activity in the reactions containing cPPR-Telo1 but not cPPR-Telo2.  

 

Processivity of Primer a was accessed by direct human telomerase activity 

assay
172-175

. However, purifying high-quality telomerase was challenging. The 

equipments, materials and expertise to perform the assay were also not available 

in our laboratory. Therefore, we collaborated with Dr. Scott Cohen from the 

Children’s Medical Research Institute (CMRI), who is an expert in telomerase 

research and has pioneered a highly efficient direct human telomerase activity 

assay
174,175

. I purified GST-tagged cPPR-Telo1, cPPR-Telo2 and EGFP 

(negative control) and sent them to Cohen, S. to perform the direct human 

telomerase activity assay.  

   

The assay was successful as shown by the clear telomere bands in untreated 

control and EGFP negative control (Figure 5.17). Telomerase activity was 

reduced in the presence of cPPR-Telo1 and cPPR-Telo2. Surprisingly, cPPR-

Telo1 was more effective in blocking telomerase activity than cPPR-Telo2. The 

telomerase processivity was lower in cPPR-Telo1 than in cPPR-Telo2 at 0.2 µM  
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Figure 5.17 Regulating telomerase activity using cPPR in vitro.  Direct 

human telomerase activity assay was conducted in the presence of 0.2 µM (+) or 

1 µM (++) of the indicated proteins. The assay was performed as described in 

Chapter 2 and Ref. 174 and 175. The assay was conducted by Cohen, S. B. at the 

Children Medical Research Institute in Sydney, Australia. Lane numbers are 

indicated below. Bands 1 to 18 are labeled on the right. Experiments were 

performed in triplicate and representative gel image is presented.  

 



CHAPTER 5            Re-designing a programmable human POT1 using the cPPR  

 

 

135 

(Figure 5.17 compare lane 3 with lane 5, Figure 5.18, Table 5.2). When the 

concentration was increased to 1.0 µM, cPPR-Telo1 completely blocked the 

activity of telomerase while cPPR-Telo2 still retained some telomerase activity 

(Figure 5.17 compare lane 4 with lane 6, Figure 5.18, Table 5.2). The results 

were unexpected as it contradicted the hypothesis that cPPR-Telo2 would block 

telomerase more effectively than cPPR-Telo1. This may suggest some intrinsic 

differences between hPOT and cPPR, especially given that both proteins bind 

ssDNA differently. The former binds ssDNA with different affinities across 

different nucleotide, while the latter modularly binds each individual nucleotide 

at high affinity. One possible explanation is that the binding site for cPPR is not 

as critical to telomerase as the binding site for hPOT1. The binding site of 

hPOT1, either at 3´- or 5´- end, has a significant impact on telomerase activity, 

while this binding preference may be less critical for cPPR-Telo1. As Primer a 

has two cPPR-Telo1 binding sites and only one cPPR-Telo2 binding site, it is 

possible that the additional binding site increases the overall bound cPPR- 

Telo1:oligonucleotide complex and therefore, is more prohibitive for telomerase 

elongation. Overall, the results were in line with the broad hypothesis that cPPR 

can affect the telomerase activity in vitro depending on its binding site.     

  

5.10 cPPR-hPOT1(ΔOB) fusion can translocate to telomere in vivo 

 

hPOT1 is the only ssDNA-binding protein in the six-protein telomere-protective 

shelterin complex. It binds ssDNA via its OB-fold domains at the N-terminus. 

Importantly, Loayza et al. reported that a truncated hPOT1 without its N-

terminal OB-folds can still translocate to the telomere and caused uncontrolled 

telomere elongation
159

. Similar observations have also been reported by Robles-

Espinoza et al.
152

 and Ramsey et al.
153

 This suggests that the ssDNA-binding 

OB-folds of hPOT1 are not crucial to its translocation to the telomere. Rather, 

the C-terminal TPP-binding domain alone can translocate the protein to the 

telomere. Taking advantage of this, I fused the cPPR with the C-terminus of 

hPOT1 to create an artificial cPPR-POT1(ΔOB) fusion. A N-terminal sfGFP was 

added to facilitate mammalian protein expression and immunofluorescence 

staining. HeLa cells transfected two days with Telo1-POT(ΔOB), Telo2-

POT1(ΔOB) and positive control POT1(ΔOB) were successfully translocated to 
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Figure 5.18 Processivity of telomerase. The intensity of each major band (band 

1 – 18) from Figure 5.17 was quantitated by Image J. The first band was used to 

normalize intensities of the subsequent bands. Log10[Normalized activities] 

values were plotted versus repeat number. Slope values were obtained to 

calculate the processivity shown in Table 5.1.  

 

 

Repeat Number 

Repeat number 
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Table 5.2 Processivity of telomerase 

 

Protein 
Telomerase Processivity* 

 0.2 µM  1.0 µM 

Untreated 12.53 12.08 

GST-cPPR-Telo1 8.66 0 

GST-cPPR-Telo2 10.94 6.94 

GST-EGFP 12.87 11.26 

*Processivity = |1/Slope| 
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the telomere as shown by co-localization in immunofluorescence (Figure 5.19). 

Translocation was not observed in Telo1 and Telo2 without the hPOT1(ΔOB) 

domain, further reinforcing the importance of POT1(ΔOB) in telomere 

translocation.  

 

5.11 Conclusions 

 

In summary, I have unexpectedly discovered that cPPR can not only bind RNA 

but also ssDNA in a modular and programmable manner using the RNA 

programming code. I have designed a cPPR-UUUCUUU system to more 

efficiently screen for mutants in vitro. Although the cPPR-polyC:RNA structural 

model suggests that Ser8 is critical for ssDNA discrimination, S8 mutants are 

mostly truncated and show no ssDNA specificity. I engineered two cPPRs, 

cPPR-Telo1 and cPPR-Telo2 that bind telomeric ssDNA and modulate the 

activity of telomerase in vitro. Lastly, I have shown that when a cPPR is fused 

with hPOT1(ΔOB) domain, it can be translocated to the telomere. These findings  
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Figure 5.19 Telo-hPOT1(ΔOB) can translocate to telomere. 

Immunofluorescence of HeLa cells transfected with the indicated sfGFP fusions 

for two days. Cells were stained with GFP Booster, RAP1 antibody and DAPI. 

White arrowheads indicate examples of co-localization between RAP1 (marker 

for telomere) and the respective GFP fusions.  

should pave the way for the future engineering of an artificial telomere regulator 

in vivo. 
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CHAPTER 6 

Discussion 

   

 

6.1 The cPPR is a new programmable RNA-binding protein  

 

The ultimate goal of synthetic biology is to solve real-world problems using 

rational design of biological systems based on engineering principles
180

. While 

conventional genetic engineers tend to focus on tweaking one or few genes to 

achieve the desired outcome, synthetic biologists are interested in systematic re-

programming of existing cellular architectures to create novel genetic devices 

and programmable biological components
181

. The technology has created 

fabricated organisms that can produce biofuel
182

, clean hazardous waste in 

inaccessible places
183

, act as biosensors
184,185 

and even destroy cancers
186

. These 

advances, however, are limited by genetic tools available to synthetic biologists. 

Basic genetic techniques, such as RNA interference and restriction enzymes, are 

fundamental in fabricating more complicated devices. Sources of these tools can 

derive from disparate origins, such as plants, animals, fungi, bacteria and 

archaea. For instance, green fluorescent protein was first purified from the 

crystal jelly, Aequorea victoria, in the ocean
187

 and was later fused to other 

proteins for imaging and protein-tracking purposes
188

. The more recent TALE 

(Transcription Activator-Like Effectors) DNA-binding proteins were first 

discovered in the plant bacterium, Xanthomonas Sp. and have been successfully 

fused to the FokI nuclease domain for genome editing. In the present study, I 

investigated a unique class of RNA-binding proteins, the PPR, that were first 

discovered in the plant Arabidopsis thaliana
82,83

.  

 

PPRs are predominantly found in the organelles of both plants and human
60

. The 

small sizes of organelle DNA may be one of the reasons for this exclusivity. For 

instance, the human mitochondrial genome is only 16.5 kb in length.
 91

 It 

encodes 11 mRNAs, 2 rRNAs and 22 tRNAs. Importing the large microRNA 

machinery into this tiny organelle is probably not evolutionarily favourable. It is 

possible that nature evolved an alternative protein-based RNA-regulatory 
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machinery to compensate for this limitation. By integrating PPR motifs into 

organelle proteins, PPRs can substitute the roles usually played by the RNA 

components of RNA-protein complexes. A good example is the Proteinaceous 

RNase P1 (PRORP1). The PPR domain in PRORP1 has probably evolved to 

replace the RNA component of a conventional ribozyme
86,105-107

. Given the 

importance of PPR in organelle RNA regulation, hijacking this machinery is a 

sensible strategy to manipulate mitochondrial RNAs. Despite some successes in 

engineering PUFs to target mitochondrial gene expression, the rigid structure 

and non-repetitive sequence in PUFs limit their potential use
65,68

. For instance, 

the PUF crescent structure limits the number of repeat that can be assembled 

continuously. Some targeted bases can flip out from the PUF binding surface 

and result in reduced RNA-binding specificity.  In addition, PPR motifs are 

naturally found in organelle proteins and are more structurally and evolutionarily 

compatible for fusion.  

 

In the present study, I have successfully engineered an artificial PPR scaffold 

that can be programmed using a simple and straight forward RNA-binding code. 

The cPPR is more stable and soluble that its natural counterparts. The amino 

acid sequence of cPPR is the statistical average of all natural PPR proteins, 

without having high similarity to any one natural protein (Table 6.1). This 

enables the characterization of PPR structure without interference from the 

idiosyncratic features in individual natural PPR proteins.  The structure of cPPRs 

may provide an explanation as to why it is more soluble than natural PPR 

proteins. Unlike natural protein, the hydrophobic interactions within the cPPR 

scaffold are shielded from solvent by salt bridges between residues at position 17, 

27 and 15, 18, 25. This resembles the binding between MTERF1 and NSUN4 

protein, where hydrophobic interactions are flanked by salt bridges to give a 

very stable interaction interface
189

.   

 

The interaction between each cPPR repeat provides some flexibility within each 

PPR scaffold, as indicated by the differences in helical period. Such plasticity 

may contribute to the capacity to accommodate the larger purine bases. The 

stable and robust RNA-binding properties found in cPPR could be useful to 

elucidate the contributions of each individual amino acid within natural PPRs to  
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Table 6.1 Sequence identity between natural PPR proteins and cPPR-polyU 

 

 

PPR Proteins Origin Accession No. Identity to cPPR 

PPR10 Maize NP_001157212.1 41% 

LPA66 Aribidopsis thaliana NP_199702.1 31% 

MRPS27 Human NP_001273677 28% 

CRR22 Aribidopsis thaliana NP_172596.1 28% 

OTP51 Aribidopsis thaliana NP_565382.4 26% 

LRPPRC Human NP_573566.2 25% 

PRORP1 Aribidopsis thaliana NP_850186.1 24% 

  



CHAPTER 6                                                                                           Discussion 

 

 

144 

protein folding and RNA-binding. Yagi et al. reported that amino acid at 

position 1 contributes to RNA-binding specificity, albeit having a lower 

contribution than amino acids at positions 4 and 34
102

. They found that when 

asparagines occupy the amino acids at both positions 4 and 34, phenylalanine at 

position 1 favours the binding to adenine and guanine. If valine was found at 

position 1 instead, this favours the binding to adenine and cytosine. This 

suggests that changing the amino acids at position 1 of cPPR may alter the 

binding affinities or degenerate nucleotide recognition. Such properties may be 

useful for targeting unnatural nucleic acids such as locked nucleic acids or 

unnatural base pairs.  

 

The modularity of cPPRs is reminiscent of the TALE DNA-binding proteins
190-

193
. Both consist of tandem array of identical repeats, in which one repeat binds 

one nucleotide. The identical repeat allows the binding preferences to be 

modified with very few context-dependent variations in affinity or specificity. 

This is not the case for the only other well characterized RNA-binding repeat 

protein, PUF
65,68

. In addition, identical-repeat proteins, like cPPRs, can be 

potentially optimized for cloning using Golden Gate cloning strategy
194-196

. The 

current study used synthetic genes for each new cPPR protein, which was not 

only costly and but also time-consuming. Strategies have been developed for 

high-throughput construction of TALEs using a hierarchical ligation-based 

strategy
197

. Such strategy could be adapted for constructing cPPRs. By taking 

advantage of codon degeneracy, DNA sequence of each cPPR monomer (4T34N, 

4N34S, 4T34D and 4N34D) can be optimized to contain minimal repetitiveness 

while preserving the amino acid sequence. Each monomer can then be joined 

using a compatible sticky-end ligation adaptor, analogous to the design of TALE. 

Such strategy could potentially reduce the cost of cPPR construction by 

eliminating the need to order a new gene for each construct. Moreover, since a 

typical cPPR used in this study contains only 8 repeats, it should be much easier 

to engineer cPPRs using this strategy than the typical 17-repeat TALE proteins.       
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6.2 Sequestration of miR122 using cPPR  

 

While RNA-binding protein has been engineered to regulate splicing
70,79

, 

translation
75

 and mitochondrial gene expression
71

, there has been no report on its 

efficacy in blocking microRNAs. In the present study, I investigated a protein-

based strategy to regulate microRNAs.  

 

The immediate challenge of this study, unexpectedly, was the difficulties to 

stably express cPPRs in mammalian cells in the experimental settings and design 

described in this thesis. Although cPPRs can be successfully purified from E. 

coli, mammalian cell expression posed a prohibitive obstacle when cPPRs were 

expressed in their native form. It seems that mammalian cells may intrinsically 

disfavour certain repeat proteins. Tanenbaum et al. faced similar challenges in 

expressing the repeat peptide protein, the SunTag24x
118

. Their repeat protein had 

low expression and formed aggregates when expressed in HeLa cells. It was 

resolved by mutagenesis and introducing a superfolder GFP (sfGFP) domain
119

. 

In this study, I found that an N-terminal EGFP, but not myc, seemed to resolve 

the low expression of cPPRs. It is possible that the N-terminal GFP may stabilize 

the protein or enhance the translation of the fusion.  

 

The cPPR construct was originally designed for optimized expression in E. coli. 

Because of that, one may argue that the resulting RNA may be unstable in 

mammalian cells or contains structures that prevent efficient translation.  

However, I believe this is unlikely the case for a few reasons: (i) our lab 

routinely designed proteins optimized for E. coli expression and encountered no 

issue with using the same constructs for successful expression in mammalian 

cells. An example would be the PUF protein expression
 
in Figure 4.1a (also 

described in Ref 69); (ii) codon optimization is more routinely performed for 

prokaryotic protein expression than for eukaryotic system; and (iii) I have tested 

at least one independently designed cPPR (cPPR-Telo, will be described in 

Chapter 5) with different RNA sequence and encountered similar expression 

problems in mammalian cells, suggesting that the cause may not be at the RNA 

level. Nonetheless, creating a DNA sequence completely optimized for 
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mammalian cell expression may be an option, albeit not pursued in this thesis, 

for testing this hypothesis 

 

The miR122 luciferase reporter assay in this study has been optimized to be 

extremely robust. At just 200 pM of miR122, the luciferase expression was 

suppressed by as much as 97.9%. cPPR-miR122A managed to increase the 

expression by nearly 5-fold (2.1% to 9.6%). Kojima et al. reported the use of a 

hairpin antisense RNA, termed as miRZip122, to block miR122 in Huh7 cells
198

. 

The group showed that the luciferase expression was rescued from 25% to 75% 

when miR122Zip was transfected. Unfortunately, the concentration of miR122 

used in their study was not reported and cannot be compared with this study. 

This difference is not surprising for a number of reasons. First, miRZip122 was 

designed to bind complementarily to the full 22-nucleotide miR122, while 

cPPR-miR122A binds only to the first 8 nucleotides of miR122. Therefore, the 

binding affinity and miR122 perturbation is lower. Second, the Watson-Crick 

base pairing in the miRZip122:miR122 interaction is more stable and stronger 

than the protein-RNA interaction in the cPPR-miR122A:miR122 complex. Third, 

expression of miRZip122 only requires the transcriptional machinery while 

cPPR-miR122A has to go through both transcription and translation. cPPR 

translation may add another limiting factor to the overall efficacy of miR122 

perturbation.  

 

6.3 The seed sequence is critical for miR122 sequestration by cPPR 

 

cPPR-miR122A binds to the 5´-end of miR122 and showed a significantly better 

sequestration activity than cPPR-miR122B, which binds near the 3´-end. This is 

consistent to the previous findings that miRNA usually recognises its target 

RNAs using as few as 6-8 nucleotides at the 5´-end, known as the seed 

sequence
119-201

. Esau et al. used anti-sense oligonucleotides to block miR122 in 

primary mouse hepatocyctes in vitro
202

. They showed that mutating 4 residues at 

the seed sequence ablated miR122 regulation while equivalent number of 

mutations nears the 3´ end had no effect. Importantly, both 5´- and 3´-end 

mutations reported in their study coincided with the target sequences of the 

cPPR-miR122-A and cPPR-miR122B, respectively, suggesting that the stronger 
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effect of cPPR-miR122A is legitimate (Figure 6.1). This highlights the 

importance of targeting seed sequence even in a protein-based strategy. These 

findings may facilitate the future design of similar strategies to modulate 

microRNA activities.  

 

6.4 The potential use of cPPRs in regulating telomere 

 

Human POT1 binds rigidly to its target sequence with no option for 

programmability. Fusing a programmable ssDNA-binding cPPR to the N-

terminus of hPOT1 is an exciting idea to generate, for the first time, a 

programmable artificial human POT1. This has many exciting applications. It 

has been reported that telomere can exist in the forms of shelterin-protected 

linear single-stranded DNA, G-quadruplex
163-165 

or T-loop
203

. Interrogating the 

functions of these complex-structured telomeres in vivo has proven to be 

challenging
146

. This is because it is very difficult to ‘knock out’ a DNA structure 

using genetic tools and to determine the phenotype. Even though it may be 

possible to knock out G-quadruplexes by mutating the telomerase template 

sequence
204,205

, the resultant mutant telomere is not bound by the telomeric 

proteins, so the phenotypes are indirect. A programmable ssDNA-binding 

protein is useful in this scenario. For instance, the telomerase template sequence 

can be mutated to remove guanines and at the same time, a cPPR-hPOT1(ΔOB) 

fusion targeting the mutant sequence can be introduced to protect the mutant 

telomeres. The mutant telomeres do not contain guanine nucleotides and cannot 

form G-quadruplex. In this case, a direct phenotypic comparison between the G-

quadruplex telomeres and the protected mutant telomeres can be established in 

vivo. In short, cPPR can facilitate the introduction of an orthogonal telomere into 

the genome to study the telomere and its associated proteins.   

 

The crystal structure of hPOT1 shows that OB1 binds more strongly to its target 

than OB2
151

. OB1 forms 22 hydrogen bonds with the telomeric sequence 

TTAGGG while OB2 makes only 9 hydrogen bonds with TTAG, eight of which 

contribute to the binding to T7 and G10. A9 is the only nucleotide that does not 

have any hydrogen bond connection with hPOT1, suggesting that the binding to 

this residue is non-specific. It is possible that weaker binding near the 3´ end  
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Figure 6.1 miR122 probes with four mismatches (mm) at either the 5´ or the 3´ 

regions. Esau, C. et al.
202

 reported that 5´mm miR-122, where the mutations lie 

within the seed region, completely ablated miR-122 activity while mutations at 

the 3´ end had no effects. The mutated nucleotides (red) lie within the target 

sequences of cPPR-miR-122A and cPPR-miR-122B (underlined).  
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residues may provide some flexibility that fine-tunes the activity of telomerase. 

With the availability of a programmable cPPR, this can be studied by 

engineering a 10-repeat cPPR with 9
th

 repeat altered to bind other nucleotide. 

This cPPR can then be compared to a ‘wild-type’ cPPR that targets the full 

hPOT1 target sequence. This is just one of the many experiments made possible 

with cPPRs. These highlight that cPPRs are useful for telomere study by 

providing flexibility and programmability to the rigid endogenous hPOT1. 

 

6.5 The prospective design of a programmable ssDNA-specific cPPR  

 

The biggest drawback in the current design is that cPPR binds to both ssDNA 

and RNA. Although fusing cPPRs with hPOT1(ΔOB) can relocate the chimera 

to telomeres, it is likely that cPPR- hPOT1(ΔOB) may still bind to endogenous 

RNAs, especially to the telomeric repeat-containing RNA (TERRA). TERRA is 

a long non-coding RNAs found in mammals and fungi
206

. It forms an integral 

component of telomeric heterochromatin and its expression is regulated by RNA 

surveillance factors in response to telomere length
207

. In humans, the length of 

TERRA ranges from 100 bases to 9 kilobases
208

 and it is a likely target of cPPR-

Telos. In addition to TERRA, Nandakumar et al. estimated that the number of 

RNA r(UUAGGGUUNG) sequences that occur by chances in the nucleus is 

1,300-20,000, which is equal or greater than the hPOT1 binding sites at 

telomeres
209

. This highlights the importance of generating a ssDNA-specific 

cPPR scaffold.  

 

The yeast three-hybrid selection methodology, which was previously employed 

successfully in our laboratory to screen for a cytosine-specific PUF repeat
69

, is 

less useful for cPPR screening because each cPPR repeat is identical. Mutating 

just one or few residues using conventional mutagenesis protocol is unlikely to 

provide a reliable screening condition because other wild-type cPPR repeats can 

still bind to the target RNA and reconstitute the GAL4 transcription factor. It 

will likely result in unacceptably high number of false positives.  

 

I have designed a cPPR-UUUCUUU screening system that narrows down the 

binding specificity of cPPR to just one repeat, thereby significantly reducing the 
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time and cost to screen for cPPR in vitro. This is the proof of principle that the 

characteristics of identical repeat protein, such as TALE, can be explored to 

design a special screening system. Nonetheless, an in vivo screening is more 

desirable as that would allow us to screen large mutant libraries efficiently. As 

this design took advantage of the flexibility in oligonucleotide design, it is not 

possible to have a RNA-DNA hybrid in vivo. Fortunately, cPPR polyU/T binds 

weakly to uracil and thymine, making the design possible by using TTTCTTT 

for yeast one-hybrid selection and UUUCUUU for yeast three-hybrid selection. 

To construct an in vivo screening system, a few optimizations would be 

necessary. First, cPPRs may be difficult to express in eukaryotic cells and 

therefore, fusion to a N-terminal sfGFP is necessary. Second, yeast one-hybrid 

system is used more routinely for screening double-stranded DNA. The 

efficiency would have to be first optimized for ssDNA. Lo et al. reported 

successful identification of ssDNA polyC-binding protein from a yeast one-

hybrid screen
217

, suggesting that it is possible to screen ssDNA using the one-

hybrid system. Third, cPPR mutants would have to be first negatively selected 

for clones that do not interact with RNA using 5-fluoroorotic acid (5-FOA) in 

yeast three-hybrid system and then positively selected for clones that interact 

with ssDNA using yeast one-hybrid system. The concentration of 5-FOA would 

need to be fine-tuned for optimal screening.  

 

6.6 The rise of RNA-targeting CRISPR/Cas9 and its impact on the use of 

modular RNA binding protein  

 

The rapid adaptation of CRISPR/Cas9 in genomic editing overshadows the once 

favoured TALEN-mediated genome editing strategy
210

. Now with the 

CRISPR/Cas9 technology recently available to manoeuvre RNA
56

, some might 

wonder about the benefits of using modular proteins, given the cost and time 

required to generate repeat protein. The main reason behind the popularity of 

CRISPR/Cas9 is predominantly attributed to its ease of use, low cost and 

multiplex capability
55,57,193,211,212

. However, it is well recognised that 

CRIPSR/Cas9 has a high off-targeting rate
193,213-215

. This is probably a major 

hurdle for therapeutic purposes and some researches that require high specificity. 

A recent controversial study to edit human embryos using CRISPR/Cas9 
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reported an unacceptably high rate of off-target mutations
216

. Although future 

optimization is likely to improve its specificity, as for now, TALEN is still the 

favoured strategy if higher specificity is required
193,214

. As both RNA-targeting 

CRISPR/Cas9 and modular RNA-binding proteins are newer than their 

equivalent DNA-editing technologies, the off-target issue has not been 

extensively evaluated. However, from the studies on TALEN and CRISPR/Cas9, 

it is not unreasonable to assume that a well designed modular RNA-binding 

protein, like the cPPR, would have a more favourable specificity than RNA-

targeting CRISPR/Cas9.  

 

6.7 The use of cPPP-hPOT1(ΔOB)  for basic telomere research 

 

The cPPR-hPOT1(ΔOB) fusion presented in this study is the first synthetic 

version of the crucial telomere-length regulator, hPOT1. It may be used to 

answer some basic questions about telomeres and their regulation. For instance, 

why does natural hPOT1 bind rigidly to its designated target TTAGGGTTAG
151

 

but not other sequences? Why does it bind to 10 nucleotides instead of 6, the 

length of each human telomere repeat? Answering these critical questions will 

not only provide us a better understanding about telomere biology, but also is 

useful in the future design of telomere manipulators.  

 

Engineering a programmable cPPR-hPOT1(ΔOB) reported in this study would 

not be possible without first having the basic knowledge of hPOT1. This new 

tool, in turn, can contribute to the basic studies of hPOT1. These highlight that 

the entire processes of innovation and development of science, both basic and 

applied research, are interdependent and mutually benefit and reinforce each 

other.  
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