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ABSTRACT 

 

RNA splicing is an integral step of gene expression. In eukaryotic cells, it is carried out by a 

dynamic RNA-protein assembly called the spliceosome. Among its RNA components, U2 and U6 

snRNAs are most conserved and form a complex with extensive base pairs. This complex is able to 

catalyze splicing-related reactions in the absence of proteins. Metal ions are required for the activity 

both in vivo and in vitro. The goal of this dissertation is to study the metal ion binding properties of 

the U2-U6 snRNA complex and elucidate the impact of metal ions on the complex structure. 

Spectroscopic informative Tb(III) is used to study RNA and metal ion binding properties. Specific 

metal ion binding sites and their pH-dependence on the complex are mapped out by using Tb(III) 

bound on RNA as FRET donors. The results not only confirm the metal ion binding sites suggested 

by other methods, but also reveal a new pH-dependent metal ion bindings site. Proper experimental 

conditions of using Tb(III) as FRET donors are suggested. By using FRET and NSET methods, the 

structural impact of metal ions on the U2-U6 snRNA complex is monitored. Under the conditions 

tested in the study, no conformational changes have been observed upon the addition of metal ions. 

Our results introduce the use of Tb(III) bound on RNA as FRET donor for the first time; suggest 

proper conditions of how to use Tb(III) as FRET donor; and show that there is no conformational 

changes observed by the discussed experimental designs and methods. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Introduction 

Ribonucleic acid (RNA) is a versatile molecule fulfilling numerous roles in many biological 

processes. The biological function of a molecule is tightly related to its structure; in the case of 

RNA, it is under intense investigation. Compared to its chemical-related counterpart 

deoxyribonucleic acid (DNA), RNA has a 2´-OH group on its backbone ribose which is missing in 

DNA. This hydroxyl group makes RNA highly labile, but also provides RNA the capacity of 

additional hydrogen bonding and metal ion coordination, and makes it more chemically active. 

The electrostatic interactions between metal ions and the RNA backbone and other polar 

chemical groups have significant impact on RNA structure and function. Finding out what these 

impacts are will help us understand the various roles RNA plays and design research and 

therapeutic agents for various purposes.  

In the research described herein, the spliceosomal U2-U6 small nuclear (sn)RNA complex is 

used as a model system to study the role of metal ions on RNA structure and function. RNA splicing 

is an integral step in the maturation of precursor messenger RNA (pre-mRNA) and is carried out by 

a RNA-protein complex called the spliceosome in eukaryotic cells. The highly conserved U2 and 

U6 snRNAs base pair to form a complex which is thought to be at the catalytic core of the 

spliceosome. Metal ions are crucial for splicing activities. Two aspects of RNA- metal ion 

interactions are being investigated. The first objective is to determine how and where the metal ions 

bind on RNA. Lanthanide ions [Ln3+] are used as probes because Ln3+ react with RNA in a similar 

fashion as Mg2+ and unlike their biological counterpart Mg2+, some Ln3+ are spectroscopically 

informative. The second objective is to elucidate how the U2-U6 snRNA complex changes its 
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conformations upon binding metal ions in order to facilitate the splicing reaction. Förster Resonance 

Energy Transfer (FRET) and Nano-Surface Energy Transfer (NSET) are utilized to test for the 

possible conformational changes within the complex. 

1.2 Nucleic acids 

The basic units of nucleic acids (DNA and RNA) are nucleotides. There are four nucleobases 

in both DNA and RNA. In DNA, the four bases are adenine (A), guanine (G), thymine (T) and 

cytosine (C). In RNA, uracil (U) is present instead of thymine (T) (Fig 1.1A). A nucleobase and a 

ribose (in RNA) or deoxyribose (in DNA) sugar ring form a nucleoside. Nucleosides A, G, U, and C 

in RNA are called adenosine, guanosine, uridine and cytidine; nucleosides A, G, T, and C in DNA 

are called deoxyadenosine, deoxyguanosine, deoxythymidine and deoxycytidine (Fig 1.1B). A 

nucleoside and one or more phosphate groups form a nucleotide. Based on the number of phosphate 

groups, they are called name of nucleoside + mono/di/tri phosphate. For example, deoxyadenosine 

with one, two or three phosphate groups in DNA are called deoxyadenosine monophosphate 

(dAMP), deoxyadenosine diphosphate (dADP) and deoxyadenosine triphosphate (dATP) 

respectively; adenosine with one, two or three phosphate groups in RNA is called adenosine 

monophosphate (AMP), adenosine diphosphate (ADP) and adenosine triphosphate (ATP). 

Nucleotides are linked with phosphodiester bonds between 5´-OH of the phosphates on the previous 

nucleotide and 3´-OH of the sugars on the next nucleotide to form a linear polymer (Fig 1.1C). 

Following the discovery of DNA B-type double helix 1, additional helical structures have 

been discovered (table 1.1). Complementary double helix originates from extensive hydrogen 

bonding formed by nucleobases (called Watson-Crick bases pairs). Regular Watson-Crick base pairs 

in RNA are shown in Fig 1.2. There are two hydrogen bonds between A and U and three between G 

and C. The 2´-OH of backbone sugar, which is absent in DNA, has a profound impact on RNA 

structure and function. The 2´-OH is prone to hydrolysis (water mediated degradation), thus RNA is 

less stable than DNA. Structurally, the presence of the 2´-OH favors RNA double helix to be A-type 

in its natural form. DNA, on the other hand, is B-type helix. RNA is predominately present in short 

and single-stranded forms and DNA in long and double-stranded forms. The 2´-OH also provides 

RNA additional capacities for hydrogen bonding, metal ion interaction, and catalysis. Various 

non-Watson-Crick base pairs are also common in RNAs. 
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A)   

B)                

C)                    

 
 
 
Figure 1.1 Chemical compositions of DNA and RNA. A) The five standard nucleobases in nucleic 
acids. A, T, G, and C are in DNA and A, U, G, and C in RNA. B) Nucleoside contains a ribose in RNA 
while a deoxyribose in DNA. C) Nucleotides linked with phosphodiester bonds between 5´-OH of the 
phosphates and 3´-OH of the sugars form a nucleic acid polymer. Circled OH groups are available for 
further polymerization; 2´-OH groups on ribose in RNA which are missing in DNA are highlighted. 
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Table 1.1 Structural properties of nucleic acid helices. Three types of helices (A-, B and Z) are 
formed depending on their chemical compositions and buffer conditions 2. 
 

Helix 

Type 

Complementary 

Strands 

Diameter Helix pitch 

(rise per turn)

Base pairs per 

helical turn 

Helix rise per 

base pair 

A RNA-RNA 

DNA-RNA 

~26 Å 28 Å 11 2.6 Å 

B DNA-DNA ~20 Å 34 Å 10 3.4 Å 

Z DNA-DNA ~18 Å 45 Å 12 (6 dimers) 3.7 Å 

 

 

 

 

A                                        B 

 

 
Figure 1.2 Regular Watson-Crick base pairs in RNA. A) A:U base pair: there are two hydrogen bonds 
between adenine and uracil. B) G:C base pair: there are three hydrogen bonds between guanine and 
cytosine. Dotted lines indicate the hydrogen bonds. Tails indicate the linkage to backbone ribose. 
Pictures were drawn in ChemDraw. 
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Because of the unique properties of RNA, it plays far more roles in various biological 

processes compared to DNA whose predominate role is to store genetic information. 

1.3 Versatile roles of RNA in biological processes 

The chemical stability and the ability of readily forming double stranded helix make DNA a 

good storage material for genetic information 3. In contrast, RNA, which is known to carry genetic 

information in only some viruses, such as Human Immunodeficiency Virus (HIV) and Hepatitis B 

Virus (HBV), plays a more versatile role in many biological processes. RNA is also present in 

nature in more complicated forms. 

Messenger RNA (mRNA): the functions of most RNA molecules were first not realized, as 

the only function known by then was being a messenger between the DNA genetic information and 

their protein products. These RNAs are called mRNA 4, 5. Transcription of DNA to mRNA by RNA 

polymerase is the first step in gene expression. Prokaryotic mRNA is mature upon transcription 

except in rare cases. On the other hand, eukaryotic pre-mRNA requires extensive processing, 

including 5´ cap addition, 3´ polyadenylation, splicing and editing. In eukaryotic cells, mRNAs are 

processed in the nucleus and later transported into the cytoplasm; mature mRNAs are translated into 

amino acid chains in ribosome. 

Transfer RNA (tRNA): translation is the process that one specific amino acid is added at a 

time into protein according to the sequence of mRNA in ribosome. Each amino acid is carried by a 

specific tRNA. tRNA is a single stranded RNA with less than 100 bases and it has a defined tertiary 

structure. Translation accuracy is ensured by the specific tRNA which can only carry one type of 

amino acid and transfer it to the right codon sequence. The tRNA specificity is determined by its 

tertiary structure, which contains a three nucleotide anticodon region complementing the coding 

region of mRNA and an acceptor stem attaching only one specific type of amino acid. 

Ribosomal RNA (rRNA): the ribosome is the protein manufacturing machinery in all cells 6. 

Ribosome is a RNA-protein complex. Its RNA component is called rRNA. In a typical cell, rRNA 

makes about 65% of ribosome mass and 80% of all RNA mass. It is conserved phylogenetically. It 

is rRNA which translates mRNA to amino acid chains in ribosome; proteins only stabilize RNA 

structure. Thus, ribosome is now classified as a ribozyme 7. 

Small nuclear RNA (snRNA): a class of small RNA molecules found in the nucleus of 
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eukaryotic cells is called snRNA. They are commonly associated with specific proteins to form a 

complex called Ribonucleoprotein (RNP). snRNAs participate in RNA splicing, which is the 

subject of this dissertation and will be discussed further. In addition to RNA splicing, snRNAs are 

involved in many other important processes such as regulating transcription factors or RNA 

polymerase II and maintaining the telomeres 8.  

Small nucleolar RNAs (snoRNAs) found in the nucleus are belong to a subgroup of snRNA 

under the definition of Medical Subject Headings (MeSH). They play an essential role in RNA 

biogenesis and guiding chemical modifications of other RNAs, such as rRNA, tRNA and snRNA 9. 

Catalytic RNA: a biological enzyme was first defined as a “catalytic protein”. Carl Woese, 

Francis Crick and Leslie Orgel speculated about the possible catalytic activity of RNA because they 

had complex secondary structures 10. In the early 1980s, the first two RNA enzymes (ribozymes) 

were discovered independently: group I intron by Thomas R. Cech 11 and RNase P by Sidney 

Altman 12. After these findings, many ribozymes were discovered such as rRNA as described earlier 

and a series of small ribozymes (such as hammerhead, hairpin, HDV and VS ribozymes, they all cut 

a RNA phosphodiester backbone to yield a 5´-OH and a 2´, 3´ cyclic phosphodiester as product) 13. 

The fact that RNA molecules can perform all the catalytic functions of proteins leads to the 

hypothesis of “RNA world” theory. In this theory, RNA acts as both the genetic carrier and a 

catalyst before the emergence of DNA and proteins which possess more specialized functions 14. 

Other non-coding RNAs: there are many RNA molecules which do not code for proteins in 

cells. Many of them were first classified as “junk genes” but we now know they have various 

functions as we described earlier. There are still many RNAs without known functions. This area of 

research draws tremendous interest and we expect more RNA functions to be discovered. One 

example of a success story in this area is the discovery of MicroRNAs (miRNAs). miRNAs were 

discovered in 1993 15 but their RNAi function was not revealed until 1998 16. RNAi is a mechanism 

for RNA-guided regulation during gene expression. RNAi inhibits gene expression by causing the 

degradation of specific RNA molecules or by hindering the transcription of specific genes. 

Exogenous dsRNA and miRNA can both initiate RNAi. 

1.4 Pre-mRNA splicing and the spliceosome 

The mRNA molecule directly copied from the DNA template by transcription is called 
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precursor (pre-)mRNA. As discussed, prokaryotic mRNA is usually mature upon transcription. In 

eukaryotic cells, however, pre-mRNA will usually go through multiple processing steps; one of 

which is splicing. Thus, splicing is an integral step of gene expression in eukaryotic cells. During 

splicing, the non-coding regions on pre-mRNA (called introns) are removed and coding regions 

(called exons) are ligated together. Splicing at alternative sites provides a mechanism to generate 

alternative gene products from the same gene sequences for gender-, cell-, and development stage- 

specific purposes. Splicing defects are linked to certain diseases such as heart diseases and cancers . 

There are different mechanisms for splicing reactions. Eukaryotic RNA splicing is catalyzed 

by the spliceosome in the nucleus. By comparison, self-splicing group II intron found in certain 

protozoa and eukaryotic organelles catalyzes the same splicing reaction on its own. The chemical 

reaction for both systems is identical, a two-step trans-esterification reaction (Fig 1.3). At the first 

step, the 2´-OH of a helical bulged adenosine (called branch site) attacks the 5´-splice site (5´-ss). 

The phosphate group will form a 5´-, 2´- cyclic phosphodiester bond with branch site 2´-OH; 3´-OH 

on 5´-exon is released. The second step is that the newly freed 3´-OH on 5´-exon is attacking 

3´-splice site (3´-ss). Two exons are joined together and the intron is released as a lariat. 

The spliceosome is a dynamic assembly of five small nuclear snRNAs (U1, U2, U4, U5 and 

U6) and over 100 proteins; it is the largest and one of the most complicated cellular machines 

known 17. RNA-RNA, RNA-protein and protein-protein interactions form an extensive network 

within the spliceosome 18. Specific inter- and intra-molecular interactions involving snRNAs and 

pre-mRNA are required for the assembly of the catalytic core of the spliceosome and the definition 

of the splice sites. 

1.5 Splicing-related catalysis by protein-free spliceosomal snRNAs 

In spliceosome, U2 and U6 snRNAs are the only snRNAs out of the five snRNAs required 

for both steps of splicing. Their sequences are highly conserved phylogenetically 19. The two 

snRNAs have extensive intra- and inter-molecular base pairs and form a complex (Fig 1.4). The U6 

snRNA contains an intramolecular stem loop (U6 ISL); the U2 and U6 snRNAs form three 

intermolecular helices, called helix I, helix II and helix III 20, 21. These regions are conserved and are 

important for splicing activity, but sequence conservation is not strict. Conversely, several 

sequences are found to be strictly conserved. They are ACAGAGA loop located between helices I  
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Figure 1.3 Splicing is a two-step trans-esterification reaction. The first step of splicing is the 2´-OH 
group of branch point adenosine attacks the 5´-splice site. 3´-OH on 5’-ss and exon 1 are freed. The 
second step of splicing is that the 3´-OH on exon 1 attacks the 3´-splic site. A phosphodiester bond is 
formed between exons 1 and 2 and intron is released as a lariat. 
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Figure 1.4 Proposed human U2 and U6 snRNA complex secondary structure 22. The two snRNAs 
form extensive base pairs with several invariant secondary structures. These invariant structures include 
the intramolecular stem loop (ISL) and helices I, II, and III. Conserved sequences are highlighted; they 
are the ACAGAGA loop between helices I and III, the AGC triad near the four way junction, and U74 on 
the U6 ISL. They are ion-binding sites implicated by phosphorothioate substitution experiments. 
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and II; AGC triad within the hinge of the four-way junction, and the U74 (U80 in yeast, U74 in 

human) within the U6 ISL labeled in Fig 1.4 23-26.   

The first step of splicing involves a bulged branch site adenosine nucleophilic- attack the 

5´-ss of the intron (Fig 1.3). These two reactants both have interactions with the U2-U6 snRNA 

complex. The branch site region of the intron forms a defined duplex with 4-7 base pairs. A 

conserved modified base pseudouridine on U2 snRNA help position the branch site adenosine so 

that the 2´-OH group of the adenosine is more accessible for attacking the 5´-ss 27, 28. The 5´- splice 

site of the intron interacts with the U6 ACAGAGA loop; but they only form small number of base 

pairs. This indicates that in order to bind and position the 5´-ss, the U6 and U2 snRNA complex 

may need help from other RNA/protein components. These interactions are summarized in Fig 1.5. 

Very interestingly, the self-splicing group II introns and the spliceosomal U2-U6 snRNA 

complex have extensive mechanistic and structural similarities. Group II intron was one of the first 

ribozymes discovered 29. The splicing reaction catalyzed by group II intron does not involve any 

proteins in vitro and has identical stereochemistry as reactions catalyzed by spliceosome. Both 

group II intron and U2-U6 snRNA complex bind to a catalytically essential metal ion by an AGC 

trinucleotide 23, 30. Both have an unpaired flanking branch site residue; usually adenosine. The U6 

ISL has a similar structure as the D5 of the group II intron. The U2-branch site may also have a 

similar structure as D6 of the group II intron (Fig 1.6). 

A report by Valadkhan and Manley in 2001 showed that a protein-free U2-U6 snRNA 

complex could perform a reaction similar to the first step of splicing further exemplifies that they 

were involved in the direct catalytic reactions 22. In this report, a small RNA intron strand 

containing the branch site was covalently linked with the AGC triad after incubating the intron and 

U2-U6 snRNA complex together (Fig 1.7A). The reaction was only similar to the first step of 

splicing; and the yield of 0.1 % after 20 hours indicated an inefficient and slow catalysis. 

A more recent report showed that designing a system which contained an intron with the 

branch site and 5´-ss resulted a reaction more similar to the first step of splicing 31. The intron 5´-ss 

did not bind stably with the ACAGAGA loop. So a 5´-ss sequence was covalently linked to U6 

snRNA sequence. When the RNAs formed a secondary structure, 5´-ss was stably attached to the 

ACAGAGA loop. After the reaction, a covalent bond between 5´-ss and branch site adenosine was 

formed and the exon was released (Fig 1.7B). Even though the yield of 0.2 % after 15 hours was  
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Figure 1.5 Interactions between U2-U6 snRNA complex and the intron. The 5´-ss of the intron forms 
small number of base pairs with the complex. The branch site forms extensive base pairs with the 
complex. The branch site adenosine is bulged out by its opposite pseudouridine base (ψ) on U2 snRNA 
as shown in a NMR structure by Newby and Greenbaum 27. 
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Figure 1.6 Secondary structure of a group II intron. The figure is from Fedorova and Zingler 2007 29. 
D1-D6 are abbreviated for domain 1, domain 2 etc. The circled adenosine on D6 is the branch site; the 
boxed AGC on D5 is the conserved AGC triad. D5 has similar structure and function as the U6 ISL in 
spliceosome; D6 has similar structure and function as the U2-intron branch site helix. For other labels 
please refer to the original reference. 
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Figure 1.7 the protein-free U2-U6 snRNA complex catalyzes splicing like reactions. Pictures are 
directly from the respective references. A) using an intron strand containing branch site, the branch site 
adenosine forms a covalent bond (arrow) with the AGC triad 22. The figure is from Valadkhan and Manley 
2001 22. B) using an intron containing branch site and a chimera containing U6 and 5´ss, the branch site 
adenosine forms a covalent bond (arrow) with the 5´-ss and breaks the phosphodiester bond so that the 
exon is freed 31. The figure is from Valadkhan et al., 2007 31. 
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improved, it still indicated a very inefficient and slow reaction. 

Based on these results discussed above, the U2-U6 snRNA complex is thought to be at the 

center of the catalytic core of the spliceosome. Even though the spliceosome has about 97% 

molecular mass as proteins, spliceosome may be a ribozyme 17. However, the extremely low yield 

and efficiency compared to protein-assisted splicing, and the abundance of protein components, 

lead us to understand that even if spliceosome is a ribozyme; protein components may still play 

important roles in the spliceosome activity. One example is that two protein components in U2 

snRNP, SF3b155 and p14, are in close proximity of the pre-mRNA branch site as shown in Fig 1.8 
32. The positioning may play an important role in the assembly of the U2 snRNP. Thus, the U2-U6 

snRNA complex not only juxtaposes 5´-ss and the branch site, but also may provide a scaffold for 

the assembly of the spliceosome. 

1.6 Metal ions and U2-U6 snRNA complex 

Metal ions have a great impact on the folded RNA tertiary structure due to the electrostatic 

interactions with the RNA backbone and other polar chemical groups. There are two types of 

RNA-ion interactions as summarized 33: “diffuse” ions which interact with RNA electrostatic field 

at a hydrated state, and “chelated” ions which interact directly with specific RNA surface locations 

and are held in position by electrostatic forces at a dehydrated state (Fig 1.9). Both of these 

interactions are crucial to the stability of RNA structures. Metal ions may also participate in direct 

catalysis by activating nucleophilic oxygens during oxygen–phosphorus bond formation or stabilize 

oxyanion leaving groups during oxygen–phosphorus bond breakage 34. 

Spliceosome assembly and activity are dependent on “hard” metal ions interactions. “Hard” 

metal ions, which are characterized with small ionic radii or high charge, prefer “hard” ligands, 

which do not give up electron density. They are held together by electrostatics. On the other side, 

“soft” metal ions prefer “soft” ligands. They possess polarizable electron clouds and are prone to 

share electron density. Specifically, the splicing catalysis by protein-free U2-U6 snRNA complex is 

dependent on metal ions, generally Mg2+, a “hard” ion. The phosphorothioate substitution for 

phosphate experiments suggested several metal ion binding sites essential for splicing catalysis. The 

splicing activity was obliterated upon the substitutions (oxygen atom, a “hard” ligand, to sulfur 

atom, a “soft” ligand) but rescued by using “soft” metal ion Mn2+. These sites include U74 residue  
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Figure 1.8 Cyo-EM structure of pre-mRNA, SF3b155 and p14. The proteins p14 and SF3b155 are in 
proximity of the branch site adenosine as shown in the Cro-EM structure as well as by cross-linking 
experiments. The figure is from Golas et al., 2003 32.  
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Figure 1.9 Cartoon of “diffuse” ions and “chelated” ions. The figure is from Draper et al. 35. Small 
green dots are Mg2+; red dots are oxygens; grey dots are hydrogens; two hydrogens and one oxygen 
form a water molecule; red dots on RNA backbones are nonbridging phosphate oxygens. Left) a 
“chelated” ion loses some inner-sphere water molecules and stays in a specific location on RNA 
backbone. Right) a “diffuse” ion retains its outer shell and interacts with RNA backbone by electrostatic 
forces mediated by outer-shell water molecule. Middle) inner-sphere water molecules of a fully hydrated 
ion interact directly with RNA backbone. 
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on ISL, the A residue in the AGC triad and the two G residues in the ACAGAGA loop (Fig 1.4) 23, 25, 

26, 36. UV cross-linking experiments also showed that these regions had metal ion dependent 

interactions 37. 

The binding to the U74 of ISL is of particular interest to us because its pH-dependency. The 

metal ion binding is supported by phosphorothioate substitution results 36, but the overall structure 

of U6 ISL is not altered upon metal ion binding 38. The metal ion binding on this site is also 

pH-dependent. Protonation of the neighboring C-A base pair and binding of metal ions were found 

to be mutually antagonistic. At higher pH, the C-A pair was deprotonated; U80 was stacked in the 

helix and formed an ion binding site 38. 

1.7 Specific aims 

Understanding how the spliceosome catalyzes the splicing reaction will help us gain insights 

in this important step of gene expression with possible medical and engineering applications. 

Interactions between the U2-U6 snRNA complex and metal ions are crucial for the splicing 

catalysis. Thus, the study of how they interact and what structural impact metal ions have on the 

U2-U6 snRNA complex is the focus of this dissertation. 

The goal of chapter two is to find out the locations of the “chelated” metal ions in the U2-U6 

snRNA complex. The phosphorothioate substitution experiments suggested possible specific metal 

ion binding sites on U2-U6 snRNA complex; but direct observations of bound metal ions were 

lacking. The biological metal ion Mg2+ is spectroscopically uninformative, thus, a lanthanide ion 

Tb3+ was used to mimic Mg2+ by taking advantage of its luminescence and Mg2+-like chemical and 

physical properties. A new approach which utilized RNA bound Tb3+ as a FRET donor was taken; 

specific metal ion binding sites were successfully mapped out spectroscopically. 

The success in chapter two encouraged me to evaluate whether this new type of FRET donors 

could be used in different conditions. This type of FRET donors, unlike previous FRET donors 

which have to be covalently linked to target molecules, do not require covalent coupling. For 

example, RNA bound Tb3+ could act as FRET donors because its luminescence was enhanced by 

neighboring RNA. If Tb3+ whose luminescence was enhanced by RNA or protein which they 

“chelated” bind can be a class of general FRET donors, labeling procedures would be much easier 

and there could be numerous applications involving these FRET donors. 
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Thus, in chapter three, the properties of these RNA bound Tb3+ were studied and the optimal 

conditions in which these donors could work best were investigated. This chapter laid a guidance 

for the practice of using RNA bound Tb3+ as FRET donors broadly accepted and useful. 

In chapter four, the question of what were the structural impacts of metal ions on the U2-U6 

snRNA complex was investigated. The hypothesis was that in order for the complex to carry out 

splicing reactions, key components were needed to come into proximity during the catalytic 

reaction. By placing FRET and NSET probes on different locations on the U2-U6 snRNA complex, 

conformational changes within the complex could be monitored. Both steady-state and 

time-resolved FRET and NSET were used.  

The results will help us better understand specific metal ion binding on the U2-U6 snRNA 

complex. Additionally, the introduction of using RNA bound Tb3+ as FRET donors may broaden the 

use of FRET methodology in new areas. 
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CHAPTER 2 

USE OF A NOVEL FRET METHOD TO LOCALIZE SITE-BOUND 

TERBIUM IONS IN THE U2–U6 SNRNA COMPLEX 

 

 

2.1 Introduction 

2.1.1 FRET method 

FRET is commonly used as a ‘molecular ruler’ 39 in biomolecular structural studies. Initially, 

the acronym FRET referred specifically to Fluorescence Resonance Energy Transfer because the 

donor and acceptor pairs were both fluorophores. In a variant experiment, the luminescence energy 

of chelated lanthanide ions was transferred directly to an acceptor molecule 40, in which case the 

approach was called LRET (Luminescence Resonance Energy Transfer). Lanthanide ion 

luminescence is formally neither fluorescence (singlet-to-singlet transition) nor phosphorescence 

(triplet-to-singlet transition), but as a result of atomic configuration where emission arises 

predominantly from electric dipole transitions 41. For this reason, both forms of energy transfer obey 

the same fundamental principles; and it has been suggested that the acronym FRET applies both to 

the specific (fluorescence) and general (Förster) resonance energy transfers 42. 

FRET originates from non-radiative interaction between a donor and an acceptor exhibiting a 

spectral overlap between donor emission and acceptor excitation spectra. The relationship between 

the energy transfer efficiency (E) and the FRET pair distance (R) is:  

66
0

6
0

RR
R

E
+

=  (Equation 2.1) 

Where R0 is the Förster distance between the FRET pair when E=50%. R0 depends on the 

overlap integral of the donor emission spectrum with the acceptor absorption spectrum, quantum 

yield of the donor and their relative molecular orientation as expressed by the following equation: 
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Where J is the normalized spectral overlap of the donor emission and acceptor absorption; qD 

is the quantum yield of the donor; n is the refraction index (1.33 for water, 1.29 for many organic 

solvents); k2 is the orientation factor describing the relative orientation of the transition dipoles of 

the donor and acceptor. k2 is often a source of uncertainty, being defined as: 

22 )coscos3(cos ADDAk θθθ −=  (Equation 2.3) 

Where θDA is the angle between the donor and acceptor transition dipole moments; θD and θA 

are the angles between the donor (acceptor) transition dipole moment and the vector joining the two 

dyes 41. 

In recent years, advancements in photochemistry instrumentation enable FRET to be at the 

center stage of biomolecular studies with accurate and sensitive detection. Single-molecule FRET 43 

and FRET microscopy 44 can reveal information at the level of single molecules and living cells. 

Many FRET donors and acceptors have been discovered and developed 45. They can be 

classified into four categories: 1) Organic fluorophores, which are organic small molecules 

(generally < 1kDa); 2) Fluorescent proteins, such as GFP and its derivatives; 3) Luminescent 

lanthanide ions, such as Tb3+ and Eu3+; and 4) Quantum dots. Among them, organic fluorophores 

are the most common because they are readily available with high absorption coefficients and 

quantum yields. Other categories are routinely used as well with a lot of new developments. 

Lanthanide ions have unique luminescence spectra and Tb3+ and Eu3+ have been used as 

FRET donors in several applications 41. In these applications, Tb3+ or Eu3+ are chelated with 

EDTA-like molecules which are covalently linked to target molecules. 

The energy transfer efficiencies (E) can be calculated by several methods: 46. 1) using donor 

fluorescence intensity decrease, 
D

DA

I
IE −= 1  (Equation 2.4), where ID and IDA are donor 

intensities in the absence and presence of acceptor respectively. 2) using acceptor fluorescence 

intensity increase, 
%100,AD

AD

I
IE =  (Equation 2.5), where IAD is the acceptor intensity in the presence 

of donor; IAD,100% is the acceptor intensity in the presence of donor when energy transfer efficiency 
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is 100%. 3) using lifetime decrease of donor fluorescence, 
D

DAE
τ
τ

−= 1  (Equation 2.6), τDA and τD 

are the lifetimes of donor in the presence and absence of acceptor respectively.  

Using lifetimes to measure energy transfer efficiency is most accurate because it is derived 

directly from the energy transfer mechanism. Time-resolved FRET can also differentiate more than 

one species because of the exponential decay nature of lifetime data. Thus, multiple-distance 

resolution can be achieved at one time. 

2.1.2 An extension of FRET method 

Lanthanide ions have been used as FRET donors. They are chelated to an EDTA-like 

molecule which contains an antenna group and are covalently linked to target molecules 41. The 

spectra of a FRET system with chelated Tb3+ as donor and Cy3 as acceptor are shown in Fig 2.1. 

Free Ln3+ ions are not practical FRET donors because of their low absorption coefficients (ε~1 

M-1cm-1 compared to ε~104 M-1cm-1 for nucleotide) 41.  

Tb3+ luminescence is highly enhanced by energy transfer from RNA aromatic groups. 

However, the luminescence of up to 1mM Tb3+ in aqueous solution was undetectable on a Cary 

Eclipse spectrophotometer while the luminescence of less than 1 µM RNA bound Tb3+ was 

detectable under the same condition. Luminescence was still not detectable after adding EDTA to 

Tb3+ solution or dissolve Tb3+ in D2O, suggesting the luminescence enhancement was mainly from 

RNA sensitizing, not from the removal of inner sphere water molecules. This enhancement is 

similar as the effects of the antenna groups on organic chelate LRET groups 41. The RNA “chelated” 

Tb3+ may be used as FRET donors. The new aspect of the method is no covalent chemical chelate 

modifications are done on target molecules. 

2.1.3 Specific metal ion binding on the U2-U6 snRNA complex 

Metal ions play a significant role in RNA folding and ribozyme catalysis 47. Bound metal 

ions assist in folding and stabilization of RNA stem-loop structures by increasing the number of 

favorable intra- and inter-strand interactions. Divalent metal ions, particularly Mg2+, are essential 

for spliceosomal assembly and activity. Several lines of evidence support the obligatory role of 

divalent metal ions in the activity of the U2-U6 snRNA complex. Replacement of phosphate groups 

with phosphorothioate groups, which do not strongly bind hard metal ions such as Mg2+, at  
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Figure 2.1 A FRET system with Tb3+ as donor and Cy3 as acceptor. The LRET spectrum is 
de-convoluted to Tb3+ spectrum and Cy3 spectrum. Tb3+ spectrum is obtained by normalized the peak at 
490 nm with a standard Tb3+ spectrum (Fig 2.1). Cy3 spectrum is the difference between LRET and 
normalized Tb3+ spectra. This figure is from Yuan et al., 2007 48. 
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specific sites on the U6 snRNA backbone resulted in the obliteration of splicing activity. These sites 

include the backbone at U74 of U6 snRNA, which forms part of an internal loop within the 

intramolecular stem loop (ISL) 26, the two G residues in the invariant ACAGAGA segment between 

helices I and III 25, and the A residue of the invariant AGC triad near the four-way-junction 23. Some 

of the splicing activity was rescued by Mn2+, a softer metal ion, which coordinates more readily 

with sulfur atoms. Moreover, UV-induced cross-linking experiments demonstrated metal ion 

dependent interaction between these regions 37. Protein-free RNA splicing activity was also shown 

to be dependent upon Mg2+ 22, 31. 

Evidence for pH-dependent metal ion binding of a bulged uridine of the U6 ISL (U80 in the 

yeast sequence, which corresponds to U74 in the human sequence) comes from NMR studies 38. 

Protonation of the neighboring C-A base pair and binding of metal ions were found to be mutually 

antagonistic. At higher pH, the C-A pair was deprotonated; U80 was stacked in the helix and formed 

an ion binding site. The possibility of a pH-dependent mechanism for the regulation of spliceosomal 

activity was suggested 38. Although it is possible that other sites exhibit pH-dependent ion 

coordination behavior, their pH-dependence has not yet been examined. 

2.1.4 Goal of this chapter 

The evidence that there are several specific metal ion binding sites on the U2-U6 snRNA 

complex and pH values could turn them on and off encouraged us to apply the new FRET practice 

discussed in section 2.1.2 for identifying the locations of these site-bound multivalent ions and the 

pH dependence of the binding. Thus, the goal of this chapter is to identify the locations of 

site-bound multivalent ions within the U2-U6 snRNA complex and ascertain the pH dependence of 

ion binding behavior by using “chelated” Tb3+ as a FRET donor. Time-resolved FRET was used 

between the site-bound luminescent lanthanide ions and a covalently attached organic dye. The 

novelty of this study was that the FRET donors were labeled without the use of chelates because 

they were lanthanide ions which were coordinated to the specific sites in the RNA complex. 

2.2 Materials and methods 

2.2.1 RNA design and synthesis 

All experiments were carried out on RNA sequences of human U2-U6 snRNA (Fig 1.4) 22. 

For measurements with single 5'-Cy3 and double 5'-Cy3, 3'-Cy5 labels, the top strand was 
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purchased from Dharmacon (Lafayette, CO). Otherwise, unlabeled RNA strands were made by in 

vitro transcription under standard conditions using T7 RNA polymerase with synthesized DNA 

templates from IDTDNA (Coralville, IA). DNA templates were designed with a standard T7 

promoter sequence. T7 RNA polymerase for transcription reactions was expressed and isolated 

according to a published protocol 49. Transcripts were purified by electrophoresis on a denaturing 

polyacrylamide gel and eluted with an electro-eluter (Schleicher and Schuell, Whatman Inc.). RNA 

concentrations were determined from the absorbance at 260 nm, and the integrity of the final RNA 

samples was confirmed by the appearance of a single band on a 15% denaturing PAGE gel.  

2.2.2 Nondenaturing gel electrophoresis 

RNA samples were loaded on a 10% non-denaturing gel in Tris-HEPES buffer. 0.01 nmol 

(~1 µg) each of top and bottom strand were combined, heated at 80 °C for 45 seconds and cooled at 

room temperature for 10 minutes prior to loading to the gel. The gel was run in a 4 °C cold room 

under 100V. The gel was stained with Ethidium Bromide for UV visualization. 

2.2.3 Measurement of Tb3+ luminescence 

Tb3+ stock solution was made by dissolving Tb2O3 in HClO4 (both purchased from Sigma 

Aldridge). Concentration was measured by titration with EDTA as described previously 50. The 

excitation wavelength was 280 nm. 

Lanthanide ions can hydrolyze RNA molecules nonspecifically at high concentrations, pH 

and temperatures 51. In the study, 7 µM Tb3+ did not hydrolyze the RNA samples under the 

described conditions for days (data not shown). Also, high buffer pH could change the binding 

properties of lanthanide ions by converting them to lanthanide hydroxides or changing hydration 

status 52. However, we observed no difference in lifetimes of Tb3+ bound to RNA at pH 5.6-7.2, 

suggesting its overall hydration/binding status was not altered significantly. 

RNA samples (1µM) were titrated with Tb3+ until the luminescence did not increase further. 

The dissociation constant of Tb3+ binding to U2-U6 snRNA complex was calculated by fitting the 

plot of the saturation plot with a standard binding isotherm for three equivalent sites yielded a mean 

Kd of approximately 3 µM. The moderate binding affinity allows us to use the stoichiometry 

measurements in the next section with minimal assumptions. Bound Tb3+ could be competed off the 

RNA by Mg2+, resulting in decreasing luminescence to zero. This showed that Mg2+ occupied the 
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same or similar sites as Tb3+. However, Mg2+ had about 200 times weaker affinity to U2-U6 

complex than Tb3+. 

2.2.4 Measurement of metal ion binding stoichiometry to RNA constructs 

The continuous titration approach of measuring Tb3+:RNA binding stoichiometry, or Job plot 

method, was used 53, employing a repetitive dilution approach for the titration. In a 200 μl cuvette, 

the total [RNA + Tb 3+] concentration was 2.0 μM. For an RNA fraction of 0.9, 180 μL of 2 μM 

RNA and 20 μL of 2 μM Tb3+, both in buffer, were mixed; for an RNA fraction of (0.9)2, 20 μL of 

the previous mixture was removed and 20 μL of 2.0 μM Tb3+ in buffer was added to the cuvette. 

The RNA fraction of (0.9)n can be achieved using this approach. Measurement of Tb3+ emission 

was performed on a Cary Eclipse spectrophotometer (Varian Inc.), with excitation at 280nm. The 

emission intensity at 545 nm was plotted against the corresponding RNA mole fraction and fit to a 

Gaussian function in SigmaPlot 8.0 (Systat Software, Inc.). The number of ion binding sites is 

equivalent to (1-x)/x, where x is the RNA fraction at the peak of the Gaussian curve 50. 

2.2.5 Measurements of Tb3+ luminescence decay 

Lifetime measurements were carried out on a Cary Eclipse fluorophotometer. The RNA 

concentration was 0.7 μM; titrated Tb3+ concentrations were 3.5 μM to 7 μM. Photomultiplier tube 

(PMT) power was 800 V if not specified otherwise. Excitation pulses had a width of 2-3 μs at 280 

nm and excitation/emission slits were 10 nm. Tb3+ luminescence was measured at 565 nm when 

Cy3-labeled RNA was used. With unlabeled RNA, Tb3+ luminescence at 545nm was recorded. 

Delay time was 0.1 ms. Buffers contained 150 mM NaCl and 10 mM MES for pH 5.6, 6.1, 6.6 or 

10 mM MOPS for pH 7.2. The pH was adjusted by NaOH and HCl. A high concentration of NaCl 

(150 mM) was used to minimize nonspecific binding of Tb3+. Decay curves were fit with OriginLab 

using least-square-goodness-of-fit algorithm to equation 2.7. A maximum of three independent 

decay components could be accurately obtained. 

∑
−

+=
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t
t

i
ieAII 0  (Equation 2.7) 

Where I0 is system background, Ai are the preexponential amplitudes for each exponential 

decay which can be used to identify the population ratio of different decays, and ti are the individual 

decay lifetimes. 
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2.2.6 FRET experiments using the Cy3-Cy5 pair 

Measurements were performed on the Cary Eclipse. Excitation of Cy3 was at 520 nm with 

excitation/emission slits of 5 nm and the temperature set at 22 °C. The emission scan was collected 

from 540-700 nm. Equal molar amount (0.7 μM each) of top (labeled) and bottom strands were 

annealed prior to measurements. RNA samples labeled with Cy3 only, Cy5 only, and both dyes 

were measured.  

2.3 Results 

2.3.1 Design of RNA samples and confirmation of base pairing 

The proposed secondary structure of human U2-U6 snRNA complex is shown in Fig 1.4. It 

contains three intermolecular helices and a U6 intramolecular stem loop (ISL) 22. In order to 

simplify construction of samples suitable for our studies, a model pairing was designed in which the 

invariant top strand (the shorter RNA in Fig 2.2) and a variable bottom strand represented the native 

U2-U6 RNA pairing and its variants. In order to make this change, the 5-base loop within the ISL 

was omitted and a terminal loop was added to helix II. This pentaloop was demonstrated in separate 

experiments not to bind metal ions (data not shown). Variations of the bottom strand were designed 

so that when paired with the top strand, suspected ion binding sites were deleted by the formation of 

complementary base paired segments (Fig 2.2). The top strand included nucleotides 33-64 of the U6 

sequence. The bottom strand was a chimera of fragments of U2 and U6 snRNAs.  

In order to confirm that the bottom strands formed base pairs with the invariant top strand, we 

monitored migration of each paired RNA sample on a non-denaturing gel. In each case, the 

disappearance of both single-stranded top and bottom bands and the appearance of a new band 

which migrated slower than either of the single bands (Fig 2.3) suggested that the constructs formed 

complexes by the pairing of top and bottom strands. 

2.3.2 Stoichiometry of site-bound ions 

In order to estimate the number of site-bound terbium ions per RNA complex, Tb3+ 

luminescence for different ratios of [Tb3+]:[RNA] was recorded and plotted using a Job plot 53. In 

this context, “site-bound” denotes residence of the metal ion at a specific site accompanied by the 

loss of one or more water molecules. In the case of Tb3+, it is associated with increased 
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Figure 2.2 The simplified construct and its mutations used in the FRET study. The whole sequence 
represents the simplified original construct (called WT), which includes an invariant 32-nt top strand and 
a 69-nt bottom strand. Fluorescent dyes are attached at the 3′ or 5′ end of the 32-nt strand. The four 
mutation areas are shaded. All mutations were created by variations of segments of the bottom strand. 
∆LOOP eliminates the ACAGAGA loop by mutating the bottom sequence to result in a complementary 
stem. ∆UG mutates the U–G base pair to U–A. ∆4W eliminates the four-way junction by replacing the 
shaded area with three adenosines. ∆U74 deletes the shaded uridine from the U6 ISL sequence. This 
figure is from Yuan et al. 2007 48.
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Figure 2.3 Demonstration of base pairing between top and bottom strands by non-denaturing gel 
electrophoresis. Lane 1: the invariant top 32 mer. Lane 2: ∆4W bottom strand (40 nt) alone; Lane 3: 
∆4W bottom with top strand. Both the brightest bands in lanes 1 and 2 disappeared in lane 3, indicating 
pairing of the strands. Lanes 4 and 5: WT bottom (69 nt) alone and with top strand. Lanes 6 and 7: 
∆LOOP bottom (68 nt) alone and with top strand. Lanes 8 and 9: ∆U74 bottom (68 nt) alone and with top 
strand. Lanes 10 and 11: ∆UG bottom (68 nt) alone and with top 32 strand. The retardation of paired 
strands indicated the formation of base-paired complexes. This figure is from Yuan et al. 2007 48. 
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luminescence. The luminescence intensity represents the amount of RNA-Tb3+ complex by 

assuming a linear relationship between binding and the luminescence intensity. The principle of this 

method is that when the combined Tb3+ and RNA concentration is kept constant, at the maximum 

intensity, the metal binding site number corresponds to the mole ratio [Tb3+]:[RNA].  

Figure 2.4 shows the fit process of Tb3+ binding to the ∆U74 mutant complex at pH 7.2 as an 

example. The luminescence intensity at 545 nm vs. RNA fraction for each measurement was plotted. 

The data were fit by a Gaussian distribution. The peak of the curve was at the RNA fraction of 0.32. 

The stoichiometry of ions bound to RNA was calculated as n = (1-x)/x, where x = 0.32 for ∆U74 at 

pH 7.2. This fraction corresponds to 2.1 binding sites, or approximately two site-bound ions per 

RNA complex. 

Using the same process, we found 3.0 binding sites in the construct WT at pH 7.2. The 

stoichiometry was the same as that of the native U2-U6 construct (3.1) (sequence in Fig 2.2A), 

which validated that moving the loop did not affect the number of its site-bound ions. Compared to 

the native construct (U2-U6) and construct WT, ∆LOOP (1.8) and ∆U74 (2.1) each had one fewer 

binding site, ∆4W (2.9) and ∆UG (3.3) both had three binding sites (Table 2.1). 

The loss of one binding site in the ∆LOOP construct as compared with the original three sites 

occurred upon replacement of the loop between helices I and III by Watson-Crick base pairs. This 

suggested that this loop had one Tb3+ binding site. Similarly, the deletion of the U74 nucleotide 

from the ISL (∆U74 mutant) resulted in the loss of one binding site, suggesting that U74 of U6 ISL 

participated in formation of one binding site. We could not determine the location of the other 

binding site from these experiments alone because the ∆4W and ∆UG mutations did not eliminate 

any binding sites.  

We note that the use of this approach includes certain assumptions, such as fairly tight 

binding and a linear relationship between luminescence intensity and the amount of RNA-metal 

complex, and that measurements derived from them are therefore only approximate. However, our 

results are likely to be reasonable estimates of Tb3+ binding behavior in the system because they 

were internally consistent. Our spectroscopic data on the native and mutant segments thus support 

the tentative conclusion that there are three metal ion binding sites on U2-U6 complex at pH 7.2: 

one in the ACAGAGA loop, one in the vicinity of U74 in the U6 ISL, and one not determined. 
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Figure 2.4 Measurement of RNA metal-ion-binding stoichiometry by Job plot. By way of example, 
the Job plot for determination of ion-binding stoichiometry of the ∆U74 mutant complex (from which U74 
had been deleted from the ISL) at pH 7.2 is shown. Luminescence was recorded for samples with a 
range of RNA/Tb3+ ratios, with total [RNA + Tb3+] = 2 µM (see Materials and methods section for details), 
and was plotted versus RNA/(RNA + ion). Gaussian curve was fit to the data points and the peak of the 
curve was at RNA/[RNA + Tb3+] = 0.32. The binding site number (ion/RNA) was n = (1–0.32)/(0.32) ~2.1. 
The stoichiometry for other constructs was calculated with the same method 50. This figure is from Yuan 
et al. 2007 48. 

 

 

Table 2.1 Tb3+ binding stoichiometry of RNA constructs at pH 7.2. Construct ‘U2–U6’ includes the 
original U2 and U6 sequences shown in Fig 2.2. Abbreviations for other constructs and experimental 
details are provided in the Materials and methods section. Table is from Yuan et al 2007 48. 
 

Construct Tb3+/RNA 

U2-U6 3.1 ± 0.1 

WT 3.0 ± 0.2 

∆4W 2.9 ± 0.1 

∆LOOP 1.8 ± 0.2 

∆U74 2.1 ± 0.1 

∆UG 3.3 ± 0.3 
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2.3.3 Lifetime measurements of Tb3+ site-bound to unlabeled RNA 

For measurement of Tb3+ lifetime without acceptor, τD, luminescence decay of Tb3+ was 

monitored at 545 nm following a 280nm flash. RNA concentration was 0.7 µM. As discussed earlier 

in section 2.1.2, essentially no luminescence was detected for Tb3+ solution without RNA 

concentrations up to 1 mM. Therefore, all signals were from the RNA-bound ions. Tb3+ 

luminescence decay with each of the unlabeled RNA constructs were measured. Analysis of each of 

the decays revealed a single exponential lifetime. The lifetime was relatively constant at τD = 0.77 ± 

0.05 ms, regardless of construct or pH (in the range of 5.6-7.2). The observation of a single 

population of lifetimes suggests that the metal ions were in similar environments (hydration, etc.) in 

each of the constructs. 

2.3.4 Determination of the angle between Helix I and U6 ISL 

In order to formulate distances obtained from LRET measurements into ion residency 

locations, the lengths of “arms” X and Y, and the angle between them, are needed (Fig 2.5A). As an 

approximation, we make the assumption that Helices I and III form a continuous arm between Cy3 

and the four-way-junction structure (arm X in Fig 2.5A); the U6 ISL from the four-way-junction to 

Cy5 is arm Y. Cy3 and Cy5 were attached to the ends of the X and Y arms by means of covalent 

bonding (Fig 2.2B, 5' and 3' ends of invariant top strand). In order to find the angle between the two 

arms, we measured FRET between the two dyes. The samples were excited at 520 nm and emission 

scans were collected from 520 nm to 700 nm. The acceptor normalization method was used to 

determine the distance between the two dye molecules 54. A scheme of the normalization process is 

shown in Fig 2.5B.  

The distances between Cy3 and Cy5 in different constructs were summarized in Table 2.2. 

∆LOOP complex was examined first because it has a complementary paired X arm. There was a 

distance of 79 ± 2 Å between the two dyes in ∆LOOP. When covalently bound to RNA helix, the 

fluorophore Cy3 was stacked onto the end of helix like an extra base 55. We assume Cy5 has the 

same behavior as Cy3 due to their structural similarities. The X arm of ∆LOOP has 21 continuous 

base pairs and the Y arm has 11 base pairs. Assuming each forms a regular A-type helix, with an 

average rise of 2.6 Å/bp, the length of the X arm is 2.6 Å*(21+1) ≈ 57 Å, and the Y arm is 2.6 

Å*(11+1) ≈ 31 Å. The distance between the ends of X and Y arms was 79 Å. The angle between the  
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Figure 2.5 Calculation of the angle between helix I and U6 ISL using the acceptor normalization 
method. (A) The metal-ion-binding site on arm Y cannot be determined without knowing the angle 
between arms X and Y. As shown, the distance between Cy3 and a site-bound Tb3+ ion (dashed line 
from Cy3 to star) will correspond to different sites on arm Y if the angle between arms X and Y is 
unknown. (B) ‘Acceptor normalization method’ normalization process. Normalized Cy5 fluorescence, 
which is the acceptor intensity, is calculated from normalized Cy3–Cy5 emission spectra minus 
normalized Cy3 scan. This figure is from Yuan et al., 2007 48. 
 
 
 

 
Table 2.2 Distances between Cy3 and Cy5 in different constructs. The invariant top strand was 
labeled with Cy3 and Cy5 on 5′ end and 3′ end respectively. In each construct, by paring the 32-nt 
labeled oligomer with its bottom strand, the distance between the two dyes was measured by the 
acceptor normalization method described in the text and shown in Fig 2.5B. This figure is from Yuan et 
al., 2007 48. 
 

Construct  % Efficiency Cy3 - Cy5 Distance  

WT 14 ± 1 73 ± 1 Å 

∆4W 13 ± 1 74 ± 1 Å 

∆LOOP 9.4 ± 1 79 ± 2 Å 

∆U74 13 ± 1 74 ± 1 Å 

∆UG 12 ± 1 75 ± 1 Å 
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X and Y arms was triangulated to be 124 ± 5°, i.e., essentially tetrahedral. There are several 

assumptions made in these calculations that may contribute to some inaccuracy in the overall 

measurement, e.g.: linear A-type helix throughout the X and Y arms; and random orientation of the 

dyes on their linkers. Assumption of randomness in the orientation of dye linkers was generally 

made, and was considered in the κ2 measurement as well as the distance measurement. The X arm 

of the ΔLOOP construct comprises all Watson-Crick or GU base pairs, which are anticipated to 

obey standard A-type helical geometry; similarly, the NMR-derived structural model of the ISL 

indicates an essentially collinear A-type helix for this stem loop 38 (the Y arm).  

We then used the same FRET technique to measure the Cy3-Cy5 distance in each of the 

complexes that contained the native ACAGAGA loop sequence in the X arm. FRET measurements 

yielded a mean Cy3-Cy5 distance of 74 ± 2 Å. Assuming that the angle between the two arms 

remained constant in all constructs in which the four-way junction was not altered, and using the 

same values for the triangulation (31 Å for the Y arm, 124° between the X and Y arms and Cy3-Cy5 

distance of 74 Å), the mean length of the X arm with the native internal loop was calculated as 52 ± 

1 Å, as compared with 57 Å in the construct with the complementary base paired ACAGAGA 

region. These data suggest that that presence of the internal loop shortens the overall length of the 

stem. Although it is possible that presence of the highly flexible internal loop in the Helix I-III 

regions may induce some deviation from pure A-type helix or perfect collinearity in the X arm, we 

note that the addition of a fragment representing the intron (which pairs with the bottom strand 

opposing the ACAGAGA sequence) did not alter the measurement (data not shown).  

2.3.5 Lifetime measurements with Cy3-labeled RNA constructs at pH 7.2 

We next measured the distances between Cy3 and Tb3+ at pH 7.2. In order to accomplish this, 

we analyzed decay curves following FRET from site-bound Tb3+ ions to Cy3. FRET contributions 

from individual Tb3+ ions to Cy3 yield distance information between the organic dye and each of 

the luminescent metal ions. The resulting emission decay curve was analyzed for the best fit by one, 

two, or three (the maximal number of curves that could be reliably evaluated) components. For data 

acquired at pH 7.2, the luminescence decay curve was best fit by the sum of three independent 

decay curves with lifetimes τDA1-3 of τDA1 = 0.06 ± 0.005 ms; τDA2 = 0.22 ± 0.019 ms and τDA3 = 

0.63 ± 0.031 ms, with an overall R2 = 0.998 (Fig 2.6C). To estimate the quality of the  
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Figure 2.6 (Figure next page) The exponential decay fitting process used in the study. The 
exponential decay data were fitted with mono, bi- or tri-exponential decay curves. An example of the 
best fit in each category (1, 2 or 3 lifetimes) is presented. (A) WT construct at pH 5.6 best fitted to 
one-lifetime decay. τ ≈ 0.09 ms. (B) Construct ∆U74 at pH 7.2 best fit to two-lifetime exponential decay. 
τ1 ≈ 0.12 ms; τ2 ≈ 0.27 ms. (C) Construct WT at pH 7.2 best fitted to three-lifetime exponential decay. τ1 ≈
0.06 ms; τ2 ≈ 0.22 ms; τ3 ≈ 0.63 ms. The residuals represent the differences between experimental data 
and fitting curves, which showed the goodness of fit. The choice of the number of lifetimes is based on 
the R2 and χ2 values. The improvement of the fit is shown by comparing other fits and the residue figures. 
Residuals refer to the difference between theoretical and experimental data. The figures are from Yuan 
et al. 2007 48. 
 
 
 
 
 
 
Table 2.3 Summary of Tb3+ lifetimes (in milliseconds) in the presence of acceptor (τDA) at different 
pH values. The fitting process is described in the text and examples are shown in Fig 2.6. τ1, τ2 and τ3 
are three lifetimes (±SD included in text). The Cy3–Tb3+ distances corresponding to the three lifetimes 
are ~32, ~50 and ~67 Å, respectively. χ2 values (reported as reduced χ2 values) from deconvolution of 
compound curves are listed with the lifetimes. From Yuan et al. 2007 48. 
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Figure 2.6, caption in page 34  
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fit, apart from the R²-value, the residuals (difference between expected and experimental data) were 

considered. The three-exponential fit is consistent with three independent decay curves, 

corresponding to three independent ion binding sites, the location of which can be mapped from 

their distance from Cy3.  

As further support for the finding of three discrete site-bound Tb3+ ions at pH 7.2, the 

stoichiometry measurements acquired under steady state conditions, also yielded approximately 

three Tb3+ ions for the WT construct under the same conditions (Table 2.1).  

2.3.6 Calculation of Cy3-Tb3+ distances and localization of ion binding sites.  

From the measured values for τDA1, τDA2, and τDA3 and the relationships in equation 2.6, 

transfer efficiencies E1, E2, and E3 were calculated as 92 ± 1%, 71 ± 1%, and 18 ± 1%, respectively, 

from which (using equation 2.1) we calculated distances (R1, R2, and R3) corresponding to 36 Å, 46 

Å, and 69 Å from the Cy3 dye. Using the three distances, the approximate length of the X and Y 

arms, and the calculated X-Y angle of ~124°, we estimated the locations of the three binding sites 

within the WT construct. Again, using the value of ~2.6 Å rise per base pair in an A-type helix and 

for Cy3, the first site, measured as 36 Å from Cy3, corresponds to a site located (36-2.6)/2.6 ≈ 12.8 

base pairs away from Cy3. This approximate measurement places the ion within the center part of 

the ACAGAGA loop, i.e., in the vicinity of the first G if helical geometry is maintained, or in the 

GAG sequence if the unpaired helix is compacted.  The second site, ~46 Å from the dye, is near 

the end of the X arm (length of X arm ≈ 52 Å with Cy3); therefore the ion is located in the vicinity 

of the four-way-junction structure, which includes the AGC triad. In order to place the third ion, 

which was a distance of 69 Å from the Cy3 dye, we exploited the angle between the X and Y arms 

(estimated by FRET methods to be ~124°) as well as the length of the X arm (52 Å with Cy3) to 

solve for the length of the third side of the triangle, which was 25 Å from the X-Y junction (Fig 

2.5A). Arm Y, corresponding to the U6 ISL, has already been shown to adopt essentially A-type 

helical geometry throughout 38, which (assuming the human ISL adopts similar overall structure to 

that of yeast) allows us to place the third ion approximately 25/2.6 ≈ 9.6 bases pairs away from the 

four-way-junction. This placed the site in the vicinity of U74 within the ISL.  

2.3.7 Confirmation of ion-binding locations by use of mutations.   

In order to confirm the validity of the three-lifetime fit of the luminescence data and to assist 
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with determination of precise ion-binding locations, we repeated the Tb3+-Cy3 FRET studies on 

variant U2-U6 complexes. As a means to test for the presence of each independent site (which 

would have a corresponding luminescence transfer process), we designed a specific U2-U6 pair in 

which the suspected site was mutated or deleted by formation of Watson-Crick base pairs in place 

of the bulge, loop, or noncanonical pairing.  

We first probed binding with the U6 ISL. The proposed site in the vicinity of U74 has been 

shown to bind metal ions 38. ∆U74 has the deletion of U74. Samples were excited at 280 nm, started 

recording with a gate of 0.1 ms at 565 nm. The ∆U74 decay data were analyzed and two lifetimes 

were found (Fig 2.6B), 0.12 ms and 0.27 ms, with R2 = 0.996. These two lifetimes and calculated 

distances were very similar to the ones resulting from the ACAGAGA loop site and 4way junction 

site of WT. The disappearance of the longest luminescence lifetime with the modification suggested 

that the structure caused by U6 ISL U74 was responsible for the metal ion binding on the Y arm. 

To test the hypothesis that the loop between helices I and III is responsible for binding, we 

performed lifetime FRET on ∆LOOP in which the bottom strand was mutated to form Watson-Crick 

base pairs in place of ACAGAGA loop. The decay data were recorded and analyzed as described. In 

comparison with the WT construct, two lifetimes were found, 0.35 ms and 0.60 ms (R2 = 0.989). 

These lifetimes and the calculated distances corresponded to those in the four-way junction site and 

the ISL site of WT. The disappearance of the first site suggested that the loop was responsible for 

binding at the first site. 

Finally, I attempted to determine which region was responsible for ion-binding in the 

proximity of the four-way junction. We first replaced the four-way junction (shaded area in Fig 2.2B) 

with a three nucleotide “hinge” in ∆4W. The FRET decay curve of ∆4W was similar to that of WT 

(best fit with lifetimes of 0.05, 0.32, 0.60 ms, R2 = 0.993), implying similar ion binding sties as that 

of WT. These results suggested that either the four-way junction itself was not responsible for the 

second binding site, or that binding was replaced by three adenosine residues at the hinge.  

It has been shown that the U-G non-Watson-Crick base pair has many important biological 

functions including the potential to bind metal ions 56, 57. To test whether U-G was responsible for 

binding metal ions, a U-G to U-A base pair mutation was made in ∆UG. The exponential decay 

analysis suggested it still had three binding sites, and its binding properties were similar to WT (best 

fit with lifetimes of 0.05, 0.32, 0.60 ms, R2 = 0.993). From this, we concluded that mutating the 
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U-G base pair did not change the second binding site.  

In summary, we have identified three binding sites on the U2-U6 complex at pH 7.2. Using 

mutations, we have defined the regions responsible for the first and third binding sites. However, 

the second binding site, in the region of four way junction, remains poorly characterized.  

2.3.8 pH-dependence of ion binding. 

We evaluated the pH-dependence of Tb3+-binding behavior at each of these sites by 

performing the lifetime FRET at different pH environments. We excited the Tb3+-RNA sample at 

280nm and recorded the resulting emission at 565nm as described previously. All results are listed 

in Table 2.3. 

 

pH 5.6 

The resulting decay of construct WT was best fit with one lifetime (τ = 0.09 ms, R2 = 0.997, 

Fig 2.6A), which corresponds to a distance of about 39 Å between Tb3+ and Cy3. This distance 

from Cy3 also places the Tb3+ in the ACAGAGA loop. The absence of emission components 

corresponding to the other two sites suggests that terbium ion is binding only at the ACAGAGA 

loop, i.e., binding at other locations is pH-dependent. Similarly, the decay curves following the 

excitation of Tb3+ bound to the ∆U74 or ∆UG constructs were best fit with a single lifetime (τ  = 

0.06 ms, R2 = 0.933; τ  = 0.09 ms, R2 = 0.987, respectively). Interestingly, decay data for ∆4W was 

best fit by two lifetimes (τ1 = 0.14 ms, τ2 = 0.34 ms, R2 = 0.962), which corresponded to the 

ACAGAGA and junction regions. These data suggested that replacing the junction for the hinge 

may create a non-pH-dependent ion binding site, whether by creating a new U-G base pair, or by 

changing the binding property of the AGC triad . It has been shown that U-G non-Watson-Crick 

base pairs have the potential to bind metal ion 56, 57. Excitation of ∆LOOP did not yield signal and 

suggested no ions were bound to this construct at this pH, thus reinforcing the conclusion that the 

one site at pH 5.6 was the ACAGAGA loop. 

 

pH 6.1 and pH 6.6  

At pH 6.1, the decay curves of construct WT were best fit with two lifetime (τ 1 = 0.07 ms, τ 2 

= 0.27 ms, R2=0.995). The calculated distances between Tb3+ and Cy3 suggested the locations of 
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the ion sites on the ACAGAGA loop and the junction. Similarly, the decay curves of the ∆4W, 

∆U74 or ∆UG constructs were best fit with similar double lifetimes (τ 1 = 0.14 ms, τ 2 = 0.34 ms, R2 

= 0.979; τ 1 = 0.10 ms, τ 2 = 0.26 ms,R2 = 0.987; τ 1 = 0.08 ms, τ 2 = 0.29 ms, R2 = 0.992; 

respectively), suggesting the same two ion-bound locations. The decay curve of ∆LOOP has one 

lifetime (τ  = 0.30 ms, R2 = 0.946), indicating the ACAGAGA loop site was disrupted.  At pH 6.6, 

the two pH environments yielded similar lifetime results. The lifetime results of different constructs 

at different pH values were summarized in Table 2.3.  

In summary, we have identified three regions of site-binding by Tb3+ in the U2-U6 snRNA 

complex, all of which can be competed by Mg2+. One is located at the ACAGAGA loop; it is not 

pH-dependent in the pH range of 5.6-7.2. The second is located in the vicinity of the 

four-way-junction structure, possibly associated with the AGC triad in the context of the intact 

junction structure; it binds metal ions at pH > 6 only. The third ion-binding site is located in the 

vicinity of U74 of U6 ISL; it binds metal ions at pH > 7 and does not bind at pH lower than 7.  

2.4 Discussion 

FRET techniques have long been used as a valuable tool in structural biology. As an 

extension of traditional FRET experiments using two organic dyes, experiments using lanthanide 

ions as donors 40 have several advantages over conventional FRET: 1) large difference in lifetimes 

between donor and accepter minimizes inaccuracies stemming from incomplete incorporation of an 

organic dye; 2) the orientation factor of the site-bound metal ion becomes unimportant, as compared 

to organic dyes, which are more dependent on the rotational mobility of the fluorophores 41; 3) the 

millisecond lifetimes of lanthanide luminescence, as compared with nanoseconds for organic dyes, 

allow for ease of time-resolved data acquisition by a standard fluorophotometer; and 4) the R0 

values of the Ln3+-organic dye pairs are generally larger than for dye-dye pairs, enabling 

measurements over a longer distance 41. 

In contrast with previous lanthanide FRET experiments, which used chelated ions as 

exogenous probes 40, we have now taken advantage of the relative similarity in binding properties 

between Mg2+, the spectroscopically uninformative native ion, and Tb3+, a luminescent lanthanide 

ion, to exploit energy transfer between excited site-bound Tb3+ and a covalently attached 

fluorophore to target locations where Tb3+ is situated in RNA complexes.  
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Mg2+ and Ln3+ ions have been shown to occupy overlapping sites in a number of RNAs 58-60. 

In the U2-U6 snRNA construct used in these studies, competition of Tb3+ luminescence by Mg2+ 

implied that each of the ions was capable of occupying a site in the same vicinity, although detailed 

properties of binding may be different 61, 62. 

This is the first time a site-bound metal ion has been used as a FRET probe. Misra and 

Draper have described three general modes of multivalent ion binding to RNA: “diffuse binding” 

that screens charges between RNA backbone segments “outer sphere site binding” involving 

specific coordination of anionic ligands to hydrated Mg2+, and “inner sphere site binding”, 

involving one or more direct contacts between the ion and a ligand without intervening water 

molecules 63. All modes are important for the stabilization of RNA structure. However, a key 

feature that makes this measurement possible is that emission of Ln3+ is largely quenched by the 

-OH oscillators of water 64 and RNA sensitizing, so that luminescence is only observed for those 

ions bound via some degree of inner sphere coordination. 

Use of Tb3+ in a FRET study allows us to map binding sites directly without altering its 

native structure or mutating chemical groups. As a result of the relatively large R0 of the Tb3+-dye 

pair, long lifetime, and high signal-to-noise ratio, ion binding site can be probed over a wide range 

of distances and multiple populations could be resolved from the measurements with greater 

confidence. The number of sites is limited to the fitting process of the luminescence decay curve; in 

this case, we found that deconvolution into three independent curves was the limit of resolution. 

However, the fact that there were only three site-bound Tb3+ ions contributing to energy transfer to 

Cy3 was supported by separate stoichiometry measurements of each of the U2-U6 snRNA 

complexes. Measurements for each construct in which a suspected binding region was replaced by a 

complementary paired stem resulted in one less site-bound Tb3+ ion.  

From Tb3+-Cy3 FRET data, we found that lifetimes of the three curves (whether calculated 

by deconvolution or measured individually in mutant constructs) fell into three groups at pH 7.2:  

τDA1 ≈ 0.07ms; τDA2 ≈ 0.31ms and τDA3 ≈ 0.61ms, corresponding to distances from Cy3 (at the 5′ 

terminus of the U6 snRNA strand) of 36Å, 46Å and 69Å , respectively. Using the angle of 124° 

determined between the two arms, calculated from FRET between Cy3 and Cy5 on termini, we 

translated these distances into locations corresponding to Tb3+ binding sites in the central part of the 
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ACAGAGA sequence, the four-way-junction, and the internal loop (including U74) of the U6 

intra-molecular stem loop.  

The fact that we observed the same patterns in the native and mutant sequences supports the 

robustness of the fitting process. Lifetime measurements on each mutation resulted in a decay curve 

missing the specific component corresponding to the mutation without perturbing the remaining 

components.  The one exception was the slightly longer distance between Cy3 and the four-way 

junction site in the ΔLOOP construct (35 Å, as compared with ~28 Å), which is consistent with the 

longer continuous stem created by the complementary pairing between helices I and III in place of 

the flexible ACAGAGA loop.  

Divalent cations play both catalytic and structural roles in ribozymes 47. U2 and U6 snRNAs 

are the only RNAs required for both splicing reactions and their sequences are conserved 

phylogenetically. A protein-free U2-U6 complex has been shown to catalyze an intramolecular 

reaction similar to the first step of splicing 22. This evidence strongly suggests that the spliceosome 

is a ribozyme. The obliteration of splicing activities following substitution of phosphorothioate for 

phosphate in the backbone at U74, the two G residues in the invariant ACAGAGA segments, or the 

A of the invariant AGC triad, and the rescue of activity with Mn2+, support the model that binding 

of Mg2+ or other hard metal ion in these regions is essential for structural or chemical activities 

associated with RNA splicing 23, 25, 26, 65. NMR experiments displayed changes in proton chemical 

shifts for U80, the yeast equivalent of U74, upon addition of Mg2+ to an RNA stem loop 

representing the ISL from S. cerevisiae 38, implying that this was a region of ion interaction. Our 

results obtained by FRET from site-bound Tb3+ are entirely consistent with the conclusions of these 

other investigations. 

Using the same Tb3+-Cy3 FRET technique, we also evaluated the pH-dependence of each of 

the luminescence contributions to the total decay signal.  First, we found that the signal with the 

shortest lifetime that associated with binding of Tb3+ in the ACAGAGA loop, exhibited no pH 

dependence, i.e. we observed a luminescence component from this site at all pH values examined. It 

is important to note that, however, under in situ conditions, behavior at this site may be modulated 

by increased structure associated with formation of the branch site motif upon pairing of the intron 

strand with U2 snRNA 27. 
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The luminescence component with the longest lifetime, corresponding to the site within the 

ISL disappeared at pH below 7, suggesting that Tb3+ does not bind to this site below pH 7.  The 

remaining compound luminescence decay curve was identical to that of the ΔU74 mutant. This 

conclusion is completely consistent with findings of Huppler et al. on the ISL sequence of yeast 38, 

who had observed changes in NMR chemical shifts to show the pH-dependent metal ion binding of 

the U6 ISL. The similarity (but not identity) of yeast and human sequences is no guarantee of 

equivalent ion-binding behavior. Therefore, the current demonstration of pH-dependent site-binding 

in the human sequence via a new method, at a location identified by phosphorothioate substitution 

experiments to require interaction with hard metal ions to achieve splicing activity 26, is of 

biological, as well as technical, importance. The similarity in behavior to the yeast construct 66 

suggests that the ion-binding behavior at this site is conserved phylogenetically.  

The ion-bound site located in the four-way-junction has previously been suggested 23, but the 

pH-dependence of the site has not been analyzed. Our stoichiometry data suggest only one binding 

site in the vicinity of the four-way junction (Table 1). At pH 5.6, the ∆4W mutant (in which the 

four-way junction was replaced by three adenosines) contributed luminescence to the compound 

signal, implying that there was a Tb3+ ion bound at this site. In contrast, any of the constructs 

containing the native four-way junction exhibited evidence of binding the ion only at higher pH 

values. NMR studies of the four-way junction have shown that it is flexible 66; although it is 

possible that pH-dependent site in the junction has been replaced by a pH-independent site in the 

adenosine bulge, we consider it more likely that that the lesser flexibility or perturbation of local 

structure induced by the bulge modifies metal ion binding properties by a native site in the area.  

The most likely candidate is the AGC triad, whose backbone was implicated in the binding of hard 

metal ions essential for splicing by phosphorothioate substitution experiments 23. We speculate 

under native conditions, a pK shift in the adenosine of the triad allows it to be protonated at pH <6, 

preventing ion binding. If so, removal of the flexible junction perturbs specific structural or 

electrostatic features surrounding the triad by artificially stabilizing other noncanonical interactions.    

Although the environment in cells is maintained at relatively constant pH, shifted nucleotide pKa in 

small ribozymes have been found to be surprisingly frequent, and have been associated with various 

ion-binding and catalytic mechanisms 67. The two pH-dependent metal ion binding sites we 

identified here may contribute to such mechanisms in the regulation of spliceosomal activity.
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CHAPTER 3 

CHARACTERIZATION OF TERBIUM IONS BOUND ON RNA AND 

INVESTIGATION OF THEIR SUITABILITY AS FRET DONORS 

 

 

3.1 Introduction 

3.1.1 RNA structure and metal ions 

Metal ions are important for the stability of folded RNA tertiary structure by electrostatic 

interactions. Both “diffuse” ions and “chelated” ions are important for RNA structure and function 

(Fig 1.9) 33. In this study, “chelated” ions are the focus. Specific metal ion binding (interaction 

between “chelated” ion and RNA) is very important for RNA structural conformation and stability 

and for ribozyme catalytic activity 63, 68. 

Throughout this study, RNA samples were dissolved in buffer solutions with high salt 

concentration (100~200 mM, as specified in each case) monovalent ion (Na+) to avoid multivalent 

ions (Mg2+ or Tb3+) “diffuse” binding. Addition of Tb3+ in the RNA samples will result in 

“chelated” binding monitored by luminescence. 

In chapter two, Tb3+ bound on RNA were used as FRET donors to localize specific metal ion 

binding sites. In this chapter, the properties of these Tb3+ ions are under careful investigation. It has 

to be noted that some of following introduction is the theoretic foundation of chapter two. 

3.1.2 Probing RNA-metal ion binding by Tb3+ 

Lanthanide ions [Ln3+] are used for probing metal ion binding properties to metalloproteins, 

metalloenzymes, and metallo-RNAs since 1970s 69. The physiological ions such as Ca2+ and Mg2+ 

are spectroscopically uninformative; thus luminescent metal ions in solution are attractive tools to 

study metal ion interactions with biomolecules. Aqueous luminescent metal ion solutions are quite 
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rare. It is advantageous to use lanthanide ions because they are with interesting spectral or magnetic 

properties 70. Among them, only Tb3+ and Eu3+ are capable of emitting luminescence in aqueous 

solution at room temperature. Even though there is no biological role attributed to them, because of 

the chemical and metric similarities between Ln3+ and Ca2+/Mg2+ (table 3.1), Ln3+ are used to 

replace Ca2+/Mg2+ to study metal binding in certain proteins and RNAs 50, 61, 71, 72. 

Like Mg2+, Ln3+ are “hard” acids preferring “hard” base ligands such as oxygen atoms. In 

comparison, Mn2+ is “soft” preferring “soft” ligands such as sulfur atoms 73. Ln3+ have been shown 

to occupy the identical sites as Mg2+ in some x-ray structures of RNA 74. In the case of GNRA 

tetraloop which will be used as model system, the NMR structural study shows that Mg3+ and Ln3+ 

do occupy the same site (Monwar, M. and Greenbaum, NL. unpublished data). However, it has to 

be noted that Mg2+ may bind RNA differently from Ln3+. The ionic radii and coordination numbers 

are different. As an example, a report by Mundoma and Greenbaum shows that not only Ln3+ has 

much stronger binding affinity to RNA than Mg2+ does; but also Ln3+ binds RNA with inner-sphere 

coordination while Mg2+ with outer sphere coordination 61, 75. 

Tb3+ (atomic number of 65, 159 Da) is a “hard” acid as Mg2+. Tripositive terbium ion Tb3+ in 

aqueous solution has luminescence as shown in Fig 3.1. Tb3+ maximal absorption is around 260-280 

nm, where Eu3+ does not absorb. Thus, Tb3+ is the choice of Ln3+ in this research. The luminescence 

spectrum has four sharply spiked peaks at 488nm, 542nm, 588nm, and 620nm arising from electric 

dipole transitions with long excited-state lifetimes lasting in the range of milliseconds. Long 

luminescence lifetime results from the forbidden 5D4 to 7FJ (where J = 0–6) electronic transitions. 

Tb3+ emission is formally neither fluorescence (singlet-to-singlet transition) nor phosphorescence 

(triplet-to-singlet transition) 41. The emission is primarily from electric dipole transitions. 

3.1.3 Tb3+ bound on RNA as FRET donors 

In chapter two, Tb3+ bound on RNA were used as FRET donors in the U2-U6 snRNA 

complex to locate the Tb3+ binding sites as well as their pH-dependence 48. This is the first time an 

unchelated Ln3+ is used as a FRET donor. Lanthanide ions were previously used as FRET donors in 

chelated forms 40. In addition to the advantages of luminescence resonance energy transfer (LRET) 
41, such as long lifetimes, relatively bigger R0, high signal-to-noise ratio, using RNA bound Ln3+ as 

FRET donors allows us to measure relatively strong lanthanide ion binding sites directly without  
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Table 3.1: Magnesium, Terbium and Europium ion size and coordination number comparison. 
The lanthanide ions Tb3+ and Eu3+ have larger ion radii than Mg2+, accompanied by higher charges. 76. 
typically, Mg2+ has 6 inner-sphere coordination while Ln3+ has up to 9 61. 
 

Metal Ion Ionic Radii (Å) Geometry Inner-sphere coordination

Mg2+ 0.65 Hexahedral 6 

Tb3+ 0.923 Octahedral/Enneahedral Up to 9 

Eu3+ 0.950 Octahedral/Enneahedral Up to 9 

 

 

 

 
Figure 3.1 Tb3+ energy level and spectra of excitation and emission. Left: Terbium(III) excited state 
is 5D4; when it comes back to 7F state, it emits photons. Right: excitation spectrum of Tb3+ on the left; 
emission spectrum on the right. Figures are from Horrocks 1993 77. 
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altering its native structure or mutating chemical groups. 

The enhancement of Tb3+ luminescence when “chelated” binding to RNA makes Tb3+ 

attractive FRET donors. The reason for the enhancement, as we discussed in section 2.1.2, is that 

RNA aromatic bases are able to absorb and transfer energy from incoming excitation photons to 

their neighboring Tb3+. The removal of part or all of Tb3+ inner-sphere water molecules, whose O-H 

bonds quench Tb3+ luminescence 75, contribute several magnitudes lower for the enhancement. 

Inner-sphere water molecules decrease luminescence intensity by decreasing Tb3+ luminescence 

lifetimes. However, they do not change the absorption coefficient. Thus, the removal of them is not 

a major contributor for the enhancement. The enhancement of luminescence, however, is always 

accompanied by the removal of inner-sphere water molecules because Tb3+ has to be in the 

proximity of RNA aromatic groups (see Fig 1.9left for a cartoon illustration). 

3.1.4 Properties of Tb3+ bound on RNA and their suitability as FRET donors 

Characterizing the properties of the Tb3+ bound on RNA will provide a theoretical foundation 

for the broader application of using them as FRET donors. There are some areas remaining for 

clarification regarding the properties of Tb3+ bound on RNA. 

1: Accuracy of using luminescence steady state intensity to represent Tb3+ bound on 

RNA concentration. In chapter two, a simplified relationship between the concentrations of 

RNA-Tb3+ complex and luminescence intensity was used to calculate RNA binding constant and 

stoichiometry: 

*][][*][ 33
2

3
1

+++ ≈+= LnBLnBLnBI  (Equation 3.1) 

I is luminescence intensity; Ln3+* is Tb3+ bound on RNA; Ln3+ is free Tb3+; B1, B2 and B are 

normalization factors to convert concentrations to luminescence intensity. Here, B2 « B1, B1 ≈ B. 

The first concern regarding this relationship is that the intensity measured may not accurately 

represent the real intensity of the Tb3+ bound on RNA luminescence. An accurate intensity is the 

prerequisite to use this relationship. A careful examination reveals that some of the lanthanide 

luminescence intensity is lost by the instrumentation because of Tb3+ long lifetimes. 

The second concern is that a linear relationship may not be able to accurately describe the 

relationship between the concentration of Tb3+ bound on RNA and its luminescence intensity. There 

is little disagreement that B2 « B1 because free Tb3+ luminescence is quenched by water molecules 
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and is not enhanced by RNA aromatic groups (section 2.1.2). However, the assumption of the 

normalization factor B to be constant is taken into question because observed luminescence lifetime 

of lanthanide ions is changing. Luminescence lifetimes of lanthanide ions are related to their 

hydration status 78. Tb3+ in aqueous solution usually has up to 9 water molecules in its inner-sphere 

(table 3.1). When Tb3+ “chelated” binds to RNA molecules, some of the coordinated water 

molecules are replaced by RNA (Fig 1.9). Hydroxyl (O-H) of water molecules vibrations provide a 

channel for internal conversion of the lanthanide excitation energy, thus the luminescence of 

lanthanide ions is quenched by water coordination 75.The hydration results in the shortening of 

luminescence lifetimes. With long (millisecond range) Tb3+ luminescence lifetime and moderate 

binding constant (µM range), bound Tb3+ is readily exchanging with solvent. While still excited, 

bound Tb3+ may 1) bound on RNA without getting quenched; 2) leave RNA, gain inner-sphere 

water coordination and get quenched; or 3) anything between 1 and 2 and get partially quenched. 

Thus, Tb3+ luminescence intensity is quenched by a very complicated mechanism, and a linear 

relationship in equation 3.1 may not be adequate. 

 2: Degree of quenching. The changing Tb3+ luminescence lifetimes indicate the degree of 

quenching is different at various environments. Which determines the degree of quenching, the Tb3+ 

concentration, the RNA concentration, or both concentrations? By answering this question, a clear 

picture of how RNA and Tb3+ interact may be found. 

As for the suitability of Tb3+ bound on RNA as FRET donors, the relatively weak binding 

constant for Tb3+-RNA will make free Tb3+ present. Minimal free Tb3+ is present in EDTA chelates. 

Binding constant for EDTA-Tb3+ is in 10-15 M range; for RNA-Tb3+, in 10-6 M range. 

1: Change of Tb3+ luminescence lifetime 

In order to calculate energy transfer efficiency by tr-FRET (equation 2.6), τD [lifetime of Tb3+ 

bound on RNA luminescence in the absence of FRET acceptor] should be constant. However, Tb3+ 

luminescence lifetime with RNA has been found to be variant. A solution has to be found in order to 

overcome this problem. 

2: Quantum yield of Tb3+ may change so that Förster distance changes 

The Förster distance is calculated in equation 2.2. The shape of the Tb3+ luminescence does 

not change upon binding on RNA, thus, the spectral overlap is fixed. The refraction index of water 

is assumed to be 1.33. The relative orientation for Tb3+ based FRET donor is simple because the 
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rotation of Tb3+ is free, thus the direction of luminescence is random. Orientation factor κ2 is 

assumed to be 2/3 based on equation 2.3. Thus, in the case of Tb3+ bound on RNA, the Förster 

distance R0 is only related to their quantum yield (QY). The QY, however, has not been 

experimentally tested. Experiments will be done to prove whether it is constant. 

3. Diffusional energy transfer may interfere with energy transfer measurements 

Protein-bound Tb3+ was first used as diffusional energy transfer donors 79. Diffusional energy 

transfer makes the apparent distance between FRET donor and acceptor to be the smallest distance 

they can get during the diffusional process. The Tb3+ binding groups in this class of FRET donors 

have moderate binding affinity and long lifetimes. There will be always a considerable fraction of 

free Tb3+.  

The effect of diffusion on energy transfer depends on D 0/s2, where D is the sum of the 

diffusion coefficients of the donor and acceptor; 0 is the lifetime of the donor in the absence of 

acceptors; s is the mean distance between donors and acceptors. When D 0/s2<< 1, the energy 

transfer is static and diffusional energy transfer is very limited 79. However, because of the presence 

of free Tb3+ and long lifetimes, D 0/s2 may be bigger than 1. In this case, there would be considerate 

diffusional energy transfer. The diffusional energy transfer could be too strong to make measuring 

the static energy transfer between the bound Tb3+ and acceptor impossible. 

3.1.5 Specific aims 

A systematic study of these issues will broaden our understanding about RNA metal ion 

interactions and encourage the practice of using lanthanide ion luminescence to probe RNA metal 

ion interactions. Proper conditions for Tb3+ bound on RNA as practical FRET donors will provide a 

guide for the new approach of this FRET method. 

1) I will study the origin of data inaccuracy and propose a compensation factor to adjust 

luminescence intensity so that it can accurately represent Tb3+ bound on RNA concentration.  

2) I will attempt to find out the degree of quenching for lanthanide ion luminescence in 

aqueous solution by comparing luminescence profiles in H2O and D2O. In D2O, luminescence can 

be considered as unquenched. From the result, I will propose a linear relationship between the 

preexponential amplitude and the “chelated” Tb3+ concentration. I will also propose a model to 

explain the process of Tb3+ and RNA interaction and luminescence quenching. 
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3) I will attempt to find proper conditions to limit the effect of variation of Tb3+ luminescence 

lifetime and find a way to overcome it. 

4) QY of Tb3+ bound on a GUAA loop RNA will be calculated under different conditions to 

see whether it is fixed. 

5) I will attempt to find the concentration ranges for both Tb3+ and RNA so that the 

diffusional energy transfer is at a minimal level. 

3.1.6 Model system: a GUAA RNA tetraloop 

Loop sequences in RNA provide a means of chain reversal within RNA molecules, act as 

nucleation sites, and participate in essential specific tertiary interactions 80. Loop structure is 

stabilized by base stacking and the formation of hydrogen bonds involving base functionalities, 

ribose 2´OH, or backbone non-bridging phosphate oxygen atoms 81. Metal ions may also interact 

with exposed chemical groups to further stabilize the loop structure. 

The GNRA hairpin loops (where N is any base and R is a purine) are a highly conserved 

family in both prokaryotes and eukaryotes 82. They may participate in loop-loop interactions or 

metal ion coordination. They have unusual stability from base stacking and hydrogen bonding 

network formed by the four nucleotides. The metal ion binding properties of the GNRA have been 

well studied by lanthanide ion luminescence 50, 61, 72. Even though Tb3+ binds to the loop differently 

from Mg2+, it is still useful as a model system. 

GUAA loop is also present in splicing RNA systems. Group II intron is an example. As we 

discussed in chapter one, domain 5 is very important for groups II intron splicing catalysis just as 

U6 ISL to spliceosome. Domain 5 contains a GUAA loop (red area labeled with ζ´ in Fig 1.6) and it 

has interactions with a region in domain 1 (red area labeled with ζ in Fig 1.6). 

3.2 Materials and Methods 

3.2.1 Construct design 

Three RNA constructs were designed. Their sequence choices were partially from the upper 

part of group II intron D6 (Fig 3.2B). The GUAA construct (Fig 3.2A) contained a GUAA loop and 

six base pairs; the dsGUAA construct (Fig 3.2C) contained the GUAA loop and 15 Watson-Crick 

base pairs; the bpGUAA construct (Fig 3.2D) contained the GUAA loop and a bulged Watson-Crick  
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Figure 3.2 Three RNA sequences used in this chapter and its comparison with the sequence of 
ai5  group II intron. A: the GUAA RNA construct contains a loop and six base pairs. The number 
indicates sequence from 5´- of this construct. B: the sequence of ai5  group II intron D6 83. The numbers 
indicate sequence in original group II intron. C: the dsGUAA construct which contains Watson-Crick 
base pairs and the GUAA loop (red circled). D: the bpGUAA construct with contains the GUAA loop and 
base paired stem from dsGUAA except a branch site resembling the one from group II intron in B. 
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base pairs. The bulged region was inserted in the sequence to gain information about how a bulge 

which resembles group II intron branch site alters the orientation of the neighboring helices and 

whether the new FRET donor can measure small structural changes within an RNA molecule. Cy3 

is labeled at the 5’-end of both the dsGUAA and bpGUAA constructs when mentioned. The RNA 

strands were purchased from Dharmacon (Lafayette, CO).  

3.2.2 Tb3+ luminescence intensity measurements 

A Tb3+ stock solution was made by dissolving Tb2O3 in HClO4 (both purchased from Sigma 

Aldridge). Concentration was measured by titration with EDTA as described previously 50. Tb3+ has 

minimal luminescence in water solution as we discussed earlier. Upon binding to RNA, its 

luminescence is greatly enhanced by means of water displacement and RNA antenna effect 

(sensitized excitation). Buffer solution contains 10 mM MES, 150 mM NaCl, pH 6.1. The setting on 

the Cary Eclipse fluorescence spectrometer for steady state Tb3+ luminescence is as follows: data 

mode phosphorescence; delay time 200 µs; gate time 9 ms; slit 5/5nm; PMT 800V; room 

temperature ~20˚C; excitation 270nm; emission 300-800nm. 

Lanthanide ions can hydrolyze RNA molecules nonspecifically at high concentrations, pH 

and temperatures 84. In this study, Tb3+ up to 150 µM did not hydrolyze the RNA samples under the 

described conditions in the timeframe of the experiments (data not shown). 

3.2.3 Tb3+ luminescence lifetime measurements 

Lifetime measurements were carried out on a Cary Eclipse fluorophotometer. RNA and 

titrated Tb3+ concentrations were varied as described in the context. Photomultiplier tube (PMT) 

power was 800 V if not specified otherwise. The excitation xenon flash lamp pulse had a width of 

2-3 μs at 280 nm and excitation/emission slits were 10 nm. Tb3+ luminescence decay was measured 

at 545nm was recorded. Delay time was 150 µs. Decay curves were fit with OriginLab using 

least-square-goodness-of-fit algorithm. The decay equation is equation 2.7. 

In this chapter, all exponential decays were monoexponential. Thus, the lifetimes were 

presented without discussing the data fitting parameters. Refer to Fig 2.6 for fitting procedures. 

3.2.4 QY of Tb3+ bound on RNA measurements 

RNA samples used were unlabeled GUAA, dsGUAA and bpGUAA constructs. Similar 

results were obtained for all three RNAs. Alexa Fluor 555 (AF555, from Invitrogen, same spectral 
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shape as Cy3) was used as the acceptor. RNA between 1~10 μM was mixed with free AF555 from 

2~20 μM; Tb3+ concentration between 1 to 20 μM was titrated. The equation for QY calculation is 

equation 3.12. intensity and lifetime were measured by the protocol in Xiao, Selvin 2001 85.  

3.3 Results 

3.3.1 Steady state signal accuracy: compensation factor 

There are two major differences between fluorescence and phosphorescence steady state 

instrumentation. First, fluorescence has shorter lifetimes (ns) than phosphorescence (ms or longer). 

Second, fluorescence is stronger than phosphorescence. Even though Ln3+ luminescence is neither 

fluorescence nor phosphorescence as discussed in section 3.1.2, it is measured the same way as 

phosphorescence. For steady state fluorescence measurements, there are two types of excitation 

light source: continuous and pulsed. If a constant illumination is used, steady state of the 

fluorescence is reached immediately upon excitation and recorded. If a pulsed source is used, with 

an open emission window, the recorded intensity is the same as using continuous excitation: 
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Where I is the intensity; I0 is the preexponential amplitude; τ is the lifetime; t is the time. 

For phosphorescence, however, a pulsed source has to be used because phosphorescence has 

longer lifetimes and it is usually much weaker. In order to allow short lifetime components and 

background to fade away (Fig 3.3A; the width of the excitation peak is comparably very small), a 

delay time is used. The delay time is usually 100~150 μs, but as short as 15 μs was built 41.  

The steady state recorded for lanthanide ion luminescence is the integral of the shadowed 

area in Fig 3.3A. Let us compare two hypothetic scenarios. In Fig 3.3B and 3.3C, the gray area is 

the signal recorded; the black area is the signal not recorded. Using the same delay time 0.1 ms, 

apparently from the figures, a luminescence with 0.1 ms lifetime lost most of its signal during the 

signal recording process (Fig 3.3B) while a luminescence with 1 ms lifetime lost only a small 

fraction (Fig 3.3C). 

The measured intensity which is only the grey area in fig 3.3A can be calculated: 
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Figure 3.3 
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Figure 3.3-continued 

 

C. 

 
Figure 3.3 Lanthanide luminescence signal collection with a pulsed excitation. A) Schematic 
diagram of luminescence excitation and recording. T´ is the width of excitation source; T is the delay 
time which allows shorter components to die out; T1 is the detection gate time; I0 is the maximal 
luminescence intensity. B) An example of lifetime 0.1 ms; delay time 0.1 ms. Black area is the signal 
lost due to the delay time. Grey area is the signal measured by the instrument. The total luminescence 
which can represent the actual intensity is both combined. C) An example of lifetime 1 ms; delay time 
0.1 ms.
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Where T is the gate time, T2 is the stop time for data collection (9 ms was used in my 

measurements). Tb3+ lifetimes are generally much smaller than 9 ms, τ>>2T , so: 
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The measured intensity thus should multiply a compensation factor (CF) in order to represent 

the real intensity. 
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 (Equation 3.5) 
If the lifetime (τ) is long or the delay time (T) is short, the compensation factor would be 

close to 1. In this case, the recorded intensity and the actual intensity are similar. For example, in 

the case in Fig 3.3C, 105.11.01
1.0

=== eeCF ms
ms

, lost signal only accounts 9.5%. If the lifetime (τ) 

and the delay time (T) are comparable, the compensation factor would be big, lost signal will 

account high percentage. For example, in the case of Fig 3.3B, 718.211.0
1.0

=== eeCF ms
ms

, lost signal 

is 63.2%. 

This inconsistency of lanthanide luminescence intensity data been observed 86. However, the 

reasoning behind it was ambiguous. It is pointed out here that for lanthanide luminescence (or 

phosphorescence) intensity measurements, lifetime data should be available. If lifetime is 

comparable with the delay time, a compensation factor in equation 3.5 should be used. 

3.3.2 Degree of quenching: H2O vs D2O 

By combining different concentrations of RNA and Tb3+ together, seemly random lifetimes 

were observed (table 3.2, column 3). The phenomenon indicated that excited Tb3+ luminescence 

was quenched at different levels. To find out the degree of quenching, parallel RNA and Tb3+ 

binding experiments were done in H2O and D2O.  

D2O has similar chemical properties as H2O but the quenching effects on Tb3+ luminescence 

is minimal 77. By comparing luminescence intensity in H2O and D2O, the degree of quenching in 

H2O solution can be found out. 

20 µM GUAA loop RNA was combined with different concentrations of Tb3+ (1-100 µM) in 
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10 mM MES, 150 mM NaCl, pH 6.1 buffer. For D2O solution, RNA stock solution was dried down 

in speed-vacuum, and re-dissolved in D2O-MOPS buffer. Tb3+ stock was obtained by dissolving in 

D2O three times 50. The lifetime of each sample was fit in OriginLab with monoexponential decay. 

The results were listed in table 3.2.  

Lifetimes in H2O were changing: the higher the Tb(IIII) concentration, the shorter the 

lifetime as shown in table 3.2. Lifetimes in D2O, however, are relatively constant to be 3.1 ± 0.1 ms. 

This constant lifetime for Tb(ClO4)3 is in agreement of the number reported for Tb(CH3COO)3 in 

literature 87. 

 At first glance, the lifetimes and the intensities seem to have a random relationship. 

However, when the ratios of intensity and lifetime in H2O were compared with their counterparts in 

D2O, a linear relationship was found (Fig 3.4). The y = x relationship indicated the ratios were the 

same at the same RNA and Tb3+ concentration regardless of in H2O or D2O. 

The understanding of this relationship is straightforward. Recall Equation 3.2, the intensity of 

fluorescence/phosphorescence decay is τ×= 0II . The intensities listed in table 3.2 are already 

compensated using the compensation factor. Thus, the ratio of intensity/lifetime is actually the 

preexponential amplitude in Equation 3.2. For the same RNA and Tb3+ concentrations, they are the 

same regardless of whether in D2O or H2O. 

D2O does not change the binding properties between RNA and Tb3+. The same RNA and Tb3+ 

concentrations will result in the same concentration of the RNA-Tb3+ complex in D2O and H2O. 

Thus, the preexponential amplitude is a more accurate way of deriving the concentration of the 

RNA-Tb3+ complex. 

I propose that this conclusion applies to other fluorescence/phosphorescence measurements 

as well. This hypothesis is supported by a report which found good agreement between the 

population data deduced from NMR experiments and those derived from the preexponential 

amplitudes of the fluorescence decay 88. As a matter of fact, preexponential amplitudes are routinely 

used to calculate population fraction in time-resolved FRET experiments 41. However, it is more 

important to use the preexponential amplitudes for lanthanide ion luminescence because their 

lifetimes are changing. 

Now let us go back to Equation 3.1. The assumption is not accurate because there is no linear  
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Table 3.2 Intensity and lifetime of Tb3+ luminescence in H2O and D2O. Lifetimes were obtained by 
fitting with monoexponentail decay in OriginLab. Intensities have already been compensated using the 
compensation factor. 
 

[GUAA]  
(µM) 

[Tb3+]  
(µM) 

)(
2

msOHτ

 

)(
2

msODτ

 

H2O  
(AU) 

D2O  
(AU) 

1.28 0.570 108 630 
2.56 0.561 218 1530 
3.85 0.553 330 2430 
5.13 0.536 569 3350 
6.41 0.537 832 4570 
8.97 0.531 1140 5970 
11.5 0.522 1340 6650 
14.1 0.520 2790 10100 
16.7 0.517 1960 12000 
19.2 0.530 2310 13600 
24.4 0.515 2840 18500 
29.5 0.505 3190 22400 
34.6 0.492 3570 23900 
39.7 0.483 3770 22800 
44.9 0.475 3910 23200 

20 

70.5 0.469 

3.1 ± 0.1 

4040 26400 
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Figure 3.4 plot intensity in D2O/τD2O vs intensity in H2O/τH2O. A data point was from using intensity in 
D2O/τD2O as y axis and intensity in H2O/τH2O as x axis at each Tb3+ concentration. By fitting the data in 
OriginLab using a function of y = B * x , B was found to be close to one (1.01±0.04). 

 

 

 



 59

relationship between the luminescence intensity and the concentration of the luminescence probe, 

the Tb3+ bound on RNA complex. To further compensate the inaccuracy, in the basis of Equation 

3.5, a new compensation factor (CF0) should be used to get the preexponential amplitude: 

τ

τ/

0

TeCF =  (Equation 3.6) 

Where T is the delay time, τ is the lifetime of the luminescence decay. 

Using this compensation factor, and defining [Ln*] as the preexponential amplitude for 

excited lanthanide ion luminescence, not its concentration, equation 3.1 is now more accurate. 

The compensation factors do not abandon the usefulness of intensity measurements. For CF 

in equation 3.5, if there is no delay time (that is the case for all fluorescence measurements) or delay 

time is much shorter than the lifetime (instrumentation development), we do not have to consider it 

because it is close to 1. For CF0, if lifetimes do not change in the intensity measurements, CF0 is 

constant and does not influence the data accuracy. The results after using compensation (CF0) 

matched the stoichiometry data reported in chapter two because of the above reasons.  

3.3.3 Binding constant of the GUAA RNA and Tb3+ 

The GNRA loop is well studied in literature 61, 72 and its binding constant has been studied by 

using unbiased methods such ITC (Isothermal Titration Calorimetry) to be kd ≈ 7 μM 50. 

Stoichiometric measurement of Tb3+ and GUAA loop was carried out on ITC as well with Job plot 

(details in chapter 2) in the MES buffer. The stoichiometry was found to be 1, indicating one Tb3+ 

ion to one RNA molecule. 

The following calculation is to deduce a formula to calculate binding constant for a single 

site. For simplicity, RNA, Tb3+ and RNA-Tb3+ complex are short as R, L and RL; C is the 

concentration of total RNA; x is the concentration of total Tb3+; B is a conversion factor (see 

equation 3.1); y is the compensated luminescence intensity; binding constant kd is short as k: 

One-site binding: RLLR Kd⎯→⎯+   
][
]][[

RL
LRKd =  

B
ycR −=][  and 

B
yxL −=][  ∴

B
y

B
yx

B
yC

k
)(*)( −−

=  

Solve y as a function of x  
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)4)((*
2

2
CxkxCkxCBy −++−++=  (Equation 3.7) 

Different concentrations of RNA (from 1-20 µM) and Tb3+ (1-100µM) were mixed together 

in MES pH 6.1 buffer. Both luminescence intensity and corresponding lifetimes were measured. By 

plotting y values against x values with known C values in OriginLab software, k value was solved. 

Y values were compensated with the compensation factor
τ

τ/

0

TeCF = . In Fig 3.5, uncompensated 

and partial compensated results were compared. 

The kd was found to be kd = 9.01 ± 1.08 µM. This value was close to the value reported in 

literature by ITC (kd ≈ 7 μM ) 61 even though the sequences were different. For uncompensated data 

points, Kd = 6.83 ± 3.16 µM; for τ/TeCF = compensated data points, kd ≈ 7.71 ± 2.71 µM. Using 

the compensation factor improved the fit. The three binding constants did not differ too much 

because first, if lifetime did not change too much, compensation factor for each point was similar; 

and binding constant results would be similar too. Second, lifetimes was long compared to the delay 

time (0.4-0.6 ms vs 0.15 ms), the impact of compensation was limited. 

3.3.4 Tb3+ luminescence lifetime and free Tb3+ fraction 

In the last three sections, we drew the conclusion that there was a linear relationship (positive 

slope) between the preexponential amplitude and RNA-Tb3+ complex concentration; and a linear 

relationship (negative slope) between the degree of luminescence quenching and lifetimes. The next 

question we asked was what determined the lanthanide ion luminescence lifetimes? In other words, 

what controlled the degree of the lanthanide ion luminescence quenching by H2O? 

A set of lifetime data were obtained by mixing different concentrations of GUAA construct 

and Tb3+ in MES buffer. The concentrations of the RNA ranged from 1 to 20 μM; and Tb3+ ranged 

from 1 to 100μM. Decay data were analyzed by fitting with OriginLab. All exponential decays were 

monoexponential. These lifetimes ranged from 420 to 580 μs (table 3.3). 

The measurable values chosen for each measurement were: concentration of total Tb3+ and 

concentration of total Tb3+. The following parameters were calculated by using kd = 9 µM and 

equation 3.7: concentration of bound Tb3+; concentration of free Tb3+; concentration of free RNA; 

fraction of free RNA out of total RNA; fraction of free Tb3+ out of total Tb3+ (table 3.3). 

By plotting lifetimes at the Y axis and other measurable values at the X axis, the only  
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Figure 3.5 Binding constant calculations. Three different colored shapes represent raw intensity data, 
CF normalized data and CF0 normalized data. A non-linear least square fitting on the listed equation in 
Origin Lab was used. The compensation processes increased binding constant accuracy. Bigger 
changes are predicted if lifetimes are significantly different. Binding constant was 9.01±1.08 µM. 
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relationship we could establish was a linear relationship between lifetimes and fractions of free Tb3+ 

out of total Tb3+ (Fig 3.6). 

)(427)1(660 sAA μτ ×+−×=  (Equation 3.8) 

Here, τ is Tb3+ luminescence lifetime; A is the fraction of free Tb3+ out of total Tb3+. (1-A) 

thus is the fraction of bound Tb3+ out of total Tb3+. 

I hypothesized that the 660 μs lifetime component was the Tb3+ bound on RNA; 427 μs was 

the lifetime of Tb3+ in free aqueous solution. This was supported by a report that Tb3+ luminescence 

lifetime in buffer was measured at about 430 μs 86. 

Similar experiments were carried out with the dsGUAA and bpGUAA constructs. They gave 

a relationship similar to equation 3.8. To broaden the equation 3.8, a general relationship was: 

AA ×+−×= 21 )1( τττ  (Equation 3.9) 

Where τ is the apparent lifetime of lanthanide ion luminescence; A is the fraction of free Tb3+ 

the same as equation 3.8; τ1 and τ2 represent the luminescence lifetime of Tb3+ bound on RNA and 

Tb3+ in free aqueous solution, respectively. 

This result suggested that the lanthanide ion luminescence lifetime was linearly determined 

by the fraction of free Tb3+. In section 3.3.2, it was clear that the degree of quenching is linearly 

related to its lifetime. Thus, the degree of quenching was linearly related to fraction of free Tb3+. 

From above results, a “diffusional equilibrium” theory is proposed for the process of 

RNA-Tb3+ binding: only Tb3+ “chelated” bound on RNA can be sensitized by RNA (section 2.1.2). 

After the pulse excitation, excited Tb3+ exchanges with free Tb3+ during its long luminescence 

lifetime. The equilibrium is quickly reached so that at any give time after excitation, based on the 

fractions of bound Tb3+ (1-A) and free Tb3+ (A), the fraction (1-A) of the total Tb3+ stays on RNA 

without further getting quenched by H2O. The fraction (A) of the total Tb3+ leaves the “chelated” 

site and gets quenched further by more H2O. The fraction is determined by Botzmann’s distribution 

law. 

The measured exponential decay of Tb3+-RNA luminescence lifetime data is single 

exponential decay, not double lifetimes containing two components of bound Tb3+ and free Tb3+. 

This suggests that during the lifetime of luminescence, bound and free Tb3+ exchange at a fast rate 

and the excited Tb3+ are indistinguishable by displaying a uniform lifetime. 
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Table 3.3 Lifetime data from mixing different concentrations of RNA and Tb3+. RNA and Tb3+ 
concentrations were total. Lifetimes were obtained by fitting in OriginLab single exponential decay; 
concentrations of the RNA-Tb3+ complex, free Tb3+ and free RNA, percentage of free RNA and Tb3+ 
were all calculated based on Kd = 9 µM in equation 2.7. 
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Figure 3.6 Lifetimes against percentage of free Tb3+. Lifetimes were obtained by fitting on OriginLab 
single exponential decay. Percentage of free Tb3+ out of total Tb3+ was calculated. Y axis were the 
lifetimes in µs; X axis were against percentage of free Tb3+. Different RNA concentrations (1, 2, 5, 10, 20 
µM) were labeled with different colors. 
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3.3.5 Fix the lifetime of Tb3+ bound on RNA 

The luminescence lifetime of Tb3+ bound on RNA changes with free Tb3+ fraction as stated in 

equation 3.9. In order to calculate accurate energy transfer efficiency by time-resolved FRET 

(tr-FRET) when using Tb3+ bound on RNA as FRET donors, accurate lifetime should be obtained. 

In other tr-FRET experiments, the lifetime of donors in the absence of energy transfer is generally 

fixed. Data inaccuracy will occur if same practice is used as for other tr-FRET measurements. 

However, to measure luminescence lifetime at each matching concentration of Tb3+ with 

unlabeled RNA and labeled RNA is tedious. During Tb3+ titrations, it is tedious to match every data 

point for the measurements in the absence of acceptors and in the presence of acceptors. 

The solution to this problem is to calculate lifetime. By knowing the binding constant, RNA 

total concentration, Tb3+ total concentration for a tr-FRET condition in the presence of acceptors, 

free Tb3+ fraction can be calculated by using equation 3.7. If we know τ1 and τ1, lifetimes for that 

condition can be calculated by using equation 3.9. 

Thus, in order to do tr-FRET experiments using Tb3+ bound on RNA as FRET donors, some 

preparation experiments should be done. The first parameter to obtain is the binding constant. The 

procedure is discussed in details in section 3.3.3. The other two parameters needed are τ1 and τ2 in 

equation 2.9, which can be measured as discussed in section 3.3.4. 

Generally tr-FRET experiments do not depend on concentrations, but exact RNA and Tb3+ 

concentrations have to be recorded when using Tb3+ bound on RNA as tr-FRET donors. 

The limited number of RNA based FRET donors will allow us to measure their binding 

constants, τ1 , and τ2 . Accurate lifetimes can be calculated based on a calculation. 

3.3.6 QY of Tb3+ bound on RNA 

In section 3.3.2, we draw the conclusion that the concentration of excited Tb3+ can be 

represented by its preexponential amplitude. However, this conclusion is based on an invariant QY. 

When QY is considered, equation 3.6 should be revised as: 

QY
ecf

T

*

/

τ

τ

=  (Equation 3.10) 

Let us discuss the relationship between the QY of donor and acceptor. IDA is the intensity of 

donor in the presence of acceptor; IAD is the intensity of acceptor in the presence of donor; τDA is the 
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lifetime of donor in the presence of acceptor; τAD is the lifetime of acceptor in the presence of donor; 

τD is the lifetime of donor in the absence of acceptor; Qa is the QY of acceptor; QD is the QY of 

donor. 

Number of excited acceptors via energy transfer is:
aAD

AD

Q
I

τ
; number of remaining donors 

is
DDA

DA

Q
I

τ
; Energy transfer efficiency  

DDA

DA

aAD

AD

aAD

AD

Q
I

Q
I

Q
I

E

ττ

τ

+
=  (Equation 3.11) 

This provides a new way of measuring QY of a fluorophore if its FRET pair counterpart QY 

is known. In lanthanide ion FRET experiments, DAAD ττ = , where τAD is generally measured without 

the interference of donor (Fig 2.1) 40. Thus, equation 3.11 can also be rewritten as: 

D

DA

a

AD

a

AD

Q
I

Q
I

Q
I

E
+

=   

Using
D

ADE
τ
τ

−= 1 , QD can be calculated as:  

AD

ADD

AD

DA
aD I

IQQ
τ
ττ −

= ** (Equation 3.12). 

Where QD is the QY of Tb3+ bound on RNA; Qa is the QY of the acceptor; IDA is the donor 

emission in the presence of acceptor; IAD is the acceptor emission in the presence of donor; τD is the 

donor lifetime in the absence of acceptor; τAD is the lifetime of acceptor in the presence of donor. 

This is exactly the same equation as in Xiao and Selvin 2001, in which they used different 

method of deducing the equation 85.  

In each experiment, the fraction of free Tb3+ was calculated based on equation 3.7. The 

lifetime of donor (τD) for each experimental condition was calculated with equation 3.8. Tb3+  
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Figure 3.7 Quantum yield of Tb3+ bound on RNA luminescence. The black trace is the spectrum of 
both Tb3+ and AF555. The red trace is the spectrum of Tb3+ by itself. It is normalized by using peak @ 
490nm and a standard Tb3+ luminescence spectrum. The blue trace is the spectrum of AF555 by itself. It 
is normalized by deducting the red trace from the black trance. 
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luminescence spectra with unlabeled RNA were standard Tb3+ luminescence curve. The peak at 490 

nm at the curve is used to normalize the luminescence only from Tb3+ luminescence. By excluding 

the normalized Tb3+ luminescence from total spectra, spectra of AF555 spectrum are obtained. The 

lifetime measured at 565nm is the lifetime of acceptor in the presence of donor (τAD). Figure 3.7 

showed of the process of extracting parameters with 2 and 6 μM AF555. 

QY for free AF555 is Qa = 0.1 (from Molecular Probes, Invitrogen); IDA is the integral 

intensity under normalized Tb3+ spectrum; IAD; is the integral intensity under AF555 spectrum. 

Using equation 3.12, in the concentration range, QY of Tb3+ was found to be constant: 

14.03 =+TbboundRNA
QY  

R0 was calculated by equation 2.2 to be 50 Å based on this quantum yield. The constant 

quantum yield indicated that quantum yield of Tb3+ luminescence was only dependent on the 

RNA-Tb3+ binding environment. The exchange process did not change the quantum yield. 

3.3.7 Diffusional energy transfer process 

When both donor and acceptor are free, and lifetime of donor is long, D 0/s2>>1, the energy 

transfer is dominated by diffusional energy transfer. In this section, I want to test whether the free 

Tb3+ interferences the diffusional energy transfer processes. 

The first question is to answer whether free Tb3+ contributes to diffusional energy transfer at 

a fixed donor concentration. In 1 µM RNA and 3 µM AF55 sample, different concentrations of Tb3+ 

were titrated. Free Tb3+ concentration and fraction were calculated based on the binding constant. 

Lifetime of Tb3+ by itself (τD) was calculated from equation 3.8. Lifetime of the acceptor in the 

presence of donor (τDA) is measured at 565 nm (Cy3 and AF55 spectra are identical). The energy 

transfer efficiency is calculated by equation 2.6. 

Same experiments except different RNA concentrations (2, 5, 10 µM) were done. 

If free Tb3+ has no contribution to diffusional energy transfer, calculated concentration of 

Tb3+ bound on RNA will have a correlation with the energy transfer efficiency. However, the only 

correlation I found was that the energy transfer efficiency and free Tb3+ percentage has a linear 

relationship. The fitted equation was: AE ×= 45.0  (Figure 3.8A), where A is the fraction of free 

Tb3+. Using the same experiments except with 5 μM AF 555 (Fig 3.8B), the relationship 

was AE ×= 66.0 . 
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A 

 
B. 

 
Figure 3.8 Free Tb3+ has an impact on diffusional energy transfer efficiency. A) Diffusional energy 
transfer efficiency with 3 μM AF 555 in the solution. Best fit equation is AE ×= 45.0 . B) With 5 μM 
AF555. AE ×= 66.0 . Where E is the energy transfer efficiency; A is the free Tb3+ fraction. 
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These two equations provide us two conclusions. For the FRET donor Tb3+, diffusional 

energy transfer efficiency is dependent on the fraction of free Tb3+; the more fraction of free Tb3+, 

the higher the energy transfer efficiency (dependent on the fraction A). For the FRET acceptor, 

increased acceptor concentration increases the energy transfer efficiency (0.45 and 0.66). 

In rapid diffusional limit, energy transfer occurs when donor/acceptor are at the closest 

distance 79. Thus, the acceptor AF555 contribution can be explained solely by its concentration. The 

higher concentration, the closer they get. 

If free Tb3+ does not contribute to diffusional energy transfer, we can predict that the 

efficiency will only dependent on the concentration of Tb3+ bound on RNA. From the two equations, 

free Tb3+ contributes to the diffusional energy transfer in a linear fashion. Free Tb3+ will always be 

in the system because the binding constant is relatively low. Thus, to minimize the contribution of 

free Tb3+ to diffusional energy transfer, some measures have to been used. 

The diffusional energy transfer efficiency will be at a certain level, which is determined by 

the free Tb3+ fraction and acceptor concentration. If the diffusional energy transfer efficiency is 

lower than the static energy transfer resulted from fixed distance between donor and acceptor, 

diffusional energy transfer will have no impact on the outcome the static energy transfer will 

dominate the signal. On the other hand, if the diffusional energy transfer efficiency is higher than 

the energy transfer efficiency resulted from the static energy transfer, the diffusional energy transfer 

will dominate the energy transfer signal and static energy transfer will be hard to measure.  

To reduce the contribution of diffusional energy transfer, two methods can be utilized to 

overcome the problem. One way is to lower acceptor concentration. This can be achieved by using 

low concentration of acceptor labeled RNA. The other way is to lower the fraction of free Tb3+. 

This can be achieved by decreasing titrated Tb3+ concentration. It has to be noted that the better way 

to study diffusional energy transfer effect on fixed-distance energy transfer is to use a model system 

with both diffusional energy transfer and fixed-distance energy transfer. The current model system 

only includes diffusional energy transfer. However, the experimental results reveal ways of 

minimizing diffusional energy transfer. In our recent publication 48, FRET measurements were 

carried out with low concentrations of labeled RNA (Cy3 labeled RNA concentration = 0.7 µM) and 

low Tb3+ concentrations. These two measures minimized diffusional energy transfer. Thus, 

diffusional energy transfer did not interference with static energy transfer. 
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3.3.8 Structure distortion by a group II intron branch site 

The branch site contains an adenosine which is one reactant of the first step of splicing (Fig 

1.3). The structure of the branch site in both spliceosome 27 and group II intron 83 suggested that in 

order for the adenosine to attach the 5’-ss, the 2’OH of the adenosine has to be pushed out of the 

solution. Here we designed two constructs; one contains (dsGUAA) a GUAA loop and all 

Watson-Crick base pairs helix and one containing a GUAA loop and a similar helix inserted with 

the branch site. The GUAA loop acted as a FRET donor when Tb3+ bound. By comparing these two 

RNAs, we can not only test the validity of the concept of using Tb3+ bound on RNA as FRET 

donors, but also gain some insights of how the branch site changes the orientation of the helix. 

Cy3 was attached to the 5’-end of each construct. RNA concentrations were kept between 1-5 

μM; Tb3+ concentration were kept between 1-20μM.  

dsGUAA: the energy transfer efficiency was measured by tr-FRET (equation 2.6). τD was 

calculated for each concentration; τDA was measured at 565 nm. E was constant for both RNA and 

Tb3+ ranges to be 77±1% (table 3.4). Using equation 2.1 and R0=50 Å, R was calculated to be 

41±1Å. The dsGUAA contained 15 base pairs between Cy3 and GUAA tetraloop, and Cy3 was 

about an extra base pair long, predicated A-type helix was 2.6 Å *(15+1) = 41.6 Å. The 

experimental result was very consistent with the A-type helix predication. 

bpGUAA: the energy transfer efficiency was measured to be 83±1%; R was calculated to be 

38±1Å. Compared to dsGUAA, even though bpGUAA was one nucleotide longer, the length of the 

helix was about 3±2 Å shorter. This indicates that introducing a branch point to the helix disrupt the 

local regular Watson-Crick double helix. There is a bend at the branch site. We can triangulate the 

angle of the bend. The side containing Cy3 was 8 nucleotides, its length was (1+8)*2.6=23.4 Å; the 

side containing the GUAA loop was 8 nucleotides, its length was 8*2.6=20.8 Å; the side opposite to 

the angle was 38 Å. If we assume the helical structure was not disturbed, the bend angle could be 

triangulated to be 120˚. However, a NMR structure showed that the branch site alone did not create 

an extrahelical branch site but the local helix got broader and shorter 89. Thus, the insertion of this 

branch point introduced a bend >120˚. 

These results also show that using Tb3+ bound on RNA as FRET donor can measure small 

energy transfer efficiency changes because of the distance’s sixth power dependence. 
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Table 3.4 Energy transfer efficiencies measured in constructs dsGUAA and bpGUAA. RNA and 
Tb3+ concentrations were initial concentrations before mixing. The lifetimes of donor in the absence of 
acceptor (τD) are calculated by using Kd = 9 µM and equation 3.8. The lifetimes of donor in the 
presence of acceptor (τDA) are measured at 565 nm. Energy transfer efficiency is calculated with 
equation 2.6. 

 

Construct [RNA] 

(µM) 

[Tb3+] 

(µM) 

(A) 

Free Tb3+ 

fraction 

Calculated τD 

(µs) 

Measured 

τDA 

µs at 565 nm 

E 

(%) 

1 0.908 448 105 76.5 

5 0.932 443 102 77.0 

10 0.949 439 107 75.6 

15 0.959 437 108 75.3 

1 

20 0.966 435 100 77.1 

1 0.659 506 116 77.0 

5 0.716 493 110 77.8 

10 0.770 481 115 76.0 

15 0.809 472 111 76.5 

dsGUAA 

5 

20 0.837 465 107 77.0 

1 0.908 448 75.8 83.1 

5 0.932 443 77.5 82.5 

10 0.949 439 75.5 82.8 

15 0.959 437 73.8 83.1 

1 

20 0.966 435 74.4 82.9 

1 0.659 506 86.6 82.9 

5 0.716 493 83.8 83.0 

10 0.770 481 85.6 82.2 

15 0.809 472 79.2 83.2 

bpGUAA 

5 

20 0.837 465 74.4 84.0 
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3.4 Discussion 

In this chapter, two aspects regarding Tb3+ bound on RNA were studied. The one aspect is to 

study the Tb3+ bound on RNA properties. The results will provide a foundation if Tb3+ bound on 

RNA to be used as FRET donors. The results here also may improve data accuracy of using Tb3+ as 

probes for studying RNA metal ion bindings. The other aspect is to study the suitability of Tb3+ 

bound on RNA as FRET donors. The results could provide a guidance of how to carry out this type 

of experiments. 

3.4.1 Compensation factor 

The assumption in equation 3.1, which is practiced widely, is found not to be accurate. The 

preexponential amplitude shown as I0 in both equations 2.7 and 3.2 is a more accurate value to 

represent the concentration of the excited lanthanide ion. In order to make steady state intensity data 

accurate, they must multiply a compensation factor shown in equation 3.6. 

In situations such as no delay times, comparable short delay times and long lifetimes, and 

constant stable lifetimes, the compensation factor is mathematically constant. The steady state 

intensity, still not theoretically accurate, can represent the concentration of excited lanthanide ion 

(RNA “chelated”). In this case, only the normalization factor (B) in equation 3.1 is changed. 

Thus, in order to get concentration information from RNA lanthanide ion samples by 

luminescence method, steady state is not enough to be accurate. One of the reasons that lanthanide 

ion luminescence intensity assay is used to gain concentration information is because of its 

simplicity. Fortunately, lifetime measurements for lanthanide ion luminescence are relatively simple 

because of its long lifetime. For example, all the lifetime measurements in this chapter were done 

on a commonly used Cary Eclipse fluorophotometer. Preexponential amplitude can also be found by 

lifetime measurements alone by lifetime decay measurements. 

The linear relationship between the preexponential amplitude and the excited lanthanide 

concentration is only true for a specific binding species under specific environments. Different RNA 

Tb3+ pair, buffer conditions and instrument setup may change the preexponential amplitude.  

3.4.2 “Diffusional equilibrium” hypothesis 

When Tb3+ “chelated” binds to RNA and loses one or more inner-sphere water molecules, 

some of its emission energy is still quenched by remaining inner-sphere water molecule. The degree 
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of quenching can be calculated by comparing the lifetime in D2O. Emission energy can be 

expressed as τ×= 0IE . Without being quenched in D2O the energy is ODIE
20

' τ×= , with 

quenching in H2O the energy is OHIE
20

'' τ×= . The degree of quenching thus is
OD

OHOD

2

22

τ
ττ −

. Since 

lifetime in D2O is constant, the degree of quenching is linear (negative slope) with its lifetime.  

Some of the emission energy is further lost because Tb3+ luminescence is further decreased 

by adding more Tb3+. A linear relationship was found by plotting the lifetimes against the fraction of 

free Tb3+ (equation 3.9). AA ×+−×= 21 )1( τττ .  

From these results, a “diffusional equilibrium” theory about the Tb3+ ion excitation and 

quenching process when it “chelated” binds a RNA molecule is proposed: 

Only “chelated” Tb3+ is excited at the time of the excitation pulse (280nm) because of RNA 

aromatic groups’ sensitized energy transfer is in a short range. Free Tb3+ at the time is only excited 

at a minimal level because of its low molar absorptivity. After the pulse, equilibrium is reached 

almost immediately between excited and unexcited Tb3+ because of its long luminescence lifetime. 

For excited Tb3+, some will stay “chelated”, displaying τ1 lifetime. At any given time, their fraction 

is (1-A) because of random diffusion. Others will go “free” and further get quenched by H2O, 

displaying τ2 lifetime. Their fraction at any given time is (A). The bound Tb3+ species has a 

maximal lifetime in H2O for a certain Tb3+-RNA pair. For example, GUAA loop and Tb3+ has 

τ1=660μs. Free Tb3+ species has a minimal lifetime in H2O for a certain lanthanide ion in buffer. For 

example, Tb3+ in MES buffer has τ2=427μs. 

Energy (represented by intensity τ×= 0IE  in equation 3.2) and concentration (represented 

by preexponential amplitude I0) are two easily confusing concepts. It may be helpful to clarify their 

differences by using the “diffusional equilibrium” theory on equation 3.9. 

Assume I0 is the preexponential amplitude (proportional to bound Tb3+ concentration); A, τ, 

τ1, and τ2 are described earlier. E, E1, E2 are energies described below within, I1 and I2 are 

preexponential amplitudes described below within. 

After excitation and equilibrium, the overall emission energy is: τ×= 0IE , where τ is the 

apparent lifetime. There are two components of Tb3+ after the equilibrium. One is the “chelated” 
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Tb3+, its energy is: 111 τ×= IE  , (1-A) is the fraction of “chelated” Tb3+, so 01 )1( IAI ×−=  

because of the diffusional equilibrium. The other is free Tb3+, its energy is 222 τ×= IE  , where 

AII ×= 02 , A is the fraction of free Tb3+. The overall energy should be the total of its two 

components: 21 EEE += . Equation 3.9 thus is deduced. 

3.4.3 Suitable conditions for Tb3+ bound on RNA to be FRET donors 

Free Tb3+ is always in RNA-Tb3+ binding system because of their relative weak binding 

constant (in 10-6 M range). Three potential problems emerge because of this. The first is that the 

lifetime of Tb3+ bound on RNA is not fixed. This lifetime is directly related to the calculation of 

energy transfer efficiency (equation 2.6). The solution to this problem is to record concentrations of 

RNA and Tb3+ for each measurement. Lifetimes can be accurately calculated by using binding 

constant and equation 3.9.  

The second concern is that the quantum yield may not be fixed. This is not a conern anymore 

because the result shows that quantum yield is indeed fixed. 

The third is the contribution of diffusional energy transfer. Diffusional energy transfer could 

be overwhelming because of the presence of free Tb3+. Low acceptor (labeled RNA) and low Tb3+ 

concentrations are recommended to minimize the diffusional energy transfer. 

3.4.4 Using Tb3+ bound on RNA as FRET donors 

Tb3+ bound on RNA was utilized as FRET donors in the U2-U6 snRNA complex model 

system. The experiments were successful and the Tb3+ binding sites as well as their pH-dependence 

in the U2-U6 snRNA complex were found48. This is the first time an unchelated lanthanide ion is 

used as a FRET donor. Lanthanide ions were previously used as FRET donors in chelated forms 40. 

In addition to the advantages of luminescence resonance energy transfer (LRET) 41, such as long 

lifetimes, relatively bigger R0, high signal-to-noise ratio, using Tb3+ bound on RNA as FRET donors 

allows us to measure relatively strong lanthanide ion binding sites directly without altering its 

native structure or mutating chemical groups. 

The enhancement of Tb3+ luminescence when “chelated” binding to RNA makes them 

attractive FRET donors. The reason for the enhancement, as we discussed in chapter two, is that 

RNA aromatic bases are able to absorb and transfer energy from incoming excitation photons to 
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their neighboring Tb3+. The remove of part or all of Tb3+ inner-sphere water molecules, whose O-H 

bonds quench Tb3+ luminescence 75, is not necessary a requirement for the enhancement. 

Inner-sphere water molecules decrease luminescence intensity by decreasing Tb3+ luminescence 

lifetimes. However, they do not change the preexponential amplitude. Thus, the quenching is not 

too severe. The enhancement of luminescence, however, is always accompanied by the removal of 

inner-sphere water molecules because Tb3+ has to be in the proximity of RNA aromatic groups (see 

Fig 1.9 for cartoon illustration). 

There are two possible far-reaching implications associated with the success of our work. 

One application is that one could map out relatively strong metal ion binding sites in target 

molecules not only limited to RNA molecules, but also proteins. Many RNAs can “chelated” bind 

with Tb3+ and enhance their luminescence 35. Some metallo-proteins also show the enhancement of 

specific bound Tb3+ luminescence. One example is the EF hand motifs 90. After all, metal ion 

binding and aromatic amino acids are common in many proteins. By using similar approaches as 

used in chapter three, “native” Tb3+ binding sites can be mapped out. The word “native” here does 

not mean Tb3+ binding occurs in biological conditions; it means Tb3+ can bind to these sites without 

modifications. 

3.4.5 Possibility of designing a new class of FRET donors 

The other possible application is to develop a new class of FRET donors. These FRET donors 

contain two components, a Tb3+ ion and a Tb3+ binding group. The Tb3+ binding group can be an 

organic molecule, a RNA motif, a DNA loop or a protein domain. The only requirement is that Tb3+ 

should have relatively tight binding with Tb3+ and the binding results in enhanced Tb3+ 

luminescence. 

In this sense, Selvin’s application of using EDTA-chelated Tb3+ as FRET donors is one 

approach of the second possibility 41. The Tb3+ binding groups contain two parts, an EDTA-like 

chelate group and an antenna aromatic group. They bind to Tb3+ with excellent affinity and 

luminescence enhancement. The drawback is that they have to be covalently linked to the target 

molecules. 

The candidates for the Tb3+ binding group part of the FRET donors are DNA, RNA or protein. 

When the Tb3+ binding group is incorporated into its respective target molecule at a carefully 
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chosen location, a FRET donor is created without covalent coupling. For example, a RNA based 

Tb3+ binding group can be incorporated into a carefully selected site on a RNA molecule by 

convenient ways of making RNA, such in vitro transcription or chemical synthesis; a DNA based 

Tb3+ binding group can be incorporated into a carefully selected DNA sequence; a protein based 

Tb3+ binding group can be incorporated into a protein sequence. The technology advancements of 

making these biological molecules help us incorporate these Tb3+ binding groups more easily than 

chemical modification. 

This class of donors contains two components, Tb3+ and a Tb3+ binding group. Tb3+ has poor 

absorption coefficient, thus, it is not a practical FRET donor by itself. Via sensitized excitation, 

lanthanide ion luminescence can be enhanced 4-5 orders of magnitude. The enhancement make Tb3+ 

attractive FRET donors. 

The advantages of using “native” specific metal ion binding sites as FRET donors are two 

fold. On one hand, metal ion binding sites can be mapped out on a molecule as our previous 

practice 48. On the other hand, protein or RNA based Tb3+ binding groups can be designed. They 

can be conveniently inserted into target molecules. 

The search for the lanthanide luminescence enhancement by DNA on Pubmed does not yield 

any results, suggesting using lanthanide ions to study DNA metal ion interaction is rare. The reason 

is that the predominately double helix forms and little structural variability of DNA. Using Tb3+ to 

probe RNA and protein metal ion interactions, however, are common. For example, a series of Tb3+ 

binding peptides were developed 91. In this chapter, only RNA based Tb3+ binding group is 

discussed. Tb3+ is used as a representative of Tb3+. 

With the advancement in aptamers (oligonucleotides or peptide molecules that bind a specific 

target molecule) research, new strong Tb3+ binding groups can be found. 

The two major disadvantages are: 1) as we discussed, tr-FRET experiments for Tb3+ and Tb3+ 

binding group with moderate binding affinity are relatively tedious. Normal tr-FRET experiments 

do not depend on concentrations but the information about concentrations and binding constant is 

required here. 2) The insertion should be carefully chosen so that it does not introduce unwanted 

structural changes. However, these can be easily overcome. 
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CHAPTER 4 

MEASUREMENT OF METAL ION-INDUCED CONFORMATIONAL 

CHANGE IN THE SPLICEOSOMAL U2-U6 SNRNA COMPLEX 

 

 

4.1 Introduction 

4.1.1 Motivation of research: folding hypothesis 

The sequences of U2 and U6 snRNAs are most conserved phylogenetically among all 

spliceosomal snRNAs 19, 92. U2 snRNA contains an intramolecular stem loop called U2 ISL 93; U6 

snRNA contains a conserved U6 ISL 94. In addition to these intramolecular helices, the two snRNAs 

form several conserved intermolecular helices, including helix I 20, helix II 20 and helix III 93. 

Several sequences, such as the ACAGAGA loop, the AGC triad and the U74 on U6 ISL, are highly 

conserved 23-26. These conserved secondary structures are shown in Fig 1.4. A protein-free U2-U6 

snRNA complex is able to carry out a reaction similar to the first step of splicing 22, 31 (Fig 1.7).  

Most conserved regions are essential for splicing catalytic activity. For example, Helix I may 

be involved in 5´ splice site selection 95, and it may also have redundant function as Helix II as 

deletion of helix I or helix II does not disrupt splicing but deletion of both does 96. Helix III may 

help juxtapose the 5' splice site and the branch site 93. The U6 ISL is required for spliceosomal 

catalytic activity; its structural feature is required for splicing but not its sequence 97; it forms a 

structure similar to group II intron D5 (Fig 1.6) 66. It not only contains a possible metal ion binding 

site as suggested earlier, but also is likely to participate in spliceosomal assembly and activation 98. 

The invariant ACAGAGA loop, the AGC triad and the U74 on U6 ISL are important regions for 

specific metal ion binding as discussed in Chapter 2. 

We hypothesize that in order for the U2-U6 snRNA complex to perform splicing catalysis; 

these key areas have to be brought into proximity. The secondary structure as shown in Fig 1.4 
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could not indicate any tertiary interactions. Thus, its conformation should be induced by some 

factors to arrange the key components into their active positions. 

4.1.2 Possible factors that may induce the conformational change 

Metal ions are required for spliceosome activity in vivo and in vitro 17; that is also the case for 

many ribozymes 99. Metal ions were also shown to induce UV-cross linking between distant 

nucleotides in cross-linking experiments. Considering the absolute requirement for splicing activity, 

as well as proven the specific binding sites on the U2-U6 snRNA complex 48, metal ions are the 

primary candidates which could induce a conformational change to arrange key components into 

proximity in the U2-U6 snRNA complex. The metal ion we studied is Mg2+, the ion most likely to 

be associated with physiological function of RNA. 

Another factor considered is the intron strand. One of the models about protein enzyme and 

substrate interaction is “induced fit”. Substrates induce protein enzymes to change their 

conformations to better fit with each other 100. The intron substrate may induce the U2-U6 snRNA 

complex to conformational changes because the branch-site adenosine; the 5´-splice site and the 

3´-splice site of the intron directly interact with U2-U6 snRNA complex (Fig 1.5). Structural study 

regarding the pairing between intron branch site and U2 showed that the intron branch site 

adenosine, by paring with U2 snRNA, was exposed into the solution. This expose favored the first 

step of splicing. A conserved pseudouridine in U2 snRNA was required for the extrahelical position 

of the branch site adenosine 27, 28, 101. The strong interaction between the intron and the U2-U6 

snRNA complex may suggest that the presence of intron changes the conformation of the complex. 

The third factor considered is protein. The protein-free splicing systems carry out the 

splicing-like reaction at extremely low efficiency and yield. Taking aside the fact that there is still a 

debate about whether the spliceosome is a ribozyme 17, it is safe to conclude that protein 

components of spliceosome play important roles for the catalysis. the roles are Most likely for 

structural stability. Some protein factors may help position U2-U6 snRNA complex.  

4.1.3 Two possible folding schemes 

In order for the splicing reaction to be carried out, the reacting parts of the intron are required 

to be brought together. Four-helix junction is known to juxtapose catalytically essential elements by 

form coaxial helical stacks 20. The NMR data from Butcher and coworkers 66 showed that the 
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U2-U6 snRNA complex contained a four-way junction at the AGC triad region (Fig 1.4). Because 

several key components for the splicing reaction have to have direct contact in order for the reaction 

to take place and they have direct interactions with the U2-U6 snRNA complex, it is thus safe to 

hypothesize that the U2-U6 snRNA complex may have conformational changes during catalysis. 

There are two possible folding schemes proposed in the literature 102. The first scheme is that 

the U6 ISL is brought into proximity to the branch site and 5´-splice site (Fig 4.1B). This is 

supported by modeling the four-way junction based on a known crystal structure of a hairpin 

ribozyme four-way junction 103. The second possible folding scheme is that U2 stem I (U2 ISL) is 

brought into proximity to the branch site and 5´-splice site (Fig 4.1C). This is supported by results 

of UV cross-linking studies 37, 104. These results were inconsistent with the first model but could be 

explained by the second. They also supported the interaction between helix I and the ACAGAGA 

loop which was a previously identified genetic interaction 105. 

4.1.4 Nano-surface energy transfer (NSET) 

FRET is an efficient way of measuring distances with a limit of within 10 nm (discussed in 

section 3.1.1). Electron microscopy is able to measure extended distances, but it lacks the ability to 

measure dynamic conformational changes without altering biological functions. NSET is an energy 

transfer between a fluorophore and a metal surface. A successful demonstration of dipole-surface 

energy transfer shows that NSET is able to measure distance up to 20 nm and distance dependence 

is of 4

1
R

106. In this report, optically excited organic fluorophores are energy transfer donors and 

small metal nano-particles are energy transfer acceptors. This method significantly extends the 

FRET distance measurements.  

The reason why FRET follows R6 relationship while NSET follows R4 is because FRET 

probes are two single dipoles while NSET probes are one single dipole and one 2D dipole. Both 

FRET and NSET physically originate from the weak electromagnetic coupling of two dipoles. 

According to the Fermi Golden Rule in the dipole approximation of energy transfer, the energy 

transfer rate (kEnT) is the product of the interaction elements of the donor (FD) and acceptor (FA), i.e., 

kEnT ≈ FDFA. Their separation distance (d) dependencies are sole functions of their geometric 

arrangement. For single dipoles, F ≈ 1/d3, for a 2D dipole array, F ≈ 1/d, for a 3D dipole array, F is 

a constant 106. FRET donor and acceptor are both single dipoles, thus kFRET ≈ FDFA ≈ (1/d3)(1/d3) ≈  
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Figure 4.1 Two possible folding patterns in U2-U6 snRNA complex from 102. A) U2-U6 snRNA 
complex forms a four-helix junction. B) Folding with U6 ISL in the proximity of the ACAGAGA loop. C) 
Folding with U2 ISL in the proximity of the ACAGAGA loop. 
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1/d6. NSET, on the other hand, contains a single dipole (a common fluorophore) and a 2D dipole (a 

nanoparticles surface). Surface energy transfer rate (kSET) is: kSET ≈ FDFA ≈ (1/d3)(1/d) ≈ 1/d4. 

Both FRET and NSET energy transfer efficiency are calculated by equations 3.4, 3.5, 3.6. 

Both FRET and NSET also follow the relationship expressed in equation 4.1. 

n

d
R

E
)(1

1

0

+
=  (Equation 4.1) 

where E is the energy transfer efficiency; R is the distance between energy transfer donor and 

acceptor; d0 is the characteristic distance when E = 50%. For FRET transfer, n = 6; for NSET 

transfer, n = 4. The Förster radius, R0, is expressed in equation 3.2 and it is generally around 50-60 

Å. The nano-surface energy transfer radius (d0) is expressed in equation 4.2 (details in reference 106) 

is generally larger than Förster radius:  
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3

0
525.0
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κωω
Φ

=  (Equation 4.2) 106 

where D is the donor quantum efficiency;  is the frequency of the donor electronic transition; f 

is the Fermi frequency of metal; kf is Fermi wave vector of the metal 107. FAM-1.5 nm NanoGold 

(NG) has d0 = 76.3 Å as reported in 108. In that report, D = 0.8, = 3.8 × 1015 s-1, f = 8.4 × 1015 

s-1, and kf = 1.2 × 108 cm-1. For Cy5, D = 0.4, = 2.91 × 1015 s-1, d0 = 73 Å 109. For AF555, D = 

0.40 for AF555 bound on RNA, = 3.4 × 1015 s-1, d0= 67.6 Å. NSET not only has bigger SET 

radius, the energy transfer efficiency is also less sensitive to distance changes because it depends on 

4th power compared to 6th power for FRET. Thus, NSET has wider range of measurable distances. 

When a nanometer metal is used as energy transfer acceptor, energy transfer follows NSET rules 106.  

4.1.5 Goals of this chapter 

The goals of this chapter are to illustrate how the U2-U6 snRNA complex in solution changes 

its conformations upon being activated. The activation factors tested are metal ions, proteins and 

intron strands. FRET and NSET pairs were labeled in different sites of the U2-U6 snRNA complex. 

By measuring distance changes between these probes within the complex by using FRET and NSET 

methods, the impact of magnesium ions, intron strands and protein on the conformational change of 

the complex can be found. The results may help us choose one of the two models described in 

section 4.1.3; or help us propose a new folding scheme. 
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4.2 Materials and methods 

4.2.1 Design of U2-U6 snRNA constructs  

In order to test these two folding schemes, distances between energy transfer probes within 

the complex were measured. There were three sets of constructs designed. For simplicity, they were 

called designs A, B and C. In this chapter, each construct will be discussed in parallel. 

Design A for FRET 

Design A is to test the first folding scheme (Fig 4.1B). In this folding scheme, the U6 ISL has 

significant movements relative to the two reacting components of the first step of splicing (branch 

point adenosine and 5’-splice site, both have contact with the conserved ACAGAGA region, refer to 

Fig 1.5) in order to carry out the splicing catalysis. Thus, a two-piece RNA construct series was 

designed (Fig 4.2). For sequence simplicity, a pentaloop on U6 ISL was removed; this pentaloop 

was used to linked U2 and U6 on the helix II side. Separate experiments showed the pentaloop did 

not change the behavior of the complex. In this series, an amine reactive group was labeled near the 

ACAGAGA region of the invariant top strand (named as U6-32); a thiol reactive group was labeled 

on U6 ISL of the invariant top strand. The two reactive groups were available for probe labeling. 

The colored regions represented mutations as discussed in chapter three (Fig 2.2). Other than the 

different FRET pairs, this series was identical to the construct design used in chapter 2. 

Design B for FRET 

Design B is to test the second folding scheme (Fig 4.1C). In this hypothesis, the helix II has 

significant movements to the conserved ACAGAGA region in order to carry out the splicing 

reaction. Thus, another two-piece RNA construct series was designed (Fig 4.3). In this series, an 

amine and thiol terminal labeled strand was chosen to be invariant (highlighted strand in Fig 4.3, 

named U2-48). The top strands were variations of U6 snRNA. There were five mutations on the U6 

snRNA sequence. The non-mutant sequence was called WT; the ΔLOOP construct contained 

replacement of the red highlighted ACAGAGA loop with complementary Watson-Crick sequence 

with the bottom sequence; the ΔUG construct contains the highlighted U C mutation; the ΔISL 

construct deletion of a nucleotide from the ISL (highlighted); the ΔISLCAP construct included 

deletion of the highlighted ISL pentaloop; the ΔU74 construct contained the deletion of highlighted 

U74. The rational of mutation design was similar as with design A. 
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Figure 4.2 Design A. The invariant top strand is highlighted in green (U6-32). For sequence simplicity, a 
pentaloop on U6 ISL was removed; this pentaloop was used to linked U2 and U6 on the helix II side. 
Separate experiments showed the pentaloop did not alter the behavior of this construct. The amine and 
thiol groups are labeled in red and blue; other highlighted areas are the mutational sites. Construct WT 
contains unmodified top and bottom strands; in construct ∆4W the yellow region was replaced by three 
adenosines; in construct ∆LOOP the black labeled region was replaced by complimentary sequence to 
the top strand; in construct ∆U74 the highlighted U74 was deleted; in construct ∆UG the highlighted G 
was replaced by adenosine. The sequences were identical to the research in chapter 3. 
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Figure 4.3 Design B. In this design, the highlighted and amine in red and thiol in blue terminal labeled 
invariant strand was chosen to be the highlighted U2 snRNA (called U2-48). The top strand was the U6 
snRNA. There were five mutations on the U6 snRNA sequence. The non-mutant sequence was called 
WT; the ∆LOOP construct contained replacement of the red highlighted ACAGAGA loop with 
complimentary Watson-Crick sequence with the bottom sequence; the ∆UG construct contains 
highlighted U C mutation; the ∆ISL construct contained the total deletion of highlighted ISL; the 
∆ISLCAP construct contained the deletion of the highlighted ISL pentaloop; the ∆U74 construct 
contained the deletion of highlighted U74. 
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Design C for FRET and NSET 

Design C is to test the two folding schemes together in one design (Fig 4.1 B, C). The 

designs A and B lacked the ability to simultaneously monitoring these two possible folding patterns 

in one experiment. Thus, a three-piece RNA design was made to accomplish this (Fig 4.4).  

Each of the three highlight RNA pieces (left portion of U6 snRNA called DC32; the right 

portion of U6 snRNA called DC28; the U2 part called DC46) were 5´- labeled. DC32 was labeled 

with 5’-thiol, which was available for NanoGold (NG) labeling; DC28 was labeled with 5’-amine, 

which was available for Cy3 labeling; DC46 was labeled with 5’-FAM (Fig 4.4).  

4.2.2 RNA sample preparation 

Design A: All unlabeled RNAs were made by in vitro transcription or purchased as described 

in section 2.2.1. For Cy3/Cy5 pair labeled samples, dye-labeled DC32 RNA was directly purchased 

from either IDT technology or Dharmacon.  

In other dye labeled RNA strands, Alexa Fluor dyes (AF for short thereafter, from 

Invitrogen-Molecular Probes) were conjugated to purchased amine and thiol labeled DC32 in the 

lab by following the companion instructions. The Alexa Fluor dyes used were amine-reactive 

AF488 carboxylic acid,2,3,5,6-tetrafluorophenyl ester (TFP) or succinimidyl esters is; thiol reactive 

AF555 C2-maleimide and AF647 C2-maleimide. AF488/AF555 and AF488/AF647 are the two 

FRET pairs. 

RNA purification: all unlabeled in vitro transcripts, unlabeled purchased RNA, labeled 

purchased RNA, self-labeled purchased RNA were purified by 10% denaturing PAGE gel. Gel 

slices containing the desired RNA were eluted by an electro-eluter (Schleicher & Schuell, Whatman 

Inc.). Unlabeled RNA concentrations were determined by absorption at 260 nm. The RNA 

concentration and probe concentration of labeled RNA strands were determined by absorption at 

260 nm (for RNA, 1 OD260 Unit = 40 µg/ml for single-stranded RNA, or more accurately using 

calculated sequence-dependent extinction coefficient ε on IDTDNA website 

http://www.idtdna.com/analyzer). Dye concentrations were determined by absorption at 550 nm 

(Cy3, ε = 150000 M-1cm-1), 650 nm (Cy5, ε = 250000 M-1cm-1), 500 nm (FAM, ε = 92300 M-1cm-1), 

494 nm (AF488, ε = 78000 M-1cm-1), 555 nm (AF555, ε = 158000 M-1cm-1) and 649 nm (AF647, ε 

= 250000 M-1cm-1). The 1:1 ratio of RNA and probe on it indicated pure labeled RNA. 
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Figure 4.4 Design C: three-piece RNA system. A) The three RNA pieces (DC32 in blue; DC28 in 
green; DC46 in plum) were highlighted in colors. The 5´- thiol is labeled on DC32; the 5´- amine is 
labeled on DC28; the 5´- FAM (Fl) is labeled on DC46. B) the schematic representation of labeling in 
design C. The DC32 RNA was labeled with 1.5 nm NanoGold by reacting with 5´-SH; DC28 with AF555 
by reacting with 5´-NH2; DC46 with 5´-FAM purchased. 
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Design B: Sample preparation for this set of RNA strands was very similar as for design A. 

Unlabeled RNAs were made by in vitro transcription. Amine and thiol labeled U2-48 was purchased. 

For FAM/Cy3 pair, dye-labeled U2-48 RNA was purchased. For AF488/AF555 and AF488/AF647 

pairs, they were labeled in the same way as for design A. RNA purification and quantification were 

done by the same procedure as for design A. 

Design C: The reason for this design was that in both designs A and B, two probes were on 

one RNA strand. This caused the labeling yield to be low. In design C, however, only one probe was 

on one RNA strand. This simplified the labeling and purification process. 

The unlabeled DC28, DC32 and DC46, the 5´-thiol labeled DC32, the 5´-amine labeled 

DC28 and the 5´-FAM labeled DC46 were purchased. Two different approaches were done on the 

amine or thiol reactive RNAs. In one approach, 5´-NH2 labeled DC28 was labeled with 

amine-reactive 1.4 nm NanoGold (from Nanoprobes, Cat # 2025A, Mono–Sulf–NHS-NanoGold); 

5´-SH labeled DC32 was labeled with AF555 by reacting with thiol-reactive Alexa Fluor 555 

C2-maleimide. In the other approach, 5´-SH DC32 was labeled with thiol-reactive 1.5 nm NanoGold 

(from Strouse lab 109), 5´-NH2 DC28 was labeled with amine-reactive Alexa Fluor 555. Due to its 

better coupling efficiency and availability, 1.5 nm NanoGold was favored over 1.4 nm NanoGold. 

Thus, the results of only one approach (1.5 nm on DC32, Fig 4.4B) were discussed. 

RNA purification: the unlabeled and dye labeled RNAs were purified by the same procedure 

as for design A and B. The 1.4 nm and 1.5 nm NanoGold labeled RNAs, however, were treated 

differently. RNA and NanoGold were reacted for 24 hours before going through ethanol 

precipitation. The precipitation was washed with 70% ethanol two times. Concentrations of the 

sample were estimated from original RNA sample by assuming 100% labeling efficiency. All the 

subsequence experiments had to be finished within a week to preserve NanoGold stability. 

4.2.3 Intron design and synthesis 

An intron which can be the substrate of the spliceosome has a sequence in Fig 4.5. Three 

intron constructs were designed. The 26-nucleotide intron strand included the branchpoint region 

(the same sequence as used protein-free splicing substrate Valadkhan and Manley 2001 22); its 

sequence was (5´- GGG CCU GGC UUU UUU UAC UGA CAC UU-3´), as the branch site 

underlined. It was called In26. The In45 intron contained the spacer region, the branchpoint and  
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Figure 4.5 Schematic sequence of an intron. The pointed regions are conserved and recognized by 
spliceosome. These region include the 5´-splice site (5´SS), the 12-100 nt spacer region, the 
branchpoint (BP) region, the polypyrimidine (poly Y) tract and the 3´-splice site (3´SS). 
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the poly Y (pyrimidine) tract; its sequence was (5´-GGG AGU CUU GUC GUC UAC UGA CAC 

UUC UUC UUC UCU CUU UUU CCC -3´). It was called In45. The In27 intron contained 5´-ss 

and the branchpoint; its sequence was (5´- CAG GUA AGU UUU UCU UUA CUG ACA CUU-3´), 

as the 5’-splice site and branchpoint boxed. It was called In27. 

4.2.4 Proteins expression and purification 

As for proteins, because there are over 200 proteins 110 in spliceosome, the only proteins used 

in this chapter were p14 and SF3b155 (1-462). They have been shown to be in the proximity of the 

branch site region (Fig 1.8). They were provided by Dr. Kersten Schroeder in Greenbaum lab; the 

expression and purification procedure were discussed in detail in his dissertation 111. 

4.2.5 FRET and NSET instrumentation 

Steady-state FRET and NSET experiments were carried out on a Cary Eclipse 

fluorophotometer as discussed in section 3.2.6. The information about excitation and emission 

wavelength, PMT power etc. will be included in the "Results" section of this chapter.  

Time-resolved FRET and NSET measurements were carried out by Mani Singh in Dr. 

Strouse’s laboratory. The detailed instructions were in sections 3.2.4, 4.2.4 and 6.2 on Dr. Travis 

Jennings’ dissertation 112. In brief, lifetime data were acquired on diluted samples using the output 

of a Nd:VO4-pumped (Spectra-Physics Vanguard, 2 W, 532 nm, 76 MHz, 10 ps) R6G dye laser 

(Coherent 702-1). Cavity dumping of the dye laser to 1.9 MHz dropped the pulse train to 1 pulse 

every 2 μs. In the case of FAM and AF488, the laser was frequency doubled for excitation at 300 

nm. In the case of Cy3 and AF555, the pulsed output was adjusted for excitation at 560 nm. 

Samples were excited with <1 μW at a right angle geometry relative to a Chromex 500is 0.5 m 

imaging monochromator with 50 g/mm grating, 0.5 nm resolution. Output of the monochromator is 

focused into a Hamamatsu C5680 streak camera operating at 20 ns window (FAM, AF488) or 10 ns 

window (Cy3, AF555). Lifetimes were measured by binning intensity vs time for a 20 nm spectral 

range about the emission maximum for the dye. 

4.3 Results 

4.3.1 Confirmation of complex formation and further sample purification 

In order to confirm that the RNA strands in the complex form desired base pairs, 
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non-denaturing gels were used to monitor the RNA mobility (experimental part in section 3.2.2).  

Design A: Prior to all experiments, all labeled and unlabeled RNA strands were purified on 

denaturing 15% denaturing polyacrylamide gels. Samples of U6-32 top strand with different bottom 

strands were heated up at 80 °C for 45 seconds and cooled at room temperature for 10 minutes prior 

to loading to the gel. They were run on a 10% non-denaturing gel. Since the sequences were the 

same as in chapter three, Fig 3.3 showed U6-32 and each of the bottom strands formed complexes 

with retarded mobility. This showed that they formed RNA dimers. 

Design B: Verification of the complex formation was done by running non-denaturing gels. 

In this gel, U2-48 was radioactively labeled with γ-ATP with standard procedure. In short, U2-48 

was linked with a γ-ATP by T4 Polynucleotide Kinase (PNK, from USB Corporation). The 

appearance of a new band indicated that U2-48 formed a complex with each of the variant top 

strands (Fig 4.6).  

Design C: Samples of DC32, DC28 and DC46 were mixed and heated up at 80 °C for 45 

seconds and cooled at room temperature for 10 minutes prior to loading to the gel or measurements. 

To confirm the three pieces to form a complex, a 15% non-denaturing gel was run. The three RNA 

pieces were called DC32, DC28 and DC46 for simplicity (Fig 4.4). Samples of DC32, DC28, DC46, 

DC32+DC28, DC32+DC46, DC28+DC46 and DC32+DC28+DC46 were run on the gel. The gel 

was visualized on a PDI gel scanner. From the gel, DC32+DC28 did not form a dimer; both 

DC32+DC46 and DC28+DC46 formed dimers. In the mixture of three RNA strands, DC32+DC46 

and DC28+DC46 dimers existed while DC32+DC28+DC46 triplex was questionable. The most 

likely band was the top band (Fig 4.7). In the following FRET and NSET experiments, the top band 

was cut and purified as the triplex. Potential problems will be discussed in the discussion part of 

this chapter. 

The non-denaturing gel experiments were done with different forms of DC32, DC28 and 

DC46. For example, DC32 could be NanoGold, FAM or AF555 labeled, or unlabeled; DC28 could 

be FAM labeled or unlabeled etc. Results were the same regardless of whether the RNA was labeled 

or unlabeled. If the RNA was fluorescent dye labeled, it would be bright; otherwise, Ethidium 

Bromide staining was used and it would not be as bright. In Fig 4.7, DC32 was unlabeled, DC28 

was labeled with FAM and DC46 was FAM labeled. That is the reason why DC32 was not as bright 

as DC28 and DC46.
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Figure 4.6 Demonstration of invariant bottom U2-48 formed base pairs with variant top strands in 
design B. Lanes 1: U2-48 by itself; lane 2: U2-48+∆U74 top strand; lane 3: U2-48+∆ISLCAP top strand; 
lane 4: U2-48+∆ISL top strand; lane 5: U2-48+∆LOOP top strand. The appearance of a retarded band in 
each of lanes 2-5 indicated that the two RNA pieces formed complex which had slower mobility on a 
non-denaturing PAGE gel than 32p labeled U2-48. 
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Figure 4.7 Confirmation of the triplex formation in design C. Sequences of DC32, Dc28 and DC46 
are indicated in Fig 4.4. Lane 1: DC32; lane 2: DC28; lane 3: DC46; lane 4: DC32 + DC28; lane 5: DC32 
+ DC46; lane 6 :DC28 + DC46; lane 7 : all three. By comparing the mobility of these bands, the dimers 
and triplex were identified on the gel. 
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4.3.2 Distance measurements results 

Design A: The Cy3-Cy5 steady-state FRET experimental results on design A were discussed 

in section 3.3.4. In short, in the wild type construct (original sequence in Fig 4.2, 5´-NH2 was 

labeled with Cy3; 3´-SH was labeled with Cy5), the energy transfer efficiency was 14 ± 1 % 

between Cy3 and Cy5. By using R0 of 54 Å and equation 3.1, the distance was calculated to be 73 ± 

1 Å. The mutations did not seem to alter the distance, with only ∆LOOP construct extended the 

distance by about 4 Å. This was due to the elongation of a helix instead of a loop (section 3.2.4). 

Mg2+ up to 20 mM and 1:1 introns strands (including In26, In27 and In45 described in 

section 4.2.3) were added to the complex constructs. There were no measurable FRET efficiency 

changes after adding the metal ion, the introns, or both. This suggested that there was no 

conformational change in the U2-U6 snRNA complex induced by Mg2+ and introns. 

Time-resolved FRET experiments were carried out on the wild-type Cy3-Cy5 construct. 

Lifetime of donor Cy3 was measured to be τD = 1.24 ns; lifetime of Cy3 in the presence of Cy5 was 

τDA1 = 1.07 ns (Fig 4.8A); lifetime of Cy3 in the presence of Cy5 with 20mM Mg2+ τDA2 = 1.11 ns 

(Fig 4.8B). Adding intron strands of different lengths (In26, In27 or In45) before or after Mg2+ had 

no effect on the lifetimes. The energy transfer τDA1 has energy transfer efficiency 

of %4.13
24.1
07.11 =−=E , corresponding to a distance of 73.7 Å, a value consistent with steady-state 

measurements; upon adding Mg2+, τDA2 the energy transfer efficiency was measured to be 

%5.10
24.1
11.11 =−=E , corresponding to a distance of 77.2 Å. Thus, the changes in energy transfer 

efficiency and distance were very small. Because U2-U6 snRNA complex was a very dynamic 

system, there were two possibilities. One was that the distance change was very small. The other 

possibilities were that a small population at any time may be changing in response to metal ion. But 

the measurements could not distinguish these two. 

Addition of proteins p14 and SF3b155: Proteins p14 and SF3b are in the proximity of the 

branch site of the spliceosome (Fig 1.8). Adding either of the proteins to the wild type construct of 

design A with intron strand did not change energy transfer efficiency measured by steady-state 

FRET, suggesting that conformational changes were not induced by these protein components. 

Steady state intensity FRET measurements with FRET pairs AF488/AF555 (R0 = 70 Å) and 

AF488/AF647 (R0 = 56 Å) gave us similar results. 
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Figure 4.8 Lifetime of Cy3 in the sample of Cy3-Cy5 labeled WT construct of design A. A) Cy3 

lifetime was measured to be nsnsDA 03.007.1
0222.09375.0

1
1 ±=

±
=τ  in the absence of Mg2+.  

Buffer was MOPS 10 mM, NaCl 150 mM, pH 7.2. B) Cy3 lifetime was measured to be 

nsnsDA 035.0111.1
0292.090002.0

1
2 ±=

±
=τ  in the presence of 20 mM Mg2+ in a buffer of MOPS 10 

mM, NaCl 150 mM, pH 7.2. 
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Design B: FAM and Cy3 labeled U2-48 and wild-type top strand were paired (Fig 4.3). The 

excitation wavelength was 440 nm; an acceptor normalization process was used similarly as in Fig 

(Fig 4.9). The big peak for Cy3 was due to direct excitation by 440 nm photons, not via FRET 

transfer. This was confirmed by a measurement that the same intensity was obtained by exciting a 

Cy3 acceptor-alone sample of the same concentration at 440 nm in the same conditions. For the 

FAM-Cy3 pair, R0 = 53 Å, the energy transfer efficiency was very low. This small number indicated 

the distance was too far for the FAM-Cy3 pair to measure accurately. 

The AF488-AF555 FRET pair has a Förster radius of 70 Å. It should therefore be useful for 

solving the distance between these two sites. Using the same acceptor normalization process, the 

energy transfer efficiency was measured at ~18%. This corresponded to be ~ 90 Å between AF488 

and AF555.  

Mg2+ ions were added to the complex samples up to a final concentration of 20 mM. There 

was no measurable FRET efficiency change after adding the metal ions. No measurable FRET 

efficiency change was observed after introns (In26, In27, and In45, concentration of them were 1:1 

to complex concentration) were added before or after Mg2+. These results suggested that there was 

no measurable conformational change induced by Mg2+ or intron strands in design B. Helix II was 

not induced to come closer to the ACAGAGA loop. 

A lifetime experiment on the AF488/AF555 labeled sample of wild-type design B was carried 

out. AF488 was the FRET donor; AF555 was the acceptor. The lifetime of AF488 in the absence of 

AF555 was measured to be τD= 4.0 ns (Fig 4.10).  

The lifetime of AF488 in the presence of AF555 was measured to be τDA = 3.3 ns. This gave 

similar energy transfer efficiency (18%) as the results from the steady state FRET, suggesting the 

distance separating the two probes was about 90 Å. There were no observable conformational 

changes induced by Mg2+ or introns under the described conditions. 

Design C: The experiments for the designs A and B showed that the distances between the 

two arms (U6 ISL, helix II) and the ACAGAGA loop did not change upon addition of Mg2+, with or 

without the intron strand. However, these two distances were too large for most FRET 

measurements. To overcome this problem, NSET method was used by taking advantage of its larger 

d0 as well as its R4 dependency.  

The RNA construct was illustrated in Fig 4.4B. DC32 RNA was labeled with 1.5 nm  
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Figure 4.9 Acceptor normalization process for FAM-Cy3 FRET measurement. The black dots were 
results from FAM-Cy3 sample. Normalized Cy3 spectrum was obtained by normalizing the region from 
650-700 against a standard Cy3 spectrum. 
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Figure 4.10 Lifetime of AF488 in the absence of AF555 in the wild-type construct of design B. the 
lifetime was measured to be about 4.0 ns. Adding Mg2+ or intron substrates did not change it. 
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NanoGold labeled; DC28 was labeled with AF555; DC46 was labeled with FAM. 

The purity of DC28-AF555 and DC46-FAM were verified by a single band for each on a 

denaturing PAGE gel. In order to assure the three pieces to form a triplex with 1:1:1 stoichiometry, 

samples were run on a 10% non-denaturing gel. The top band (Fig 4.7) was most likely the triplex 

because it moved most slowly. It was cut out and purified. Five different combinations of probes 

were used: in the triplex, AF555 on DC28; FAM on DC46; NSET pair of AF555-NG; NSET pair of 

FAM-NG and three-probe combination. Their cartoon representation is shown in table 4.1. On the 

gel, the retardation effect of the bulky NG was neutralized by its negative charges. 

Triplex T5 (table 4.1) in design C had two organic fluorophores and one metal. Energy 

transfer between three-interacting probes were mathematically elucidated 113. Thus, in design C, it 

was also possible to triangulate the three distances at a time. However, it is still under investigation. 

Lifetime measurements were acquired on triplex T1 with AF555 on DC28; triplex T2 with 

FAM on DC46; triplex T3 with AF555 on DC28 and NG on DC32; triplex T4 with NG on DC32 

and FAM on DC46 and triplex T5 with NG on DC32, AF555 on DC28 and FAM on DC46. The 

lifetime results were summarized in table 4.1. The results were very confusing.  AF555 on triplex 

T1 with AF555 on DC28 had a lifetime of 0.73 ± 0.03 ns; in the presence of NanoGold triplex T3, 

the lifetime was increased to 0.79 ± 0.02 ns. This was certainly against the rule of FRET/NSET 

because in the presence of acceptor (NanoGold), the lifetime of donor should be decreased. The 

only explanation was that the environment the donor AF555 was in was changed. One possibility 

was that AF555 in triplex T1 had a different triplex forming efficiency as in triplex T3. The 

NanoGold particle may interfere with the triplex formation. When the triplex was dissolved in 

buffer, they dissociated. Triplex T1 may have more or less dissociation than triplex T3. 

FAM lifetimes were equally confusing. The triplex T2 represented the FAM lifetime as 3.60 

± 0.09; in the presence of NanoGold, the lifetime was increased to 3.65 ± 0.15 ns. 

To test whether Mg2+ or introns could cause conformational changes of the triplex, in the 

sample of triplex T3 in table 4.1, 20 mM Mg2+ or intron strand (in a 1:1 ratio to triplex) were added. 

There was no observed change of the AF55 lifetime. These data suggested that Mg2+ and intron both 

did not cause a measurable distance change between the NanoGold and AF555. 

In the sample of triplex T4, 20 mM Mg2+ or intron strand (in a 1:1 ratio to triplex) were 

added as well. There was no observed change of the FAM lifetime. These data suggested that Mg2+  



 100

 
 
 
 
Table 4.1 Lifetime and energy transfer efficiency results on design C. The symbol x indicated no 
results were reported. Lifetime of FAM was measured at the excitation of 300nm and emission at 520 nm; 
lifetime of AF555 was measured at excitation of 560 nm and emission of 580 nm. 

 

Pairing Combination τ FAM (ns) τ AF555 (ns) E 

T1  

× 
0.73 ± 0.03 

× 

T2  

3.60 ± 0.09 

× × 

T3  

× 

0.79 ± 0.02 <0? 

T4  

3.65 ± 0.15 

× 

<0? 

T5  

3.58 ± 0.19 0.64 ± 0.07 ? 
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and intron both did not cause a measurable distance change between the NanoGold and FAM. 

4.4 Discussion 

The objective of this chapter was to study the conformational changes of the U2-U6 snRNA 

complex upon binding with Mg2+, intron substrate and proteins which were known to interact with 

the branch site. The evidence for the conformational changes was sufficient for the hypothesis that 

key components in the complex were brought together in order for the splicing reaction to occur. 

There was a two-step plan regarding this research. The first step was to observe conformational 

change under a condition. The second step was to compare results from variant conditions to the 

condition under which conformational change happened. However, in the conditions tested for the 

three designs, distances did not change between the FRET and NSET pairs. 

From a negative result, it is intrinsically difficult to find out the reasons behind the failure to 

obtain a positive result. The possible reasons of why conformational changes were not observed are 

discussed as follows. 

Flaws in the experimental design: To gain insights in the possible complex conformational 

changes, three designs have been used. However, each design has its own flaws. For design A 

illustrated in Fig 4.2, there were two differences between design A and the natural U2-U6 snRNA 

sequence. First, the pentaloop on the U6 ISL was cut for the sake of probe labeling. This, on one 

hand may destabilize the complex; on the other hand, the pentaloop may possess some functions not 

known yet. RNA loops are known to play essential roles in interactions, such as RNA loop-loop 

interaction or metal ion binding. However, this was unlikely because in design B, no conformational 

changes even though the pentaloop was there. Second, the helix II region of the complex was 

enclosed with a loop. Again, this may also have two-fold influence. The loop may stabilize the 

complex. Four-way junctions are known to have flexible structures 114, especially in the U2-U6 

snRNA complex because a NMR structure has already shown the flexibility 66. On the other hand, 

the new loop may introduce an unwanted interaction. 

For design B illustrated in Fig 4.3, it followed the exact sequence of the natural U2-U6 

snRNA sequence. However, the distance between the two probes was too long (~90Å) to measure 

for ordinary FRET pairs. It may also not change because even there were two possible folding 

schemes; the first possibility was favored due to function relevance. The importance of the U6 ISL 
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was well known 38 while the function of helix II was still debatable 20. 

For design C illustrated in Fig 4.4, in addition to the removal of the U6 ISL pentaloop, the 

major problem was from the triplex formation of these three pieces. From the gel (Fig 4.7), the 

triplex formation efficiency was low. Even if the band cut from the gel was purified carefully, upon 

dissolving in buffer solutions, the three pieces may dissociate from each other again. From gel (Fig 

4.7), lane 7, there were several bands. The major band was DC32-DC46 dimer. The pure triplex 

would be dissociated again after it was dissolved in buffer. Thus, even the sample contained 1:1:1 of 

all three pieces, only a small portion was the triplex. This was also likely based on the lifetime 

results (Table 4.1) because donor lifetimes should go down if their environment was the same.  

The folding is hard to measure: The spliceosome is very complicated and dynamic and 

contains numerous proteins. As discussed in section 1.5, the protein-free splicing has a very low 

yield and a very slow rate of catalysis 22, 31. The low yield and slow rate may make bulk phase 

energy transfer methods not suitable to monitor the conformational changes. Only a small fraction 

of RNA underwent conformational changes. This made conformational changes hard to observe. 

Even though some proteins (p14 and SF3b155) were used in some of the measurements, it was far 

from constituting a natural spliceosome. We could conclude that p14 and this small segment of 

SF3b155 were insufficient to facilitate folding. However, including other factors to the study is a 

reasonable plan for the future, but is out of the scope of this current research. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTION 

 

 

5.1 Conclusions 

5.1.1 Tb3+ binding sites in the U2-U6 snRNA complex 

Metal ions play both catalytic and structural roles in ribozymes 47. The protein-free U2 and 

U6 snRNAs complex could catalyze reactions resembling the first step of splicing in the presence of 

metal ions 22, 31. The backbone at U74, the two G residues in the invariant ACAGAGA segments, 

and the A of the invariant AGC triad were suggested to bind specific magnesium ions by 

phosphorothioate substitution experiments. These results support that binding of Mg2+ in these 

regions is essential for structural or chemical activities associated with RNA splicing 23, 25, 26, 65. 

NMR experiments displayed changes in proton chemical shifts for U80, the yeast equivalent of U74, 

upon addition of Mg2+ to an RNA stem loop representing the ISL from S. cerevisiae 38, implying 

that this was a region of ion interaction. In the same report, pH-dependent metal ion binding of a 

bulged uridine of the U6 ISL was also suggested 38. 

Mg2+ and Ln3+ ions have been shown to occupy overlapping sites in a number of RNAs 58-60. 

In chapter two, we took advantage of the luminescence of Tb3+ by using Tb3+ bound on RNA as 

FRET donors. The metal ion binding sites are spectroscopically mapped out. 

The following is the binding scheme. When Tb3+ binds to a specific sites, its luminescence is 

enhanced several magnitudes because of sensitized excitation by RNA. Tb(IIII) which is not bound 

on RNA is hardly luminescent because of its low extinction coefficient. This excited Tb3+ then can 

transfer energy to an organic dye. By measuring the energy transfer efficiency, the distance between 

Tb3+ bound on RNA and the organic dye can be calculated. Because tr-FRET can resolve multiple 

lifetimes in one measurement, up to three metal ion binding sites were measured. The 
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pH-dependence of metal ion binding can also be measured because pH could turn on or off the 

metal ion binding. If the binding site is pH-dependent, at some pH values, the site can be identified; 

at other pH values, the site can not be identified. 

Using this approach, three regions of site-binding by Tb3+ in the U2-U6 snRNA complex 

were identified. One is located at the ACAGAGA loop; it is not pH-dependent in the pH range of 

5.6-7.2. The second is located in the vicinity of the four-way-junction structure, possibly associated 

with the AGC triad in the context of the intact junction structure; it binds metal ions at pH > 6 only. 

The third ion-binding site is located in the vicinity of U74 of U6 ISL; it binds metal ions at pH > 7 

and does not bind at pH lower than 7. 

5.1.2 Tb3+-RNA binding 

It is the first time that Tb3+ bound on RNA were used as FRET donors (chapter 2). In chapter 

three, characterization of the type of Tb3+ is investigated by using a GUAA loop as a model RNA 

system. Tb3+ and RNA binding has moderate binding affinity and Tb3+ luminescence is long. 

Several properties of the Tb3+ bound on RNA are found in the research in chapter three. 

The first property is that in order to use Tb3+ luminescence to represent the concentration of 

Tb3+ bound on RNA, which is in equation 3.1, a compensation factor ( τ

τ/

0

TeCF =  equation 3.6) should 

be used. After the compensation, Tb3+ luminescence is the preexponential amplitude shown as I0 in 

equation 2.7.  

However, most luminescence intensity can be approximately represent the concentration of 

Tb3+ bound on RNA because equation 3.6 do not change in situations such as no delay times, 

comparable short delay times and long lifetimes, and constant stable lifetimes. 

The other property is that there is a “diffusional equilibrium” process for the Tb3+ ion 

excitation and quenching process when it “chelated” binds a RNA molecule. At the time of the 

excitation, only “chelated” Tb3+ is excited (280nm) because of RNA aromatic groups act as 

sensitizers. Free Tb3+ at the time is only excited at a minimal level because of its low molar 

absorptivity. After the pulse, an equilibrium is reached between excited and unexcited Tb3+. Tb3+ 

displays a lifetime expressed by equation 3.9.  

5.1.3 Tb3+ bound on RNA as FRET donors 

In chapter three, the use of of Tb3+ bound on RNA as FRET donors is evaluated. Because of 
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moderate binding affinity between RNA and Tb3+, there is always some free Tb3+ in the system. The 

free Tb3+ will contribute to the diffusional energy transfer process. To minimize the effects, the 

practice of using low RNA concentration and low Tb3+ concentration is recommended. Doing this 

type of tr-FRET experiments also need to record RNA and Tb3+ concentrations to ensure the data 

accuracy. 

Using Tb3+ bound on RNA as FRET donors can help map out relatively strong metal ion 

binding sites in target molecules. Many RNAs can “chelated” bind with Tb3+ and enhance their 

luminescence 35. Some metallo-proteins also show the enhancement of specific bound Tb3+ 

luminescence. By using similar approaches as used in chapter three, “native” Tb3+ binding sites can 

be mapped out. The word “native” here does not mean Tb3+ binding occurs in biological conditions; 

it means Tb3+ can bind to these sites without modifications. 

5.1.4 Conformational change of the U2-U6 snRNA complex 

In chapter 4, the conformational changes of the U2-U6 snRNA complex upon binding with 

Mg2+, intron substrate and proteins which were known to interact with the branch site are studied. 

By labeling FRET and NSET probes in different sites of the complex, distance changes are 

monitored. In the conditions tested, distances did not change between the FRET and NSET pairs. 

5.2 Future directions 

5.2.1 Design a new class of FRET donors 

The success of using Tb3+ bound on RNA as FRET donors encourages one to imagine 

developing a new class of FRET donors. These FRET donors contain two components, a Tb3+ ion 

and a Tb3+ binding group. The Tb3+ binding group can be an organic molecule, a RNA motif, a 

DNA loop or a protein domain. The only requirement is that Tb3+ should have relatively tight 

binding with Tb3+ and the binding results in enhanced Tb3+ luminescence. 

In this sense, Selvin’s application of using EDTA-chelated Tb3+ as FRET donors is one 

approach of the second possibility 41. The Tb3+ binding groups contain two parts, an EDTA-like 

chelate group and an antenna aromatic group. They bind to Tb3+ with excellent affinity and 

luminescence enhancement. The drawback is that they have to be covalently linked to the target 

molecules. 

The candidates for the Tb3+ binding group part of the FRET donors are DNA, RNA or protein. 
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When the Tb3+ binding group is incorporated into its respective target molecule at a carefully 

chosen location, a FRET donor is created without covalent coupling. For example, a RNA based 

Tb3+ binding group can be incorporated into a carefully selected site on a RNA molecule by 

convenient ways of making RNA, such in vitro transcription or chemical synthesis; a DNA based 

Tb3+ binding group can be incorporated into a carefully selected DNA sequence; a protein based 

Tb3+ binding group can be incorporated into a protein sequence. The technology advancements of 

making these biological molecules help us incorporate these Tb3+ binding groups more easily than 

chemical modification. 

This class of donors contains two components, Tb3+ and a Tb3+ binding group. Tb3+ has poor 

absorption coefficient, thus, it is not a practical FRET donor by itself. Via sensitized excitation, 

lanthanide ion luminescence can be enhanced 4-5 orders of magnitude. The enhancement make Tb3+ 

attractive FRET donors. 

The advantages of using “native” specific metal ion binding sites as FRET donors are two 

fold. On one hand, metal ion binding sites can be mapped out on a molecule as our previous 

practice 48. On the other hand, protein or RNA based Tb3+ binding groups can be designed. They 

can be conveniently inserted into target molecules. 

The search for the lanthanide luminescence enhancement by DNA on Pubmed does not yield 

any results, suggesting using lanthanide ions to study DNA metal ion interaction is rare. The reason 

is that the predominately double helix forms and little structural variability of DNA. Using Tb3+ to 

probe RNA and protein metal ion interactions, however, are common. For example, a series of Tb3+ 

binding peptides were developed 91. In this chapter, only RNA based Tb3+ binding group is 

discussed. Tb3+ is used as a representative of Tb3+. 

With the advancement in aptamers (oligonucleotides or peptide molecules that bind a specific 

target molecule) research, new strong Tb3+ binding groups can be found. 

5.2.2 Measure conformational changes in the U2-U6 snRNA complex 

There are no conformational changes observed in chapter four. There are two possible 

reasons. One is that there are flaws in the experimental designs. For design A, there were two 

differences between design A and the natural U2-U6 snRNA sequence. First, the pentaloop on the 

U6 ISL was cut for the sake of probe labeling. This, on one hand may destabilize the complex; on 
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the other hand, the pentaloop may possess some functions not known yet. Second, the helix II 

region of the complex was enclosed with a loop. Again, this may also have two-fold influence. The 

loop may stabilize the complex. Four-way junctions are known to have flexible structures 114, 

especially in the U2-U6 snRNA complex because a NMR structure has already shown the flexibility 
66. On the other hand, the new loop may introduce an unwanted interaction.  

For design B illustrated in Fig 4.3, it followed the exact sequence of the natural U2-U6 

snRNA sequence. However, the distance between the two probes was too long (~90Å) to measure 

for ordinary FRET pairs. It may also not change because even there were two possible folding 

schemes; the first possibility was favored due to function relevance. The importance of the U6 ISL 

was well known 38 while the function of helix II was still debatable 20. For design C illustrated in 

Fig 4.4, in addition to the removal of the U6 ISL pentaloop, the major problem was from the triplex 

formation of these three pieces. The triplex formation efficiency was low. Even if the band cut from 

the gel was purified carefully, upon dissolving in buffer solutions, the three pieces may dissociate 

from each other again. From gel (Fig 4.7), lane 7, there were several bands. The major band was 

DC32-DC46 dimer. The pure triplex would be dissociated again after it was dissolved in buffer. 

Thus, even the sample contained 1:1:1 of all three pieces, only a small portion was the triplex. This 

was also likely based on the lifetime results because donor lifetimes should go down if their 

environment was the same. Thus, to overcome this problem, new constructs should be designed. 

The other problem is that the folding is hard to measure: The spliceosome is very 

complicated and dynamic and contains numerous proteins. As discussed in section 1.5, the 

protein-free splicing has a very low yield and a very slow rate of catalysis 22, 31. The low yield and 

slow rate may make bulk phase energy transfer methods not suitable to monitor the conformational 

changes. Only a small fraction of RNA underwent conformational changes. This made 

conformational changes hard to observe. Even though some proteins (p14 and SF3b155) were used 

in some of the measurements, it was far from constituting a natural spliceosome. We could conclude 

that p14 and this small segment of SF3b155 were insufficient to facilitate folding. Thus, the future 

direction about this problem is to include other factors to the study this project. 
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APPENDIX: COMMON LABOTORY PROTOCOLS 

 

 
I PAGE (polyacrylamide gel electrophoresis) 
Denaturing PAGE: 
1: make 15% denaturing gel stock solution: 
Acrylamide:  145 g 
Bis-Acrylamide: 5 g 
Urea:   420.4 g (to 8M) 
Tris base:   12.11 g (to 90 mM) 
Boric Acid:   5.56 g (to 90 mM) 
EDTA:    0.37 g (to 1 mM) 
Add water while adjusting pH at ~7 to 1 L. 
Acrylamide:Bis-Acrylamide should be 29:1. 
Percentage is calculated by (145+5)/1000×100%=15%. 
Other % can be made by varying the amounts of Acrylamide and Bis-Acrylamide. 
2: made 10% APS 
Dissolve ammonia persulfate 10 g in 100 mL water; store in -20 ˚C. 
3: make 15% PAGE gel 
Gel mix from step 1: 10 mL 
80 µL APS from step 2 
7.6 µL TEMED 
Run the gel in TBE buffer 
 
Non-denaturing PAGE: 
1: make 30% Acrylamide/Bis-Acrylamide solution (generally commercial availabe) 
Acrylamide:  145 g 
Bis-Acrylamide: 5 g 
Add water to 1 L. 
2: make 15% gel 
30% gel stock from step 1: 5mL 
Water: 4 mL 
10×Tris-HEPES buffer: 1 mL (final 1×) 
10% APS: 80 µL 
TEMED: 7.6 µL 
Other % just change gel stock volume, adjusting with water. 
Run the gel in Tris-HEPES buffer in cold room. 
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II RNA in vitro transcription 
1: make 10×OMg buffer, store in -20 ˚C 
0.4 M Tris-HCl pH7.5 
10mM Spermidine 
0.1% Triton-100 
50mM DTT 
DEPC-H2O 
2: transcription condition 
OMg     1× 
NTP      3-5 mM 
GMP      5 mM 
MgCl2      15-25 mM 
DNA template   0.2 µM 
T7 RNA polymerase  1× 
 
T7 promotor sequence 
5’-GTAATACGACTCACTATAGGGC-3’ 
3’-CATTATGCTGAGTGATATCCCG-5’ 
 
Make NTP solution: 
Dissolve in 10 mM Tris-HCl, pH8.0, 
Then use NaOH to adjust to pH7.0 
 
 
III buffers and solutions 
 
PBS, pH7.4 
NaCl 8g 
KCl  0.2g 
NaH2PO4 1.44g 
KH2PO4 0.24g 
H2O 800 mL 
Adjust to pH7.4, to 1L. 
 
TE, pH8.0 
Tris-HCl 10mM 
EDTA  1mM 
 
EDTA solution 
Dissolve in pH8.0, 
 
Any sulfonic acid buffers are sterilized by filters, not by autoclave 
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RNA loading buffer 
Deionized formamide  95% (V/V) 
Bromophenol Blue  0.025% (V/V) 
Xylen Cyanol FF   0.025% (V/V) 
EDTA     5mM 
SDS     0.025% (V/V) 
 
DEPC-H2O: RNase free water 
1: add 0.1 mL to 100 mL water, shake vigorously 
2: incubate for 12 hours at 37˚C. 
3: autoclave to break down DEPC. 
Tris buffer: dissolve Tris buffer in DEPC-H2O, can not mix DEPC and Tris directly 
 
Make Tb3+ solution 
1: Tb2O3 dissolve in HClO4, heat and stir, boil down 
2: dissolve in water, vacuum-dry down three times, dissolve in water, keep at room temperature, 
stock concentration should be lower than 0.1 M, pH 2~3 
3: put 1 mL Tb3+ solution in a beaker, add solid powder of hexamethylene-tetraamine as buffer, stir, 
adjust to pH5~6 
4: add a drop of 0.1 % Xylenol Orange as indicator 
5: titrate pH8 EDTA solution, end point: red to yellow suddenly 
 
 
VI ethanol precipitation of nucleic acids 
1: add 10% sample volume of 3M sodium acetate 
2: add 100% ethanol 2-2.5 times of sample volume to DNA or 3 times to RNA 
3: vortex, 30-60 min at -20 ˚C. 
4: centrifuge 10k rpm for 60 min 
5: remove supernant, keep precipitate, wash with cold 70% ethano 
6: centrifuge 10k rpm for 5 min  
7: keep precipitate, air dye for 10 min 
8: redissolve in DEPC-water and keep in -20 ˚C. 
 
 
V couple probes to amine or thiol labeled RNA 
i: pre-treat amine or thiol labeled RNA 
1: dissolve in DEPC water, chloroform extraction three times using phage lock gel 
2: ethanol precipitation 
3: dissolve to concentration of 25 µg/µL water, store in -20 ˚C. 
 
ii: label dyes from Molecular Probe to amine modified RNA 
1: make fresh 0.1 M sodium tetraborate buffer by dissolving 0.038g of sodium tetraborate 
decahydrate for every mL of water, adjust pH to 8.5. store at -20 ˚C if not  in use. 
2: freshly dissolve 250 µg dye in 14 µL DMSO 
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3: add the following to the tube in step 2, mix these gently at room temperature for at least 6 hours 
*7µL water 
*75µL buffer 
*4 µL 25 µg/µL RNA 
4: purification by PAGE 
 
iii: label dyes from Molecular Probe to thiol modified RNA 
1: dissolve thiol modified RNA at 50-100 µM at room temperature in suitable buffer (10-100 mM 
phosphate, tris or HEPES buffer pH 7-7.5). 
2: add DTT (or TCEP if using maleimide) to keep thiol in reduced form, 24hours 
3: Nap-5 desalting/buffer exchange column to clean up DTT (TCEP) 
4: make fresh 1-10 mM dye solution in DMSO or water. 
5: mix and react at 4˚C or room temperature for two hours 
5: purification by PAGE 
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