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ABSTRACT 

The works discussed within this dissertation explore two major 

considerations. The first of which explores key structural conformations within the 

branch site helix that are critical for ribonucleic acid (RNA) splicing.  The branch 

site helix is formed by pairing U2 snRNA and intron from S. cerevisiae including a 

phylogenetically conserved pseudouridine (ψ) in U2 snRNA indicates that the 

branch site adenosine (A) of the intron strand is extruded from the helix and 

participates in a base triple (Newby and Greenbaum 2002a).  Conformational 

changes experienced by the branch site adenosine (A), which is responsible for 

the first step in splicing, were observed by altering base triple formation.  The 

function of the base triple was unknown , yet was thought to be  a critical 

component for proper positioning of the branch site A, given its proximity within 

the branch site helix.  2-aminopurine fluorescence spectroscopy and nuclear 

magnetic resonance (NMR) were used to establish qualitative and quantitative 

structural data, respectively, of the branch site A and the branch site helix 

(Nelson and Greenbaum 2006).  These data show that the introduction of an AU 

→ UA mutation to the base triple were consistent with a stacked intrahelical 

conformation of the branch site A (Nelson and Greenbaum 2006). In order to 

obtain atomistic details of these solution structures, molecular dynamics 

simulations were used.  A novel and innovative sampling strategy known as 

orthogonal space random walk (OSRW) (Zheng, Chen, Yang 2008; Zheng, 

Chen, Yang 2009) was utilized to efficiently calculate the free energy differences 

between conformational states of interest by using alchemical transitions to 

flipping uridine or ψ 180º at the phylogenetically conserved position.  These data 

show that uridine significantly prefers it canonical conformation, where ψ may 

assume either conformation.  Base flipping of the branch site A was quantified by 

using a new algorithm known as multi-time scale technique (MTST) (Lv, Nelson, 

Yang 2010).  Information about this type of phenomenon are of significant 

importance, given this is common strategy of enzymes and other binding protein 

to acquired access to chemical relevant nucleic acids.  Data obtained in these 

studies indicated that ψ encourage base flipping through the major groove and is 



 xiii

energetically more favored as opposed to uridine.  Uridine favors flipping of the 

branch site A toward the minor groove and energetically less favored.  These 

data identify an energetically favored structural conformation, in the presence of 

ψ, that is highly probable to interact with other branch site proteins which affect 

the efficiency of splicing. 

In the second half of these works, an evaluation of metal binding in iron-

dependent repressors found in Tuberculosis (TB) and Diphtheria Toxin (DT) was 

conducted.  Interestingly, crystal structures for these repressors have been 

solved under several divalent metal ionic conditions with similar overall structure 

and metal ion coordination (Wang and others 1999; White and others 1998; 

Wisedchaisri, Holmes, Hol 2004).  Semavina et al. and Stapleton et al. were able 

to detect cooperative and non-cooperative behaviors between various divalent 

metal ions using equilibration dialysis and fluorescence (Semavina, Beckett, 

Logan 2006; Stapleton and Logan 2010).  OSRW was use to calculate the free 

energy difference upon divalent metal binding in various site in the repressors in 

order to understand cooperatively and the order of metal binding.  These data aid 

in corroboration of data established in experimental approaches.  The repressor 

found in TB has two possible pathways to bind nickel. The second of which 

seems to be the most favorable. 
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CHAPTER 1 

 
 

STRUCTURAL INVESTIGATION OF MUTATED SPLICEOSOMAL U2 SNRNA-

INTRON HELICES: IMPORTANCE OF AN RNA BASE TRIPLE IN 

POSITIONING OF THE BRANCH SITE ADENOSINE WITHIN THE 

SPLICEOSOMAL CATALYTIC CORE 

The chapter will provide an overview of the phenomenon of the 

spliceosome, with emphasis on its role in critical biological function.  Sections in 

Chapter 1.1 will introduce the core concepts of biology, detail the splicing 

process, and explain the reaction mechanism of splicing. This chapter also 

explores spliceosome assembly, critical RNA-RNA interactions needed for 

splicing, and reveal key features of the pre-mature messenger RNA helix (pre-

mRNA) and the branch site adenosine.  Structural features of two solution 

models of the pre-mRNA helixes, with emphasis placed on an interesting base 

triple, will conclude the introduction. 

Chapter 1.2 and Chapter 1.3 explore experimental studies conducted to 

unveil the structural importance of the base triple of the branch site helix located 

within the catalytic core of the spliceosome.  The branch site helix, more 

specifically the 2’OH of the branch site adenosine (A), is responsible for the first 

step of splicing.  Nuclear magnetic resonance (NMR) data showed a base triple 

located near the branch site A which suggested it may be important for 

buttressing the proper position of the nucleophille (Newby and Greenbaum 2001; 

Newby and Greenbaum 2002a).   

 

1.1 The Spliceosome, Branch Site Helix, and Base Triple 
 

1.1.1 The Central Dogma 

 The central dogma of biology, Figure 1, states that “the coded genetic 

information hard-wired into DNA is transcribed into individual transportable 

cassettes, composed of messenger RNA (mRNA); each mRNA cassette contains 

the program for synthesis of a particular protein (or small number of proteins)”  
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Figure 1. The central dogma of biology as modified from Nucleic Acid Database 
entries 1NXL, UR0027, and PD0005. DNA is transcribed into mRNA.  mRNA is 
then translated into proteins which have various functions.   
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(Lodish and others 1999).  In other words, DNA codes for all components 

required for development and function in all known living organisms and some 

viruses. It gets transcribed into RNA, in particular mRNA.  mRNA is then 

translated into a protein that has various duties which can include biochemical 

reactions, digestion, metabolism, and structural and mechanical functions.   

 

1.1.2 Splicing Process 

 The non-coding regions of the pre-mature messenger RNA (pre-mRNA), 

known as introns, are excised and the coding regions that flank the introns, or 

exons, are ligated together, thus forming a mature mRNA, a process referred to 

as splicing.  This process required four general steps: transcription, 

endonuclease cleavage, polyadenylation, and RNA splicing.  From 5’ to the 3’ 

end, the initial substrate is DNA that contains introns, exons, poly (A) site, and 

termination sites, Figure 2.  DNA is transcribed into a pre-mRNA.  Shortly after 

the pre-mRNA is generated, it is capped at the 5’ end.  Endonuclease cleavage 

ensues and removes all bases from the poly adenosine (A) site of the 3’end.  In 

the polyadenylation step, 100 to 250 A’s are added to the 3’ end of the pre-

mRNA.  Lastly, RNA splicing occurs thereby removing the non-coding, intronic 

sequences and ligating the coding, exonic sequences together, thus generating a 

mature messenger (mRNA).  It is this product that goes on to be translated into 

proteins. 

 

1.1.3 Two Transesterification Reactions 

 Mechanistically, consensus sequences around the 5’ and 3’ splice sites of 

pre-mRNA undergo splicing via two sequential transesterification reactions, 

Figure 3 (Lodish and others 1999). In Figure 3, exons are labeled in red and the 

intervening intron sequence is represented by black line and font. The first 

transesterification reaction at the 5’ splice site occurs when the phosphate of the 

5’ exon undergoes nucleophilic attack by the 2’ hydroxyl of a conserved 

adenosine residue of the intron, called the branch site A (blue text).  A 5’ exon 

with a free 3’OH is generated.  The second transesterification reaction is initiated  
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Figure 2. The splicing process. From 5’ to 3’DNA features non-coding introns 
(green), coding exons (blue), poly (A) site, and termination sites (grey).  Through 
a process know as transcription, a pre-mRNA is generated.  Exons are now 
represented in a different color (red).  Shortly after, pre-mRNA is capped at its 5’ 
end.  Endonuclease cleavage ensues, removing all bases past the poly (A) site 
from the 3’ end.  In the polyadenylation step, 100 to 250 adenines are added to 
the 3’ end.  In a final step, RNA splicing excises the introns and ligates the exons 
together, thus generating a mature messenger RNA (mRNA) that codes of 
proteins. 
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Figure 3. Splicing transesterification reactions.  Pre-mRNA splicing occurs via 
two transesterification reactions around consensus sequences.  Exons (red) are 
linked by intervening intronic sequences (black lines).  In the first step, the 2’OH 
of branch site A (blue) acts as a nucleophille and attacks the 3’ end of exon 1, 
generating a free 3’OH group.  The free 3’OH of exon1 then attacks the 5’ end of 
exon 2.  Thus, a ligated exonic product is generated, know as a mature 
messenger RNA (mRNA) and a branch intronic sequence that get degraded and 
recycled.    
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when the 3’OH of the free 5’ exon attacks the 3’ splice site, thus forming a 3’-5’ 

phosphodiester bond to yield a ligated mature RNA product.  A 2’-5’ 

phosphodiester bond in formed between the 5’ end of the intron and the branch 

site adenosine, forming a lariat structure.  This intronic lariat gets degraded and 

recycled. 

 

1.1.4 Spliceosome Assembly 

 The spliceosome is the biomolecular machinery responsible for catalysis 

of pre-mRNA splicing in eukaryotic nuclei.  The major spliceosome in yeast is 

formed by recognition and rearrangement of five small nuclear ribonucleoprotein 

particles (snRNPs) which are comprised of five uridine (U)-rich small nuclear 

RNAs (snRNAs) known as U1, U2, U4, U5, U6 and ~150 proteins (Steitz and 

others 1988).  In the first recognition step, U1 snRNP binds to the 5’ end splice 

site (i.e. the 3’ end of exon 1) as well as binding of two splicing factors, 

branchpoint bridging protein (BBP) and Mud2p to the consensus branch site 

sequence (BSS) of the intron, Figure 4, step 1 (Helmholtz 2010).  In an ATP-

dependent manner, BBP and Mu2p are dislodged.  U2 snRNP, then binds to 

BBS, Figure 3, #2.  This complex is known as the pre-spliceosome.  A second 

ATP is catalyzed and U1 snRNP is dislocated from the 5’ end splice site by 

binding of U5 snRNP and U4/U6 snRNP complex, Figure 4 #3.  There is a 

structural rearrangement and interaction between U2 and U6 snRNP and U4 

snRNP is displaced from U6 snRNP, Figure 4, step 4.  This forms the complex 

known as the spliceosome.  A third ATP comes in and the first transesterification 

reaction step occurs, labeled 1st TER in Figure 4, step 5 (also see Figure 3). 

There is structure rearrangement of U5 snRNP to coordinate the exons to 

prepare to the second transesterification reaction, labeled 2nd TER in Figure 4, 

step 5.  The fourth and final ATP reacts and the second reaction occurs (also see 

Figure 3).  The products generated are the branched intronic sequence and the 

ligated exons, or mRNA Figure 4, #6.  For the remainder of this section, focus will 

be placed on step 3 in the process.  More specifically, the area of interest will be 

on U2 snRNA and intron interactions. 
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Figure 4. Spliceosome assembly (Helmholtz 2010).  Spliceosome assembly is a 
multi-step process that requires recognition and rearrangement of several RNA 
and proteins. 
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1.1.5 Critical RNA-RNA Interactions 

 The spliceosome is known as a ribozyme according to some leaders in the 

field (Valadkhan 2005; Valadkhan 2007; Valadkhan and others 2007; Valadkhan 

and Manley 2009; Valadkhan and others 2009).  This collection of results 

strongly suggest that the only required elements to complete the two 

transesterification reactions are U2 and U6 snRNA, without the presence of 

some 200 proteins. This indicates that the proteins are believed to only be 

needed for efficiency.  However, some believe that the “ribozyme hypothesis” 

needs a second consideration, especially due to lack of a high-resolution 

structure (Butcher and Brow 2005; Butcher 2009).  Samuel Butcher argues that 

there are two major considerations that are unaccounted for: 1. the spliceosome 

contains ~200 proteins that are essential for splicing (Brow 2002) 2. The 

uncatalyzed rate of RNA ligation in vitro is significant when measured over hours 

(Bartel and Szostak 1993).  Despite the skepticism, there is mounting evidence 

that suggest U2 and U6 snRNA may contribute to splicing catalysis of pre-mRNA 

splicing (Butcher and Brow 2005).  Therefore, efforts to understand critical RNA-

RNA and RNA-protein interactions have gained significant attention (Abelson and 

others 2010; Ritchie and others 2008; Ritchie, Schellenberg, MacMillan 2009; 

Ryan and Abelson 2002; Ryan and others 2004; Schellenberg and others 2006; 

Schellenberg, Ritchie, MacMillan 2008; Valadkhan and Manley 2001).   

 Tertiary interactions have been detected in U2-U6 snRNA complexes, 

Figure 5 (Ryan and Abelson 2002; Ryan and others 2004; Valadkhan and 

Manley 2000).  U6 snRNA is the most highly conserved of all snRNAs.  During 

spliceosome assembly, U6 snRNA forms an intermolecular stem loop (ISL), 

Figure 5 (Shukla and Padgett 2001).  Evidence suggests that the ISL relocates to 

the catalytic core during the splicing process (Ryan and others 2004; Valadkhan 

and Manley 2000).  U2 snRNA complementary base pairs with several regions of 

U6 snRNA and also forms a smaller intramolecular stem loop.  Both U2 and U6 

snRNA pair with highly conserved regions of the intron prior to the first step of 

splicing. However, Butcher only agrees that an RNA complex derived from the 

spliceosome can perform a reaction that resembles splicing (Butcher 2009). 
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Figure 5. RNA-RNA interactions as modified from (Valadkhan and Manley 2000). 
Proposed critical RNA-RNA interactions are comprised of U2 and U6 snRNA. U6 
snRNA forms a larger intramolecular stem loop (ISL) during the assembly 
process. U2 snRNA form a more modest ISL.  The intron pairs with consensus 
regions of both U2 and U6 snRNA.  The catalytic core of the spliceosome is 
comprised of conserved hydrogen base pairing between U2 snRNA and the 
intron (red circle).  
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Emphasis will be placed on the catalytic core consisting of pairing of U2 snRNA 

to the intron known as the pre-mRNA branch site helix, labeled with a red circle 

in Figure 5. 

 

1.1.6 Features of Pre-mRNA Branch Site Helix 

 The pre-mRNA branch site is formed by pairing of U2 snRNA with a region 

of the intron which results in a short helix with an unpaired adenosine with either 

a uridine or pseudouridine (ψ) located across from the unpaired adenosine.  Both 

base paired (BP) sequence representations are shown below as uBP and ψBP in 

Figure 6.  The unpaired adenosine (A) is known as the branch site A, as 

indicated by red circles in both sequences.  The branch site A is of particular 

importance because its 2’OH (red circle middle image of Figure 6) is responsible 

for the first step of the splicing reaction (bottom image Figure 6).  

 The presence of ψ at this highly conserved position is also a key element 

of the pre-mRNA branch site helix.  It is one of over one hundred chemically 

distinct and site-specific posttranscriptionally modified nucleotides found in RNA, 

as opposed to the four canonical nucleotides (Hamma and Ferre-D'Amare 2006; 

Rozenski, Crain, McCloskey 1999).  It is formed by the isomerization of uridines 

by pseudouridylase.  Pseudouridylase cleaves the standard N-C glycosidic bond 

and rotates uridine (U) 180º about its 3-6 axis, Figure 7. As a result, N1, indicated 

by the pink arrows, of in U is now capable of engaging in hydrogen bonding in its 

new position in ψ.  Another feature is a unique glycosidic bond. The enzyme re-

attaches the base to form a C-C glycosidic bond between C5, orange arrows, 

and the ribose. 

 All of the biological functions and details of ψ formation are unknown, 

however it is naturally occurring.  Sites of pseudouridylation are highly conserved 

throughout phylogeny.  Ψ bases are often located near functionally important 

regions of cellular RNAs. Ψ residues are the only nucleotides that have C-C, 

base-ribose bonding.  It is the most common RNA base modification (COHN and 

VOLKIN 1951) and believed to help stabilize flexible RNA motifs (Hamma and 

Ferre-D'Amare 2006).  Ψ has also been linked with increases in thermostability 
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Figure 6. Features of the pre-mRNA branch site helix.  The pre-mRNA brand site 
helix is formed by paring of U2 snRNA with the intron, labeled as uBP and ψBP.  
This pairing results in an unpaired adenosine (A), labeled A24 in both sequences.  
This adenosine is known as the branch site A.  The branch site A is of significant 
importance because it is its 2’OH group (red circle, middle image) that is 
responsible for the first transesterification reaction in the splicing process (bottom 
image). 
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Figure 7. Formation of pseudouridine(ψ). The formation of ψ is a result of the 
isomerization of uridine (U) by the enzyme pseudouridylase. Pseudouridylase 
cleaves the glycosidic bond of a canonical uridine (pink arrow), rotates the base 
about its 3-6 axis, and reattaches the base to form a new C-C glycosidic bond 
(orange arrow).  The product formed is pseudouridine (ψ).   
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(Hamma and Ferre-D'Amare 2006). 

 

1.1.7 Structure of the Pre-mRNA Branch Site 

 Because of the pivotal role played by RNA components of the branch site 

region in recognition and catalytic events in splicing, determination of structural 

features is important.  Two solution structures of the pre-mRNA branch site 

region from the yeast S. cerevisiae were solved by NMR (Newby and 

Greenbaum 2001; Newby and Greenbaum 2002a).  One is in the presence of 

uridine and the other in the presence of pseudouridine (ψ).  If uridine (U6) is 

located at the highly conserved position in the U2 snRNA strand (Figure 8, top), 

the corresponding structural model (middle) shows that U7 engages in hydrogen 

bonding with the branch site A (A24) and the adenosine adjacent its 5’ end (A23).  

Therefore, all bases are stacked within the helix.  However, when the U2 snRNA 

included a ψ residue (ψ6) in a phylogenetically conserved location (Figure 9, top), 

which is known to increase thermostability and/or enhance specificity of RNA-

ligand interactions (Lane 1998), models (middle) were characterized by the 2’OH 

of the branch site A (A24) in a reverse orientation exposed in the major groove 

(bottom, right).  The U2 strand adopted conventional A-type parameters, yet the 

intron strand displayed chain reversal at the branch site level.  As a result, the 

branch site A adopted an extrahelical conformation, stabilized by formation of a 

base triple between the branch site A’s N2H and the minor groove edge of an 

A(U2 strand)-U(intron strand) base pair two positions upstream.  More 

specifically, the H61 amino hydrogen of the unpaired branch site A is positioned 

to form a hydrogen bond with N3 of base paired A and the H62 amino hydrogen 

of branch site A is able to form a hydrogen bond with the 2’ oxygen of the ribose 

ring of base paired A (Newby and Greenbaum 2002b).  The intervening bases, ψ 

(U2 strand) and branch site A (intron strand), are partially stacked and do not 

form a Watson-Crick base pair (Newby and Greenbaum 2001; Newby and 

Greenbaum 2002a) (Figure 8).  Conversely, the AU base pair involved in the 

base triple and the GC base pair on the opposite side of the branch site residue 

adopted canonical Watson-Crick base pair characteristics. 
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Figure 8. Solution structure of uBP as modified from (Newby and Greenbaum 
2001; Newby and Greenbaum 2002a). A uridine (U6) is located at the highly 
conserved position in the U2 snRNA strand (top). The corresponding structural 
model (middle) shows that U7 engages in hydrogen bonding with the branch site 
A (A24) and the adenosine adjacent its 5’ end (A23).  This model indicates that all 
bases are stacked within the helix. 
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Figure 9. Structural model of ψBP as modified from (Newby & Greenbaum, 
2002).  In this structure, a pseudouridine (ψ6), a highly conserved position in the 
U2 snRNA strand, is located juxtapose to the branch site A (A24).  The 2’OH of 
the branch site A (A24) in a reverse orientation exposed in the major groove 
(bottom, right).  Interestingly, a base triple is formed between A24 and a 
conserved A-U base (A7-U22).  The presence of ψ and the base triple are 
believed to help properly position the branch site A out of the helix. 
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This motif allowed the 2’OH of the branch site A to become solvent exposed, in 

contrast with all other ribose groups which were stacked into the helix. 

Conservation of branch site A is 100% in yeast and mammals.  The AU base pair 

is found 100% of the time in yeast and ~90% in mammals and a GC base the 

remaining time in mammals, thus a purine-pyrimidine base pair orientation 100% 

conserved.  Splicing assays which reverse the highly conserved AU base pair 

(i.e. AU→UA) has shown a significant decrease in wild type splicing efficiency 

(McPheeters and Abelson 1992).  Conservation of RNA sequences in the branch 

site region suggests that ability to form this base triple motif is important to 

stabilize the position of the branch site base for the chemistry of splicing and/or 

recognition processes during spliceosome assembly, thus proper positioning of 

the 2’OH of the branch site A is critical for splicing and/or splicing efficiency. 

 

1.1.8 Base Triple 

 The base triple is formed by hydrogen bonding between the branch site A 

(A24) and an AU Watson-Crick base pair (A7-U22), Figure 10 (also see Figure 9, 

bottom, left) (Newby and Greenbaum 2002a).  More specifically, the H61 amino 

hydrogen of the unpaired branch site A (A24) is positioned to form a hydrogen 

bond with N3 of base paired A (A7) and the H62 amino hydrogen of branch site A 

is able to form a hydrogen bond with the 2’ oxygen of base paired A (Newby and 

Greenbaum 2002a). Therefore, the purine-pyrimidine AU (A7-U22) base pair is 

believed to favor base triple formation that establishes the branch site A’s 

extrahelical conformation.  In this study, the structural implications of the base 

triple in the branch site helix in the ψ-modified and unmodified RNA sequences 

that represent spliceosomal U2 snRNA-intron branch site helices of 

Saccharomyces cerevisiae were addressed by discouragement or restoration of 

the base triple by various site-specific mutations.  

 

1.1.9 Summary 

 The spliceosome plays a central role in the central dogma of biology and 

several lines of research data have been collected over the years.  Experimental 
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Figure 10. The atomic structure of the base triple moiety. The image of the base 
triple is modified from (Newby & Greenbaum, 2002). The base triple of the 
spliceosome consists of a canonical Watson-Crick base pair between A7 and 
U22 and hydrogen bonding interaction between A7 and A24, the branch site A. 
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data including phylogenic, mutational, and biochemical studies as well as NMR 

structures have opened doors for future studies.  These data have lead to 

refinement of the branch site and its nucleophile.  The importance of ψ in the U2 

snRNA strand has long been discussed and a number of views have been 

presented.  However, a comprehensive understanding of the role the base triple 

and base flipping of the branch site A has yet to be introduced.   

 Data presented in chapters 1.2-1.3 provide information about the 

importance of the base triple through the use of 2-aminopurine fluorescence and 

NMR experiments (Nelson and Greenbaum, 2006).  The first studies analyze the 

relative position of adenosines in the branch site helices which discourage and 

recover base triple formation.  These studies were confirmed by 2-aminopurine 

fluorescence an NMR.  Assignments of chemical shifts for exchangeable and 

non-exchangeable protons in mutated ψ-modified constructs were made and 

compared to native constructs.  NMR was also used to determine conformational 

features of branch site duplexes from NOE patterns. Lastly, backbone 

conformation is described by 31P chemical shifts and ribose puckers. 

 

1.2 Analysis of the Relative Position of Adenosines in the Branch Site 

Helices by Fluorescence Spectroscopy Using 2-aminopurine 

 

     In order to investigate the conformation of specific adenosine residues in the 

intron strand of duplexes representing the native and mutated branch site 

sequences, we monitored fluorescence of a blue fluorescent analogue of 

adenine, 2-aminopurine (2AP), which was substituted for the branch site 

adenosine or its 5’ neighbor.  2AP is particularly useful because it forms 

hydrogen bonds with uracil that are comparable to the normal AU Watson-Crick 

base pair.  2AP acts as a suitable reporter for adenine conformation as its 

fluorescence intensity is quenched when 2AP is stacked between neighboring 

nucleotides and not by hydrogen bonding (Rachofsky, Osman, Ross 2001).  

Also, 2AP fluorescence is enhanced considerably when the fluorophore is 

exposed to solvent (Jean and Hall 2001; Millar 1996).   
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1.2.1 Experimental Details 

1.2.1.1 Sample Preparation of 2-aminopurine Experiments 

     Relative intensity profiles of 2-aminopurine (2AP) incorporated in native and 

mutated branch site constructs.  Variations of U2 snRNA and intron strands that 

comprise all duplexes were combined in aqueous buffer of 10 mM NaPi, pH 6.4, 

0.1 mM EDTA and 1M NaCl.  Each RNA strand had a concentration of ~4.5 µM, 

with minimal excess of non-2AP strand to avoid unbound 102AP strand in solution. 

All emission spectra were recorded at an excitation wavelength of 280 nm.   The 

native ψ-modified construct (ψBP2AP), single stranded intron (102AP), and 

complementary duplex (10+102AP), were used as standards.  All standards 

showed comparable intensities from previous data (Newby and Greenbaum 

2002a). Those adenosine bases that were substituted with 2AP are marked by 

blue circles, Figure 11. Any and all mutations or variations made to positions 7 

and 22 in these sequences are marked by those bases shown in red font, Figure 

11.  Base shown in grey text were used for stabilization. All sequences were 

normalized against the sequence containing the conserved ψ modification 

(ψBP2AP).  The initial set of experiments observed helices that were designed to 

discourage base triple formation.  This was accomplished by reversal of 

orientation of native AU base pair to UA (red text, Figure 11), which would result 

in a different arrangement of hydrogen bonding donor and accepters in the minor 

groove.  In particular, the amino group (NH2) of the branch site A which hydrogen 

bonds with the N3 and 2’O of adenine would likely not form similar interactions 

with a uridine residue across the face of the helix. 

 

1.2.1.2 Data Collection 

     The quartz fluorometer micro rectangular cells used had dual path, 2mm x 

10mm, with top stopper from Starna Cells, Inc. (Atascardero, CA) for data 

collection for thermal studies.  Each cell was 750 µL in volume, had 4-sides, and 

was translucent.  Fluorescence excitation profiles were scanned over a range of 
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Figure 11.  Construct designs of U2 snRNA-intron base pairing interactions that 
represent the branch site region of the catalytic core of the yeast spliceosome 
used for 2-aminopurine (2AP) fluorescence spectroscopy as modified from 
Nelson and Greenbaum, 2006. 2AP was substituted for the branch site 
adenosine marked by blue circles.  Bases shown in grey were added for stability.  
Those bases in black are those bases found in native sequences.  Red text 
indicates mutations at positions 7 and 22 of U2 snRNA (upper strands) and the 
intron (lower strands), respectively.  All bases are base paired with exceptions of 
open circles represent hydrogen bonding and bulged regions.   
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200-850 nm at least 5 times for each sample using maximum excitation 

wavelength values determined from the excitation profiles.  All fluorescence data 

were processed in Microsoft Excel (Microsoft, Inc.) and Sigma Plot 8.0 for 

Windows (Microsoft, Inc.). 

 

1.2.2 Results 

1.2.2.1 Conformation of Mutated Constructs (AU       UA) 

     Consistent with the extrahelical conformation for the branch site A in the ψ-

modified branch site duplex, fluorescence of 2AP substituted for A is high for 

construct (ψBP2AP, black)(n=1), shown in Figure 12.  In contrast, 2AP 

fluorescence in a complementary helix (10+102AP) is quite low, only 16% of the 

intensity shown in ψ-modified duplex, shown in green.  The 2AP fluorescence in 

the unmodified branch site duplex (data not shown) or single-stranded(ss) 

(yellow) RNA in which it is predominantly stacked but conformationally 

heterogeneous and dynamic (Newby and Greenbaum 2002a).  Its intensity was 

54% that of ψBP2AP.  2AP fluorescence in the mutated construct (i.e. AU → UA) 

that contained ψ-modification in the U2 strand (mψBP2AP), shown in orange, 

emitted relatively low trace intensity which was only 46% than that of the ψ-

modified construct (ψBP2AP).  Fluorescence of analogous mutated duplex without 

the ψ-modification (muBP2AP) also had low fluorescence intensity as compared to 

ψBP2AP as well (grey).  Its relative intensity was 41% than that of ψ-modified 

construct (ψBP2AP).  Data from both helices show that the branch site A was in a 

predominantly intrahelical conformation in the mutated sequences.  These data 

support the hypothesis that formation of the base triple is important for 

extrahelical conformation of the branch site residue. The intensity emissions 

range from ±5 atomic units (a.u.). 
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Figure 12.  (AU→UA) Mutations of the branch site helix as modified from Nelson 
and Greenbaum, 2006.  Data of the branch site A in the mutated ψ-modified 
(mψBP2AP) and unmodified constructs (muBP2AP) are shown in orange and grey, 
respectively.  These data clearly show an intrahelical or stacked conformation of 
the branch site A (A24) in constructs mψBP2AP and muBP2AP. 
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1.2.2.2 Conformation of Mutated Constructs (AU       GC) 

     We then tested the effects of base pair switch AU→GC, which is present 10% 

of the time in mammals, shown in Figure 13.  If our hypothesis is correct that the 

proper presentation of hydrogen bond acceptors in the minor groove by a purine-

pyrimidine pair favors base triple formation which stabilizes extrahelical branch 

site A conformation, then the G7C22 base pair should restore the extrahelical 

position of the branch site A.  Sequences tested for in these experiments 

included a G7-C22 base pair with a ψ-modified and unmodified U2 strand, 

(ψGCBP2AP and uGCBP2AP), respectively.  uGCBP2AP, shown blue, displayed 

similar results as compared with the single-stranded intron (102AP) (yellow), 

whereas 2AP within the ψGCBP2AP duplex, shown in red, fluoresced about 10% 

more than ψBP2AP (black). 

 

1.2.3 Discussion 

     A complete discussion of this chapter is given in conjunction with Chapter 1.3 

on page 38. 

 

1.2.4 Summary 

     These data suggest that the base triple is important for buttressing the proper 

position of the branch site A.  If base triple formation is disrupted (i.e. AU→UA), 

2-aminopurine fluorescence showed a dramatic decrease in relative emission 

intensity.  The GC ψ-modified, constructed to restore base triple formation, 

showed a significant increase in relative intensity, about 10% greater than the 

native AU ψ-modified construct. Further inquiries into structural conformation that 

discourage base triple formation will provide a more detailed view of branch site 

helix under less than amiable conditions. 

 

1.3 NMR Studies of Mutated ψ-modified Branch Site Helices 

     Since fluorescence data showed interesting results upon disruption of base 

triple formation, we sought to structurally characterized AU→UA ψ-modified 
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Figure 13. (AU→GC) Data of the branch site A in the GC ψ-modified (ψGCBP2AP) 
and unmodified GC constructs (uGCBP2AP) are shown in red and blue, 
respectively as modified from Nelson and Greenbaum, 2006.  These data clearly 
show an extrahelical conformation of the branch site A (A24) for ψGCBP2AP 
construct and a stacked conformation for the uGCBP2AP construct. 
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construct to reveal and analyze the conformation of the branch site A.  Using 

correlation and through bond experiments, the structural feature of the ψ-

modified mutant of the U2 snRNA-intron branch site construct were investigated 

using biophysical methods which include NMR and thermal assays.  Our data 

suggest that the AU→UA mutation directly effects base triple formation and the 

architecture of the branch site motif.  The branch site A, as a result, is stacked 

within the helix, similar to the results the native unmodified construct (Newby and 

Greenbaum 2001).  These data suggest that the base triple is a fundamental 

requirement for proper formation and structure of the branch site helix and 

correct positioning of the branch site A. 

   

1.3.1 Experimental Details 
1.3.1.1 Sample Preparation 

 All samples were purchased from Dharmacon © and were deprotonated 

according to protocols as printed by the company. NMR studies in solution 

required an RNA concentration of 1 mM.  In order to observe exchangeable 

protons, lyophilized mutated 9-mer U2 snRNA and 10-mer intron sequences 

which represented the mutated branch site duplex were resuspended in 250 µL 

of NMR buffer made up of 10 mM sodium phosphate, pH 6.4, 50 mM sodium 

chloride, and 0.1 mM EDTA, in 90% H2O / 10% 2H2O (99.96%, Cambridge 

Isotope Laboratories, Inc.), the latter of which was added to find the lock.  In 

order to observe non-exchangeable protons, this same sample was lyophilized 

and resuspended in 99.96% 2H2O (Cambridge Isotope Laboratories, Inc.), 

lyophilized again and resuspended in 99.996% 2H2O (Cambridge Isotope 

Laboratories, Inc.), and dried down a final time and resuspended in 99.996% 
2H2O (Cambridge Isotope Laboratories, Inc.).  This was done to rinse as much 

residual H2O as possible.  All NMR data was collected microvolume NMR tubes 

(Shigemi, Inc.). 
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1.3.1.2 NMR Details 

All NMR data used for structure characterization of mψBP branch site 

duplexes were collected on 500 MHz Varian Spectrometer (The Florida State 

Chemistry & Biochemistry Department) and the 500, 600, and 720 MHz Varian 

Unity Plus spectrometer (National High Magnetic Field Laboratory, Tallahassee, 

FL).  Quadrature detection was done by the States method (States, Haberkornm, 

Ruben 1982).  Quadrature detection makes use of two signal channels which are 

located 90 degrees apart.  These channels are used to distinguish the direction 

of rotation be it clockwise or counterclockwise in the rotating frame of the 

spectrometer.  All NMR data were acquired in phase-sensitive mode.  Varian 

VNMR software was used to process two-dimensional experiments.  SPARKY 

was used to visualize and assign all spectra.  Spectra were apodized with a 

Gaussian function and zero-filled in both the direct and indirect dimensions. 

 NOESY spectra of exchangeable proton through-space interactions of 

mψBP branch site duplex data were collected by using transmitter nucleus 

Nuclear Overhauser Effect SpectroscopY (TNNOESY).  This is a standard 2D 

pulse sequence with a long, low power presaturation pulse on the water signal.  

All pulses are 90° and are on 1H.  This is followed by delay 1 (d1), phase cycle 

one (Ф1), d2, Ф2, mix time, and Ф3 and then acquisition is recorded.  Phase 

cycling (Ф) eliminates undesired coherences and cancels out artifacts caused by 

hardware based on characteristic phase properties.  The first 90° rf pulse along 

+x axis creates transverse magnetization onto the xy plane followed by delay 

time in which precession of spins begins with their characteristic Larmor 

frequencies (Homans 1995).  A second 90° creates longitudinal magnetization 

along -z axis.  During the mixing period (mix), z-magnetization components 

exchange under the influence of cross relaxation (Homans 1995).  The 

transverse components are not required and are phase cycled out.  The 

magnetization vectors therefore have a component in along the z-axis only after 

either of these procedures (Homans 1995).  The third 90° pulse regenerates 

observed magnetization in xy plane of the desired resonances only (Homans 

1995).  Spectra were collected at 4°C with the water peak referenced at 5.01 
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ppm with a mix time of 150 ms.  The non-exchangeable protons involved in 

through-space interactions were assessed by TN-NOESY pulse sequence.  By 

varying the mixing times of the TN-NOESY, spectra collected detailed the build-

up rates of NOEs.  Mixing times used for mψBP were 25, 50, 120, 240, 350, 600, 

1200, 2400, 3600 ms.  Sequential assignments of anomeric proton resonances in 

the construct were made.  These data were collected at 20°C and referenced by 
2H2O at 4.08 ppm.  Pyrimidine H5-H6 crosspeaks for mψBP were observed with 

35 ms mixing time in transmitter nucleus TOtal Corrlation SpectroscopY (TN-

TOCSY) which observes through-bond interactions.  The TOCSY (also called 

HOHAHA for HOmonuclear HArtmann- HAhn) experiment correlates protons that 

are in the same spin system (i.e. along a chain), but, in reality, protons are never 

more than 2 or 3 bonds apart from another proton (Varian 2001).  All pulses are 

90° and are on 1H.  This pulse sequence has a presaturation pulse for residual 

water suppression, a 90° pulse, and a spin lock pulse known as MLEV-17 prior to 

acquisition used for spin locking, ideally completely removing all chemical shift 

and making all energy levels degenerate (Varian 2001).  This leads to strongly 

coupled systems (Varian 2001).  This pulse sequence helps distinguish cross 

peaks that are sometimes visible between resonances belonging to protons that 

are separated by more than one carbon-carbon bond.  Ideally cross peaks are 

formed between all nuclei in a spin system (Varian 2001).   A TOCSY is also 

useful because cross peak intensity is dependent upon mixing times.  For 

example, if a mixing time is set to 50ms, only those protons that have relatively 

large scalar coupling (>4Hz) are observed (Newby and Greenbaum 2002a).  A 

single cross peak appears for these protons because of the MLEV-17 spin lock 

which act as a broadband decoupler.  This means that only C2’-endo pucker of 

H1’-H2’ of riboses with JH1’-H2’ couplings 5Hz are visible in TOCSY spectra.   

A transmitter nucleus double-quantum-filtered COrrelation SpectroscopY 

(TN-DQF-COSY) lacks a decoupler which measured for JH1’-H2’ for those riboses 

with C2’-endo propensity.  The spin system is first filtered through double-

quantum coherence which are known as forbidden transitions and can only be 

detected indirectly using multiple-pulse sequences (Homans 1995).  DQF-COSY 
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pulse sequence resembles the TN-NOESY up to and including the second 90° 

pulse.  The purpose of this cycling is to achieve order-selective detection of 

double-quantum coherence between the second and third rf pulse (Homans 

1995).  Double-quantum coherence is not allowed to evolve and immediately 

reconverted to observable single-quantum magnetization by the third (mixing) 

pulse (Homans 1995).  There is a delay ∆ that allows for clean shift in rf phase 

when Ф ≠ 0, that is transmitter phase is not along -x axis (Homans 1995).     

 

1.3.1.3 Phosphorous NMR Studies 

 To determine the phosphate backbone conformation, phosphorous (31P) 

NMR studies were used by phosphate phosphorous shifts.  The mutated sample 

(mψBP) was prepared the same way for detection of non-exchangable proton in 
2H20 as mentioned earlier in this chapter.  One-dimensional proton-decoupled 
31P spectrum of mψBP was collected in a Varian Inova 500 MHz spectrometer 

equipped with an indirect detection 5mm HCX probe (Varian, Inc. at The Florida 

State University, Department of Chemistry & Biochemistry).  The X-channel was 

tuned to 202.3 MHz for detection of phosphorous.  An external reference (85% 

phosphoric acid) was used and set to 0.00 ppm.  These spectra were collected at 

20°C. 

 

1.3.2 Results 

1.3.2.1 Assignment of Chemical Shifts for Exchangeable Protons in 

Mutated ψ-modified Construct as Compared to Native Constructs 

To obtain more detailed structural data for the mutated (AU → UA) ψ-

modified duplex, one- and two-dimensional NMR spectra were obtained.  Spectra 

of exchangeable protons acquired at 4° C in 90% H2O were used to assign the 

imino protons of the Watson-Crick base paring region.  1- and 2-D spectra of the 

imino proton region are shown in Figure 14, right, and Figure 15 B.  There were 

five strong and one weak resonance peaks in the 12.0-15.0 ppm region 

consistent with formation of Watson-Crick base pairs.  Base pairs were assigned 

by standard methods and by similarities in corresponding resonances to those 
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shown in the NMR structures (Newby and Greenbaum 2001).  The strong bases 

were identified as G3, U4, G5, U7 and G8.  The weaker base was identified as 

ψ6.  Proton H3 of U7 was different from previously observed spectra because of 

the mutation (AU → UA) that was introduced to the duplex (Table 1). The 

presence of a resonance peak corresponding to ψ6 N3H at 13.10 ppm was also 

unique only to spectra of mψBP.  When ψ is participating in a Watson-Crick base 

pair, a hydrogen bond may form between the N3H of ψ and the N1 of an 

opposing adenosine, reflected in the downfield shift of the imino proton 

resonance to ~13.1 ppm (Schroeder, Skalicky, Greenbaum 2005).  In 

comparison to a supercooled complementary duplex in the presence of ψ, the 

N3H group resonated in a similar portion of the spectra, although not a strong, 

Figure 14 (Schroeder, Skalicky, Greenbaum 2005).  These data suggest that in 

the absence of the base triple, mψBP behaves much like it complementary 

counterpart. The other bases that differed significantly by chemical shifts from 

previously observed imino protons were U4, G5, and G8 (Table 1).  U4, at 13.73 

ppm, G8, at 12.60 ppm, and G5, at 12.53 ppm, were all upfield shifted.   Base 

pair G2, U9, and U19 were not observed due to end-fraying effects of nucleotides  

located at the termini of the molecule (Newby and Greenbaum 2001; Patel and 

Hilbers 1975). 

 

1.3.2.2 Assignment of Chemical Shifts for Non-exchangeable Protons in 

Mutated ψ-modified Construct as Compared to Native Constructs 

  Assignments of non-exchangeable proton resonances were made using a 

combination of NOESY, COSY, TOCSY, and DQF-COSY experiments (Table 1).  

Pyrimidine aromatic proton resonances were observed in TOCSY spectra and 

identified by H6-H5 cross-peaks.  Figure 15 C shows the aromatic (H8/H6/AH2) 

and anomeric (ribose H1') sequential walk of mψBP.  In mψBP, chemical shifts 

for resonances in the helical stem region (G2, G3, G5, U4, U9, A10, U19, A20, 

A26, C27, and C28) flanking the branch site region were virtually identical to 

those found for uBP and ψBP.   Again, resonances U7 and A22 were unique to 
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Figure 14. Imino proton spectra of mψBP and supercooled ψ-complementary 
duplex as modified from (Schroeder, Skalicky, Greenbaum 2005 and Nelson and 
Greenbaum, 2006) .  The complementary duplex was acquired at 5ºC (2.7 mM 
Na phosphate at pH 6.4, 50 mM NaCl, 0.1 mM EDTA, in 90% H2O/10%2H2O) 
was drawn up into 10 six capillary tubes and placed in a 5 mm NMR tube.  
Assignments of imino protons were made, including the N3H group of ψ.  Similar 
spectra were obtained for mψBP at 4ºC (1.0 mM at a mixing time of 150 ms in 10 
mM sodium phosphate, 0.1 mM EDTA, 50 mM NaCl (pH 6.4) in 90% 
H2O/10%2H2O).  The N3H also resonates in the same region of the spectra.  
These data were obtained using a jump-return echo pulse sequence on a Varian 
720 MHz and 60 MHz spectrometer located in the National High Magnetic Field 
Laboratory.  
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Figure 15. Characterization of mutated ψ-modified construct (mψBP) as modified 
from Nelson and Greenbaum, 2006. (A) The sequence schematic of mψBP 
shows those bases that are based paired which flank the unpaired region of the 
branch site.  Also, the site of mutation for this construct, shown in red font, inverts 
the native AU base pair at positions 7 and 22 to discourage base triple formation. 
(B) A two-dimensional spectra of the imino-imino proton region of a water 
NOESY spectrum was acquired for sample concentration of 1.0 mM at a mixing 
time of 150 ms in 10 mM sodium phosphate, 0.1 mM EDTA, 50 mM NaCl (pH 
6.4) in 90% H2O, 10%2H2O at 4°C. Cross peaks are shown in red.  Bases U4, 
G5, and U7 experienced significant (≥ 0.6 ppm) chemical shifts as compared to 
data previously observed.  The emergence of N3H of ψ6 was unique to mψBP. 
(C)  Aromatic-anomeric region of two-dimensional NOESY spectrum for mψBP 
were under the same sample conditions as mentioned for previous sample with 
the exception this sample was in 99.96% 2H2O, had a mixing time of 350 ms and 
was acquired at 20°C.  Connectivities between sequential bases of protons 
H6/H8 to H1’ are shown. The U2 snRNA strand (bases U4 through A10) is 
shown in blue and the intron strand (bases U10 through A26) is shown in green.    
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Table 1. Chemical shifts (ppm) for protons in uBP, ψBP, and mψBP branch site constructs.

Base uBP ψBP mψBP

H1/H3

G2
G3
U4
G5
U/ψ/ψ6

A/A/U7
G8
U9
A10

U19

A20

C21

U/U/A22

A23

A24

C25
A26

C27

C28

13.37 13.40 13.36
13.79 13.85 13.73**
13.48** 13.58** 12.53**

10.55† 10.55†
13.79

12.60 12.65 12.59*

13.11

uBP ψBP mψBP

H6/H8

8.07 8.08 8.09
7.47 7.47 7.47
7.76 7.73 7.76

7.767.727.67
6.89**7.66** 7.05**

8.09 8.04 8.11
7.25** 7.23** 7.12**
7.59 7.60 7.66
8.08 8.11 8.00

8.08 8.09 8.07
8.338.36 8.39

7.57** 7.59** 7. 48**

7.80** 7.78** 8.17**
8.19* 8.26*

8.16* 8.23* 8.07**

7.45** 7.55** 7.34**
8.10 8.10 8.16
7.51 7.55 7.53
7.61 7.64 7.66

8.08**

Those numbers that are in bold text indicate substantial differences between chemical shifts for uBP, ψBP, and 
mψBP. The H2’ and H3’ of terminal bases were omitted due to conformational flexibility causing difficulty in 
assignment.                                                     
*:  0.06 ≤ (uBPppm – ψBPppm – mψBPppm)  < 0.1.                                                       
**:  (uBPppm – ψBPppm – mψBPppm)  ≥ 0.1.

 

 

 

 

 

 

 

These data were modified from Nelson and Greenbaum, 2006. 
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mψBP because of the mutations that were introduced.  Proton resonances 

belonging to ψ6, G8, C21, A23, A24, and C25, shown in bold in Table 1, were 

significantly upfield shifted as compared to ψBP, which would indicate a more 

shielded environment.  The significantly upfield chemical shifts of ψ6 N1H and ψ6 

H1' resonances of ψBP were typical for those previously observed for 

pseudouridines.  Also, in mψBP, the A24 H2 proton resonances displays NOESY 

cross-peaks with resonances of neighboring protons, indicating it is stacked into 

the helix.  Its chemical shift resonance was assigned at 7.54 ppm which was 

significantly upfield shifted from its resonance positions in spectra of both uBP 

and ψBP, which was also consistent with behavior of a proton in more shielded 

environment. 

 

1.3.2.3 Conformational Features of Branch Site Duplexes determined from 

NOE Patterns 

NOEs of those bases that correspond to the helical stem region of the 

mψBP were typical of those found in A-form helices.  NOEs involving adenosine 

H2 protons were also typical of A-form geometry, and displayed sequential NOEs 

to the H1'i+1 proton and also to the cross strand H1'I -1 proton in previous helices 

that have been studied.  Any deviation from these signature patterns would 

indicate a deviation from the structural features of an A-form helix.  These 

particular NOEs aided in revealing base orientation in and around the bulged 

region and the site of mutation.   

 In mψBP, NOEs of the H2 protons suggested a stacked orientation for 

A24 and A23, similar to that which was observed for uBP.  NOESY spectra of 

mψBP showed typical sequential A H2 - H1'i+1 and cross-strand A H2 - H1'i-1 

NOEs for both A23 and A24, all shown in red text in Figure 15 C.  A23 has a 

sequential NOE to A24 H1' and a cross-strand NOE to U7 H1'.  A24 has a 

sequential NOE to C25 H1'.  A long-range cross-strand i → i-2 NOE was 

observed from A24 H2 to U7 H1'. 

 The mψBP construct had an NOE observed between A23 H2 and ψ6 H1', 

which was also observed in ψBP.  Spectra of mψBP had an additional NOE 
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between A24 H2 and ψ6 H1'.  This NOE was not observed in spectra of ψBP 

which helped support the notion that the branch site adenosine (A24) was in a 

stacked orientation in mψBP.  mψBP also lacked an NOE between the H2 proton 

of A23 and the H1' of C25, which was observed for ψBP, further suggesting that 

the branch site base was not stacked into the helix in ψBP.  These findings also 

suggest that A23 in ψBP is stacked into the helix as is the case in mψBP. 

 

1.3.2.4 Backbone Conformation of Branch Site Constructs as described by 

31P Chemical Shifts and Ribose Puckers 

31P chemical shifts used to assess the backbone conformation of the ψ-

modified mutated construct (mψBP) and were compared to those acquired for 

uBP and ψBP.  Phosphorous spectra depict one resonance per phosphate 

phosphorous in an RNA molecule, and phosphorous chemical shifts usually fall 

within a narrow range (0 – 1.2 ppm, as referenced to phosphoric acid at 0 ppm) 

for phosphates within an A-form helix (Wijmenga, Mooren, Hilbers 1993).  The 

overlap of phosphorous 3d orbitals with phosphate oxygen 2p orbitals makes the 

chemical shift of the phosphorous at the center of this tetrahedral arrangement 

very dependent upon backbone dihedral angels (Saenger and Egli 1983).  Any 

phosphorous resonance that has a chemical shift outside of this range deviates 

from A-form parameters.  This particular experiment is not used as the sole 

means to determine perturbation in backbone geometry (Nikonowicz and 

Gorenstein 1990).  These data can not be interpreted quantitatively (Legault and 

Pardi 1994). 

 A phosphorous spectrum of mψBP was acquired (Figure 16).  These data 

were compared to phosphorous spectra of uBP, ψBP, and a 9 base pair 

complementary duplex, ubBP.  The 31P resonances of mψBP at 20 °C showed a 

chemical shift range between -0.11 to    -1.04 ppm which was well within the 

narrow range of 0.0 to 1.2 ppm for A-form helical parameters.  Resonances for 

ubBP and uBP both fell in the range of 0.0 to -1.0 ppm, which also indicated A-

form helical geometry.  The ψBP construct, again, was notably different in its 31P 

spectra, ranging from +0.1 to -1.2 ppm.  Upon analysis of these data, 
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Figure 16. Phosphorous spectrum of the mutated ψ-modified branch site duplex.  
31P spectrum of mψBP resonates between 0.0. to -1.04 ppm, which is well within 
the canonical range of a standard A-form helix (Nelson and Greenbaum, 2006). 
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a qualitative assessment revealed that mψBP, uBP, and ubBP had similar 

backbone conformations, while ψBP was slightly different. 

 Spectra of ribose protons displayed H1'-H2' scalar (J) couplings that 

substantiated 31P NMR spectra of mψBP.  From protons that were observed in 

DQF-COSY spectra, there were no protons that had JH1’-H2’ values greater than 

~3 Hz, with the exception of A10 and C28 which demonstrated couplings 

consistent with C2’-endo conformation; these results are typical of 3' terminal 

nucleotides and were observed in all three duplexes.  This suggested that these 

protons in mψBP adopted C3'-endo conformation, typical of A-form helix. 

 

1.3.3 Discussion 

NMR structural studies of the branch site helix of S. cerevisiae in the 

presence a phylogenetically conserved pseudouridine (Ψ) residue on U2 snRNA 

identified a base triple involving the extrahelical branch site adenosine (A) and 

the minor groove edge of an A-U base pair two positions upstream (Newby and 

Greenbaum 2001; Newby and Greenbaum 2002a). Consistent with that 

observation, results of data presented here provide strong evidence that 

preservation of a purine on the U2 strand and a pyrimidine on the intron strand, 

along with the ψ modification in its phylogenetically conserved location on the U2 

snRNA strand across from the branch site, are important for extrahelical 

positioning of the branch site residue. 

Mapping of U2 snRNA and intron sequences in eukaryotes has indicated 

that a number of complementary base pairs flank the branch site A 

(Breathnach and others 1978; Breathnach and Chambon 1981; Dodgson and 

Engel 1983; Keller and Noon 1984; Padgett and others 1986).  Although the 

identity of the individual bases is not highly conserved in some eukaryotes, the 

nucleotide two positions 5' to the branch site A is always a pyrimidine: U 90% of 

the time (always opposing an A in the consensus sequence of U2 snRNA) and C 

the remaining 10% of the time (paired with G) (Lodish and others, 1999). In 

yeast, the sequence is invariable; there is always a U at that position (paired with 

an A) (Lodish and others, 1999).  Thus, a complementary base pair with a 
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pyrimidine-purine (intron-U2 snRNA) orientation is maintained at this position in 

all eukaryotes.  Taken together with the observation that an amino group of the 

branch site adenine forms a hydrogen bond with N3 of the A in the base pair, 

leads us to suggest that conservation of the array of hydrogen bond acceptors in 

the minor groove is favored for its ability to form the base triple, possibly because 

it stabilizes extrahelical conformation of the branch site A, which may assist in 

recognition of the pre-mRNA branch site region by other RNAs and proteins 

involved in the splicing reaction and/or facilitate splicing chemistry.  Based upon 

similar geometry in the minor groove and presence of the same array of 

hydrogen bond acceptors involved in this base triple, we would expect that a GC 

base pair would be a suitable acceptor for a base triple, as is an AU pair.  

However, we would predict that other Watson-Crick orientations and non-

Watson-Crick pairs, with different minor groove constituents, would be less likely 

to favor base triple formation, and would thus maintain the branch site A in a 

stacked (intrahelical) position.   

As predicted, substitution of the A-U base pair to a G-C base pair, i.e. 

maintaining the same purine-pyrimidine orientation, displayed high 2AP 

fluorescence, consistent with extrahelical position.  Interestingly, fluorescence of 

2AP in a duplex in which a G-C pair replaced A-U was even greater than for the 

AU pair in that position, consistent with even greater exposure to solution.  We 

attribute this effect to two features: 1) the GC base pair creates similar hydrogen 

bonding arrays as those observed in AU base pairs, but N3 of G is likely to be 

more electronegative as a result of the electron-withdrawing amino group on the 

neighboring C2, thus making the N3 of G a stronger hydrogen bond acceptor 

than the analogous position of A; 2) greater thermal stability of the GC pair over 

the AU pair in this position.  This premise is supported by the higher Tm of GC 

duplex over the AU duplex.  

In contrast, reversal of the positions of the purine and pyrimidine in the S. 

cerevisiae sequences (with or without the ψ, in mψBP2AP and muBP2AP) resulted 

in low 2AP fluorescence, implying that the adenosine reverted to an intrahelical 

position mutated ψ-modified and unmodified branch site constructs in where A24 
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was substituted with 2AP, was stacked in the helix.  This sequence reversal 

would likely disfavor base triple formation by not making available the necessary 

hydrogen bond acceptor in the minor groove, as U in the U2 strand lacks a 

readily accessible ring nitrogen to function as a hydrogen bond accepter for the 

amino group of the unpaired branch site A. NMR data of this duplex further 

support the stacked intrahelical conformation (Figure 15 B. and C.).  

UV melting experiments indicated a Tm ~3.5 °C greater for the mutated U-

A duplex than for the native sequence (both in the presence of ψ), and ~8° 

greater than the unmodified native sequence in which the branch site A was also 

in a predominantly stacked conformation.  We attribute this increase in thermal 

stability to the presence of three consecutive adenosines in the intron strand.  

Stacking of multiple adenosines has been established by NMR (Butcher, 

Dieckmann, Feigon 1997; Olsthoorn and others 1980)  and by circular dichroism 

(Olsthoorn and others 1981).  Absorbance and calorimetry studies have also 

show similar results (Freier and others 1981; Powell, Richards, Gratzer 1972)  

where consecutive purines also show increases in thermal stability.  

*Analogously, substitution of a purine-purine (GA) or pyrimidine-pyrimidine 

(UC) pairs for the native purine-pyrimidine pair also resulted in relative low 2AP 

fluorescence, indicative of a predominantly stacked conformation for the branch 

site A. GA mismatch base pairs are one of the most common non-canonical 

structural motifs found in RNA (Gautheret, Konings, Gutell 1994; Gutell, Larsen, 

Woese 1994; Traub and Sussman 1982)(Brown and others 1986).  Biologically, 

these noncomplementary base pairs have the potential for involvement in 

spontaneous mutation (Brown and others 1986).  GA mismatches in the sheared 

base-pair configuration, in which both nucleotides are in the anti conformation, 

and in which hydrogen bonds are formed between the guanine NH2 and N3 to 

the adenine N7 and NH6 (Biou and others 1994; Li, Zon, Wilson 1991; Szewczak 

and others 1993).  GA base pairs have shown significant stacking interactions in 

biological structures (Lane, Ebel, Brown 1994; Li, Zon, Wilson 1991; Vidovic and 

others 2000).  
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UC base pairs, on the other hand, are among the least stable pairs (He 

and others 1991; SantaLucia, Kierzek, Turner 1991; Wu, McDowell, Turner 1995; 

Zhu and Wartell 1997).  An X-ray crystal structure by Holbrook et al (1991) 

indicated that UC mismatches contributed to the formation of a regular double 

helix.  The UC base pair forms only one hydrogen bond but is stabilized by water 

molecules (Holbrook and others 1991). In contrast, a solution structure of a DNA 

duplex which contains a CT mismatch, the equivalent of CU in RNA, showed a 

stacked conformation on each other (Boulard, Cognet, Fazakerley 1997).  Either 

way, the UC pair in the construct studied here lacks a convenient potential 

hydrogen acceptor for the amino hydrogen of the unpaired branch site A, 

disfavoring base triple formation.  Thus, our observation of low 2AP fluorescence 

is consistent with predictions that the branch site A would be intrahelical.  

In addition to evaluating the position of the branch site A, we investigated 

the impact of base pair identity on the position of the neighboring residue.  

Crystallographic studies of an RNA duplex representing the human U2 snRNA-

intron pairing in the absence of the conserved ψ modification indicated that the 

branch site adenosine was stacked into the helix, but that its 5' neighbor, also an 

adenosine, adopted an extrahelical conformation, where it was involved in 

interhelical stacking (Berglund, Rosbash, Schultz 2001).  The authors noted that 

in some species (although not in yeast, the sequence examined in their study) 

the neighboring residue can act as nucleophile in the first step of splicing 

(Berglund, Rosbash, Schultz 2001).  It is for this reason we also measured 

fluorescence of helices in which 2AP was substituted for the 5' neighboring 

adenosine. In complete agreement with previous NMR studies of the ψ-modified 

helix (Newby and Greenbaum 2001; Newby and Greenbaum 2002a), our 2AP 

fluorescence data indicate that the adenosine residue adjacent to the branch site 

in these constructs was not exposed to solvent. Similar results in each of the 

mutant sequences implied that regardless of the intra- or extrahelical 

conformation of the branch site adenosine, in no case did its 5' neighbor adopt an 

extrahelical conformation in solution. 



 40

In yeast, mutation in any of the seven nucleotides within the U2 snRNA 

sequence (5’-UGΨAGUA-3’, where A forms the AU base pair involved in the 

base triple) that pair with a portion of the intron hinders the first step of splicing 

(Ryan and Abelson 2002), implying that formation of a short helix is important for 

at least one step of assembly or function, Figure 17.  In contrast with this 

observation, an RNA comprising the 5’end of U2 snRNA and the 3’ exon of the 

ACT1-CUP1 splicing reporter gene was recently identified that does not require 

base paring at the branch site (Smith, Query, Konarska 2007).  

Mutations associated with components of the branch site motif, particularly 

those involved in the proposed base triple, result in decreased splicing efficiency 

Figure 17. The importance of the phylogenetically conserved ψ modification has 

been shown by growth inhibition of yeast cells with genetic knockout of Pus7p, 

the pseudouridylase responsible for forming ψ35 (ψ6 of U2 strand in our 

construct) from uridine (U) in yeast (Ma, Zhao, Yu 2003; Ma and others 2005).  A 

protein-free RNA complex of U2 and U6 snRNAs able to generate a splice 

product (Valadkhan and Manley 2001; Valadkhan and Manley 2003) generated 

significantly increased product yield of when a ψ modification in U2 snRNA was 

included in the highly conserved location (Valadkhan and Manley 2003). 2AP and 

NMR studies have both shown that ψ is necessary for extrahelical conformation 

of the branch site A.  How ψ facilitates formation of the extrahelical conformation 

is not exactly clear, but it appears to provide an additional water-mediated 

hydrogen bond, most likely to a phosphate of the same chain (Newby and 

Greenbaum 2002b). 

Mutations to the branch site A suppressed splicing, with the A24C 

mutation causing the least amount of suppression, Figure 17(Query, Strobel, 

Sharp 1996).  According to the structural model of Newby and Greenbaum 

(Newby and Greenbaum 2001), substitution of C is tolerated because it has an 

amino group that can form similar hydrogen bonding interactions as does A, 

although with a slightly longer reach.   

Universal conservation of the base orientation in eukaryotes of the 

positions associated with the base triple suggests that this orientation is critical to  
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Figure 17.  Mutations of the branch site helix.  Mutations to the highly conserved 
branch site helix either hinders or causes significant decreases in splicing 
activity.  
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branch site motif formation.  Splicing assays performed on yeast in which 

mutations were made in the intron and U2 snRNA, respectively, to effect a 

reversal of the A(U2)-U(intron) pair (conserved in yeast) to become U(U2)-A(intron), 

show <10% splicing efficiency as compared to the wild type, Figure 17 

(McPheeters and Abelson 1992). Our structural studies, which show, in mψBP 

(A7-U22 →U7-A22), there is significant stacking of the bulged branch site region. 

This helix behaved like a complementary duplex, by its increased thermal 

stability and decrease in fluorescence intensity.  We propose that the significant 

decrease in splicing efficiency for this construct is the result of the intrahelical 

position of the branch site A in the absence of base triple formation.  

In addition to opportunities for recognition afforded by changes in shape, 

the branch site motif including the intact base triple presents a characteristic 

electrostatic surface potential profile (Boschitsch and Fenley 2004). Data 

calculated by a nonlinear Poisson-Boltzmann approach (Xu, Greenbaum, Fenley 

2005) showed significant negative potential in the major groove surrounding the 

2’OH of the branch site A.  These surface and electrostatic features may 

contribute to the overall recognition of the pre-mRNA branch site region by other 

components of the splicing reaction.  The orientation of the branch site A is 

drastically different in the ψ-modified (A-U) helix as opposed to any of the helices 

in which the A is not in an extrahlical conformation and the base triple does not 

form. 

1.3.4 Summary 

 Here, we analyze the conformation of the branch site A in the mutated 

constructs by selectively incorporating 2-aminopurine (2AP) at either site in the 

intron sequences paired with their respective U2 snRNA sequences.  Our results 

show that only in the presence of a purine-pyrimidine base pair, either AU or GC, 

does the branch site adopt extrahelical conformation; mutations to any other 

base pair resulted in an intrahelical position for the branch site A.  NMR results 

confirmed these data.  These findings support a model where by the base triple 

formed in the ψ-dependent branch site sequences of the U2 snRNA-intron helix 
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maintains a role in recognition of the branch site A by other splicing factors 

and/or in stabilizing the nucleophile prior to the first step of splicing. 

 Although these data addressed some inquires, there were still some 

unanswered questions that piqued our interest.  Some of which pondered what 

the atomistic details of the branch site helix were and what are the biological 

implications of base flipping beyond what has been established experimentally.  

In order to address these questions and many more like them, quantitative 

methods were required to accurately predict or reproduce experimental 

measurements. 
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CHAPTER 2 

 

ORTHOGONAL SPACE RANDOM WALK STUDY OF SPLICEOSOMAL U2 

SNRNA-INTRON HELICES: FREE ENERGY CALCULATIONS REVEAL 

CONFORMATIONAL PREFERENCE OF URIDINE AND Ψ-MODIFIED 

BRANCH SITE HELICES  

The objective of this study is to investigate the free energy difference in 

the uridine and pseudouridine, located opposite to the branch site A, in native 

constructs and investigate the preferable orientation of these bases within the 

helix.  The experimental studies described in Chapter 1 involved the exploration 

of branch site helix conformation with special emphasis on the position of the 

branch site adenosine A using florescence spectroscopy and NMR.  

Computationally, we will compute the free energy difference in uridine and 

pseudouridine by using alchemical transitions to mutated one base into the other 

and vice versa. In nature, this event occurs often in structural and functional RNA 

by converting uridine into a pseudouridine (see Chapter 1).  The enzyme 

responsible for this isomerization is pseudouridylase.  The structure produced by 

the conformation change causes a dramatic change in the conformation of the 

branch site A.  Also, it is well known that nucleic acid bases may rotate about 

their glycosidic bonds which may cause a different structural profile than their 

canonical orientations. The current study seeks to understand the atomistic 

details of both native constructs and well as the lowest energy orientation of the 

bases that occupy this highly conserved position.      

 

Since the presence of ψ seems to be very conducive to more efficient 

splicing, it is reasonable to suggest that branch site helix containing ψ are 

probably more stable.  In such case, this construct likely has lower free energy 

which would make it more attractive to p14 and SF3b, proteins known to interact 

with the branch site helix and its nucleophilic branch site A.  It may also be 

possible that ψ plays a role in recognition of the branch site prior to splicing.  
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Depending on the free energy profiles, the presence of ψ could lead to sizable 

decrease in the rate of recognition and subsequent splicing.  

Here, we used molecular simulations to recover canonical distributions of 

conformations in order to monitor transitions of molecules of interest.  In 

particular, simulations were utilized to calculate the free energy of biomolecule as 

they transition along a potential energy surface.  This is advantageous in that we 

are able to visualize atomistic behaviors while recovering value calculations of 

energy states.  

 

  2.1 Orthogonal Space Random Walk Application: the Branch Site Helix 

 

2.1.1 Introduction 

2.1.1.1 Free Energy Simulations 

   Free-energy simulations are elementary to acquire accurate theoretical 

estimates or probabilities, Figure 18.  These calculations are important to 

understanding and predicting bio-molecular behaviors and properties.  For 

example, biological phenomena like conformational change, connections 

between structural biology and functional biochemistry, protein folding, as well as 

drug design may all be established using simulations.  The overall goal is to 

generate, with a certain level of probability, a simulated potential energy 

)(U surface that bridges two chemical states, say 0 as an initial state and 1 as a 

final state, using an order parameter or reaction coordinate, λ, where the 

potential energy function is constructed as the following: 

er UUU += )()( λλ                                                                                            [2.1.1] 

where )(λrU represents state 0, i

rr UU =)0( , and state 1, f

rr UU =)1( , and 

eU stands for the environmental energy terms.  Approaches do vary.  The most 

popular techniques are Monte Carlo (MC) or molecular dynamics (MD).   MD was 

used in this dissertation. 
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Figure 18. Free energy simulations.  Free energy simulations seek to accurately 
predict, with some level of probability, a simulated potential energy surface that 
bridges two states, 0 and 1, along a reaction coordinate or order parameter. 
Some issues that these simulations must address are energy barriers and 
rugged surfaces (inset).  
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2.1.1.2 Molecular Dynamics 

 The structure of MD simulations contains four major considerations 

(Figure 19).  The first is the initial set of coordinates of a molecule from 

crystallographic or NMR structure using a potential energy function (1.).  These 

are downloaded from an open database, say from the RSCB Protein Data Base 

(PDB).  Using, CHARMM GUI, the molecule is solvated and buffer ions are 

added.  Second (2.), in order to move atoms in the molecule from position i to 

position j, the force on each atom is computed as a vector, ijF
r

, based on its 

potential energy, 
ij

ij

r∂

∂φ
,  and atomic position, ijr̂ : ij

ij

ij

ij r
r

F ˆ
∂

∂
−=

φr
.  The force is then 

summed and is equal to the mass of atom, mi, times acceleration, 
dt

vd i

r

: 

dt

vd
mF i

j

iij

rr
∑ = .   In the third step (3.), the motions are integrated based on 

Newtonian dynamics  and atoms at position i are now located at position j.  In the 

fourth and final step (4.), the atom is allowed to propagate during a stable, finite 

time step on the order of 1 to 2 femtoseconds (10-15).  

 Molecular mechanics was used to define the potential energy function, 

)(RV  (Figure 20).  The potential energy function considers the energy of the 

bonded and non-bonded terms: bondednonbonded EERV −+=)( .  The energy of the 

bonded interactions takes into account bond stretching, angle bending, and 

rotation along a bond: bondalongrotatebendanglestretchbondbonded EEEE −−−− ++= .  The energy of 

the non-bonded interactions is the sum of the van der Waals and 

electrostatics: ticelectrostaWaalsdervanbondednon EEE += −−− .  Now that the system or the 

molecule of interest has been established and the computational approach, MD 

simulations, is defined, the two are then linked by the ensemble.  
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Figure 19. Molecular dynamics simulations.  Molecular dynamics simulations 
have four basis steps.  (1.) It starts with the atomic coordinates of a biomolecule 
that has been solvated with buffer ions added.  (2.) Next, the force is computed. 
(3.)The new coordinates are calculated and (4.) allowed to propagate during an 
infinite time step. 
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Figure 20. Molecular mechanics definition of the potential energy function as 
modified from.  Using molecular mechanics, the potential energy function is 
defined by the sum of the bonded and non-bonded terms. The bonded terms is 
comprised of bond stretching (double arrow, straight), angle bending (arched, 
double arrow), and rotation along a bond (curved right arrow).  The energy of the 
non-bonded interactions takes van der Waals and electrostatic interactions into 
account.   
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2.1.1.3 The Ensemble 
The ensemble seeks to forge the missing link between experiments and 

MD simulations (Figure 21).  Observations in experiments are usually made on a 

large, macroscopic sample that has massive number of atoms or molecules that 

sample a vast number of conformations.  Statistical mechanics allows for 

averages coinciding with observable experimental properties (i.e. energy, 

pressure, volume), to be defined in terms of ensemble averages.  The ensemble 

is the collection of all possible systems that have different microscopic properties 

(conformations), but have identical observable, macroscopic properties.  For 

example, there could be a number of different conformations of the same 

molecule that may correspond to the same energy.  In order to extract the 

macroscopic properties of interest, the simulation is set and ran under ensemble 

conditions that correspond closely to those in the laboratory.  A detailed atomistic 

description of bio-molecules, solvent molecules, and buffer ions are set as a 

constant number of particles, N.  The system is treated under constant 

temperature, T, and constant pressure, P. Then, ensemble sampling occurs, as 

the times series frames are now samples in the corresponding NPT ensemble.   

MD simulations compute the ensemble average over several replicas of 

the system considered in concert.  This is accomplished by the Ergodic 

hypothesis, one of the fundamental axioms of statistical mechanics.  It state that 

the time average of microscopic property A, averaged over time is equal to the 

macroscopic property A in the ensemble, Figure 21.  In this way, the 

thermodynamic property of interest is recovered.  The basis premise is that if a 

system is allowed to evolve over an indefinite amount of time, the system will  

pass through all possible states.  The theory is sound however there are several 

issues that may arise during the application run. 

 

2.1.1.4 Challenges with Simulations 

There are several problems that exist within these simulations. A major 

problem is time scale.  Larger biological events occur beyond the 
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Figure 21. The ensemble. The ensemble bridges the gap between experiments 
and simulations.  If the system is allowed to evolve over time indefinitely, the 
system will have visited all possible state.  This is known as the Ergodic 
hypothesis.   
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nano-second timescale, where as most standard molecular dynamics simulations 

are limited to 10s of nano-seconds (Figure 22).  For example, global and local 

unfolding, chemical kinetics, slow loop reorientation, and ligand binding range 

from 100s of nanoseconds to 1000 of seconds.  Also, in systems that have many 

degrees of freedom, like proteins, there are a vast number of local minimum 

energy states.  Proteins tend to get trapped in these states limiting the number of 

conformations that may be sampled, thus wasting valuable simulation time. It is 

also difficult to choose effective order parameters (λ) in free-energy simulations. 

Most simulations will select λ states from 0 to 1 (i.e. λ=0, 0.1, 0.2…1), yet, which 

individual lambda to select from within the range is challenging.  Beyond 

choosing the appropriate number of λs, how long each state should be simulated 

is also a problem.  Both issues with λ feed into what is known as the overlap 

sampling problem.  The system must be allowed a sufficient amount of time to 

equilibrate or relax with each change in the order parameter.  This time 

requirement may lag behind the move of λ, an effect known as the “Hamiltonian 

lagging” issue (Pearlman and Kollman 1989) and has been responsible for 

inefficient free-energy convergence. Lastly, each conformation much be sampled 

adequately, yet, the question of how much is questionable.    

   In order to investigate the free energy profiles of the presence of uridine 

and pseudouridine and the respectively base conformations, we propose to 

compute the alchemical conversion of the following: 1) uridine to pseudouridine 

and vise versa 2) the 180º base rotation about the glycosidic bond of uridine and 

pseudouridine.  The algorithm used to calculate the free energies is known as 

Orthogonal Space Random Walk (OSRW) (Zheng, Chen, Yang 2008).  The 

OSRW technique is an advanced module of metadynamics (Zheng, Chen, Yang 

2008).  It uses complex 2-dimensional potential modifications in order to 

encourage crossing the energy barrier and the diffusion sampling problems a 

system experiences when“walking” across the free energy surface.  It also 

addresses the necessity of environmental relaxation during the dynamic 

simulations.  OSRW technique is one of the lastest developments in calculating 

free energy that confronts the Hamiltonian lagging issue which has long been a  
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Figure 22. Time scale of biomolecular events.  Key biomolecular events occur on 
a time scale that ranges from 1 picosecond, ps, (10-12) to 1000’s of seconds (s). 
Regular molecular dynamics on a protein, with only 230 amino acids, would take 
1 year just to capture some say some side chain rotational reorientation. 
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nuisance for accurate free energy calculations in most protein systems.  This 

milestone technique has successfully predicted the pKa value of the SNase 

V66D mutant and the salvation orientation of metal ions (Zheng, Chen, Yang 

2008).  OSRW is a modern-day generalized ensemble approach. 

  

2.1.1.5 Generalized Ensemble Techniques 

 The Generalized Ensemble approach is to accurately design a “simulated” 

ensemble to efficiently collect samples for the calculation of the properties in a 

“target”, canonical ensemble, Figure 23. In complex biological molecules, there 

are many degrees of freedom.  Common simulation approaches using canonical 

ensembles are hindered by multiple minima, an issue normal referred to as the 

quasi-ergodicity problem.  Simulations ran at low temperatures often become 

trapped in the large number of local minima and it is extremely taxing to extract   

accurate canonical distributions by either Monte Carlo (MC) or molecular 

dynamics (MD) simulations.  A popular technique to overcome the multi-minima 

problem is to perform simulations in a generalized ensemble where each state is 

weighted by a non-Boltzmann probability weight factor which allows the system 

performs a random walk along the potential energy surface space (Berg 2002).  

The random walk permits the simulation to escape from any energetic barriers as 

well as sample a much broader range of configuration space verses common 

methods. 

The conventional idea of generalized ensemble begins with the statistical 

mechanical definition of an ensemble.  An ensemble, again, is a group or 

collection of all microstates of a system that possible under select conditions.  By 

far, the most integral part of an ensemble is the probability distribution of the  

microstates.  Observable microstate properties, like pressure, volume, energy, 

etc., are reflections of the average of the behavior of microstates over a period of   

time and are directly contingent on the ensemble’s probability distribution. The  

value expect of an observable property, Xobs, known as the expectation value, is 

an average: 

∑==
i

iiobs XpXXX : ,                                                                              [2.1.2]  
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Figure 23. The Generalized Ensemble approach.  The overall goal of 
Generalized Ensemble approaches are to accurately design a “simulated” 
ensemble to efficiently collect samples for the calculation of the properties in a 
“target”, canonical ensemble.   
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where the summation is performed over all possible microstates of the system, a 

state i is defined with its probability pi and the expectation value Xi of the property 

X. 

Computer simulations link the microscopic and macroscopic properties of 

a system, as described in equation [2.1.2].  These simulations model and collect 

the behavior of the microstates, by calculations, of a system and then translate 

these behaviors into predictions about the microstates.  This is a process known 

as sampling. In other words, sampling is the process by which a specific method 

extracts the microstate from the ensemble in order to perform the calculations.  

MC and MD are two discrete sampling methods. 

In larger biological system, with large numbers of degrees of freedom, the 

total number of all possible states is virtually impossible to explore within a 

reasonable amount of computing time.  This means the sample method must be 

governed so that accurate estimates about the ensemble average could be 

collected from a sample.  In the canonical ensemble, for example, the states are 

under constant number of particle, volume, and temperature (NVT).  The states 

are often sampled by their Boltzmann probabilities, pn, Figure 24: 
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,                                                                       [2.1.3] 

where β  is Boltzmann’s constant,  nE  is all possible energy states, iE is a 

particular energy state, 0U is the original potential, R is the gas constant and T is 

temperature in degrees Kelvin.  In this way, Boltzmann-weighted sampling 

naturally favors low energy states, which means the bulk of the contribution 

comes form the partition function: 

∑ −=
i

iEZ )exp( β ,                                                                                           [2.1.4] 

Again, i ( ,...3,2,1=i ) are the exact states or microstates that the system 

can occupy, and designate the total energy of the system when it is in microstate 

i  as sE .  In these terms, the microstates are regarded as discrete quantum states 

of the system and in order to calculate the target macroscopic property, A, the  
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Figure 24. Canonical Boltzmann distributions.  Canonical Boltzmann occurrence 
probability distributions favored low energy states.  Larger systems with more 
degrees of freedom often become trapped in local minima.  The target, 
microscopic property A is calculated as the time average, <A>time.  Under the 
principles of statistical mechanics, this average is equal to the ensemble, ∑Ai/N. 
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ensemble is expressed as:
N

A

A i

i

time

∑
= , Figure 24, where N is the total number 

of microstates. This approach may be reasonable for some systems, however, 

for larger systems, these local minima would cause the system to become 

trapped.  Sampling methods that use non-Boltzmann probability distributions 

have been used to alleviate this problem by introducing a bias, modified 

potential, mbiasU ,  , Figure 25, (Laio and others 2005; Torrie and Valleau 1977; 

Wang and Landau 2001).  MC and MD simulations that sample non-canonical 

probability distributions are known as generalized ensemble simulations, Figure 

25.  Non-canonical probability distributions, used in these simulations, must be 

reweighted to reclaim the canonical distributions by the equation (Ferrenberg and 

Swendsen 1988): )exp(
)exp(

)(
)( iB

iNB

iNB

NB

B

iB E
E

Ep

c

c
Ep β

β
−

−
= ,                  [2.1.5] 

where 
iBp  is the probability of the state with energy iE , c is the probability 

normalization constant, and B and NB are the Boltzmann and non-Boltzmann 

distributions, respectively.  This type of sampling is particularly useful when the 

system of interest has say two stable states that are separated by a high free 

energy barrier TkG B>>∆ ,  and/or if the free energy surface is rugged. These two 

problem are commonly referred to as the barrier crossing issue and sampling 

diffusion problem, respectively, Figure 18. The range of time scale distribution in 

complex systems is also a major causative of very complicated potential energy 

surfaces which also have high energy barriers and several local minima. 

These issues arise because the atoms in the system move under multiple 

constraints.  This results in the system becoming trapped in a single local 

minima, possibly for the duration of the simulation, thus, other possible states 

that maybe rarer and more interesting are never visited.  Again, this is what is 

known as the quasi-ergodicity problem.  The data generated from these 

simulations are misleading.  The data may appear to be converged yet the other 

state, on the other side of the energy barrier has not been visited.  

To gain access to rarer, high energy events, the original potential energy 
 



 59

 
 
 
 
 
 
 
 
 
 

 

Figure 25. Non-canonical distributions.  By using a modified potential, Um, non-
canonical distributions are used in Generalized Ensemble approaches by 
reweighting the canonical distributions of each collected sample.  In this way, the 
targeted macroscopic property is recovered and represented in the new 
ensemble.    
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profile U0 is flattened upon the addition of biased energy Ubais.  The new, 

modified potential is then written as: 

biasUUU += 0 .                                                                                                [2.1.6] 

The canonical sampling on the modified potential, U, is equivalent to non-

canonical sampling of the original potential, U0.  The results of the original 

potential are then reweighted to recover the canonical distribution on the original 

potential, equation 2.1.5.  The selection of a proper Ubias term will reduce the 

depth of free energy basin and burden of barrier crossing is lessened.  The 

utilization of a biased term has gained the interest of several and is now being 

introduced in combination of methods.  

 

2.1.1.6 Metadynamics 

 Metadynamics is aimed at the reconstruction of the multidimensional free 

energy surface to overcome crossing barriers by sampling configurations on a 

biased potential with reduced roughness.  This method was first proposed by 

Laio and Parrinello in 2002 (Laio and Parrinello 2002).  It is based on artificial 

dynamics, hence the name metadynamics, performed in the space predefined by 

a small number of collective coordinates s, which are assumed to provide a 

general, course-grained description of the biased potential.  The construction of 

the biased potential is often a pitfall for these types of technique.  For large scale 

systems, a priori knowledge is often unavailable or inadequate to give a proper 

description which means that same deficiency is passed on in the information 

construction of the bias potential.  This issue is addressed in metadynamics 

because the dynamics are driven by the free energy of the system and is biased 

by a non-Markovian (memory dependent) potential based on information 

gathered earlier.   The potential is constructed from Gaussians centered along 

the trajectory of the collective variables.  The addition of a unit biased potential at 

the point along the configuration space dissuades the system from visiting this 

point again through the reduction of its weight in the Boltzmann-Gibbs 

distribution.  The potential, over time, fills the minima in the free energy surface.  

In other words, the sum of the Gaussians and of the free energy becomes 
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relatively a constant of the function of the collective variables.  A model one 

dimensional potential is shown in Figure 26 (Laio and Parrinello 2002). 

 The purpose of the simulation is to estimate the free energy of the system.  

Free energy derived as the function of the reaction coordinates is also called the 

potential of mean force (PMF).  Metadynamics identifies the collective variables 

or reaction coordinates, say s(x), x=1,..,n that are of interest and that are 

ambitious to sample, due to high energy barriers or multiple local minima.  A non-

Markovian dynamic simulation is built in the space of these variables, 

constructed in order to compensate the underlying free energy G(s) as the 

simulation progresses with time.  The bias potential biasU  , VG(s), is expressed as 

the following: 
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where a new Gaussian is added at every time interval T, the biasing potential is 

given at time t, h and w are the height and the width of the Gaussians and xG(t) 

denotes the trajectory of the system.  The capability of metadynamics to speed 

up rare event is the s space and to reconstruct the free energy is relies upon the 

fact that the Gaussian of free energy of the reaction coordinate, GG(s), is an 

approximation of the region explored up to time t.  If the Gaussian is added 

slowly and sufficiently long enough, the collective variables have a propensity to 

the diffuse toward the closest local minimum of G(s)+GG(s) and the next 

Gaussian will preferentially be placed in this minimum.  This leads to flattening of  

the potential energy surface and allows for a random walk by the system in the 

reduced configurational space of s.  Once flattened, the free energy of the 

system, G(s), on the original potential can be estimates as Gmeta= -VG(s(x),t) 

The actual implementation of the biased term is done so through via coupling 

directly with original Hamiltonian with the addition of the potential energy term or 

through the extended Hamiltonian formulation (Min and others 2007): 
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Figure 26. Metadynamics, the time evolution of the sum of a one-dimensional 
model potential as modified from (Laio and Parrinello 2002). The model potential 
is shown as the thick curve and the dynamic evolution of the potential is shown 
by the thin lines are indicated by the number Gaussians present.  V(x) is the bias 
potential and x represents the coordinates. 
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where rs  is an n-dimensional fictitious particle that corresponds to the predefined 

coordinates, rk  is the force constant of the harmonic energy term, rM  is the 

mass of the fictitious particle.    

   A search of the literature shows that metadynamics can and has been 

used for the following: chemical reactions (Ensing and others 2005; Iannuzzi, 

Laio, Parrinello 2003), crystal structure prediction (Martoňák, Laio, Parrinello 

2003; Ensing and others 2005; Iannuzzi, Laio, Parrinello 2003), docking and 

biophysics (Gervasio, Laio, Parrinello 2005), as well as accuracy and 

convergence assessment (Laio and others 2005).   

 

2.1.1.7 Accuracy and Convergence of Free Energy Estimations using 

Metadynamics 

 The accuracy and convergence of the free energy estimations using 

metadynamics was accessed by the originators of the method itself (Laio and 

Parrinello 2002). It was evaluated based on the deviation between the actual free 

energy function G(s) and its estimate, Gmeta(s,t), obtained with the metadynamics.  

The free energy for the original system as described with coordinate x and 

course-grained with the reaction coordinates s(x) is obtained by the following: 

( )∫ −−−= ))(())(exp(ln
1

)( 0 xssxUdxsG δβ
β

,                                                     [2.1.9] 

where  is the Boltzmann constant, U0 is the original potential, x are the 

coordinates, s is the reaction coordinates, s(x) is the potential mean force.  

The expression error was derived in Gmeta(s,t) for Langevin dynamics.  

Langevin dynamics use a stochastic differential equation where two forces terms 

have been added to Newton’s second law to approximate the effects of 

neglected degrees of freedom.  The first of the two terms represents frictional 

force, iνi, while the other represents random force, R
r

.  These two terms simulate 

an implicit solvation model.  The friction term creates drag on the solvated 

molecule.  The random term is associated with thermal motions of the molecule.  

The Langevin equation of motion is expressed as the following: 
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where iF
r

 is still the sum of all forces exerted on atom i by other atoms that are 

explicitly present in the system.  This is also expressed as the collision frequency 

m/γζ = . 

 As stated previously, the error for metadynamics is derived from Langevin 

dynamics, from equation 2.1.8, where dtt
ds

sdG
Dds ⎟

⎠
⎞

⎜
⎝
⎛ += )(

)( ξβ is estimated by 

changes in free energy, the random force )(tRi , such that 

)'(
1

)'(6)'(*)(
2

tt
D

ttTktRtR iBii −=−= δ
β

δγ
rr

, and the diffusion coefficient  

∫
∞

==
0

6)()0( iii kBTdttRRD γ
rr

.  The error may then be expressed as: 

tD

hTSw
dC

δ
ε )(= ,                                                                                           [2.1.11] 

where )(dC is a constant dependent upon the selection of dimensionality of the 

reduced configuration space, that is to say the number of reaction coordinates,  

h and w are the height and the width that describe the Gaussian-shape function 

used for construction of the biasU  term in equation 2.1.7, T is temperature, S is 

the average size of the region explored in one dimension, and tδ is the time step 

evolved between consecutive updates of biasU . 

 Gaussian height and width are often adapted for each simulation, usually 

according to the type of biomolecule being analyzed.  This would mean, in 

accordance with equation 2.1.11, that smaller Gaussian heights and widths as 

well as low updating frequency, causing less error and leads to better free energy 

estimations.  Under these types of parametric conditions, there is a significant 

increase in the simulation run to obtain a flattened free energy surface and thus 

free energy estimations will take longer.   

 The accuracy and efficiency of free energy estimates are in direct conflict 

with each other.  In order to resolve this issue, (Min and others 2007) proposed 

to adjust the height and the width during the simulation.  At the start of the run, 
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larger Gaussian heights were used to facilitate quicker flatten of the free energy.  

Once achieved, a smaller Gaussian height was introduced to refine the surface, 

gaining better resolution of the calculated free energy surface.  In order to 

modulate the parameter of the Gaussian-shaped functions, the Wang-Landau 

recursion scheme was used. 

 

 2.1.1.8 Wang-Landau Recursion Schemes 

 The Wang-Landau recursion scheme was initially introduced in 2001 as a 

new Monte Carlo algorithm that produced high accuracy results with reduced 

simulations time (Wang and Landau 2001).  It allowed for independent random 

walks, both concurrently and serially, in various, restricted ranges of energy.  

This resulted in the production of density states that were modified continuously 

to yield locally flat histograms.  In other words, this approach is similar to 

metadynamics in that it is a generalized ensemble technique that modifies the 

sampled ensemble in a time-dependent, adaptive manner.   

 The algorithm is based on performing a random walk in the energy space 

with a probability proportional to the reciprocal of the density of states
)(

1

Eg
.  This 

leads to the production of a flat histogram for the energy distribution.  This is 

achieved by the modifications made to the estimated density of states in a 

systematic fashion to produce a “flat” histogram over the allowed range of energy 

and simultaneously making the density of states converge to the true value.  At 

the start of the simulation, there is no a priori knowledge about the density of 

states, therefore all densities of states are )(Ep for all energies E  to )(Ep =1.  The 

random walk in energy space may then begin by flipping the configurations 

randomly.  If mE   and nE are energies that correspond to configurations m and n 

in a move, the transition probability from energy level or move  mE  to nE  is: 
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A more stringent approach to test accuracy of the density of states is 

incorporation and calculation of the specific heat, c, as defined by the fluctuation 

expression.  The probabilities ipE  are replaced with weighted probabilities 
)(tc

pE

i

i  

where the new acceptance probability is written as: 
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The modify fluctuations are expressed as: 

),()...()()( 21 ni tftftftc =                                                                                [2.1.14] 

where tn are the total number of times the configuration ci is visited and ft > 1 is 

the modifying factor.  Each time the state iE  is visited, its probability is reduced 

by 1/f(t)<1.  This effectively reduces the probability of sampling previously visited 

configuration spaces repetitively while encouraging sampling in the remaining 

configuration space.  After some time, such modifications yield a flat surface or 

distribution in the energy space with flatness dependent upon ln(f).  Unlike 

metadynamics, the modifications to the ensemble adapt as the simulation 

evolves according to the Wang-Landau recursion scheme. 

 The starting value for the f can be set to a large value, say f0=e1, to 

allowing for rapid flattening of the energy histograms.  The flatness is accessed 

as the maximum difference between an individual energy histogram H(E) and the 

average of all histograms in the measured energy range, therefore the desired 

flatness is determined by the following equation:  

%20%100
)(

)()((max
≤

−

EH

EHEH
,                                                                [2.1.15] 

Equation 2.1.15 provides a way systematically update the modifying factor f.  

Once terms of equation 2.1.14 have been met, the modifying factor can be 

altered to a smaller value, say 1−= nffn , to refine and improve the flatness.  

Updating the modifying factor is repeated until desired accuracy of the estimate 

of the density of states is acquired.   
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 This feature allows for “in flight” adjustments of the modifying factor.  At 

the start of the simulation, fast flattening of the energy histogram is optimal to 

discourage visitation of previously sampled configurations and encourage visiting 

other regions.  Once desired flatness has been ascertained, a smaller modifying 

factor is used to polish the flatness of the energy histogram.  

 

2.1.1.9 Wang-Landau Metadynamics, A Combined Approach   

 The combination of metadynamics and the Wang-Landau recursion can 

achieve high accuracy while minimizing in the amount of computing time (Min 

and others 2007).  The Wang-Landau Metadynamics algorithm incorporates the 

recursion strategy stated above for systematic updating of the Gaussian-shaped 

function height parameter h found in equation 2.1.7 used to flattening the 

potential energy surface proposed in the original metadynamics.  The computer 

simulation starts with updating functions ⎟
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where 0h is the Gaussian height is set to a large value, corresponding to a large 

height, which guides the trajectory of the system as time changes, (xG(t’)), along 

a fast but abrasive free energy surface which flattens with the converged free 

energy estimate accuracy that is equivalent or proportional to 0h , equation 

2.1.11.  Judgment of flatness of the free energy surface is determined as all 

visited conformations are binned into histograms in the reduced space of the 

reaction coordinates.  In order to accomplish this, all of the region explored within 

the reduced conformational space is partitioned into n equal sized bins labeled 

with the 1-dimenisional array, nkkA ,...,1),( = .   The number of times the kth binned 

region is visited throughout simulation forms the histogram, ))(( kAH .   While the 

simulation is running, the histogram is considered flat base on the criterion of the 

original Wang-Landau scheme, equation 2.1.14 and 2.15, which mean that no 

single histogram differs from the average of all histograms by 20%.  Once this 

criterion has been meet, the histogram is considered flat.  The Gaussian height is 
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then reset to 
2

0

1

h
h =  and all histograms to 0))(( =kAH .  This begins the second 

flattening cycle until all histograms are considered flat once again.  The number 

of flattening cycles m are determined by desired final accuracy of the free energy 

estimate and the necessary final value of the height,  
2

0

1

h
hn =− .  After the 

completion of the simulation, the final free energy estimate is calculated as the 

following: 
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where i

jt  is the time of the jth update in the ith flattening cycle with the Gaussian 

height ih . 

 

2.1.2 Orthogonal Space Random Walk Simulations Technique for Free 

Energy Calculations 

2.1.2.1 Theoretical Design 

To address the problems with free-energy simulations mentioned in the 

introduction, we have designed a scheme that allows for a random walk in 

orthogonal space, known as orthogonal space random walk (OSRW)(Zheng, 

Chen, Yang 2008; Zheng, Chen, Yang 2009).  Its concept is centered around an 

active sampling strategy by simultaneously flattening the free-energy surface in 

the λ  space as well as its generalized force,
λ∂

∂U
, space.  This force is defined by 

the amount of work done to displace the generalized coordinates.  This coupling 

would effectively and efficiently overcome the “Hamiltonian lagging” problem. The 

best approach to solving the overlap sampling issue is to addressλ . In earlier 

methods like thermodynamic integration, several static order parameters,λ , were 

used to compare the thermal quantity difference of many given phases.  This 

also meant a single simulation would need to be dedicated to every single 
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change in λ .  Unlike these traditional methods, free-energy may now be 

calculated by treating λ as a dynamic variable (Kong and Brooks 1996): 

λ
λλ ∂

∂
−=

U
m

..

                                                                                                  [2.1.17]                       

where λm is the mass ofλ , 
..

λ is the acceleration of λ , and 
λ∂

∂U
 is affectionately 

known as any “hidden barriers” that λ  may experience along the λ
λ

,
∂
∂U

space. 

This is extremely advantageous because if λ is changed in very small 

increments, thermodynamic properties for multiple states between 0 and 1 are 

evaluated in a single simulation, Figure 27 .   

Next, OSRW addresses the simultaneous coupling in the direction of λ  

and 
λ∂

∂U
to obtain an adaptive potential by using metadynamics recursion: 

biasUUU += )(λ                                                                                              [2.1.18] 

biasU  represents the repetitive addition of a relatively small Gaussian-shaped 

repulsive potential.  This allows for the normal evolution of the system to be 

biased by the history dependent potential constructed as the sum of Gaussians 

centered along the trajectory at some time, it , { )(),( ii t
U

t
λ

λ
∂
∂

} (Alessandro and 

Parrinello 2002).  The sum of the Gaussians is used to iteratively reconstruct an 

estimator of the free energy and dissuade frequently visited configurations. This 

forces the system to escape from local minima.  The new overall biasing potential 

is rewritten as: 
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Figure 27.  Orthogonal Space Random Walk as modified from (Zheng, Chen, 
Yang 2008; Zheng, Chen, Yang 2009).  To address the problems with free-
energy simulations mentioned earlier, Orthogonal Space Random Walk (OSRW) 
was designed to allow for a random walk in orthogonal space, between 0 and 1, 
by a chosen system.  It uses Wang-Landau Metadynamics to achieve high 
accuracy while not causing a significant amount of computing time, to understand 
important biological event like protein folding. 
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where h is the height of the Gaussian as some time )(t , and 1w and 2w are the 

widths of the Gaussian in the first, )(λ , and second, )(
λ∂

∂U
 , dimensions, 

respectively. When the free-energy surface within the two dimensions is 

systematically flattened, then the free energy profile of the Gaussian centered 

along the trajectory can be estimated as ),(
λ

λ
∂
∂

−
U

G .  Synergistically, OSRW 

instantaneously obtains the free-energy profile, ),(
λ

λ
∂
∂

−
U

G , that contains all the 

necessary information needed to estimate the targeted free-energy changes for 

each state.  This, simultaneously, addresses the issue of bridging overlap and 

conformational sampling.  For any intermediate state, )
'

'
,'(
λ

λ
∂
∂

−
U

G  not only 

represents the free energy profile within the generalized force space, but also the 

generalized force distribution should be proportional to )
'

'
,'(exp
λ

λβ
∂
∂U

G ; 

therefore, the free-energy derivative can be obtained by the following: 
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The free-energy change between the initial state iλ  and any target state 

with the ordered parameter λ can unfold as a function ofλ : 
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By implementing OSRW, the new potential can be summarized by the following: 
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where ),(
λ

λ
∂
∂U

G is updated by metadynamics recursion and )(λG∆− is updated 

according to equations 2.1.21 and 2.1.22.  )(λG∆ also addresses recursion 

efficiency which determines the minimal length of simulation prior to any 

meaningful free-energy change estimations, which should cover the entire range 

of the simulation.  With an increase in dimensions, there is a decrease in 

recursion efficiency in systems that have a large free-energy gap between the 

maximum and the minimum.  By subtracting the change in free-energy as a 

function of the ordered parameter, flattening of the orthogonal free-energy 

surface is accelerated, Figure 27. 

 

2.1.3 Computational Details 

2.1.3.1 Model Preparation 

 The models for free energy calculations were generated based on atomic 

coordinates of the NMR structures for the unmodified(U) and ψ-modified complex 

deposited in the Protein Data Bank (accession codes 1LMV and 1LPW), 

respectively.  The ensembles of the 10 lowest energy structures of uBP and the 9 

lowest energy structures of ψBP were submitted.  There were no missing atoms 

however, all hydrogens were deleted and rebuilt by CHARMM-gui using the 

CHARMM program (Brooks and others 1983).  The initial structure of 

complementary duplex was in standard B-form generated by the program 

NAB©2006 by James Stroud. 

 The constructs were uploaded into CHARMM-gui and placed inside a 

truncated octahedral water box with 10 minimum distance from the complexes to 

the edge of the water box.  The molecules were solvated by explicit water model 

TIP3.  A concentration of 0.15 M NaCl was used as counterions with a count of 

26 Na+ ions and 9 Cl- ions.  Particle-mesh Ewald was used to handle long-range  

interactions (Feller and others 1996).  The cutoff distance for computing short-

range interactions was used at a distance of 12 Ǻ.  The smoothing function for 

reducing the pair-wise were applied beginning at distance of 10 Ǻ.  The 
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hydrogens of the all water molecules were held constant by SHAKE command in 

CHARMM. 

 

2.1.3.2 Alchemical Transitions for Free Energy Evaluations 

 The direct computation of the absolute free energy can not be achieved by 

classical molecular dynamics.  Therefore, alchemical transition or “mutation” for 

one base, say uridine, to another, say pseudouridine, is used (Figure 28) (Tembe 

and McCammon 1984).  Alchemical transitions are based off of Hess’s law which 

states that the change in energy for any chemical or physical process is 

independent of the path followed or the number of steps required to achieve the 

process.  This means that the energy change is path independent and that only 

the initial and final states are of importance. This is an extremely useful concept 

for calculating and/or predicting the energy changes which are not easily 

measured.   

 In the simulation setup used in this study, the free energy predicted in 

each simulation was the free energy difference of the final state relative to the 

reference free energy of the initial state.  These exact details are clearly stated 

for each simulation in the results and discussion section below. 

 

2.1.3.3 Simulation Setup  

 There were five model complexes used in this study and their respective 

free energies were calculated.  All of which were calculated by OSRW to 

calculate the free energy difference between the initial state and the final state for 

each complex.  For example, the free energy difference of the alchemical 

conversion of uridine with in the unmodified construct (1LMV), which is 

considered the reference state, to pseudouridine, considered the final state, was 

calculated.  The reaction coordinate parameter, λ, is an order parameter which 

connects the initial and final state through all intermediate states in between. 

The order parameter has a range from 0 to 1, where λ=1 represents the final  

state and λ=0 corresponds to the initial state.  The Gaussian width for the order 

parameter, w1, was set to 0.01 kcal/mol and for the generalized force, w2, was  
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                   “Mutated” 

        

Figure 28. Alchemical transition of U to ψ.  Alchemical transitions or “mutations” 
convert existing atoms, which is the reference state (U), into atoms that make up 
the desired state of interest (ψ).     
 

U 

ψ 
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set to 10.0 kcal/mol.  The Gaussian height was set at 0.001, which is low initially 

and very appropriate for nucleic acids.  Gaussian height for proteins is usually set 

at 0.1 kcal/mol and is allowed to adaptively reduce as the free energy surface 

becomes smoother.  The G(λ,Fλ), the energy of the generalized force, was 

 updated every 10 steps and ∆G(λ), change in free energy, was updated every 

100 steps.  All calculations were done using the High Performance Computing 

(HPC) facility at Florida State University, Tallahassee, Florida. 

 

2.1.4 Results and Discussion 

2.1.4.1 U to ψ and Vise Versa 

 To address the matter of the discussion, the results from simulation, the 

conversion of uridine to pseudouridine, will be examined and compared to the 

other results.  The visual output of these data is shown in Figure 29.  

Examination of the trajectory shows no deviant behavior.  U is shown in multiple 

colors, branch site A (cyan), adjacent A (5’ to branch site A) (red), conserved AU 

base pair (purple and green), respectively.  All other bases are shown in grey.  

Starting a time 0 picoseconds (ps), the initial structure is a colored depiction of 

PDB 1LMV.  At 84 ps, there is significant global rearrangement of the entire 

structure which usually happens in preparation of base flipping and/or protein 

binding.  At 365 picoseconds, the branch site A is extruded from the helix, 

consistent with behaviors to that of ψ structures.  In subsequent structures, the 

global and local conformations appear to be fixed.  This indicates that the 

molecule has become trapped in a local minimum and will require a significant 

amount of energy to overcome it.     

Data obtained from the simulation is represented in Figure 30.  There are 

four panels in each output and the discussion will commence from top to bottom.  

The first panel shows Gaussian height as a function of time.  This height h of the 

unit-Gaussian functions, i.e. in equation 2.1.7, is used to help construct the 

biased potential Ubias.  The Gaussian height is indicative of the smoothness and 

the efficiency of the free energy surface.  If the h is high, flattening of the free 

energy landscape is adept and occurs quickly in the region of interest.  Smaller  
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Figure 29. Time evolution of alchemical transition from U to ψ generated in VMD.  
U is shown in multiple colors, branch site A (cyan), adjacent A (5’ to branch site 
A) (red), conserved AU base pair (purple and green, respectively.  All other 
bases are shown in grey.  At 365 picoseconds, the branch site A is extruded from 
the helix, consistent with behaviors to that of ψ structures.  
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Figure 30. Results of OSRW applied to alchemical transition of U to ψ generated 
in GUN plot. (Top panel) The height of the Gaussian potential to used to build the 
biased potential as function of time in femtoseconds(fs),  (Second panel) 
Transition of the reaction coordinate with the evolution of time between the initial 
and final states, (Third panel) Active sampling in 2D space (reaction coordinate-
generalized force) at 900ps featuring an average trend line in green x’s,  (Forth 
panel) Estimation of free energy difference between uridine and pseudouridine.  
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values of h reduce efficiency, yet, gain resolution and refinement of the free 

energy.  Normally, the height is set relatively high, say in the case of a protein, 

and allowed to adaptively evolve, reducing in the latter stages of the simulation.  

For our purposes in this simulation, there are no proteins present (only nucleic 

acids, water box, and counter ions); therefore it is appropriate to begin with a 

reduced height.  The second panel shows the change is the ordered parameter 

as a function of time.   Again, the initial state, λ=0, represent uridine, located 

directly across from the branch site A, while final state, λ=1, is represented as the 

alchemical transition to pseudouridine (ψ).  There is adequate sampling of both 

states and there are some hidden barriers, starting from 700 ps.  The third panel 

shows the projection of the accumulated sample onto the reaction coordinate by 

the generalized force subspace, represented by red crosses.  The average value 

of the generalized force is shown by green x’s.   0 and 1 still represent the initial 

and final states of the simulation.  In the final panel, the free energy is shown as 

a function of time.   The data show a decrease in amplitude at the beginning and 

tamper down to linear behavior although the data have not converged within an 

acceptable error range.  The total run time for this simulation, shown here, is 

about 900 ps.  The free energy is accumulating indicating that system has 

encountered a large hidden barrier.  This is often observed in nucleic acid 

systems (Song and others 2009; Varnai and Lavery 2002).  The change in free 

energy calculated is largely negative.  Once the energetic barrier has been 

overcome and these data have converged, the free energy difference between 

the two states should fall between an acceptable range of ~3 kcal/mol. 

 In comparison, the alchemical transition from pseudouridine to uridine is 

unfavorable.  The trajectories show normal behavior, Figure 31.  ψ is shown in 

multiple colors, branch site A (cyan), adjacent A (5’ to branch site A) (red), 

conserved AU base pair (purple and green, respectively).  All other bases are 

shown in grey.  At 51 ps, there was significant base extrusion of the branch site A 

and global structural rearrangement.  At time step 188 ps, the branch site A is 

moving inward which seems to mimic the initial uridine structure.  From 188 ps to 

850 ps, the branch site A has engaged in hydrogen bonding with the base  
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Figure 31. Time evolution of alchemical transition from ψ to U generated in VMD.  
ψ is shown in multiple colors, branch site A (cyan), adjacent A (5’ to branch site 
A) (red), conserved AU base pair (purple and green, respectively).  All other 
bases are shown in grey.   
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Figure 32. Results of OSRW applied to alchemical transition of ψ to U generated 
in GNU plot. (Top panel) The height of the Gaussian potential to used to build the 
biased potential as function of time in femtoseconds(fs),  (Second panel) 
Transition of the reaction coordinate with the evolution of time between the initial 
and final states, (Third panel) Active sampling in 2D space (reaction coordinate-
generalized force) at 900ps,  (Forth panel) Estimation of free energy difference 
between uridine and pseudouridine. 
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located opposite to it, again, a structure that resembles the uridine structure 

conformation. An output of the data is show in Figure 32. The initial height of the 

Gaussian potential was low, first panel. All regions have been sampled 

adequately, as indicated by the 2nd and 3rd panel.  The free energy profile is 

largely unfavorable, 4th panel.  

The trend of the data shown that the presence of ψ is favorable, however, 

an acceptable free energy difference between two similar states is typically ~3 

kcal/mol.  Despite the successes mentioned before, OSRW method results are 

less than desirable when applied to these nucleic acid duplexes for the 

conversion between uridine to ψ.  The free energy differences between these two 

states are not within the standard convention which accepts only 3 to 4 kcal/mol.  

These data have not yet converged but the scale of gap may not change by the 

amount of energy needed to give desired results, even after convergence.  We 

will likely need to increase initial height of the Gaussian potential.  The failure of 

the approach also maybe due to the CHARMM force field, which has some 

difficulties when dealing with nucleic acids (Feig and Pettitt 1997; Feig and Pettitt 

1998; Martin 2006).  It has been shown to be insufficient at times in handling 

nucleic acids as compared to experimental data (Feig and Pettitt 1997; Feig and 

Pettitt 1998; Martin 2006).  Another issue is that the charge assigned to ψ, as it is 

not a typical base found in the CHARMM topology file.  Also, there maybe an 

inability of OSRW to speed up slow environment relaxation that is weakly 

coupled with the reaction coordinate parameter used in the calculations.  To 

address the latter two, we will attempt to calculate more appropriate charges and 

apply a new 3D-OSRW technique which is currently being tested.  However, the 

base rotation about the glycosidic bond by 180º degrees shows an acceptable 

difference of ~3 to 4 kcal/mole.  To generate a standard of reference, we also 

calculated the conversion of uridine to pseudouridine in a completely 

complementary duplex.  In this construct, we used the same sequence employed 

as a standard for the experimental values (10+102ap). 
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 2.1.4.2 180º Base Rotation of ψ and U 

 The calculations concerning the base rotation of uridine and ψ by 180º 

degrees, Figure 33, were obtained.  Visual data of the trajectory as shown as 

evolution of time, Figure 34. ψ is shown in multiple colors, branch site A (cyan), 

adjacent A (5’ to branch site A) (red), conserved AU base pair (purple and green, 

respectively).  All other bases are shown in grey.  At time 0 ps, the initial 

structure shows the branch site A exposed to solvent.  Between 144 and 492 ps, 

there is a substantial global structural change experienced by the system.  The 

branch site A has also began to be more and more solvent exposed as it moves 

out toward the major groove.  At 626 ps, a potential global minimum has been 

established at the flipping base reaches it maximum extrusion potential.  It is 

completely swung out. This has been established as a key conformational state 

for proteins to gain accessibility.  This type of bending and kinking distorts the 

double helix and is critical for the preparation of the branch site A to reach the 

proper solvent exposure for binding with branch site binding proteins.  This will 

enable chemical and enzymatic reactions to occur with its target, flipped base.  

At 686 ps, the base has begun its descent back toward its initial pathway.  

An output of the data is shown in Figure 35. The initial height of the 

Gaussian potential was low, first panel. All regions have been sampled 

adequately, as indicated by the 2nd and 3rd panel.  The free energy profile is 

slightly unfavorable, at +0.9 kcal/mole, 4th panel. 

As expected, the uridine 180º rotation, Figure 36, calculation data shows a 

different behavior.  The trajectory begins with the branch site A stacked within the 

helix, Figure 37.  The same coloring scheme as above with the exception of 

uridine is multiple instead of ψ.  The global conformation assumes a bent position 

at 425 ps and the branch site A has lost its hydrogen bonding with uridine.  At 

766 ps, the branch site A has flipped out toward the major groove.  At this point, 

uridine is completely engaged in hydrogen bonding with the adjacent adenine.  

From 1047 to 1155 ps, the branch site seems to hover in its outward position and 

has yet to return to its original conformation. An output of the data can be seen in 

Figure 38. Again, the initial height of the Gaussian potential was low, first panel.  
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Figure 33. Base rotation of ψ.  180° base rotation of ψ is shown to produce mirror 
images and used as beginning (0) and end (1) states of a free energy simulation.  
Oxygens are shown in red, nitrogens in blue, carbons in cyan, and hydrogens in 
white. 
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Figure 34. Time evolution of 180° rotation of ψ generate in VMD.  ψ is shown in 
multiple colors, branch site A (cyan), adjacent A (5’ to branch site A) (red), 
conserved AU base pair (purple and green, respectively).  All other bases are 
shown in grey.   
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Figure 35.  Results of OSRW applied to alchemical transition of ψ rotated 180° 
generated in GNU plot. (Top panel) The height of the Gaussian potential to used 
to build the biased potential as function of time in femtoseconds(fs),  (Second 
panel) Transition of the reaction coordinate with the evolution of time between 
the initial and final states, (Third panel) Active sampling in 2D space (reaction 
coordinate-generalized force) at 700ps,  (Forth panel) Estimation of free energy 
difference between uridine and pseudouridine. 
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Figure 36. Base rotation of U generated in VMD.  180° base rotation of U is 
shown to produce mirror images and used as beginning (0) and end (1) states of 
a free energy simulation.  Oxygens are shown in red, nitrogens in blue, carbons 
in cyan, and hydrogens in white. 
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Figure 37. Time evolution of 180° rotation of U generated in VMD.  U is shown in 
multiple colors, branch site A (cyan), adjacent A (5’ to branch site A) (red), 
conserved AU base pair (purple and green, respectively).  All other bases are 
shown in grey.   
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Figure 38.  Results of OSRW applied to alchemical transition of U rotated 180° 
generated in GNU plot. (Top panel) The height of the Gaussian potential to used 
to build the biased potential as function of time in femtoseconds(fs),  (Second 
panel) Transition of the reaction coordinate with the evolution of time between 
the initial and final states, (Third panel) Active sampling in 2D space (reaction 
coordinate-generalized force) at 1.2 ns,  (Forth panel) Estimation of free energy 
difference between uridine and pseudouridine. 
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All regions have been sampled adequately, as indicated by the 2nd and 3rd panel.  

The free energy profile is slightly unfavorable, at +3.2 kcal/mole, 4th panel.   

Base rotation is important for several mechanisms which include the 

structure basis of transcription (Westover, Bushnell, Kornberg 2004).  X-ray 

crystal data shows the nucleotide selection by rotation in RNA polymerase II 

active center.  Base rotation also plays a central role in 3D motifs in standard 

RNA secondary structures (Stombaugh and others 2009).  Although useful in 

some areas, this does not seem to be the case here.  In the flipped conformation, 

uridine shows a decrease in its ability to engage in hydrogen bonding.  Carbons 

5 and 6 no longer engage in canonical base paring with the amino and imino 

groups of the opposing adenine.  This would likely lead to disruption in the local 

and global conformation of the helix.  Ψ has a slight advantage with the 

additional imino group.  It seems to maintain its hydrogen bond with the imino 

group of the adenine. Since both free energy estimates are both unfavorable and 

given the logic of canonical base paring, these data confirm that the initial 

positions of bases at this position were correct in the NMR structures, however, 

rotation of ψ can not be ignored. 

 

2.1.5 Conclusions 

 The calculations concerning the base rotation of uridine and ψ and uridine 

180º degrees were within an acceptable range.  Again, there was adequate 

sampling between the two states, there were no barrier crossing issues, and the 

trajectory was normal.  The alchemical transition that flipped uridine 180º 

degrees showed a free energy difference of +3.2 kcal/mol.  For ψ, the estimated 

free energy difference was +0.9 kcal/mol.  Both conversions were energetically 

unfavorable.  The biological implications indicate that base rotation of uridine is 

unlikely; however, ψ may assume either position.  The free energy difference for 

the 180° base rotation of ψ was less than +1 kcal/mole.  This means it is possible 

for ψ to alter its position, depending on the environment.  This may mean help 

explain why ψ is highly conserved at this position and believed to be play a role 

in recognition.  
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CHAPTER 3 

 

MULTI-TIME SCALE STUDY IN CONJUNCTION WITH AN IMPROVED 

REACTION COORDINATE MONITORS BRANCH SITE A BASE FLIPPING:  

ANALYSIS AND QUANTIFICATION OF BASE FLIPPING OF THE BRANCH 

SITE A IN RNA DUPLEXES 

The objective of this study is to analyze and quantify the energy difference 

involved in base flipping of the branch site A at the catalytic core of the 

spliceosome.  NMR data captured the conformation of the branch site A out of 

the helix in the presence of ψ, thus positioning its 2’OH to engage in the first step 

of splicing.  The presence of a base triple seems to aid in the arrangement of the 

altered architecture.  2-aminopurine data complies with structural data, indicating 

solvent exposure of the branch site A in the presence of ψ and an intact base 

triple.  However, these data are incapable of either quantifying the amount of 

base flipping experienced by the branch site A or the energy of dynamic 

conformational change involved in the process. This study will addresses base 

flipping in the catalytic core of the spliceosome from a computational approach.  

To achieve the goal set forth, a multi-time scale technique (Lv, Nelson, and 

Yang, to be published) and the selection of an improved reaction coordinate 

(Song and others 2009) was used to understand the behavior, energy profile, 

and quantification of base flipping in the branch site in ψ, uridine, complementary 

duplexes.  The data will be compared to those findings from fluorescence 

spectroscopy data. 

 

3.1 Introduction 

Base flipping is defined as the motion experienced after the loss of 

hydrogen bonding with its base paired partner and its conversion from an 

intrahelical to extrahelical position.  It is required for many biological functions 

including methylation, repair, and recognition (Song and others 2009; Sugahara 

and others 2000; Varnai and Lavery 2002). It is well known that base flipping is 

used by enzymes to recognize, induce chemical modifications, and rotate 
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nucleotides.  Otherwise, these bases are buried within the helix, shielded from 

solvent exposure and reactivity (Figure 39) (Roberts and Cheng 1998).   For 

example, MutM is responsible for DNA base-excision and repair.  MutM 

recognizes the irregular base pair cytosine(C)-oxo-gaunine(G) in DNA and flips 

oxoG out in order to repair the base, Figure 39.  This structure and many others 

like it usually captures the flipping base exposed to solvent and only in the 

presence of an enzyme.  Experimentally, intermediate states are often elusive 

and difficult to obtain.  These types of states are often sought after because of 

substantiation of pathway transition.  Scientists have used simulations to 

understand the transition profiles of the base flipping process. 

Computational studies have been used to study a wide range of nucleic 

acid complexes which analysis the bending and opening of angles of the closed 

and open states (Fuxreiter and others 2002; Priyakumar and MacKerell 2006a; 

Varnai and Lavery 2002).  The results of these simulations vary.  For example, 

Priyakumar et al. explain deviations from experimental data due to the choice of 

force field, citing that forces contributing to their structural and dynamic 

properties differ significantly (Priyakumar and MacKerell 2006b).  Fuxreiter et al. 

show that DNA repair enzymes are responsible for lowering the barrier for base 

flipping.  All these data are useful for future experiments and advancing 

computational models. 

Multi-time scale modeling is based on the concept that not all physical 

events occur at the same time.  This type of modeling is used in fluid mechanics, 

biomechanics, and physics.  It is particularly important in biological system, like 

dynamic biochemical intracellular networks.  Experimental parameters are often 

identified from time-series data at the single cell and single molecule level.  For 

example, biomolecules bind ligands, like metals and drugs, on a local level and 

may result in global conformation changes for the entire molecule.   

The multi-time scale technique, used to calculate the free energy through 

the use an improved reaction coordinate, is the latest development in modeling 

biological events with varying time scales.  It was designed to couple low 

frequency events, such as global conformational change, with high frequency 
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Figure 39. Structure of MutM (PDB 1EE8) as modified from (http://www.osaka-
u.ac.jp/en/research/annual-report/volume-2/graphics/24.html). MutM is 
responsible for DNA base-excision and repair.  MutM recognized the irregular 
base pair cytosine(C)-oxo-gaunine(G), shown as ball and stick image inside the 
DNA, and flips out oxoG, marked by the red circle, in order to repair the base. 
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events, such as local conformational change.  This the first time this technique 

has been tested and we anticipate the refinement of the technique and 

parameters will occur.  Despite the novelty of this technique, data obtained were 

acceptable.  

  

3.2 An Improved Reaction Coordinate 
 Base flipping is an important biological event and computational tools are 

essential in analyzing the role in the process.  Several crystal structures have 

shown flipping conformation of a nucleobase, yet, there is a lack of information 

about the conformational changes that occur during the transition (Song and 

others 2009; Sugahara and others 2000; Varnai and Lavery 2002).  Other 

experimental approaches, like NMR, have measured the rate of proton exchange 

to understand transitions (Coman and Russu 2005; Leroy and others 1988), 

while others studies show that the exchange rate may be overestimated as 

proton exchange may occur in structures with limited solvent accessibility and 

thus may not be a requirement for complete base flipping (Banavali and 

MacKerell Jr 2002).   

 In light of this, computational tools have proven to be essential to study 

base flipping (Banavali and MacKerell Jr 2002; Giudice, Varnai, Lavery 2003; 

Priyakumar and MacKerell 2006a; Priyakumar and MacKerell 2006b).  In 2009, 

Song et al. studied base flipping of using regular MD to evaluate the target base 

group, guanine, in standard B-form DNA built using the program NUCGEN.  The 

base did return to its normal position inside the helix and reengaged with its base 

pair cytosine.  There were some problems in analysis of the trajectory which 

included the potential for numerical instability.  The researchers noted that they 

used a previously designed dihedral angle to describe the extent of eversion. 

Song et al. devised two new definitions for base flipping that avoided the 

instability. The findings show that one, which used the center of mass of the 

phosphate groups (Figure 40), agreed more with experimental data.  The 

reaction coordinate, known as the pseudo dihedral angle, for base flipping is 

defined where p1 is the center of mass of the two flanking base pairs, p2 and p3 
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Figure 40. Definition of reaction coordinate, pseudo dihedral angle, for base 
flipping as modified from Song et al. The reaction coordinate is defined where p1 
is the center of mass of the two flanking base pairs, p2 and p3 are defined as the 
3’ and 5’ phosphates, respectively and p4 is defined as the five member ring of 
the flipping base. 
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are defined as the 3’ and 5’ phosphates, respectively and p4 is defined as the 

five member ring of the flipping base. 

 

3.3 Multi-Time Scale Technique (MTST) 
The multi-time scale technique (MTST) is a new approach in estimating 

free energy while modeling biological events that occur on different time scales 

(Lv, Nelson, and Yang, unpublished).  Like Orthogonal Space Random Walk 

(OSRW), MTST is a generalized ensemble technique the samples non-

Boltzmann probability distributions.  In most molecular dynamics simulation, used 

as a sampling engine, the probability is often exploited through changes made to 

the systems potential through sampling on the potential U=U0+F(θ) where U0 is 

defined as the original potential and F(θ) is the modified biased potential.  F(θ) 

represents the local events, specifically base flipping as defined by the improved 

reaction coordinate, θ, (Figure 40), as these are high frequency events that occur 

on faster time scale. The purpose of the modified potential is to flatten the 

sampling potential U and, therefore, eliminate the hidden barriers that effect 

conformation transition.  This is advantageous because it makes sampling of all 

possible conformations of equal probability, including events that are rarer and 

slower to occur.  The formulation of the modified potential follows the concept of 

metadynamics, which will be discussed in more details later.  The purpose of the 

metadynamics technique is to achieve a “random walk” by the system in the 

subspace of a small number of reaction coordinates. To achieve a random walk 

in the subspace, the modifying potential is adaptively built up over the course of 

the simulation and is expressed as the sum of small Gaussian-shaped functions 

centered on visited configurations in the system:  
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where Ubias is updated every δt time step, n(bar) is a vector in the reaction 

coordinate space describing the configuration of the system, and lastly, h and w 

are the height and width, respectively, of the Gaussian function.  By constructing 
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Ubais in this manner, the potential energy of configurations visited before is raised, 

i.e. the system pays an energetic penalty, and the probability of visiting them 

again is decreased, accordingly.  This effectively and efficiently biases the 

sampling progression towards the exploration of the rest of configuration space.  

This leads to flattening of the potential energy surface and to a random walk of 

the biological system in the reduced configurational space of the reaction 

coordinates.  Once the modified potential energy function has flattened, the free 

energy of the system, G(n), on the original potential can be estimated as 

Gmeta(n,t)= -Ubias(n,t).   This means that MTST is a 2D modality of metadynamics.  

Like OSRW, its modified potential, Gbias, which is the functional form of Ubais, is 

designed to flatten the potential energy surface in both the reaction coordinate, θ, 

as well in and its global generalized force, Uf, which describes the global 

conformational change experience by the system: 
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where h is the height of the Gaussian-shaped function and w1 and w2 are the 

width of the functions for θ and Uf, respectively. Thus, the potential energy 

function may now be expressed as: 

),()(0 UfGFUU θθ ++= .                                                                               [3.1.3] 

 In order for the system to propagate, the new force is applied to the 

system’s coordinates must be calculated.  The force, F, is expressed as the 

following: 
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where F0 is the original force, 
X

F

∂
∂ )(θ

 is the force applied to atoms, X, in the 

reaction coordinate, θ, used to describe local events, and 
X

UfG

∂
∂ ),(θ

 is the force 

applied to the atoms, X, involved the global conformational change, Uf, coupled 

along the reaction coordinate, θ.   



 97

The force, F, applied to the atoms of the pseudo dihedral angle is derived 

as the following: 
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where 
X∂
∂θ

 constitutes all atoms, X, involved defined the pseudo dihedral angle, θ 

and 
X

Uf

∂
∂

exactly describes the atoms, X, in the global system, Uf.  The term
X∂
∂θ

 

defines the center of mass coordinates, X, for the pseudo dihedral angle (Figure 

40): 
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where the sum of the masses, mi, and coordinates, xi, of individual atoms, i, as 

the sum the mi: 
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We then take the derivative of the term 
ix

X

∂
∂

to define the specific coordinates of 

the individual atoms with the group of atoms: 
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where mi is the mass of the individual coordinates and Σmi is the sum of all 

atoms in that group.   

 The global generalized force Uf is the force that is generated in the system 

by the changes in the reaction coordinate θ,  
θ∂
∂

=
G

Uf  where G is Gibbs free 

energy of the system.  The system’s movement along the reaction coordinate, θ, 

is often time coupled with the motions in other degrees of freedom.  For example, 

a single reaction coordinate, say θ, used to describe a chemical reaction maybe 

the defined as the distance between selected atoms.  If there are any 

conformational changes associated with this chemical reaction, these structures 

will be unaccounted for using this reaction coordinate, θ.  This means that any 
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energy barriers coupled with these conformational changes would be “hidden” in 

terms of the reaction coordinate, θ, and will not be removed with the one-

dimensional flattening along with the along θ.   The “hidden” barriers, however, 

will be reflected in 
θ∂
∂

=
G

Uf , which is orthogonal to θ in two-dimensional space.  

As a result, the purpose of flattening of the global generalized force 
θ∂
∂

=
G

Uf  is to 

abolish “hidden” barriers that may be associated with environmental relaxation 

required for propagation along the reaction coordinate, θ. 

 After the addition of an adequate amount of Gbias is added to the original 

potential, the free energy profile is the region of (θ, Uf) space becomes flat.  It is 

at this point that the original free energy profile can be estimated as –Gbais, 

(Gmeta= -Gbais), then the potential of mean force, force based solely on the 

geometry, for the reaction coordinate θ at θ=θ’ can be computed: 
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where  = kBT, kB is the Boltzmann constant and T is the temperature.  The 

corresponding free energy difference between the initial state θ0 and a target 

state may then be found as: 

∫ ∂
∂

=∆
θ

θ
θ

θ
θ

θ
0

')(
'

d
G

G .                                                                                     [3.1.10] 

 In addition, to improve the recursion efficiency of the simulation, the           

–∆G(θ,Ufθ) term is introduced to formulate the final potential utilized in the 

simulation: 

)(),(0 θθ θ GUfGUU ∆−+= .                                                                          [3.1.11] 

 

3.4 Computational Details 

3.4.1 Model Preparation 

 The models for free energy calculations were generated based on atomic 

coordinates of the NMR structures for the unmodified, uridine (U) and ψ-modified 

complex deposited in the Protein Data Bank (accession codes 1LMV and 1LPW), 
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respectively.  The ensembles of the 10 lowest energy structures of uBP and the 9 

lowest energy structures of ψBP were submitted.  There were no missing atoms 

however, all hydrogens were deleted and rebuilt by CHARMM-gui using the 

CHARMM program (Brooks and others 1983).  The initial structure of 

complementary duplex in standard B-form was generated in the program Nucleic 

Acid Builder (NAB©2006) by James Stroud. 

 The constructs were uploaded into CHARMM-gui and placed inside a 

truncated octahedral water box with 10 Å minimum distance from the complexes 

to the edge of the water box.  The molecules were solvated by explicit water 

model TIP3.  A concentration of 0.15 M NaCl was used as counterions with a 

count of 26 Na+ ions and 9 Cl- ions.  Particle-mesh Ewald was used to handle 

long-range interactions (Feller and others 1996).  The cutoff distance for 

computing short-range interactions was used at a distance of 12 Ǻ.  The 

smoothing function for reducing the pair-wise were applied beginning at distance 

of 10 Ǻ.  The hydrogens of the all water molecules were held constant by SHAKE 

command in CHARMM. 

 

3.4.2 Alchemical Transitions for Free Energy Evaluations 

 The direct computation of the absolute free energy can not be achieved by 

classical molecular dynamics.  Therefore, an alchemical transition or “mutation” 

of one base, say uridine, to another, say pseudouridine, is used (Tembe and 

McCammon 1984).  Alchemical transitions are based on Hess’s law which states 

that the change in energy for any chemical or physical process is independent of 

the path followed or the number of steps required to achieve the process.  This 

means that the energy change is path independent and that only the initial and 

final states are of importance. This is an extremely useful concept for calculating 

and/or predicting the energy changes which are not easily measured.   

 In the simulation setup used in this study, the free energy predicted in 

each simulation was the free energy difference of the final state relative to the 

reference free energy of the initial state.  These exact details are clearly stated 

for each simulation in the results and discussion section below. 
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3.4.3. Simulation Setup 

 There were three model complexes used in this study and their respective 

free energies were calculated.  All of which were calculated by MSTS to calculate 

the free energy difference between the initial state and the final state for each 

complex.  Absolute free energy can not be directly calculated in classical 

molecular dynamics.  This means the free energy must have a set reference 

state.  For these calculations, the reference state was set to the starting position 

of the flipping base.  For example, the free energy was calculated for the 

unmodified, uridine construct (1LMV), with the branch site A stacked within the 

helix is considered the reference state and the base flipped out was considered 

the final state.  The reaction coordinate parameter, θ, is an order parameter 

which connects the initial and final state through all intermediate states in 

between. The order parameter has a range of ±π.  The Gaussian width for the 

order parameter, w1, was set to 0.1 kcal/mol and for the generalized force, w2, 

was set to 10.0 kcal/mol.  The Gaussian height was set at 0.001 kcal/mole, which 

is low initially and very appropriate for nucleic acids.  Gaussian height for 

proteins is usually set at 0.1 kcal/mol and is allowed to adaptively reduce as the 

free energy surface becomes smoother.  The G(θ,Ufθ), the energy of the 

generalized force, was updated every 10 steps and ∆G(θ), change in free 

energy, was updated every 100 steps.  

 The definition of the reaction coordinate, the pseudo dihedral angle, for 

base flipping used in these simulations was proposed by Song et al 2009. The 

reaction coordinate is defined where p1 is the center of mass of the two flanking 

base pairs, p2 and p3 are defined as the 3’ and 5’ phosphates, respectively and 

p4 is defined as the five member ring of the flipping base.  The angle of rotation 

was set to ±180º degrees. All calculations were done using the High 

Performance Computing (HPC) facility at Florida State University, Tallahassee, 

Florida. 
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3.5 Results and Discussion 

3.5.1 ψ Structure 

 The free energy profiles calculated for base flipping using the multi-time 

scale technique, MSTS, and the improved definition of the pseudo dihedral angle 

have been calculated.  The visual output of the pseudouridine (ψ) simulation data 

is shown Figure 41.  ψ is shown in blue, branch site A in multiple colors, adjacent 

A (5’ to branch site A) in red, the conserved AU base pair (purple and green), 

respectively.  All other bases are shown in grey.  At 323 ps, there is global 

distortion of the helix and there is a notable change in the branch site A from its 

initial position.  At 626 ps, the branch site has moved into an extended 

conformation, adopting a position parallel to the intron strand.  Its flipping 

pathway is toward the major groove, like that of oxoG in MutM (Figure 39) 

(Roberts and Cheng 1998).  ψ has maintained its hydrogen bonding with the 

adjacent adenine.  This seems to stabilizes the spatial gap caused by base 

flipping of the branch site A and torsional rotation of the backbone, thereby 

reducing the amount of energy required for the transition to occur.  At 749 ps, the 

branch site A is completely extruded. This is the key conformation that may play 

an integral role in protein recognition and enzymatic reactivity.  At 907 ps, the 

base is positioned in a parallel position with the intron strand once again (i.e. 626 

ps), indicating it is transitioning back toward its initial position.  

These results show the improved definition of the pseudo dihedral angle as a 

reaction coordinate, θ, is critical to obtain desirable results.  As the simulation 

has progressed, there are obvious differences in the free energy profile as time 

has elapsed, Figure 42.  Data along the x-axis indicate the flipping angle, where 

0º to -180º are defined as the minor groove (in) and value >0º show major groove 

flipping (out).  Like the data in Song et al., there are two distinct profile 

characteristics: the “basin” and “plateau” regions.  The basin region of the 

free energy profile has the lower free energy and its slope is much steeper. This 

region is located near the energy minimum.  The plateau region is located near 

the outer rims of the profile, has a higher free energy, and its slope is flat.   
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Figure 41. Time evolution of flipping base, branch site A, in the presence of ψ 
generated in VMD ©.  ψ is shown in blue, branch site A in multiple colors, 
adjacent A (5’ to branch site A) in red, conserved AU base pair (purple and 
green, respectively).  All other bases are shown in grey.   
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Figure 42.  Free energy profile of ψ structure using MTST technique and the 
improved pseudo dihedral angle definition generated in GNU plot ©.  The x-axis 
is the pseudo dihedral angle and the y-axis is free energy (kcal/mol).  The 
pseudo dihedral angle is defined where p1 is defined by the mass center of the 
two flanking base pairs, p2 and p3 are defined by the 3’ and 5’ phosphates, and 
p4 is defined by the five-membered ring of the flipping base as defined by Sang 
et al.  Positive and negative values indicate flipping out and in the helix, 
respectively.  The colored lines indicate the progression of the free energy profile 
in time (ps). 
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Because of the lower free energy profile, the basin region is more dependent, 

energetically, on the angle.  The free energy profile, between -115º to +20º, is 

completely flat and indicates that that part of the profile has yet to be visited.  

Conversely, the remaining profile has been visited as shown by its transition from 

a plateau to a more sloped region.  The crossing barriers of the free energy 

(kcal/mol) seem to be easier if the base follows a pathway through the major 

groove.  The free energy difference for the global minimum is around -27 

kcal/mol.  It seems the optimal angle position is possibly around +60º to +160º.  

The global minimum has remained around +120º for the duration of the 

simulation, only deviating by a few degrees earlier in the run.  It is possible that 

there is either a local minimum developing around +80º or widening of the global 

minimum.  It is too difficult to tell at this moment where exactly the minimum will 

fall, after only 1 ns. 

 

3.5.2 U Structure 

 In the U-structure, the data show diversity in its base flipping pathway 

(Figure 43), as compared to the ψ structure. U is shown in dark gold, the branch 

site A in multiple colors, the adjacent A (5’ to branch site A) in red, the conserved 

AU base pair (purple and green, respectively).  All other bases are shown in 

grey.  At time 0, the initial structure shows strong Watson-Crick base pairing 

interactions between U and the two adenines opposite to it.  Also, there are 

stacking interactions within the helix.  At 446 ps, global rearrangement occurs 

first and the branch site A flips toward the minor groove.  This pattern is in direct 

opposition of the behavior of the ψ structure.  The helix becomes further 

distorted, while the branch site A flips further out at 531 ps.  The uridine (U) and 

the adjacent A have all lost interactions.  At 662 ps, the branch site A has passed  

back through its initial state.  Flipping toward the major groove occurs toward the 

end of the simulation, from 1222 ps to 1447 ps, much like that of ψ. 

The free energy profile of this structure is decisively a counterpart of ψ, 

Figure 44.  Again, the plateau region is located near the outer rims of the profile, 

has a higher free energy and its slope is flat.  Because of the lower free energy 
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Figure 43. Time evolution of flipping base, branch site A, in the presence of U 
generated in VMD.  U is shown in dark gold, branch site A in multiple colors, 
adjacent A (5’ to branch site A) in red, conserved AU base pair (purple and 
green, respectively).  All other bases are shown in grey.   
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Figure 44.  Free energy profile of U structure using MTST technique and the 
improved pseudo dihedral angle definition generated in GNU plot.  The x-axis is 
the pseudo dihedral angle and the y-axis is free energy (kcal/mol).  The pseudo 
dihedral angle is defined where p1 is defined by the mass center of the two 
flanking base pairs, p2 and p3 are defined by the 3’ and 5’ phosphates, and p4 is 
defined by the five-membered ring of the flipping base as defined by Sang et al.  
Positive and negative values indicate flipping out and in the helix, respectively.  
The colored lines indicate the progression of the free energy profile in time (ps). 
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profile, the basin region is more dependent, energetically, on the angle.  The free 

energy landscape from -90º to -180º and 40º to 180º has not yet been visited.   

The global minimum has shifted from 0º to -80º over a profile ranging form -100º 

to +40º.  The global minimum corresponds to free energy of -21 kcal/mol. 

 

3.5.3 Complementary Duplex 

 The complementary duplex only undergoes global structural changes, 

Figure 45. U is shown in dark gold, U (3’) is cyan, the branch site A in multiple 

colors, adjacent A (5’ to branch site A) in red, the conserved AU base pair (purple 

and green, respectively).  All other bases are shown in grey. As expected, all 

bases remained engaged in Watson-Crick base pairing through out the duration 

of the simulation.   

 The free energy profile, Figure 46, shows little movement of the branch 

site A.  The range of fluctuation is only around -20º to -40º.  This is also the limit 

of the entire profile explored.  There does appear to be a global minimum around 

-38º with a free energy of -13 kcal/mole.   

 

3.5.4 Conclusions and Biological Implications 

These data are in excellent agreement with 2-aminopurine fluorescence 

spectroscopy data found in Chapter 2.  Comparing results of the models used in 

this study, the presence of ψ seems to allow for the most efficient base flipping 

transition.  The biological implications suggest that ψ lowers the energetic barrier, 

by about 6 kcal/mol. This is likely the reason that its fluorescence profile was 

twice that of uridine’s.  It is has been documented that, in the presence of uridine, 

splicing can occur, just not as efficiently as ψ (Newby and Greenbaum 2001; 

Newby and Greenbaum 2002a; Yu, Shu, Steitz 1998).  This visual evidence may 

provide additional proof (Figure 41-44).  Because uridine terminates its hydrogen 

bonding with the adjacent adenine, this may cause a significant increase in 

energy because the initial base flipping pathway of the branch site A is in toward 
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Figure 45. Time evolution of flipping base, branch site A, in a complementary 
duplex generated in VMD.  U is shown in dark gold, U (3’) is cyan, branch site A 
in multiple colors, adjacent A (5’ to branch site A) in red, conserved AU base pair 
(purple and green, respectively).  All other bases are shown in grey.   
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Figure 46.  Free energy profile of a complementary duplex using MTST 
technique and the improved pseudo dihedral angle definition generated in GNU 
plot.  The x-axis is the pseudo dihedral angle and the y-axis is free energy 
(kcal/mol).  The pseudo dihedral angle is defined where p1 is defined by the 
mass center of the two flanking base pairs, p2 and p3 are defined by the 3’ and 
5’ phosphates, and p4 is defined by the five-membered ring of the flipping base 
as defined by Song et al.  Positive and negative values indicate flipping out and 
in the helix, respectively.  The colored lines indicate the progression of the free 
energy profile in time (ps). 
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the minor groove. However, the branch site A does seem to recover a more 

energetically favored conformation by passing back through and out toward the 

major groove.  This does begin to resemble the most favorable conformations 

found in ψ. Although both are both pathway are possible, major groove route is 

commonly assumed to be preferred for steric reasons (Ramstein and Lavery 

1988; Varnai and Lavery 2002).  It may be possible that the branch site binding 

proteins help stabilize either transition.  However, the splicing process may take 

longer with uridine structure.  In this duplex, it is possible that the first 

transesterification reaction may have to wait for flipping to come back through the 

major groove, thus causing a significant decrease in splicing efficiency 

(Priyakumar and MacKerell 2006b). Regardless of pathway, the distorted global 

and local conformations are condusive for protein binding (Schellenberg, Ritchie, 

MacMillan 2008). 

In particular, p14 and SF3b are known to directly interact with the branch 

site helix, Figure 47 (Schellenberg and others 2006).  Protein p14 is shown in 

yellow and SF3b in blue.  The hydrophobic core of p14 and SF3b interface is 

detailed in A.  Salt bridges and hydrogen bonding network around the core 

interface is shown in B.  A surface representation is shown in C.  The p14-SF3b 

complex forms a pocket and a platform, inset of figure C., for Tyr22 of p14.  This 

is commonly found in other RNA recognition motifs (Schellenberg and others 

2006).  Through mutational studies, data show that Tyr22 directly interacts with 

the branch site A.  We believe that we discovered the most favorable 

conformation for interacting with the aforementioned proteins.  It is highly 

probable that the conformation shown at 749 ps is the global minimum and most 

likely to bind with the proteins in a type of lock and key model.  A closer look, in 

Figure 48, at the charges in the ψ-RNA duplex shows that the negatively charged 

oxygens (red) probably interact with the hydrophobic residues Arg24, Arg57, 

Arg96, and Lys100 of SF3b (blue), which from a pocket and platform form Tyr22  

of p14 (yellow).  Most importantly, the amino hydrogens of the branch site A 

should bond with the OH group of Tyr22 of p14. 
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Figure 47. Probable conformation for  protein binding as modified from 
(Schellenberg and others 2006).  ψ is shown in blue, branch site A in multiple 
colors, adjacent A (5’ to branch site A) in red, conserved AU base pair (purple 
and green, respectively).  All other bases are shown in grey.  The ψ structure 
show a probable conformation, at 729 ps, for binding branch site binding 
proteins, p14 (yellow) and SF3b (blue). (A) is the hydrophobic core of the p14-
SF3b interface. (B) detail the salt-bridges and hydrogen bonding network.  (C) is 
a surface representation of the interface showing Tyr22 (yellow) exposed within a 
pocket surrounded by reserved, hydrophobic resides (blue).   
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Figure 48. Charge comparison of ψ structure at 729 ps with p14 and SF3b as 
modified from (Schellenberg and others 2006).  Oxygens are shown in red, 
nitrogens in blue, carbons in cyan, hydrogens is white, and phosphates in dark 
gold.  A closer look a the charges in the ψ-RNA duplex shows that the negatively 
charged oxygens probably interact with the hydrophobic residues Arg24, Arg57, 
Arg96, and Lys100 of SF3b (blue), which from a pocket and platform form Tyr22 
of p14 (yellow).  Most importantly, the amino hydrogens of the branch site A 
should bond with the OH group of Tyr22 of p14.   
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CHAPTER 4 

 
BIOLOGY, STRUCTURE, AND FUNCTION OF IRON-DEPENDENT 

REGULATOR (IDER): A HOMOLOGUE OF DIPHTHERIA TOXIN REPRESSOR 
(DTXR):  

THE ROLE OF THE REPRESSORS IN THE CELL INCLUDING GENE 

REGULATION AND IRON METABOLISM 

The scope of this chapter is to introduce some of the biology, structure 

and function of an iron-dependent regulator (IdeR) of Mycobacterium 

tuberculosis (Mtb).  Mtb has caused major public health concerns throughout the 

world and many researchers have been dedicated to accumulating a basic 

understanding of this bacterium.  Iron is elementary for the survival of bacteria 

and acquisition poses a life or death situation.  Siderophores scavenge and 

secure iron from the host for the bacteria.  The host mounts an immune-

response, however, the bacteria have developed evasive maneuvers to 

overcome it.  IdeR regulates the production of siderophores in Mtb.  IdeR has 

functional and structural homology with the diphtheria toxin repressor (DtxR) in 

Corynebacterium diphtheria (Cdp).  Both have a primary and ancillary metal 

binding site.  The primary site coordinates amino acid residues mainly from the 

DNA-binding domain, while the ancillary site binds to residues involved in DNA 

dimerization domain.  Functional studies of IdeR metal binding have been done 

in the presence of several divalent metal ions, although Fe2+ is the wild type.  

Oddly enough, x-ray crystal structures have been solved under the same varied 

conditions; therefore, selection, cooperativity, and order of metal binding will be 

fundamental in the basic comprehension of the bacteria. 

  

 4.1 Introduction 
 Tuberculosis (TB) is a disease caused by the bacterium known as 

Mycobacterium tuberculosis (Mtb).  The bacteria usually assault the lungs, but 

are capable of attacking any part of the body, including the brain, kidney, and 

spine.  According to the Centers for Disease Control and Prevention (CDC), TB 

was once the leading cause of death in the United States.  TB is now the leading 

cause of adult morbidity and mortality worldwide, killing nearly two million people 
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per year in the world or nearly one person every 15 seconds according to the 

World Health Organization (WHO).  WHO declared TB as the leading killer 

among persons infected with HIV with compromised immune system, and also 

notes that out of the 14 countries most affected by multidrug-resistant TB, 12 are 

located in Europe. They also estimate that between 2002 and 2020, 

approximately 1 billion people will be newly infected.  Therefore, the objective of 

past, present, and future studies is to understand the factors associated with 

causation, structure formation, and function of Mtb.  Leading studies have 

focused on a critical process known as iron homeostasis. 

 

4.2 Biology of Bacteria 

Iron is a quintessential component of life for all living organism, yet, for 

bacteria, it is also evasive and possibly toxic element.  Iron is a required cofactor 

for biological processes that include electron transport, respiration, and DNA 

replication.  It is evasive considering the fact that in the presence of oxygen, at 

physiological pH, it is mostly in a state of insoluble ferric (Fe3+) hydroxides and 

oxides (Ksol. = 4x10-38 to 4x10-44) (Fraústo da Silva, J. J. R. and Williams 1993; 

Schwertmann 1991; Sigel and Sigel 2002, March 6).  Mammals store more 

cellular iron than bacteria, therefore, bacteria rely more on their host environment 

for iron acquisition (Braun and Killmann 1999; Braun 2001; Braun and Braun 

2002; Hantke 2001; Ratledge and Dover 2000; Ratledge 2004; Rodriguez and 

Smith 2003). Total iron concentration in mammals is about 10-18 M (Dussurget 

and Smith 1998), yet, EPR experiments indicate that growing bacteria cells 

contain 15 to 30-6 M concentrations of free iron (Keyer and Imlay 1996).  The 

amount of Fe3+ that can be released from ferritin, the primary intracellular iron-

storage protein, is only a very small percentage of the total iron stored (Lauffer 

1992) in heme or heme-containing protein and iron-storage proteins transferrin 

and lactoferrin (Ratledge 2004).  This means bound iron is much safer that an 

equivalent amount of “free” iron (Aruoma 1994; Lauffer 1992). This premise gives 

rise to the potential toxicity of iron.  Free iron may very easily undergo a redox 

reaction (Fe3+  Fe2+  Fe).  Within the cell, this initiates lipid peroxidation, a 
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free radical chain reaction that occurs between the polyunsaturated fatty acyl 

groups in cell membranes and molecular oxygen (O2).  The residual effects are 

dysfunctional membranes and cell death.  These three factors culminate to play a 

vital role in homeostasis of pathogenic bacteria.  Therefore, regulation of iron 

metabolism in bacteria includes detection of intracellular iron concentrations 

within the host in order to thrive.  Regulation also involves balancing iron storage 

and uptake, accordingly, to ensure the prevention of irreparable damage and/or 

apoptosis.   

Upon infection, mycobacteria and the host cell are in a constant struggle 

for iron.  Mycobacteria have evolved an elaborate system to overcome the issues 

of iron metabolism and acquisition by synthesizing and dispensing a number 

small organic iron chelators, known as siderophores, Figure 50.  Siderophores 

solubilize Fe3+ for transport into the cell.  Mycobactin is the siderophores found in 

Mtb. Others include marinobactin from Marinobacter sp., aquachelin from H. 

aquamarina, and amphibactin from Vibrio sp. R-10, shown in Figure 50 (Krithika 

and others 2006).  Siderophores bind iron with high affinity, one of the most 

powerful is enterobactin synthesized by E.coli (Kform. = 1052) (Bagg and Neilands 

1987; Sigel and Sigel 2002, March 6). Once inside the cell, iron is then released 

in the cytoplasm, likely reduced by reduction, and readily used for several 

biological processes.  The process of binding and unbinding iron by 

siderophores, especially given the tight binding affinity, indicates the central role 

the metal serves to Mtb. 

 

4.3 Immuno-response to Infection and Evasion by the Bacteria 

Deadly bacteria abduct iron from their host in order to grow and 

reproduce.  In response to the presence of the pathogen, the immune system 

initiates a cascade of event which includes launching its own iron-sequestering 

proteins to discourage bacterial growth.  A pathogenic bacterium responds with a  
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Figure 50. Structure of various siderophores as modified from (Krithika and 
others 2006). The structures of a variety of amphiphilic siderophores are as 
follows: mycobactin from M. tuberculosis (Mtb), marinobactin from Marinobacter 
sp., aquachelin from H. aquamarina, and amphibactin from Vibrio sp. R-10.  
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counterattack which includes an elaborate iron-acquisition mechanism to 

alleviate iron shortages during infection.  The production and secretion of 

siderophores by bacteria seek to increase iron supplies while coping under 

stressful conditions. These molecules scavenge iron from ferritins as well as 

other proteins that bind iron in the human host.   

The first direct evidence that mycobactin, the lipophillic siderophore of 

mycobacteria, efficiently extracts intracellular macrophage iron was presented in 

2005 by Luo et al.  Once inside the cell, newly assembled, metal free 

siderophores, in this example mycobactin J (MJ), disperse away from Mtb as 

shown in Figure 51 (1. MJ diffusion) (Luo, Fadeev, Groves 2005).  The 

mycobactins are then distributed between bulk medium and cellular lipid 

components upon exit of the phagosome.  Transport is mediated by ATP 

binding cassettes type (ABC-type) transport. (Braun and Killmann 1999). From 

here, mycobactin access intracellular iron pools and chelate the metals Figure 51 

(2. Iron acquisition).   

Next, iron bound mycobactins diffuse away from the iron pools Figure 51 

(3. Fe-MJ diffusion).  Mycobactin-iron complex preferentially localize with high 

selectivity in macrophage lipid droplets (Luo, Fadeev, Groves 2005).  The 

droplets are intracellular domains for lipid storage and sorting (Luo, Fadeev, 

Groves 2005).  These experimental data indicate that droplets are in direct 

contact with phagosomes which means it is positioned to deliver much needed 

iron back to the mycobacterium Figure 51 (4. Lipid-droplet localization).   

 

4.4 IdeR, a Functional Homologue 

 IdeR was initially identified as the mycobacterial homologue of DtxR of C. 

diphtheria (Schmitt and others 1995).   DtxR represses the tox gene which is the 

structural gene for diphtheria toxin (Prakash and others 2005).  DtxR is also a 

regulatory protein which contributes to iron metabolism in bacteria (Boyd, Oza, 

Murphy 1990; Schmitt and Holmes 1991).   DtxR was shown to have similar 

function as Fur protein of gram-negative bacteria (Prakash and others 2005).   
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Figure 51.  Suggested iron-acquisition pathway for macrophage-niched 
mycobacteria mediated by mycobaction J (MJ) as modified from (Luo, Fadeev, 
Groves 2005).  Internalization of mycobacteria occurs via phagocytosis and 
settles in the phagosomes.  Mycobactin are assembled, diffused away from the 
mycobacteria, and quickly distributed between bulk and cellular lipid components 
(1. MJ diffusion).  MJ access intracellular iron pool and chelate iron there (2. Iron 
acquisition).  This is encouraged by human transferrin, hTf, and Co(III)-Tf.  Fe3+ 
bound mycobactins then diffuse away from the intracellular iron pool (3. Fe-MJ 
diffusion).  Fe3+ bound mycobactins accumulates in with high selectivity in 
macrophage lipid droplets (4. Lipid-droplet localization).  These intracellular lipid 
storage and sorting domains are in direct contact with the phagosomes 
positioned for iron delivery back to mycobacteria where is critical for survival.   
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Under iron conditions that are suitable for bacterial growth, DxtR binds to the 

operator sequence of the genes involved in iron metabolism, with high specificity, 

thereby down regulating transcription (Tao, Boyd, Murphy 1992).  Not 

surprisingly, DNA mobility shift assays and DNA fingerprinting analysis revealed 

that IdeR binds to the same promoter sequence to which the DtxR protein binds 

in Cdp (Prakash and others 2005) .  All binding was shown to be metal ion 

dependent (Schmitt and others 1995).  Within in the first 180 amino acids out of 

approximately 230, DtxR and IdeR share over 90% identity (Ranjan, Yellaboina, 

Ranjan 2006). It is also worthy to note that both share 59% overall amino acid 

identity within a 230 amino acids stretch (Prakash and others 2005). Upon 

comparison of the two repressors, both have four monomers that from two 

dimers, Figure 52. There are three distinct functional domains: the N-terminal 

domains have a helix-turn-helix DNA-binding motif, the dimerization domain 

contains most of the metal binding residues, and C-terminal domain has a Src 

homology domain 3 (SH3)-like fold, which is important for interactions with other 

proteins. There are at least two metal domains in each repressor that coordinate 

with the first two domains.  However, IdeR has been shown to bind a third metal 

in the SH3 domain (Wisedchaisri, Holmes, Hol 2004).           

4.5 In-depth Look at the Structure and Metal Binding Pockets of IdeR 

Iron dependent repressor protein family includes diphtheria toxin repressor 

(DtxR) from Corynebacterium diphtheriae (Cdp) (Messerschmidt and others 

2001; Schmitt and others 1995).  Studies show iron-dependent regulator (IdeR) 

is a functional homologue of DtxR found in Mtb (Schmitt and others 1995) .  

Within the same study, IdeR was activated by divalent metal binding of not only 

Fe2+, but also Cd2+, Co2+, Mn2+, Ni2+, or Zn2+.  IdeR shielded an approximate 

span of a 30-basepair region of the DNA fragments coding for the tox, IRP1, 

IRP2 from RNA polymerase, and thus blocking subsequent transcription of the 

genes.  These genes are key virulence factors and proven critical under iron-

limiting conditions by impaired growth and the inability to produce siderophores 

(Osorio, Juiz-Rio, Lemos 2006; Rakin and Heesemann 1995).  
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Figure 52. Comparison of IdeR and DtxR as modified from PDB entries 1U8R & 
1C0W.  There are three distinct functional domains: the N-terminal domains have 
a helix-turn-helix DNA-binding motif, the dimerization domain contains most of 
the metal binding residues, and C-terminal domain has a Src homology domain 3 
(SH3)-like fold, which is important for interactions with other proteins. There are 
at least two metal domains in each repressor that coordinate with the first two 
domains.  However, IdeR has been shown to bind a third metal in the SH3 
domain. 

IdeR 

DtxR 
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Several structures of the repressor have been solved.  In 2004, the 

highest resolution structure of IdeR in complex with 33mer DNA helix coding for 

gene important for synthesis of siderophores in Mtb reveals recognition and 

conformational motifs (Wisedchaisri, Holmes, Hol 2004).  In the presence of 

cobalt (Co2+), Wisedchaisri et al. reported the first crystal structure of IdeR bound 

to the mbtA-mbtB operator sequence of Mtb at 2.75 Ǻ resolution (PDB 1U8R) as 

shown in Figure 52.  Prior to metal binding, IdeR is extremely flexible and prefers 

a monomeric state and is in constant equilibrium with the dimeric form (Chou and 

others 2004).  In the presence of metal, the repressor dimerizes and binds to the 

DNA with two dimers on opposing sides of the DNA helix . The IdeR–DNA 

complexes in the asymmetric unit are composed of four monomers A, B, C, and 

D of IdeR colored in red, orange, blue, and magenta, respectively. The dimers 

AB (dimer I) and CD (dimer II) are bound to the mbtA-mbtB operator sequence 

represented by stick model labeled strands E and F.  The operator is distorted 

from canonical B-DNA, typical of protein-DNA binding.  Two IdeR dimers bind to 

opposite sides of the DNA, forming a double-dimer complex. The two dimers do 

not exist in the same plane.  Each IdeR monomer contains three cobalt ions (pink 

spheres) and one sodium ion (green spheres).  Metal-binding site 1 is found 

within the dimerization domain with two extra ligands provided by the SH3-like 

third domain.  Metal-binding site 2 is coordinated by residues from the N-terminal 

DNA-binding domain and the dimerization domain.  A third site, located in the Src 

homology domain 3 (SH3 domain), adopts a “wedge” position to interact with the 

two other domains, as well as supplying dual ligands for the metal site 1.  A 

sodium ion was observed mediating interactions between Asp35 and DNA. The 

DNA-binding domain has extensive contacts in the major groove of the DNA by 

the HTH motif. Sodium ions bridge extra interactions between IdeR and DNA 

phosphate. 

Fully occupied metal binding sites of Co2+-IdeR-DNA complex is shown in 

Figure 53 (Wisedchaisri, Holmes, Hol 2004).  Eight monomers of IdeR are  
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Figure 53. Fully occupied metal binding sites of Co2+-IdeR-DNA complex as 
modified from (Wisedchaisri, Holmes, Hol 2004).  Eight monomers of IdeR are 
superimposed.  The metal ion ligands of cobalt are shown as pink spheres as 
there receptors are represented as stick figures.  Metal binding site 1 (ancillary 
site) is composed of His79, Glu83, His98 of the dimerization domain and Glu172 
and Gln175 from the SH3-like domain.  The second metal binding site (primary 
site) is formed by Met10 of the DNA-binding domain, Cys102, Glu105, and 
His106 of the dimerization domain.   
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superimposed.  The Co2+ ligands of are shown as pink spheres and the protein 

receptors are represented as stick figures.  Metal binding site 1 (ancillary site) is 

composed of His79, Glu83, His98 of the dimerization domain and Glu172 and 

Gln175 from the SH3-like domain.  The second metal binding site (primary site) 

is formed by Met10 of the DNA-binding domain, Cys102, Glu105, and His106 of 

the dimerization domain.  Solution measurements of IdeR deliver then more 

insight about the molecular basis of metal binding in Mtb. 

 

4.6 Functional Studies of IdeR 

Functional studies of IdeR detail metal binding properties in presence of 

Fe2+, Ni2+, and  Co2+ (Chou and others 2004).  The initial assays estimated IdeR 

dimerization by monitoring intrinsic fluorescence of tryptophan located near metal 

binding site 1 or the ancillary site as seen in Figure 54 B.  Experimental 

conditions included the following: solutions of Ni2+, Fe2+, and Co2+ were 

individually titrated into separate solutions of 2 µM IdeR, 5 mM Mg2+, 50 mM 

NaCl, and 20 mM Tris-HCl at pH 7.0.  Metal ion affinities are 3.8 ± 0.2 µM for 

Ni2+, Fe2+ and Co2+ are less than 0.5 µM (Note: the orders of magnitude are the 

same) as shown in Figure 54 C. and D., respectively.  The authors state that the 

stoichiometry is 1:1 for all three metals.  Next, studies were conducted to 

determine metal ion-dependent IdeR binding to fxbA operator duplex DNA, which 

codes for putative formly-transferase required for siderophore production.  IdeR 

is fully activated upon occupation of the first and second site; IdeR is then binds 

to the fxbA operator.  Fluorescence anisotropy was used for this study.  To do so, 

the operator was labeled with fluorescein which attaches to nitrogens at the 7th 

position of guanine residues to provide a stable coordination complex between 

the nucleic acid and the fluorophore label (Invitrogen). Metals Ni(II), Fe(II), and 

Co(II) were titrated individually into the following conditions: solution of 2 µM 

IdeR, 20 nM fluorescein-labelled fxbA, 5 mM Mg2+, 50 mM NaCl, 20 mM Tris-

HCl, 60 µg/ml acetylated BSA, and 10 µg/m poly(dI-dC) at pH 7.0.  The 

equilibrium metal ion dissociation constants for IdeR-fxbA operator binding are  
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Figure 54. Structure of TRIS-HCl, metal binding site 1 of IdeR bound to DNA as 
modified from (Wisedchaisri, Holmes, Hol 2004), and intrinsic fluorescence 
emission of tryptophan upon IdeR dimerization as modified from (Chou and 
others 2004). A. shows the chemical structure of TRIS-HCl, a buffer known to 
interact with metals.  B. is the metal ion binding site 1 of IdeR complexed with 
fxbA.  Occupation of this site is required for dimerization. Cobalt is represented 
the pink sphere. The amino acids that bind the metal are represented by stick 
figures.  C. and D. are intrinsic tryptophan fluorescence emission which 
monitored dimerization of IdeR. Solution conditions were as follows: solution 
Ni(II), Fe(II), and Co(II) were individually titrated into three separate solutions of 2 
µM IdeR, 5 mM Mg2+, 50 mM NaCl, and 20 mM Tris-HCl at pH 7.0.  The 
quenching rate is calculated by using the (IO –I)/IO where IO is the initial 
tryptophan intensity and I is the intensity observed at each metal titration point.  
With Ni(II), C., the curves seems to plateaus at around 10 µM, yet, with Fe(II) and 
Co(II), the plateaus are at 2 µM.   
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Figure 55.  Divalent metal ion-dependent titration of IdeR-fxbA operator binding 
as modified from (Chou and others 2004). Ni(II), Co(II), and Fe(II) are titrated on 
an individual basis into a solution of 2 µM IdeR, 20 nM fluorescein-labelled fxbA, 
5 mM Mg2+, 50 mM NaCl, 20 mM Tris-HCl, 60 µg/ml acetylated BSA, and 10 
µg/m poly(dI-dC) at pH 7.0.  These data yield Kds of 9.5±1.3 mM for Fe2+, 
13.1±0.1 mM for Ni2+, and 22.6±1.9 mM for Co2+.   
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9.5±1.3 µM for Fe2+, 13.1±0.1 µM for Ni2+, and 22.6±1.9 µM for Co2+ were 

derived from the curves in Figure 55. These studies show that binding is 

apparently cooperative based on their Hill coefficients (Ni2+ = 3.6, Co2+ = 2.4, and 

Fe2+ = 1.7), where Ni2+ is the most cooperative, for the two binding sites, but, 

their affinities differ significantly.   (Note: Hill coefficients equal to 1 indicate 

independent binding and values greater than 1 show positive cooperative 

binding)   

Analysis of the conditions, measurements, and interpretation in these 

assays are worth revisiting.  First, the authors used Tris-HCl, shown in Figure 54 

A., as buffer which is known to interact with metals. The buffer may compete with 

IdeR for metals, thus, skewing measurements.  Secondly, it is important to 

mention there are two tryptophan residues at positions 94 and 104 which are 

both located near metal binding sites.  Trp104 is located near the dimerization 

interface. Its transition from solvent exposure to buried with in the protein has 

been used to determine dimerization in DxtR (Tao, Boyd, Murphy 1992).  In other 

words, metal binding quenches the fluorescence of the tryptophans.  Although 

these measurements are extremely useful, it is difficult to decipher the 

fluorescence intensity contributions of one from the other.  Thirdly, the authors 

state that binding of the two metal binding sites for all three metals is apparently 

cooperative; yet, the slopes of the dimerization curves vary significantly.  Fe(II) 

and Co(II) do appear to have a steep slope, Figure 54 D., while Ni(II) is clearly 

not as steep which would indicate less or non-cooperativity.  Lastly, the authors 

report that the stoichiometry for all three metals is 1:1.  The Fe(II) and Co(II) data 

do suggest a 1:1 ratio by the curves’ plateaus at 2 µM, a concentration equal to 

that of IdeR, Figure 54 D., yet, the Ni(II) curve plateaus at around 10 µM, Figure 

54 C.   

In a more recent study, the Logan laboratory at Florida State University 

sought a different approach (Note: Ni(II) data was published in (Semavina, 

Beckett, Logan 2006) and Co(II) and Zn(II) data are unpublished (Stapleton, B. 

and Logan, T.).  These data were collected using equilibrium dialysis to indirectly 

detect the amount of metal bound to IdeR in the presence of metal free HEPES 
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buffer which is not likely to chelate metals.  A known concentration and volume of 

the metal was placed in on one side a dual chamber separated by a molecular 

weight membrane that allows free passage of metals as shown in Figure 56, left.  

On the opposite side of the membrane, there is a known concentration of IdeR 

with an equal volume as the first chamber.  The metal diffuses across the 

membrane.  While some metal binds to the IdeR, the remaining metal are free in 

solution.  A higher binding affinity yields a higher concentration of metal that will 

be bound to IdeR.  Metal continues to diffuse across the membrane until 

equilibrium has been met; that is the concentration of free metal is equal on both 

sides of the membrane, Figure 56, right.  The all metal is then detected and 

bound by terpyridine (terpy), a three ring nitrogenous molecule, at a ratio of two 

terpy per metal.  An absorbance is then taken and bound metal is calculated.    

Dialysis was performed at various metal concentrations.  Metal binding was 

shown to be cooperative only for Ni2+ (Semavina, Beckett, Logan 2006), where 

as Co2+ was not (Stapleton, B. and Logan, T., unpublished).  This study included 

Zn2+ as opposed to Fe2+ which also indicated non-cooperativity as well.  The 

direct measurements reveal equal affinity for all three metals, Figure 57.  

Scatchard plots were used to determine the cooperativity in these studies Figure 

58.  Ni2+ displays a curve that is concaved in a downward direction, indicative of 

positive cooperativity, while Zn2+ and Co2+ are linear, represent single site 

binding.   

Fluorescence quenching studies show that IdeR depends on metal-to-

protein ratios (Semavina, Beckett, Logan 2006).  At low protein concentrations (2 

µM) metal binding caused initial increase in fluorescence as indicated by 

negative quenching values in Figure 59.  Quenching was saturated at higher 

metal-to-protein ratios.  As protein concentrations increased, initial increase in 

fluorescence reduced until concentrations reached 10 µM.  There was no 

fluorescence enhancement at or past this concentration.  These data indicate 

that the metal binding is a condition of protein concentration: saturation occurred 

at about 7 metal equivalents for 2 µM concentration of protein, whereas about 4 

metal equivalents saturated protein concentrations of 4 to 16 µM.  Continuation  
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Figure 56. Representation of equilibrium dialysis.  Beginning with the image on 
the left, a known concentration and volume of the metal (red spheres) was 
placed in on one side a dual chamber separated by a molecular weight 
membrane (black line, middle)  that allows free passage of metals. On the 
opposite side of the membrane, there is a known concentration of IdeR (purple 
triangles) with an equal volume as the first chamber. The metal diffuses across 
the membrane (right image). While some metal binds to the IdeR, the remaining 
metal are free in solution. A higher binding affinity yields a higher concentration 
of metal that will be bound to IdeR.  Metal continues to diffuse across the 
membrane until equilibrium has been meet.  Equilibrium has been reached once 
the concentration of free metal is equal on both sides of the membrane. Plus and 
minus sign represent counter ions in buffer solution. 
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Figure 57.  Metal binding of IdeR as modified from (Semavina, Beckett, Logan 
2006) and (Stapleton, B. and Logan, T., unpublished). Various concentrations of 
Ni(II)(black) (Semavina, Beckett, Logan 2006), Zn(II)(red), and Co(II)(blue) 
(Stapleton, B. and Logan, T., unpublished) were used in equilibrium dialysis 
studies where the y-axis represents the fraction bound (r) and the x-axis 
represent free metal concentrations, [Metal], in µM . Binding affinities were 
approximately the same. 
 
 
 
 
 
 
 
 
 
 
 



 130

 
 
 
 

 

Figure 58. Scatchard plot of metal binding data from Figure 57 as modified from 
(Semavina, Beckett, Logan 2006) and (Stapleton, B. and Logan, T., 
unpublished).  The plot shows the fraction bound (r) of the x-axis and IdeR 
binding of free metal concentrations on the y-axis (r/[Metal]). Ni(II)(black) 
(Semavina, Beckett, Logan 2006) show a curve that is concaved in a downward 
position, indicative of positive cooperativity.  Conversely, Zn(II)(red) and 
Co(II)(blue) (Stapleton, B. and Logan, T., unpublished) are more linear which 
denotes single site binding.      
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Figure 59. Fluorescence quenching of IdeR at various concentrations by Ni2+Cl2 

as modified from (Semavina, Beckett, Logan 2006).  Apo-IdeR concentrations 
range includes 2 µM, 4 µM, 10 µM, 16 µM.  Solution conditions were metal-free 
10 mM HEPES at pH 6.8 1-2 µL aliquots from 1 or 10 mM Ni2+Cl2 solutions were 
titrated into the apo-IdeR solutions. 
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of these studies sought to distinguish which tryptophan had the most dominate 

affect on fluorescence intensity and emission maximum.   

It is well known that metal binding causes conformational ordering and 

function in several biomolecules.  As mentioned earlier, metal activation of IdeR 

causes dimerization and binding to various operators in the genotype of Mtb. 

These shifts in conformations affect tryptophan fluorescence which are used to 

determine dimerization.  Trp94 is located toward the top of the N-terminal 

domain, Figure 60.  It is solvent exposed when both metal binding sites are fully 

occupied.  Trp104 is located at the dimer interface and is buried within IdeR in 

the presence of metals, Figure 60.  In order to determine which of the 

tryptophans contributes fluorescence, either Trp94 or Trp104 were mutated to 

phenylalanine (Semavina, Beckett, Logan 2006), which weakly fluoresces only in 

the absence of both tyrosine and tryptophan (Semavina, Beckett, Logan 2006).  

Emission from Trp94 measured in Trp104Phe showed little difference λmax, up to 

80 µM apo-IdeR, Figure 61.  Conversely, λmax of Trp104, as measured in 

Trp94Phe, did show concentration dependent change that mimicked the wild-

type protein, Figure 61.  These data do support the hypothesis that Trp94 is 

solvent exposed when IdeR is fully occupied by metal ions when bound to the 

operator.  Also, λmax are indicative of Trp104’s change in environment located at 

the dimer interface.  It is also worthy to note that the fluorescence intensity in the 

apo state of both mutants was approximately one-half of that of the wild-type 

protein (wild-type IdeR is only shown in Figure 62), which leads to the suggestion 

that tryptophan fluorescence dominates the emission of IdeR.  This means that 

other potential fluorophores’ contributions are minimal at best (Semavina, 

Beckett, Logan 2006). 

 

4.7 Order of Metal Binding 

 Collectively, these data suggest differences in the multistep activation of 

IdeR from its inactive apostate to its active holostate with fully occupied metal  

binding sites complexed with an operator, Figure 63 and 64, (Chou and others 

2004; Chou and others 2004; Semavina, Beckett, Logan 2006). In Figure 63, the  
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Figure 60. Structure of IdeR with fully occupied metal sites and bound to fxbA 
DNA operator (not shown) as modified from (Semavina, Beckett, Logan 2006).  
This figure was reproduced from 1U8R pdb file from (Wisedchaisri, Holmes, Hol 
2004).  Tryptophans 94 are highlighted by the orange circle, which are solvent 
exposed when metals (red, yellow, and green spheres) are bound. 
Tryptophans104, highlighted by the pink boxes, are buried within the protein 
shielded from solvent.     
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Figure 61. Dependence of fluorescence λmax on dimerization of IdeR as modified 
from (Semavina, Beckett, Logan 2006).  Fluorescence emissions (λmax) for wild-
type IdeR (▲), Trp94Phe (●) and Trp104Phe (▀) are shown above.  The solid 
lines indicate the dependence of the dimer fraction upon IdeR concentration 
calculated from sedimentation equilibrium.  Emission contributions are dominated 
by Trp104.  Mutation of Trp104 to Phe (▀) show significant lose of emission as 
compared to the wild type (▲).  Conversely, mutated Trp94 indicates a 
noticeable increase in λmax.   
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Figure 62. Changes in emissions, λmax, of wild-type IdeR upon metal binding as 
modified from (Semavina, Beckett, Logan 2006).  The λmax of holo-IdeR, black 
bars, is essentially independent of protein concentration.  In contrast, λmax of apo-
IdeR was blue shifted as protein concentration increased.  This would indicate a 
transition to a less polar tryptophan environment, i.e. the burial of tryptophans is 
associated with dimer formation in apo-IdeR.   
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Chou et al. 2004 model suggest when no metal is present, the apo monomeric 

form of IdeR may transition between an “open”, free third SH3-like domain and 

“closed” conformation, with SH3-like domain bound to the proline-rich region as 

observed in DtxR (Wang and others 1999).  At high protein concentrations, an 

apo dimer may form. 

Upon metal binding in site 1, subsequent dimerization occurs and the 

SH3-like domain is secured though Glu172 and Gln175.  This occupied site then 

contributes cooperatively to metal binding with in the second site.  Once metal is 

bound to the second site, a fully activated holo dimer is formed and may bind to 

DNA operator.     

The Semavina et al. 2006 model offers a different perspective, Figure 64.  

They argue that the strong coupling between metal binding and dimerization 

found in their study limits the number and nature of possible intermediates and 

maybe used to condense the previous model from Chou et al. 2004.  Both agree 

that the apo form of IdeR exists in both monomeric and dimeric forms, Figure 64 

A.  They also both agree that in the presence of no metal, there is no active 

repressor and binding does not occur to an operator.  As metal ion concentration 

is raised, metal binding may occur in both the monomers and the dimers of IdeR 

leading to active repressor.  Metal binding in the first site by the monomer shifts 

the equilibrium toward the dimer formation.  This causes higher metal binding 

affinity and leads to a metal activated repressor, Figure 64 B.  Condensation of 

the earlier model is attributed to the cooperativity between the metal binding and 

dimerization.  These data would indicate an all-or-nothing metal binding behavior.  

The leads to the idea that IdeR cycles between a fully activated dimer and apo 

monomer with a partially ligated species essentially unpopulated, Figure 64. 

Clearly, these experimental data show some glaring discrepancies and 

require more insight into metal binding of IdeR.  The fact that crystal structures, 

with similar formations, have been solved in the presence of several divalent 

metal ions for IdeR and DtxR also drives inquisition  
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Figure 63. A hypothetical multistep model for activation of IdeR in the presence 
of metal ions from (Chou and others 2004).  When no metal is present, the apo 
monomeric form (red and blue shapes) of IdeR may transition between an “open” 
apo monomer with a free third SH3-like domain (grey quadrilateral)  to “closed” 
apo monomer conformation, with SH3-like domain (purple quadrilateral)  bound 
to the proline-rich region as observed in DtxR (Wang and others 1999).  At high 
protein concentrations, an apo dimer may form.  Upon metal binding in site 1 
(lime spheres marked 1), subsequent dimerization occurs and the SH3-like 
domain is secured though Glu172 and Gln175.  This occupied site then 
contributes cooperatively to metal binding with in the second site (lime spheres 
marked 2).  Once metal is bound to the second site, a fully activated holo dimer 
is formed and binds to DNA operator. 
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Figure 64. Schematic representation of the activation of IdeR as modified from 
(Semavina, Beckett, Logan 2006).  A. Apo-IdeR exists in equilibrium as a 
monomer and a dimer. The SH3-like domain (quadrilateral) binds to a proline rich 
segment (black rod).  Activated species of IdeR are believed to essential 
unpopulated (dashed boxes).  B. In the presence of metal, binding sites (open 
circles) of monomeric IdeR become occupied and induce rearrangement of the 
N-terminal domain (triangle), thus there is a shift in the monomer-dimer 
equilibrium completely toward dimer formation. The proline rich segment (black 
circles) become bound to the back of the dimer interface. Data from this paper 
suggest a strong link between metal binding and dimerization, which result in a 
sparse population of partially ligated monomers and dimers.   
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(Chen and others 2000; Feese and others 2001; Pohl, Holmes, Hol 1998; Pohl, 

Holmes, Hol 1999; Pohl and others 2001; White and others 1998; Wisedchaisri, 

Holmes, Hol 2004).  Structural similarities of IdeR, in the presence of Zn2+ (Pohl, 

Holmes, Hol 1999a) and Co2+ (Feese and others 2001) were comparable to DtxR 

by the analogous dimer formation, consisting of three domains and at least two 

metals binding to each monomer (Feese and others 2001).  DxtR, in complex 

with double-stranded DNA, form dimeric structures spanning 19 basepair on 

opposite sides of the DNA like the Chen et al. structure shown in Figure 63 

(Chen and others 2000; Pohl, Holmes, Hol 1999a; Pohl, Holmes, Hol 1999c; 

White and others 1998).  In addition to structural information, functional data 

indicate that both repressors are activated by not only Fe2+, but Cd2+, Co2+, Mn2+, 

Ni2+, and Zn2+ , as well, in vitro (Schmitt and others 1995; Spiering and others 

2003). In order to understand the role of each type of metal in the binding sites, it 

is essential to decipher the ambiguity of cooperativity and thus their binding 

affinities; that is, to unravel the mystery between the anatomical and solution 

data. 

 In the next chapter, we report, to our knowledge, the first “alchemical” free 

energy difference simulations, or any structural computations for that matter, 

performed on IdeR.  Using a novel active sampling and alchemical algorithm 

known as orthogonal space random walk (OSRW) (Zheng, Chen, Yang 2008; 

Zheng, Chen, Yang 2009), the calculations focus on various metals binding by 

IdeR which include Ni2+.  By integrating these data with solution data, we were 

able to identify a possible model for cooperatively in IdeR as indicated by the free 

energy surface.  The crystal structure of Wisedchaisri et al. 2004 (Wisedchaisri, 

Holmes, Hol 2004) was used for the simulation. We narrowed our focus down to 

a single monomer for the initial studies in order to gain preliminary insight to 

dimer formation.  For each site analyzed (metal-binding site 1 or “ancillary site” 

and metal-binding site 2 or “primary site”), a ∆G was calculated in units of 

kcal/mol.  These free energy profiles for Ni2+ strongly suggest initial binding of the 

ancillary site produces a kinetically trapped intermediate that hinder formation of 

an active repressor.   
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Future studies will include IdeR in the presence of Cd2+, Co2+, Fe2+, Mn2+, 

and Zn2+.  Its functional homologue, DtxR will be analyzed under the same 

conditions.  Afterwards, dimers will be incorporated.  Since methyl groups of 

thymine bases are significant to recognition of nucleic acid for DtxR (Chen and 

others 2000), it may possible that a similar parallel can be drawn for IdeR. 

Therefore, we will incorporate double-stranded DNA to complete our 

comprehension of the system.   
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CHAPTER 5 

 
FREE ENERGY CALCULATIONS OF IRON-DEPENDENT REPRESSOR 

(IDER): A HOMOLOGUE OF DIPHTHERIA TOXIC REPRESSOR (DTXR) BY 

ORTHOGONAL SPACE RANDOM WALK  

FREE ENERGY CALCULATION OF REPRESSOR, A STUDY OF METAL 

BINDING 

The objective of this study is to investigate the free energy difference in 

the metal binding in both iron-dependent repressor (IdeR) and diphtheria toxic 

repressor (DtxR). In Mycobacterium tuberculosis (Mtb), siderophore production is 

regulated by iron-dependent repressor (IdeR).  IdeR serves in multiple roles by 

regulating approximately 1/3 of all iron-responsive genes in Mtb.  IdeR is capable 

of sensing iron by binding Fe2+, thus it will be critical to monitor the role of 

cooperativity will be a priority.  

Iron dependent repressor protein family includes IdeR, as well as 

diphtheria toxin repressor (DtxR) from Corynebacterium diphtheriae (Cdp) 

(Messerschmidt and others 2001; Schmitt and others 1995).  Studies show iron-

dependent regulator (IdeR) is a functional homologue of DtxR found in Mtb 

(Schmitt and others 1995).  Within the same study, IdeR was activated by 

divalent metal binding of not only wild type Fe2+ in vivo, but also Cd2+, Co2+, 

Mn2+, Ni2+, or Zn2+, in vitro. Thus, understanding metal selection will also be an 

important goal. 

OSRW was used to calculate the free energy difference for all studied 

conducted in this chapter (refer to Chapter 2). 

 
 5.1 Orthogonal Space Random Walk Application: IdeR  

 

5.1.1 Computational Details 

5.1.1.1 Model Preparation    

 The models for the free energy calculations of IdeR were prepared based 

off of atomic coordinates of X-ray crystal structures deposited in the Protein Data 

Bank (accession code 1U8R).  There were some missing atoms that belonged to 
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the floppy region of the protein were rebuilt.  All hydrogens were deleted and 

rebuilt by using the CHARMM program.  In order to understand protein 

dimerization, we needed to observe calculations on only the monomer, therefore, 

monomer B was used to do all of the following calculations.  

 The constructs were uploaded into CHARMM-gui and placed inside a 

truncated octahedral water box with a minimum distance of 10 Å from the 

complexes to the edge of the water box.  The molecules were solvated by explicit 

water model TIP3.  A concentration of 0.15 M NaCl was used as counter ions 

with a count of 34 Na+ ions and 28 Cl- ions.  Particle-mesh Ewald was used to 

handle long-range interactions (Feller and others 1996).  The cutoff distance for 

computing short-range interactions was used at a distance of 12 Å.  The 

smoothing function for reducing the pair-wise were applied beginning at distance 

of 10 Ǻ.  The hydrogens of the all water molecules were held constant by SHAKE 

command in CHARMM.   

 

5.1.1.2 Alchemical Free Energy Simulations and Simulation Setup 

This study addresses cooperativty, binding order, and the dependence of 

protein concentration in metal binding of Ni2+ in IdeR.  Interestingly, Co2+, Zn2+, 

and Ni2+ have the same affinities, Figure 57, yet Ni2+ is the only metal that shows 

cooperatively binding, Figure 58, as its Scatchard plot is concaved downward 

(Stapleton and Logan, unpublished).  Also, Ni2+ binding quenched the steady-

state fluorescence of IdeR, but two tryptophan residues (W94 and W104) show 

an interesting protein- and Ni2+-conceration dependence, Figure 59 & 60.  At low 

protein concentrations (<10 µM), steady-state fluorescence is the first enhanced 

and then quenched as Ni2+ concentrations increase (Semavina, Beckett, Logan 

2006).                                                                                                                                                  

Since there are two metal binding sites, 5 independent simulations were 

ran to calculate the absolute free-energy changes for the alchemical transition 

from a dummy atom to Ni2+ in the following setup: ancillary site (site 1 in Figure 

53) without and with Ni2+ in the primary site and in the primary site (site 2 in 

Figure 53) without and with Ni2+ in the ancillary site, and the solvation of Ni2+.  In 
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this study, the soft-core form (Zacharias, Straatsma, McCammon 1994) of the 

non-bonded interaction switching was used with the shifting parameter set as 6 

Ǻ2.  An octahedral water box was used to treat the whole system and particle-

mesh Ewald (PME) method handled the long-range Coulombic interactions. The 

short-range interaction was switched starting at 10 Ǻ and totally off at 12 Ǻ.  In 

equation 2.1.7, the height of the Gaussian function h was set to 0.1 kcal/mol; the 

widths of the Gaussian function, 1w and 2w , were set as 0.01 and 10 kcal/mol, 

respectively.  In the metadynamics recursion, ),(
λ

λ
∂
∂U

G  was updated every 10 

time steps.  For the order parameter space recursion, )(λG∆  was updated every 

100 time steps.  The output of these data, like the Gaussian and dcd trajectory 

files, tend to be massive for nano-second time scale needed for the calculations 

to converge.  All calculations were done on compute nodes in the High 

Performance Computing center at Florida State University, Tallahassee, Florida, 

which stores the data by dissecting the files into up to 15 different computers in 

concert to give gigabyte speed while running OSRW.     

 

5.1.2 Results and Discussion 

The time evolution and OSRW data of IdeR with its primary site and SH3 

domain are occupied in Figure 65 and 66.  The ancillary site is unoccupied.  At 

time 0, the initial protein structure is in a ribbon representation.  Alpha (α) helixes 

are in purple, beta ( ) sheets are in yellow, random coils are in white and cyan.  

Ni2+ ions are represented as cyan spheres.  An enlargement of the 

corresponding metal binding pocket is shown as an inset.  In the inset, the ions 

are, again, cyan sphere and the protein, within 6Ǻ of the metal, is now shown as 

stick structures.  At 1162 ps, there is significant tilt in the DNA binding region and 

the metal binding pocket’s environment has changed.  There is more solvent 

exposure surrounding the metal at this point.  At 2054 ps, the SH3 and 

dimerization domain seem to have compressed. The metal has reengaged 
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Figure 65.  Time evolution of IdeR and absolute metal binding in the primary site, 
SH3 domain occupied generated in VMD.  IdeR is represented in as ribbon 
structure and Ni2+ is shown as a sphere (cyan).  The insets are magnified images 
of the metal binding pocket that are within 6 Angstroms of Ni2+ at the indicated 
time steps. 
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Figure 66. Diagnostics of OSRW calculations of IdeR and absolute metal binding 
in the primary site at 3 nano-seconds generated in GNU plot.  Top panel: 
Gaussian height as a function of time. 2nd panel: ordered parameterλ oscillating 
between the dummy atom (lower) and Ni2+ (upper) as a function of time. 3rd 

panel: Internal energy gradient )( λ∂
∂U as a function ofλ . 4th panel: Free-energy 

calculation as a function of time. 
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its original receptors, yet, in a different conformation.  The dimerization domain 

opens up and the tilt of DNA binding seems more distorted at 2370 ps as 

compared to time 0 ps and the metal has a more aqueous environment.  

 Diagnostics of OSRW calculations at 3 nano-seconds are shown in 

Figure 66.  The top panel shows Gaussian height as a function of time. The 2nd 

panel displays the ordered parameterλ oscillating between the dummy atom (0) 

and Ni2+ (1) as a function of time. The 3rd panel plots the internal energy gradient 

)( λ∂
∂U as a function ofλ . The 4th panel shows the free-energy as a function of 

time.  An analysis of the free energy is discussed below, in comparison with all 

other simulations. 

Analysis of the ancillary site, in comparison, shows that the protein 

collapses horizontally, Figure 67.  From 0 to 214 ps, the α-helices of the SH3 

domain widen and there is significantly tilting in one of the prominent α-helix in 

the dimerization domain.  At this point, the ancillary metal pocket has changed 

slightly.  More water molecules have moved with 5 Ǻ (inset, 214ps).  At 815 ps, 

the area between the SH3 and dimerization domain is more spacious than 

before.  The α-helix that spans the length of the protein, connecting the DNA 

binding and dimerization domain, is linear.  The environment around the metal 

appears to be condensed.  At time step 1243 ps, the protein has compressed 

with the exception of single α-helix in the DNA binding domain.  It has shifted 

considerably throughout the duration of the simulation.  An output of OSRW 

calculations at 2.5 ns is shown in Figure 68.   

The simulation of absolute metal binding by the primary site of IdeR with 

the ancillary and SH3 domain occupied is represented in Figure 69.  At 797 ps, 

the entire protein has been set at a new angle while the metal has evolved into 

more solvent exposure.  The -sheet region of the dimerization domain has 

extended at 2015 ps.  Ni2+ has discharged some the water molecules that 

surrounded it before.  At 2331 ps, the SH3 domain and the dimerization domain 

are almost linear to each other, and hence parallel to the DNA binding domain.  

The metal pocket has reverted back to a more aqueous environment. 
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Figure 67.  Time evolution of IdeR and absolute metal binding in the ancillary 
site, SH3 pocket occupied generated in VMD.  IdeR is represented in as ribbon 
structure and Ni2+ is shown as a sphere (cyan).  The insets are magnified images 
of the metal binding pocket that are within 6 Angstroms of Ni2+ at the indicated 
time steps.  
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Figure 68. Diagnostics of OSRW calculations of IdeR and absolute metal binding 
in the ancillary site, SH3 pocket occupied at 2.5 nano-seconds generated in GNU 
plot.  Top panel: Gaussian height as a function of time. 2nd panel: ordered 
parameterλ oscillating between the dummy atom (lower) and Ni2+ (upper) as a 

function of time. 3rd panel: Internal energy gradient )( λ∂
∂U as a function ofλ . 4th 

panel: Free-energy calculation as a function of time. 
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Figure 69.  Time evolution of IdeR and absolute metal binding in the primary site, 
ancillary and SH3 pocket occupied generated in VMD. IdeR is represented in as 
ribbon structure and Ni2+ is shown as a sphere (cyan).  The insets are magnified 
images of the metal binding pocket that are within 6 Angstroms of Ni2+ at the 
indicated time steps. 
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Figure 70. Diagnostics of OSRW calculations of IdeR and absolute metal binding 
in the primary site, ancillary and SH3 pocket occupied at 2.5 nano-seconds 
generated in GNU plot.  Top panel: Gaussian height as a function of time. 2nd 
panel: ordered parameterλ oscillating between the dummy atom (lower) and Ni2+ 

(upper) as a function of time. 3rd panel: Internal energy gradient )( λ∂
∂U as a 

function ofλ . 4th panel: Free-energy calculation as a function of time. 
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OSRW data at 2.5 ns are shown in Figure 70.   

The evaluation of the absolute metal binding affinity of the ancillary site of 

IdeR with the primary and SH3 domain occupied is shown in Figure 71.  At 365 

ps, the protein remains largely unchanged; however, there is an increase in the 

presence of water around the metal binding pocket.  From 451 to 2181 ps, the 

protein continues to maintain its general structure.  The metal binding pocket has 

experienced some minor local changes.  The ORSW data corresponding to this 

simulation is shown in Figure 72.   

The reference state was established as Ni2+ surrounded by a water box 

the same size as that of the protein, Figure 73.  The OSRW results are in Figure 

74.   

The determination of metal binding in proteins is critical for structure, 

function, and, thus, dynamics.  As described in Computational Details, 5 

independent free-energy simulations are needed to compute the absolute binding 

of Ni2+: 1,
2

siteprotein

NiDum
G +→

∆ , 2,
2

siteprotein

NiDum
G +→

∆ , )2(1,
2

2

siteNisiteprotein

NiDum
G

+

+→
∆ , )1(2,

2

2

siteNisiteprotein

NiDum
G

+

+→
∆ , and 

solvation

NiDum
G +→

∆ 2 .  Within these calculations, the restraint of binding the dummy 

atom, )(DummybindingG∆ , must be considered (7.04 kcal/mole) (Boresch and others 

2003).  The absolute binding for Ni2+,
)( 2+∆

Nibinding
G , can be realized based on the 

following equation: 

solvation

NiDum

protein

NiDumDummybindingNibinding
GGGG +++ →→

∆+∆+∆=∆ 222 )()(
                                        [5.1.1] 

A summary of these calculations are shown in Figure 75.                     

The free-energy results were obtained and show extensive and uniform 

sampling of the alchemical transition between the two end states, dummy (0) and 

Ni2+ (1), Figure 66, 68, 70, 72, 74 (2nd panel). More specifically, the “hidden 

barriers”, 
λ∂

∂U
, as a function λ  as it transition from 0 to 1, is being realized (3rd 

panel). The Gaussian height with respect to time (top panel) shows a marked  
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Figure 71.  Time evolution of IdeR and metal binding in the ancillary site, primary 
and SH3 pocket occupied generated in VMD.  IdeR is represented in as ribbon 
structure and Ni2+ is shown as a sphere (cyan).  The insets are magnified images 
of the metal binding pocket that are within 6 Angstroms of Ni2+ at the indicated 
time steps. 
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Figure 72. Diagnostics of OSRW calculations of IdeR and absolute metal binding 
in the ancillary site, primary and SH3 pocket occupied at 2.5 nano-seconds 
generated in GNU plot.  Top panel: Gaussian height as a function of time. 2nd 
panel: ordered parameterλ oscillating between the dummy atom (lower) and Ni2+ 

(upper) as a function of time. 3rd panel: Internal energy gradient )( λ∂
∂U as a 

function ofλ . 4th panel: Free-energy calculation as a function of time. 
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Figure 73.  Time evolution of water generated in VMD.  Water is represented as 
stick figures and Ni2+ is shown as a sphere (cyan).  The insets are magnified 
images of the metal binding pocket that are within 6 Angstroms of Ni2+ at the 
indicated time steps. 
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Figure 74. Diagnostics of OSRW calculations of absolute metal binding in water 
at 800 ps-seconds generated in GNU plot.  Top panel: Gaussian height as a 
function of time. 2nd panel: ordered parameterλ oscillating between the dummy 
atom (lower) and Ni2+ (upper) as a function of time. 3rd panel: Internal energy 

gradient )( λ∂
∂U as a function ofλ . 4th panel: Free-energy calculation as a 

function of time. 

 

 

 

 

 

 



 156

 

 

          

 

Figure 75. Schematic of metal binding by IdeR with preliminary free-energy 
values.  Proteins are represented as yellow objects.  Ni2+ ions are shown as red 
spheres.  The results of the free energy calculations of the absolute metal 
binding of Ni2+ with IdeR are shown, in kcal/mol.  Although the data have not fully 
converged, the pattern shows two distinct pathways.    
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decrease from 0.1 to as low as 0.01, indicating that the sampling efficiency is 

increasing and the free-energy potential is becoming more refined.  Lastly, and 

most importantly, free-energy is displayed with evolution of time (4th panel). The 

free-energy of binding Ni2+ to the ancillary site when the primary site is empty 

forms a steep local minimum along the potential energy surface 

( molkcalG /121 −≈∆ ), Figure 68.  When Ni2+ binds to the primary site next, there 

is a dramatic increase in the free-energy requirement ( molkcalG /63 ≈∆ ), Figure 

72.  Conversely, if the primary site binds Ni2+ first, ( 2G∆ ), and then ancillary site, 

( 4G∆ ), the local minima formed are relatively shallow and equal in value 

( molkcalGG /442 −≈∆≈∆ ), Figure 66 &70.  These calculations suggest that the 

origin in cooperativity in metal binding by IdeR a kinetically trapped intermediate 

formed at ( 3G∆ ).  This model shows initial binding of Ni2+ by the ancillary site 

occurs very readily, yet, subsequent binding of the primary site produces an 

unfavorable, off-pathway intermediate that becomes kinetically trapped and does 

not form an active, dimerized repressor easily.  At higher Ni2+ concentrations 

(Figure 75.), mass action will favor the primary to ancillary pathway ( 42 GG ∆→∆ ).  

Cooperatively arises through the conformational changes associated with 

reversing the kinetically trapped ancillary site binding.  These data agree with 

experimental data. 

5.1.3 Conclusions 

OSRW efficiently achieves the calculation of free-energy for the system 

which undergoes non-trivial structure transitions during the modification between 

the initial and target states.  Before now, this was considered a major challenge.  

OSRW, also, alleviates the “Hamiltonian lagging” issues, where the time required 

for the system to equilibrate lags behind the changes made to the order 

parameter of each state.  This caused a sufficient decrease in free-energy 

efficiency. The use of state-of-the-art facilities such as High Performance 

Computing  (HPC) at Florida State have insured the next generation of 

researches can and will invoke various techniques as they apply to 
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computational science. HPC affords the user high-performance hardware and 

software to implement such algorithms as OSRW that rivals most.  In the present 

work, we successfully demonstrated the alchemical transition of binding of IdeR 

as these date corroborate with our collaborator’s experimentally studies.  The 

combinatory data suggest a kinetically trapped intermediate is formed and 

escapes only with an increase in metal ion concentrations and conformational 

changes.  Based on these results, future studies will include the remaining 

divalent metal ions that activate IdeR and DtxR, in vivo and in vitro, in hopes of 

understanding the molecular and biophysical basis for metal homeostasis in Mtb, 

and bacteria in general. 
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