
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


이학박사 학위논문 

 

Ligand Induced Folding Dynamics 
and Co-transcriptional Effect of 

TPP Riboswitch 
 

TPP riboswitch의 접힘과정에 있어서 Ligand 

유도 접힘과 전사과정이 미치는 효과에 관하여. 

 

 

2016 년 2 월 

 

 

서울대학교 대학원 

물리천문학부 

엄 희 수 

 



Ligand Induced Folding Dynamics 
and Co-transcriptional Effect of 

TPP Riboswitch 
 

지도교수  홍 성 철 

 

이 논문을 이학박사 학위논문으로 제출함 

2015 년 12 월 

 

서울대학교 대학원 

물리천문학부 

엄 희 수 

 

엄희수의 이학박사 학위논문을 인준함 

2015 년 12 월 

 

위 원 장      홍  승  훈     (인) 

부위원장      홍  성  철     (인) 

위    원      김  대  식     (인) 

위    원      전  헌  수     (인) 

위    원      하  국  선     (인) 

 



Ph.D. Dissertation 
 

 

Ligand Induced Folding Dynamics 
and Co-transcriptional Effect of 

TPP Riboswitch 
 

 

Heesoo Uhm 

 

Research Advisor: Professor Sungchul Hohng 

 

February 2016 
 
 

Department of Physics and Astronomy 

Graduate School 

Seoul National University



Abstract 
 

 

Ligand Induced Folding Dynamics and 

Co-transcriptional Effect of TPP 

Riboswitch 
 

Heesoo Uhm 

Major in Physics 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 

 

Non-coding RNA (ncRNA), which was initially considered as junk RNA, is 

increasingly being recognized as a common tool to regulate gene expression. 

Almost all stages of gene expression such as initiation, termination and 

maturation in both transcription and translation can be regulated by ncRNA. 

Unlike messenger RNA (mRNA) which plays a role as a code for the 

corresponding protein, ncRNA works not only as a functional sequence but 

also as a folding structure. These folding structures of ncRNA can have 

various functions like proteins, for example, binding a small ligand molecule, 

catalyzing cleavage reaction and associating with proteins. 

Riboswitches are typical examples of ncRNA and regulate gene expression by 

coupling ligand binding to a structural transition of the riboswitch, although 

i 



the exact coupling mechanism remains unclear. We addressed this issue by 

characterizing both the ligand-free state of the Escherichia coli TPP (thiamine 

pyrophosphate) riboswitch aptamer and its structural transition upon ligand 

binding using single-molecule FRET (fluorescence resonance energy transfer). 

Our results reveal that the TPP aptamer dynamically samples a partially 

closed form resembling the holo-aptamer in the absence of a ligand but that 

TPP binding is not selective for the partially closed form, which is an 

unexpected finding in the light of the recently suggested conformational 

selection model. Additionally, we found that the preformation of the aptamer 

secondary structure is required for TPP binding, suggesting that TPP regulates 

gene expression by cotranscriptionally controlling the folding pathway of the 

TPP riboswitch. 

Recently, the fact that RNA folds sequentially as it is being transcribed is 

carefully considered for RNA structure prediction and dynamics study. It has 

been shown that this co-transcriptional effect strongly influences RNA folding 

pathway suggesting that the formation of transient conformations serves as a 

guideline for the following co-transcriptional folding. 

Elongation complex (EC) which works as a basic unit to produce RNA from 

DNA was successfully reconstituted for the co-transcriptional observation. By 

using a single-molecule FRET microscopy, we observed RNA folding process 

for individual molecules. We found that TPP riboswitch regulates the gene 

expression co-transcriptionally that means TPP concentration can influence 

the folding process during transcription. We expect that the EC reconstitution 

method for smFRET will be useful for structural studies of ncRNA. 
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Chapter 1 
 

 

Chapter 1 

Introduction 

 

 

 

 

 

1.1. RNA folding 

Non-coding RNA (ncRNA), which was initially considered as junk RNA, is 

increasingly being recognized as a common tool to regulate gene 

expression.(Palazzo and Lee, 2015) Almost all stages of gene expression such 

as initiation, termination and maturation in both transcription and translation 

can be regulated by ncRNA. Unlike messenger RNA (mRNA) which plays a 

role as a code for the corresponding protein, ncRNA works not only as a 

functional sequence but also as a folding structure. These folding structures of 

ncRNA can have various functions like proteins, for example, binding a small 

ligand molecule, catalyzing cleavage reaction and associating with proteins. 

The folding structure of ncRNA is determined sequentially in the process 

through which nucleotides are added to the growing transcript.(Pan and 

Sosnick, 2006) The nascent transcript starts to fold locally before the whole 
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sequence is fully elongated. Different folding structures of ncRNA are a 

regulatory factor and can be controlled by various cellular conditions such as 

temperature, ionic condition, ligand and transcription rate. However, if the 

folding structures are stable and long-lasting, the distribution of them cannot 

be regulated after transcription termination. This implies that co-

transcriptional folding can be regulated during the transcription elongation, 

not after it. 

TPP riboswitch is the most widely distributed riboswitch found from all three 

domains of life including bacteria, plants and fungi.(Miranda-Ríos, 2007) 

Organisms use those TPP-sensing riboswitches to control gene expression 

responsible for thiamine production. The x-ray crystal structure of the TPP 

riboswitch aptamer has been solved.(Serganov et al., 2006) The final folding 

structures after transcription which is predicted and studied are well known so 

that we can design samples for the single-molecule experiment.  

Riboswitches regulate gene expression by coupling ligand binding to a 

structural transition of the riboswitch, although the exact coupling mechanism 

remains unclear. We addressed this issue by characterizing both the ligand-

free state of the TPP riboswitch aptamer and its structural transition upon 

ligand binding using single-molecule FRET (fluorescence resonance energy 

transfer).(Roy et al., 2008) Our results reveal that the TPP aptamer 

dynamically samples a partially closed form resembling the holo-aptamer in 

the absence of a ligand but that TPP binding is not selective for the partially 

closed form, which is an unexpected finding in the light of the recently 
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suggested conformational selection model. Additionally, we found that the 

preformation of the aptamer secondary structure is required for TPP binding, 

suggesting that TPP regulates gene expression by cotranscriptionally 

controlling the folding pathway of the TPP riboswitch. 

Recently, the fact that RNA folds sequentially as it is being transcribed is 

carefully considered for RNA structure prediction and dynamics study. It has 

been shown that this co-transcriptional effect strongly influences RNA folding 

pathway suggesting that the formation of transient conformations serves as a 

guideline for the following co-transcriptional folding. 

Elongation complex (EC) which works as a basic unit to produce RNA from 

DNA was successfully reconstituted for the co-transcriptional 

observation.(Palangat et al., 2012) By using a single-molecule FRET 

microscopy,(Roy et al., 2008) we observed RNA folding process for 

individual molecules. We found that TPP riboswitch regulates the gene 

expression co-transcriptionally that means TPP concentration can influence 

the folding process during transcription. We expect that the EC reconstitution 

method for smFRET will be useful for structural studies of ncRNA. 

 

1.2. Single-Molecule FRET 

Fluorescence resonance energy transfer (FRET) is a mechanism of non-

radiative energy transfer between two dyes mediated by the dipole-dipole 

coupling.(Roy et al., 2008) Two dyes with different spectrums are a donor and 

an acceptor. Donor with shorter excitation/emission wavelength is excited by 
3 
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a laser. Acceptor receives energy via FRET from a donor. By energy transfer, 

acceptor emits light instead of donor. Using both intensities of dyes, we can 

deduce an inter-dye distance in real-time. The distant dependence of FRET is 

determined by the equation E=1/[1+(R/R0)6]. Here, R is the inter-dye distance 

and R0 is the distance at which FRET becomes 50%. The typical value of R0 

is about 5 nm. FRET changes in the range of 1-10 nm which is relevant to the 

size of typical biomolecules. The conformational change of the biomolecule 

in real-time can be measured by FRET through labeled dyes on biomolecules 

(Fig1). 

 

Figure 1. Scheme of single-molecule FRET. 
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Chapter 2 

Intrinsic conformational dynamics of the TPP 

riboswitch aptamer and its global structural 

transition induced by unselective ligand binding 

 

 

 

2.1. Introduction 

The Riboswitches are structured regions of messenger RNA that sense a 

metabolite and regulate the expression of the corresponding genes.(Breaker, 

2012) They generally consist of an evolutionarily conserved metabolite-

sensing aptamer domain, which distinguishes the cognate metabolite from its 

close analogs with high sensitivity and selectivity, and a variable decision-

making downstream expression platform, which regulates diverse stages of 

gene expression such as transcription termination, splicing, and translation 

initiation. Biochemical and genetic studies have provided a compelling model 

for the gene regulation mechanism of riboswitches. Typical expression 

platforms of riboswitches contain a base-paired region that interferes with 

gene expression machinery such as the RNA polymerase, ribosome, and 

spliceosome. Metabolite binding to the aptamer domain is transduced into an 
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extensive conformational change of the riboswitch that includes unwinding or 

rewinding of the inhibitory base-paired region of the expression platform and 

results in down- or upregulation of the corresponding gene. Therefore, two 

key questions regarding the riboswitch-based gene regulation mechanism 

arise: 1) “how can the aptamer domain recognize its cognate ligand with such 

high sensitivity and specificity” and 2) “how is ligand binding to the aptamer 

domain linked to the structural transition of the riboswitch.” 

Structural studies of ligand-bound aptamer domains have been pivotal in 

understanding how the high sensitivity and selectivity of riboswitches are 

achieved.(Serganov and Patel, 2012) All crystallized ligand-bound aptamers 

exhibit compact three-dimensional folds, and in many cases, the ligand was 

fully encapsulated in the ligand binding pocket via extensive interactions 

between the functional polar groups of the ligand and the binding pocket of 

the aptamer. However, the closed nature of the ligand binding pockets in the 

holo-aptamer suggests that ligand recognition cannot occur via the “lock-and-

key” mechanism(Fischer, 1894) but should start with the binding of a ligand 

to an open conformation followed by a structural transition to the closed form, 

a process that has traditionally been explained by the “induced-fit” 

mechanism.(Koshland, 1958) 

Extensive studies have characterized the ligand-recognizing open 

conformation of various aptamers by employing diverse tools such as in-line 

probing, X-ray crystallography, NMR (nuclear magnetic resonance), SAXS 

(small-angle X-ray scattering), and single-molecule FRET (fluorescence 
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resonance energy transfer).(Ali et al., 2010; Baird and Ferré-D’Amaré, 2010; 

Brenner et al., 2010; Chen et al., 2012; Lemay et al., 2006; Noeske et al., 

2007; Ottink et al., 2007; Rentmeister et al., 2007; Steen et al., 2010; Vicens 

et al., 2011; Wood et al., 2012) Based on these studies, it was suggested that 

riboswitches can be categorized into two types(Montange and Batey, 2008) : 

one in which only localized conformational changes around the binding 

pocket occur upon ligand binding (type I), and another in which more 

dramatic global structural reorganizations from the open form to the closed 

form occur upon ligand binding (type II). However, mounting evidence 

indicates that type II riboswitch aptamers dynamically sample a conformation 

partially resembling the ligand-bound form (a partially closed form) in the 

absence of ligand, and it has been proposed that a ligand does not induce the 

global conformational change of riboswitches from the open form to the 

closed form but instead shifts the equilibrium to the ligand-bound form by 

selectively binding to the already-existing partially-closed form.(Haller et al., 

2011; Hammond, 2011; Heppell et al., 2011; Stoddard et al., 2010; Wedekind, 

2010; Wilson et al., 2011) It is controversial whether the local adjustment step 

is operated by the induced-fit mechanism or an adaptive recognition 

process.20 In any case, in this “conformational selection” model,(Liberman 

and Wedekind, 2012) type I and type II riboswitches are not distinguished by 

their ligand recognition mechanisms (in that both types recognize only a 

conformation close to the ligand-bound form, and that ligand binding induces 

only a local structural change) but rather by the global, intrinsic 
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conformational dynamics of ligand-free aptamers. However, the mere 

existence of a partially closed form does not guarantee that a ligand 

selectively binds to that conformation. To pin down the ligand recognition 

mechanism of type II riboswitches, more-rigorous studies on the correlation 

between ligand binding and the conformational change of the aptamer are 

required. 

The TPP (thiamine pyrophosphate) riboswitch,(Miranda-Ríos, 2007) which is 

the most widespread riboswitch among those currently known,(Cheah et al., 

2007; Croft et al., 2007; Kubodera et al., 2003; Wachter et al., 2007) is a 

representative member of type II riboswitches. Although it was one of the first 

riboswitches discovered(Mironov et al., 2002; Winkler et al., 2002) and has 

been extensively studied for the last decade,(Ali et al., 2010; Baird and Ferré-

D’Amaré, 2010; Furniss and Grover, 2011; Kulshina et al., 2010; Lang et al., 

2007; Mayer et al., 2007; Noeske et al., 2006; Rentmeister et al., 2007; Steen 

et al., 2010; Yamauchi et al., 2005) the question of how TPP binding is 

coupled to the structural transition of the TPP riboswitch remains unanswered. 

Here, we addressed this question by utilizing the unique capability of single-

molecule FRET(Roy et al., 2008) to observe in real time both the intrinsic 

conformational dynamics of the ligand-free TPP aptamer and the 

binding/dissociation events of TPP. We found that the TPP aptamer 

dynamically samples a partially closed conformation resembling the ligand-

bound form in the absence of ligand but, in contrast to the conformational 

selection mechanism, that TPP binding occurs in both the open form and the 
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partially closed form with similar efficiency. We also found that most 

structural features of the ligand-bound TPP aptamer should be preorganized 

for the aptamer to recognize TPP, suggesting that TPP controls the folding 

pathway of the TPP riboswitch by rapidly trapping the cotranscriptionally-

folded transient ligand-recognizing conformation of the TPP aptamer. 

 

2.2. Materials and Methods 

 

2.2.1. Sample preparation 

Modified RNA strands and a DNA splint (Table S1) were purchased from 

Dharmacon and IDT, respectively. To prepare the TPP aptamers, 5’-portions 

and 3’-portions of RNAs (Table S1) were annealed with a DNA splint by 

slowly cooling from 94 °C to 4 °C in annealing buffer (10 mM Tris-HCl 

(pH8.0) with 50 mM NaCl) and ligated with T4 RNA ligase 2 (NEB).(Lang 

and Micura, 2008) Ligation products were purified using denaturing 15 % 

PAGE with 8 M urea and folded by slow cooling from 80 °C to 4 °C in 

annealing buffer. 

 

Name Sequence (5' → 3') 

#1 
biotin-GGAACCAAACGACUCGGGGUGCCCUUCUG-C(Dy647)-GUGAAGG 

CUGAGAAAUACCCGUA 

#2 p-UCACCUGAUCUGGA-U(Dy547)-AAUGCCAGCGUAGGGAAGUCA 

#3 p-UCACCUGAUCUGGA-U(Dy547)-CAUGCCAGCGUAGGGAAGUCA 
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#4 p-UCACCUGAUCUGGA-U(Dy547)-AAUGCCAGCGUAGGGAAG 

#5 CGACUCGGGGUGCCCUUCUGCGUGAAGGCUGAGAAA-U(Dy547)-ACCC GUA 

#6 
p-UCACCUGAUCUGGAUAAUGCCAGCG-U(Dy647)-AGGGAAGUCAUUUU UUUU-

biotin 

#7 
biotin-GGAACCAAA-C(Dy647)-GACUCGGGGUGCCCUUCUGCGUGAAGG 

CUGAGAAAUACCCGUA 

#8 p-UCACCUGAUCUGGAUAAUGCCAGCGUAGGGAAG-U(Dy547)-CA 

#9 
biotin-ACGACUCGGGGUGCC-C(Dy547)-UUCUGCGUGAAGGCUGAGAAA 

UACCCGUA 

#10 p-UCACCUGAUCUGGA-U(Dy647)-AAUGCCAGCGUAGGGAAGUCA 

#11 
ACGAC-U(Dy547)-CGGGGUGCCCUUCU-G(biotin)-CGUGAAGGCUGAGAA 

AUACCCGUA 

#12 p-UCACCUGAUCUGGAUAAUGCCAGCGUAGGGAAG-U(Dy647)-CA 

Splint CATTATCCAGATCAGGTGATACGGGTATTTCTCAGC 

Table S1. Oligonucleotide sequences (p: phosphate) 

 

The following combinations were used to construct individual TPP aptamers. 

1) the loop-labeled aptamer: #1 and #2 

2) the loop-labeled A69C mutant: #1 and #3 

3) the loop-labeled P1-incomplete aptamer: #1 and #4 

4) the junction-labeled aptamer: #5 and #6 

5) the stem-labeled aptamer: #7 and #8 

6) WT/24-68: #9 and #10 
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7) WT/14-87: #11 and #12 

For dye labeling, a six carbon linker was attached to the 5 position of the 

bases, which is in turn linked to the fluorophores. 

 

2.2.2. Single-molecule FRET experiments 

Polymer-coated quartz slides were prepared using a 1:40 mixture of biotin-

PEG (biotin-PEG-5000; Laysan Bio, Inc.) and PEG (m-PEG-5000, Laysan 

Bio Inc.).(Roy et al., 2008) After streptavidin (0.2 mg/ml, Invitrogen) coating 

of the slides for 5 min, biotinylated RNAs (~80 pM) were immobilized on the 

polymer-coated surface via biotin-streptavidin interactions, and imaged using 

a home-made wide-field total-internal-reflection fluorescence microscope. An 

electron multiplying charge-coupled device camera (Ixon DV897, Andor 

Technology) was used as a detector. Experiments were generally performed 

with 50 ms exposure times in an ALEX mode.(Kapanidis et al., 2004; Lee et 

al., 2010) Because the experiments were performed in an ALEX mode with 

alternating between a green laser (532 nm, Compass215M, Coherent) and a 

red laser (640 nm, Cube640-100C, Coherent), the actual time resolution of the 

experiments was 100 ms. For detecting fast intrinsic conformational dynamics, 

experiments with a short exposure time (15 ms) were performed without the 

ALEX technique. Except for the Mg2+ titration experiments, in which the 

Mg2+ concentration was systematically varied, a standard buffer (10 mM Tris-

HCl (pH8.0), 2 mM MgCl2, 100 mM KCl, and an oxygen scavenging system 

(2.5 mM PCA, 100 nM PCD, and saturating Trolox)) was used for all of the 
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experiments. All experiments were performed at 20°C. For data analysis, IDL 

(7.0, ITT), Matlab (R2010a, The MathWorks), and Origin (8.0, OriginLab) 

were used. 

 

2.3. Results and Discussion 

 

2.3.1. Sample design guided by structural information 

A Crystal structures of the ligand-bound TPP aptamer(Edwards and Ferré-

D’Amaré, 2006; Serganov et al., 2006; Thore et al., 2006, 2008) revealed a 

three-dimensional fold resembling a tuning fork, which was composed of two 

parallel prongs (P2/J2-3/P3/L3 and P4/J4-5/P5/L5) connected to a central 

helix (P1) (Fig. 1a). In the structure, TPP resided in the middle of the aptamer, 

similar to a bridge connecting the two parallel prongs with the pyrimidine 

moiety and pyrophosphate group encapsulated in the binding pockets formed 

in the J2-3 bulge and the J4-5 bulge, respectively. In addition, these structures 

suggested that the TPP riboswitch recognizes the negatively charged 

phosphate moiety of TPP by using two Mg2+ ions as a bridge and that the 

TPP-bound aptamer is further stabilized by long distance tertiary interactions 

between C24 in the P3 helix and A69 in the L5 loop (Fig. 1a). 

To investigate via FRET which structural features of the ligand-bound TPP 

aptamer are preorganized in the absence of TPP, we prepared three RNA 

variants with a FRET pair (Dy547 as a donor and Dy647 as an acceptor) at 

different positions (MATERIALS AND METHODS). The RNA sequences 
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were borrowed from Escherichia coli ThiM riboswitch. Specifically, a stem-

labeled sample (green circle: Dy547 and red circle: Dy647, Fig. 1a) was used 

for monitoring the formation of the P1 helix and junction-labeled (green 

diamond: Dy547 and red diamond: Dy647, Fig. 1a) and loop-labeled samples 

(green square: Dy547 and red square: Dy647, Fig. 1a) were used for 

monitoring the juxtaposition of the P2 and P4 helices and the relative motion 

of the P3 and P5 helices, respectively. To minimize side effects of the dye-

labeling, all labeling positions except U68 were selected from the weakly 

conserved and structurally non-crucial bases. Even though U68 is highly 

conserved(Barrick and Breaker, 2007) and important for the P3-L5 interaction, 

(Kulshina et al., 2010; Serganov et al., 2006) we expected the hindrance of 

dye labeling would be minimal because the dye was positioned on the 

opposite side of the P3-L5 interactions (Fig. S1). We also should note that the 

dye-labeling positions of each sample were selected so that high FRET would 

occur in the ligand-bound form. Additionally, for surface immobilization with 

minimum steric hindrance, one end of the TPP aptamer was biotinylated with 

a single-stranded RNA spacer between the aptamer domain and the biotin 

(Table S1). 
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Figure 1. TPP riboswitch folding by metal ions and TPP. (a) A structure of the 

aptamer domain of the Escherichia coli ThiM riboswitch. Dye (Dy547, green, 

Dy647, red) labeling positions for three RNA constructs (circles, the stem-labeled 

sample; diamonds, the junction-labeled sample; squares, the loop-labeled sample) 

are shown. (b-d) FRET histograms (black lines) in the absence (top) and 

presence (bottom) of TPP, and FRET distribution changes upon TPP addition 

(blue bars, bottom) for the stem-labeled sample (b), for the junction-labeled 

sample (c), and for the loop-labeled sample (d). (e) Representative FRET and 

corresponding fluorescence intensity (donor, green; acceptor, red) time trace of 

the loop-labeled sample for the TPP injection (green dashed line) experiments. 

To distinguish the acceptor quenching from real conformational change of the 

aptamer, the ALEX (Alternating Laser EXcitation) technique(Kapanidis et al., 
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2004; Lee et al., 2010) was used for the experiments (top, FRET; middle, 

fluorescence intensities at donor excitation; bottom, fluorescence intensities at 

acceptor excitation). 

 

 

Figure S1. Dye labeling of U68. (a) Stereoscopic view of the TPP riboswitch 

aptamer structure (PDB code: 2GDI). C30 and U68, which are labeling positions 

of the loop-labeled sample, are depicted as sticks. (b) Stereoscopic view of a 

17 



Chapter 2 
 

 

region near U68. The base of U68 makes a hydrogen bond with the phosphate 

group of U71 (blue dashed line), whereas dye is labeled in an opposite side of the 

interaction (green arrow). 

 

2.3.2. Preorganization of the TPP aptamer by salts 

RNA molecules were immobilized on a polymer-coated quartz surface and 

imaged in a standard salt condition (100 mM KCl and 2 mM MgCl2) using a 

single-molecule FRET microscope. For each RNA construct, FRET 

histograms were obtained from more than 1000 molecules in the absence and 

presence of saturated TPP (0.2 mM) and were normalized so that the total 

counts equaled one (black lines, Fig. 1b-d) and subtracted to obtain FRET 

distribution changes upon TPP addition (blue bars, Fig. 1b-d). Of the three 

RNA constructs, only the loop-labeled sample exhibited a clear increase in the 

high FRET population upon TPP addition; the other samples showed only 

random FRET distribution fluctuations of the highly heterogeneous 

conformational ensemble of the TPP aptamer. EMSA (electrophoretic 

mobility shift assay) experiments confirmed that the three RNA constructs 

binds to TPP (Fig. S2). Based on these observations, we concluded that the 

formation of the P1 stem and the juxtaposition of the P2 and P4 helices are 

pre-established by salts, whereas the close positioning of the P3 and P5 

helices is achieved after TPP binding. Consistent with this conclusion, a real-

time transition from low FRET state to high FRET state upon the addition of 

0.2 mM TPP were observed only for single-molecules of the loop-labeled 
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sample (Fig. 1e). Comparison of FRET histograms in absence and presence of 

Mg2+ ions revealed a significant increase of high FRET population of the 

stem- and junction-labeled samples in the presence of 2 mM Mg2+ (Fig. S3), 

indicating that Mg2+ ions are very efficient in preorganizing the P1 stem and 

the P1-P2-P4 junction. At high K+ concentration (500 mM), such strong 

Mg2+-effects were not clear (Fig. S4), suggesting that folding of the P1 stem 

and the P1-P2-P4 junction is not Mg2+-specific. 

 

 
Figure S2. EMSA analysis of TPP binding to TPP aptamers. Samples were 

incubated in a buffer containing 10 mM Tris (pH 8.0), 0.5 mM EDTA, 4 mM 

MgCl2, 100 mM KCl, 200 μM TPP for 30 min at room temperature. After the 

incubation, we added glycerol to 25% for loading. Electrophoresis was carried 

out using native PAGE gel (10% polyacrylamide, 0.5× TBE, 5 mM MgCl2) for 4 

hours at 4℃, 8V/cm. Although heterogeneity of RNA folding caused the 

broadening of the bands, all RNA constructs exhibited band shifts in the 

presence of TPP. Red guide lines were added as an eye-guide on the maximum 

intensity positions of the band containing no TPP (0μM). 
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Figure S3. Folding of TPP aptamers in the absence and presence of Mg2+ ions. (a) 

FRET histograms of the stem-labeled sample (black lines) in the absence of Mg2+ 

(top) and in the presence of 2 mM Mg2+ (bottom). FRET distribution change 

upon addition of 2 mM Mg2+ is drawn as blue bars in the bottom panel. (b) The 

same as in (a) for the junction-labeled sample. (c) The same as in (a) for the loop-

labeled sample. 
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Figure S4. Mg2+-dependency of the P1 and P1-P2-P4 junction at high K+ 

concentration. (a) FRET histograms of the stem-labeled sample (black lines) at 

varying Mg2+ concentration in the presence of 500 mM K+. FRET distribution 

change upon addition of Mg2+ is drawn as blue bars in each panel. (b) The same 

as in (a) for the junction-labeled sample. 

 

2.3.3. Real-time observation of ligand binding/dissociation events 

The obvious FRET change observed upon TPP binding in the loop-labeled 

sample provided a way to monitor the real-time dynamics of TPP binding and 
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dissociation. As representative intensity (Fig. S5) and corresponding FRET 

(Fig. 2a) time traces of TPP-responsive, loop-labeled molecules show, two-

state FRET dynamics were observed in a wide range of TPP concentrations, 

while such FRET transitions were not detected in the absence of TPP. 

Furthermore, the existence of two dominant FRET states, and increase of the 

high FRET population at higher TPP concentrations were clear in FRET 

traces (Fig. S5, Fig. 2a). Kinetic analysis of the FRET transitions revealed that 

the rate of the FRET jump linearly increased with TPP concentration, while 

the rate of the FRET drop remained more or less the same at all tested TPP 

concentrations (Fig. S6, Fig. 2b), indicating that the FRET jumps in Fig. 2a 

correspond to single-TPP binding events. 

According to the TPP binding and dissociation rates in Fig. 2b, the fraction in 

the TPP-bound state was obtained at varying TPP concentrations (Fig. 2c). 

The result was well fitted to a Hill function with n = 1. The dissociation 

constant obtained (Kd = 100 nM) was similar to previously reported values 

obtained from bulk measurements,(Lang et al., 2007; Winkler et al., 2002) 

indicating that side effects of dye labeling and surface immobilization were 

minimal. It is known that the TPP aptamer discriminates between TPP and 

TMP (thiamine monophosphate) with a remarkable selectivity.(Kulshina et al., 

2010) Our single-molecule FRET assay revealed that the dissociation rate of 

TPP was 150 times smaller than that of TMP, whereas its binding rate was 

only three times larger than that of TMP (Fig. S7), which indicated that the 

two ligands were discriminated mainly at the dissociation step. 
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Figure S5. Fluorescence intensity time traces corresponding to FRET time traces 

in Fig. 2a. Representative fluorescence intensity (donor, green; acceptor, red) 

time traces at varying TPP concentrations. To distinguish quenching of acceptor 

dye from conformational change of the aptamer, the ALEX technique was used 

(top panels, donor excitation; bottom panels, acceptor excitation). 
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Figure 2. Single-molecule detection of TPP binding and dissociation. (a) Example 

FRET time traces (black) at varying TPP concentrations. The green lines are 

most probable FRET trajectories generated by two-state Hidden Markov 

modeling(Bronson et al., 2009; McKinney et al., 2006). (b) Binding and 

dissociation rates of TPP at varying TPP concentrations. (c) Fraction of the TPP-

bound form at varying TPP concentrations. The loop-labeled sample was used 

for the experiments. 
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Figure S6. TPP binding and dissociation times at varying TPP concentrations. 

To make the histograms, TPP binding time (the dwell time of the low FRET state) 

and TPP dissociation time (the dwell time of the high FRET state) were manually 

collected. Binding and dissociation times were obtained by fitting the histograms 

to single-exponential functions (red lines). The binding and dissociation rates 

were obtained by inversing the corresponding dwell times. 
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Figure S7. Single-molecule observation of TMP binding and dissociation. (a) 

Representative FRET time traces at varying TMP concentrations. Time traces 

generated by a two-state Hidden Markov Modeling are also shown (green lines). 

(b) Histograms of TMP binding time and TMP dissociation time. The dwell times 

were obtained from Hidden Markov Modeling. Binding and dissociation times 

were obtained by fitting the histograms to single-exponential functions (red lines). 

The first data point was not included in the data fitting. (c) Binding (squares) 

and dissociation rates (triangles) at varying TMP concentrations, and their 

linear fits (solid lines). As expected, the binding rate linearly increased with TMP 

concentration while the dissociation rate was more or less the same. (d) 

Comparison of TPP and TMP in binding rates and dissociation rates at 1 μM 

concentration. Binding and dissociation rates of 1 μM TMP were obtained from 

the fitting graphs in (c). 
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2.3.4. Pre-coordination of Mg2+ ions 

The ligand binding affinity of the TPP aptamer is known to be sensitive to the 

Mg2+ concentration,(Kulshina et al., 2010; Yamauchi et al., 2005) although 

the exact mechanism remains unclear. To elucidate this mechanism, we 

studied how TPP binding and dissociation are affected by the Mg2+ 

concentration. As the representative FRET time traces show (Fig. 3a), the 

TPP-bound state became dominant at higher Mg2+ concentrations even though 

the TPP concentration remained the same. Analysis of binding and 

dissociation kinetics (Fig. S8, Fig. 3b) further revealed that the reduction of 

the TPP dissociation constant at high Mg2+ concentrations (Fig. 3c) was due to 

the combined effect of an increased binding rate and a decreased dissociation 

rate. 

Next we addressed why the TPP binding affinity was so sensitive to the Mg2+ 

concentration. Structural studies suggest that the two coordinated Mg2+ ions 

are utilized to bridge the negatively charged phosphate groups of TPP to the 

negatively charged riboswitch.(Edwards and Ferré-D’Amaré, 2006) However, 

it remains unclear whether those Mg2+ ions are coordinated before TPP 

binding or concurrently with TPP binding. We found that the binding rate was 

saturated at concentrations above 2 mM Mg2+ (Fig. 3b). On the assumption 

that the rate limiting step of the binding process is the formation of the 

encounter complex rather than the transition from the encounter complex to 

the bound state, this observation indicates that before ligand binding Mg2+ 

ions are coordinated either in the phosphate binding pocket of the aptamer or 
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to the ligand. The crystal structure grown in the presence of pyrithiamine, a 

TPP analogue without the pyrophosphate group, did not exhibit divalent ions 

in the phosphate binding pocket,(Edwards and Ferré-D’Amaré, 2006) and it 

was proposed that TPP and Mg2+ ions concurrently bind to the TPP 

aptamer.(Miranda-Ríos, 2007) Therefore, it is conceivable that Mg2+ ions are 

precoordinated in TPP. 

 

 

Figure 3. [Mg2+] dependence of TPP binding and dissociation. (a) Representative 

FRET time traces (black) showing TPP binding/dissociation dynamics at varying 

Mg2+ concentrations ([TPP] = 1 μM). The green lines are most probable FRET 

trajectories generated by two-state Hidden Markov modeling. (b) TPP binding 

(red) and dissociation (blue) rates at varying Mg2+ concentrations. (c) TPP 
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dissociation constants at varying Mg2+ concentrations. 

 

 
Figure S8. [Mg2+] dependence of TPP binding and dissociation. Histograms of 

TPP binding and dissociation times at varying Mg2+ concentration. The data 

were manually obtained. The kinetic time constants were obtained by fitting 

each histogram to a single-exponential function. 
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2.3.5. Apo-TPP aptamer dynamically samples the partially closed 

form in the presence of Mg2+ 

Mg2+ ions are very effective in the process of RNA folding, and it has been 

proposed that they additionally help TPP binding by inducing a global 

structural change of the TPP aptamer.(Kulshina et al., 2010) Moreover, the 

observed decrease in the TPP dissociation rate at high Mg2+ concentrations 

(Fig. 3b) is consistent with this proposal. To characterize the global structural 

change of the TPP apo-aptamer induced by Mg2+ ions, we investigated how 

the TPP-responsive, loop-labeled molecules behave at varying Mg2+ 

concentrations. Suspecting that rapid, intrinsic conformational dynamics may 

have been masked in the previous low time resolution (100-ms) experiments, 

we performed the experiments with an increased time resolution (15-ms). 

FRET dynamics between the low FRET state (open state) and the high FRET 

state (partially closed state) were clearly resolved in a wide range of Mg2+ 

concentrations (left, Fig. 4a; Fig. 4b; Fig. S9). Such intrinsic FRET dynamics 

were not observed in the absence of Mg2+ ions even at high K+ concentration 

(500 mM), indicating that the intrinsic conformational dynamics of the loop-

labeled sample are Mg2+-specific. 

Interestingly, while the FRET efficiency of the open form remained more or 

less the same, the FRET efficiency of the partially closed form increased at 

higher Mg2+ concentrations and became indistinguishable from the FRET 

efficiency of the TPP-bound state (right, Fig. 4a; Fig. 4c). In contrast to the 
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obvious [Mg2+] dependency of the partially closed state conformation, both 

the closing and the opening rates similarly decreased with increasing Mg2+ 

concentration (Fig. 4d, Fig. S10), resulting in constant population of the 

partially closed form in the whole tested Mg2+ concentrations (Fig. 4e). 

 

 

Figure 4. Dynamic sampling of the partially closed form of the apo-TPP aptamer 

in the presence of Mg2+ ions. (a) Representative FRET time traces showing 

intrinsic conformational dynamics of the TPP riboswitch (left) and 

corresponding FRET histograms (right, black bars) at varying Mg2+ 

concentrations. The FRET time traces (black) were overlaid with time traces 

generated by two-state Hidden Markov modeling (blue). FRET histograms of the 

TPP-bound state obtained from Fig. 3 at each buffer condition (orange bars) are 

shown for comparison. The FRET histograms of the ligand-free aptamer were 

fitted to two Gaussian functions (red: open, blue: partially closed), while those of 
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the ligand-bound state were fitted to a single Gaussian function (black). (b) 

Transition density plot of the intrinsic conformational dynamics of the TPP 

aptamer(McKinney et al., 2006) (x-axis: FRET efficiency before FRET transition, 

y-axis: FRET efficiency after FRET transition).  (c) FRET efficiencies of the 

closed form (black), the partially closed form (red), and the open form (blue) at 

varying Mg2+ concentrations. (d) Transition rate from the open form to the 

partially closed form (the closing rate, blue) and that from the partially closed 

form to the open form (the opening rate, red) at varying Mg2+ concentrations. (e) 

Fraction of the partially closed form at varying Mg2+ concentrations. 

 

 

Figure S9. Transition density plots of the intrinsic conformational dynamics of 

the TPP aptamer at varying Mg2+ concentrations. The transition density plots 

were obtained from Hidden Markov Modeling. (a) Comparison of the results of 

Hidden Markov Modeling with 15 states (left) and 2 states (right). Similarity of 

the two plots indicates the existence of intrinsic two global structures of the E. 

coli ThiM riboswitch. (b) Transition density plots at varying Mg2+ conditions. 
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Hidden Markov modeling with two states were commonly used. 

 

 

Figure S10. [Mg2+] dependence of the intrinsic conformational dynamics of the 

TPP aptamer. Dwell time histograms of the partially closed state and the open 

state at varying Mg2+ concentration. The dwell times were obtained from Hidden 
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Markov Modeling. The transition rates were obtained by fitting each histogram 

to a single exponential function. 

 

2.3.6. Global structural change of the TPP aptamer induced by 

unselective ligand binding 

The finding that the TPP apo-aptamer dynamically sampled a partially closed 

conformation resembling the holo-aptamer was reminiscent of recent single-

molecule FRET studies on SAM (S-adenosylmethionine) riboswitches.(Haller 

et al., 2011; Hammond, 2011; Heppell et al., 2011) In those previous studies, 

selective ligand binding to the partially closed form could not directly be 

probed, but the mere existence of the partially closed state was accepted as 

evidence that the ligand selectively bound to the partially closed form. In the 

case of the TPP aptamer, the FRET efficiency of the partially closed state is 

similar but could be distinguished from that of the closed state (the ligand-

bound state) at 2 mM Mg2+, allowing us to directly probe the conformation of 

the aptamer that TPP binds. Contradictory to the conformational selection 

model that a ligand selectively binds to the partially closed form, we observed 

that TPP binding occurred in the open form (Fig. 5a) as well as in the partially 

closed form (Fig. 5b). Interestingly, the relative frequency of TPP binding to 

the open form was similar to the relative population of the open form (33% vs. 

34%), indicating that TPP was recognized by both the open and the partially 

closed forms with similar efficiency.  

The observations above support the view that a ligand is not selectively 
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recognized by the partially closed form. However, it can still be envisaged 

that the closed conformation, with an undetectably short lifetime, is frequently 

formed both in the open form and in the partially closed form and that TPP 

selectively binds only to the closed form. This hypothesis is tempting because 

all single-molecule studies reported to date have suggested that ligands are 

recognized by riboswitches in a form where tertiary interactions are already 

established.(Brenner et al., 2010; Haller et al., 2011; Heppell et al., 2011; 

Lemay et al., 2006; Wood et al., 2012) To test this model, we prepared an 

A69C mutant in which the C24-A69 tertiary interaction is broken (Fig. 5c). It 

has been reported that TPP binding is significantly hampered (16 times) in the 

A69C mutant.(Kulshina et al., 2010) According to the model that TPP 

selectively binds to the hypothetical closed state in which the C24-A69 

tertiary interaction is already established, it would be expected that the TPP 

binding rate of the A69C mutant would be greatly reduced because the 

stability of the closed form is significantly hampered by the mutation. 

As Fig. 5d shows, we observed TPP binding and dissociation events in the 

A69C mutant. Consistently with the previous report, we observed 21 times 

increase of the TPP dissociation constant in the A69C mutant (Fig. S11). 

Directly countering the model of selective binding to the hypothetical closed 

form, the TPP binding rate of the A69C mutant was similar to that of the wild 

type, although the TPP dissociation was significantly accelerated in the 

mutant (Fig. S12, Fig. 5e). In addition, the intrinsic conformational dynamics 

of the A69C mutant were similar to those of the wild type (Fig. S13, Fig. 5f), 
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further supporting the conclusion that the C24-A69 tertiary interaction is 

established only after ligand binding. 

 

 
Figure 5. Global structural change of the aptamer induced by unselective ligand 

binding. (a) An example FRET time trace (black) and its three-state hidden 

Markov model (blue), exhibiting TPP binding to the open form. (b) The same as 

in (a) except that the data shown are for TPP binding to the partially closed form. 

Out of 97 molecules observed, 32 molecules exhibited TPP binding in the open 

form while others showed TPP binding in the partially closed form (red 

numbers). (c) RNA construct (the A69C mutant) in which a tertiary interaction 

between L5 and P3 is hindered. (d) Example FRET time traces of the A69C 

mutant (black) at varying TPP concentrations. The green lines are most 

probable FRET trajectories generated by two-state Hidden Markov modeling. (e) 
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Comparison of the TPP binding and dissociation rates of the wild type (WT, 

white) and the A69C mutant (blue) ([TPP] = 1 μM). (f) Comparison of intrinsic 

conformational dynamics of the wild type (WT, open squares) and the A69C 

mutant (solid squares). 

 

 

Figure S11. Comparison of TPP binding of the wild type and the A69C mutant. 

(a, b) FRET histograms of (a) the wild type and (b) the A69C mutant in the 

presence of 1 μM TPP. The increased of the TPP unbound state population (red) 

and the decrease of the bound state population (blue) in the mutant is clear. 

From the FRET histograms, 21 times increase of the TPP dissociation constant 

in the mutant (3.8 μM vs. 180 nM) was estimated. 
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Figure S12. TPP binding and dissociation of the A69C mutant. (a) Histograms of 

TPP binding times (left) and dissociation times (right) of the A69C mutant ([TPP] 

= 1 μM). The dwell times were obtained from Hidden Markov Modeling. To 

obtain binding and dissociation rates, the histograms were fitted to single-

exponential functions. (b) Transition density plot for the TPP binding and 

dissociation of the A69C mutant. 

 

 

Figure S13. Intrinsic conformational dynamics of the A69C mutant. (a) Dwell 

time histograms of the partially closed state and the open state of the A69C 

mutant at varying Mg2+ concentration. The dwell times were obtained from 

Hidden Markov Modeling. The transition rates were obtained by fitting each 

histogram to a single exponential function. (b) Transition density plots of the 

intrinsic conformational dynamics of the A69C mutant at varying Mg2+ 

concentrations. 
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Figure S14. Conformational dynamics of the A69G mutant. (a) Histograms of 

TPP binding times (left) and dissociation times (right) of the A69G mutant ([TPP] 

= 2 μM). The dwell times were obtained from Hidden Markov Modeling. To 

obtain binding and dissociation rates, the histograms were fitted to single-

exponential functions. (b) Comparison of the wild type and mutants(A69C and 

A69G) in binding rates and dissociation rates at 1 μM concentration. Binding 

and dissociation rates of A69G were obtained from the fitting graphs in (a). (c) 

Dwell time histograms of the partially closed state and the open state of the 

A69G mutant. The dwell times were obtained from Hidden Markov Modeling. 

The transition rates were obtained by fitting each histogram to a single 

exponential function. (d) Comparison of the wild type and mutants(A69C and 

A69G) in closing rates and opening rates. Closing and opening rates of A69G 

were obtained from the fitting graphs in (c). Star, to compare binding rates at 1 

μM TPP concentration, the binding rate of A69G at 2 μM TPP concentration is 
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divided by 2. 

 

2.3.7. Formation of the P1 helix is required for TPP binding 

The data in Fig. 1 and Fig. 5 indicate that other than the C24-A69 tertiary 

interaction, most structural features of the TPP holo-aptamer are pre-

established before TPP binding. In particular, Fig. 1b indicates that the P1 

helix, the formation of which is intimately related to gene regulation by the 

TPP riboswitch (Fig. S14), is stabilized by salts. The next question therefore 

is whether the P1 helix formation is required for TPP binding. To address this 

question, we investigated how TPP binding and dissociation kinetics are 

affected when the P1 helix is destabilized by the deletion of the two bases at 

the 3’-end of the TPP aptamer (Fig. 6a). As the representative FRET time 

trace shows (left, Fig. 6b), the appearance of a stable high FRET state was 

observed in the presence of TPP. The transition rate from the low FRET state 

to the high FRET state linearly increased with TPP concentration, whereas the 

reverse transition rate was independent of the TPP concentration, indicating 

that the high FRET state corresponded to single-TPP binding events (Fig. S15, 

Fig. 6c). 

Fig. 6c shows that the TPP dissociation constant of the P1-incomplete sample 

is almost 2,000 times larger than that of the whole aptamer. However, it 

remained unclear why the ligand binding affinity of the P1-incomplete 

aptamer was hampered to such a degree. We noticed that the FRET histogram 

of the ligand-free P1-incomplete aptamer could be clearly distinguished from 
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that of the whole aptamer (right, Fig. 6b), as it transited to the middle FRET 

state very rarely and briefly (arrow heads, Fig. 6b; Fig. S16) and was present 

for most of the time in the low FRET state. Furthermore, we found that only 

the ligand binding step was significantly hampered in the P1-incomplete 

aptamer, whereas no effect was observed in the dissociation step (Fig. 6d). 

One plausible model to explain all of these observations is that the ligand-

responsive folding of the TPP aptamer requires the formation of the P1 helix. 

In the P1-incomplete aptamer, the P1 helix is formed only rarely and briefly, 

resulting in a great reduction of the ligand binding rate. Furthermore, we 

suggest that due to the P1 helix stabilizing effect of TPP, the P1 helix can be 

disrupted only after TPP dissociation, which explains why the TPP 

dissociation rate was not affected by the P1 helix destabilization.  

 

 

Figure 6. Preformation of the P1 helix prior to TPP binding. (a) RNA construct 
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(P1- incomplete) in which the two bases at the 3’-end of the aptamer have been 

deleted. (b) Example FRET time trace (left) showing TPP binding of the P1-

incomplete aptamer ([TPP] = 200 μM). Brief transitions to the middle FRET 

state are indicated by red arrow heads. Intrinsic FRET histograms of the wild 

type (WT, orange bars) and the P1-incomplete aptamer (white bars) are 

compared (right). (c) TPP binding (red squares) and dissociation rates (blue 

squares) of the P1-incomplete sample at varying TPP concentrations. The TPP 

dissociation constant (183 μM) was calculated from the crossing point of the two 

fitted lines (blue and red lines). (d) Comparison of TPP binding and dissociation 

rates of the wild type (WT, white bars) and the P1-incomplete aptamer (blue 

bars) ([TPP] = 1 μM). 

 

 

Figure S14. A model for gene regulation by E. coli ThiM riboswitch. In the 

absence of TPP, the P1 helix is not formed, and Shine-Dalgarno sequence (SD) is 

exposed. After TPP binding, the P1 helix is stabilized while SD is not accessible 

to the ribosome. 
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Figure S15. TPP binding and dissociation times of the P1-incomplete aptamer. 

The histograms were manually generated. Binding and dissociation times were 

obtained by fitting the histograms to single-exponential functions (red lines). 
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Figure S16. Brief transition of the ligand-free P1-incomplete sample to the 

middle FRET state. (a) Extended view of the part of Fig. 6b showing brief 

transitions (red arrow) to the middle FRET (>0.55, blue line) state. (b) Dy547 

(green line) and Dy647 (red line) intensity time traces of the brief transitions 

corresponding to each event shown in (a). 
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Figure S17. TPP binding and dissociation of the WT/24-68. (a) RNA construct 

(WT/24-68) in which dye (Dy547, green, Dy647, red) labeling positions are 

modified from C30(Dy647)-U68(Dy547) to C24(Dy547)-U68(Dy647). (b) 

Histograms of TPP binding times (left) and dissociation times (right) of WT/24-

68 ([TPP] = 2 μM). To make the histograms, TPP binding time (the dwell time of 

the low FRET state) and TPP dissociation time (the dwell time of the high FRET 

state) were manually collected. Binding and dissociation times were obtained by 

fitting the histograms to single-exponential functions (red lines). The binding and 

dissociation rates were obtained by inversing the corresponding dwell times. (c) 

Comparison of two wild types, WT/30-68 and WT/24-68, in binding rates and 

dissociation rates at 1 μM concentration. (d) Representative FRET and 

corresponding fluorescence intensity (donor, green; acceptor, red) time traces of 

WT/24-68. Top, FRET; middle, fluorescence intensities at donor excitation; 

bottom, fluorescence intensities at acceptor excitation. Star, to compare binding 

rates at 1 μM TPP concentration, the binding rate of WT/24-68 at 2 μM TPP 
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concentration is divided by 2. 

 

 

Figure S18. Histograms and traces of WT/14-87. (a) RNA construct (WT/14-87) 

in which dye (Dy547, green, Dy647, red) labeling positions are shown as 

U14(Dy547)-U87(Dy647). (b) FRET histograms of WT/14-87 (black lines) in the 

absence of TPP (top) and in the presence of 0.1 mM TPP (bottom). FRET 

distribution change upon addition of 0.1 mM TPP is drawn as blue bars in the 

bottom panel. (c) Representative FRET time traces in the absence of TPP (top) 

and in the presence of 0.1 mM TPP (bottom). 

 

2.4. Conclusion and Outlook 

Structural characterization of aptamer domains in the absence of ligand is 

critical for understanding how ligand-binding and structural transition of the 

riboswitches are coupled. Owing to inherent conformational heterogeneity, it 

has been challenging to characterize the ligand-free state of the TPP-

responsive aptamer. Although recent single-molecule measurements based on 
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optical trapping addressed some key issues related to the TPP 

riboswitch,(Anthony et al., 2012) the dynamic structural nature of the TPP 

aptamer and its interaction with TPP could not be directly probed. Using the 

unique capabilities of single-molecule FRET, we characterized how TPP 

binding and the structural transitions of the TPP aptamer are coupled (Fig. 7).  

First, we revealed that the TPP-aptamer is largely preorganized by salts before 

TPP binding. The juxtaposition of the P2 and P4 helices by salts has 

important implications for the ligand recognition mechanism of the TPP 

aptamer. Because the two binding pockets of the ligand—the thiamine 

binding pocket and the phosphate binding pocket—are located at the ends of 

the P2 and P4 helices, it is conceivable that the TPP binding pockets are 

optimally positioned by salts so that they can readily accommodate a cognate 

ligand. In addition to this global structural pre-arrangement by salts, we found 

that Mg2+ ions are coordinated before ligand binding, probably to the ligand, 

which is also advantageous for prompt TPP binding. 

Second, we revealed that Mg2+ ions induce the dynamic switching of the TPP 

aptamer between the open and partially closed forms. For the last few decades, 

intrinsic conformational dynamics of ligand-free receptors have been reported 

for an increasing number of receptor-ligand interactions, and a conformational 

selection model was proposed as a new paradigm to explain how a receptor 

recognizes a cognate ligand.(Boehr et al., 2009) Recent single-molecule 

FRET studies on SAM riboswitches(Haller et al., 2011; Hammond, 2011; 

Heppell et al., 2011) also suggested that the conformational selection 
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mechanism may generally be applied to type II riboswitches. In those studies, 

however, it was not directly probed but assumed that a ligand selectively 

binds to a partially closed form. As opposed to the model that the partially 

closed form is critical for ligand binding, our study shows that TPP has no 

preference for either the open form or the partially closed form for initial 

binding. In other words, TPP recognizes only the preorganization of the P1-

P2-P3 three-way junction, and the juxtaposition of the P3 and P5 helices are 

induced after TPP binding. To our best knowledge, our work provides the first 

direct evidence that mere existence of a partially closed form in the dynamic 

conformational ensemble of a receptor does not necessarily imply that the 

binding takes place by conformational selection; instead, more-rigorous 

kinetic studies are required to dissect the exact ligand recognition mechanism 

of the receptor.(Bae et al., 2011) Given that a ligand does not exclusively bind 

to the partially closed form of the TPP aptamer, the role of the dynamic 

sampling of the partially closed form for the ligand recognition of the TPP 

aptamer must be further studied. We speculate that the flexibility in the apo-

state for the TPP aptamer facilitates the transition to the holo-structure by 

reducing the energetic cost of the conformational transition of the aptamer 

from the ligand-free state to the ligand-bound state. 

In the currently accepted gene regulation mechanism of the TPP riboswitch, 

the P1 helix plays a central role in the gene regulation of the TPP riboswitch 

(Fig. S14). We revealed that the pre-formation of the P1 helix is required for 

TPP binding. In other words, TPP can not induce the extensive secondary 
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structure rearrangement of the TPP riboswitch but it rather traps the pre-

formed secondary structure of the riboswitch. The spontaneous formation of 

the TPP-responsive secondary structure of the whole TPP riboswitch is 

expected to be extremely slow and rare because it involves extensive 

unwinding/rewinding of base pairings. Then, the question remains how gene 

regulation by the TPP riboswitch can be timely and efficient. It is conceivable 

that TPP kinetically controls the folding pathway of the TPP riboswitch (and 

thus the expression of the corresponding gene) by rapidly trapping the 

cotranscriptionally folded TPP-responsive conformation of the TPP aptamer, 

which is only briefly formed in a time window between the transcription of 

the aptamer domain and that of the full riboswitch.(Wickiser, Cheah, et al., 

2005; Wickiser, Winkler, et al., 2005; Zhang et al., 2010) To address the 

question of whether the TPP riboswitch controls gene expression kinetically 

or thermodynamically, more-rigorous cotranscriptional folding studies of the 

TPP riboswitch in the absence and presence of TPP are required. 
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Figure 7. Model for the intrinsic conformational dynamics of the TPP aptamer 

and its global structural change induced by TPP binding. Our single-molecule 

FRET assay cannot tell which junctions (J2-3 or J4-5) are flexible although the 

J2-3 junction is arbitrarily shown flexible in the model. 
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Chapter 3 

Reconstitution of RNA Transcription Machinery 

and Co-transcriptional effect on TPP riboswitch 

 

 

 

 

3.1. Introduction 

Non-coding RNA (ncRNA), which was initially considered as junk RNA, is 

increasingly being recognized as a common tool to regulate gene 

expression.(Palazzo and Lee, 2015) Almost all stages of gene expression such 

as initiation, termination and maturation in both transcription and translation 

can be regulated by ncRNA. Unlike messenger RNA (mRNA) which plays a 

role as a code for the corresponding protein, ncRNA works not only as a 

functional sequence but also as a folding structure. These folding structures of 

ncRNA can have various functions like proteins, for example, binding a small 

ligand molecule, catalyzing cleavage reaction and associating with proteins. 

The folding structure of ncRNA is determined sequentially in the process 

through which nucleotides are added to the growing transcript.(Pan and 

Sosnick, 2006) This co-transcriptional folding process differs from the 
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renaturation folding process in which an RNA strand is being folded globally 

from the denatured state (e.g., annealing process). The nascent transcript starts 

to fold locally before the whole sequence is fully elongated. Thus, the folding 

structures of a transcript are different to those folded through renaturation. 

Different folding structures of ncRNA are a regulatory factor and can be 

controlled by various cellular conditions such as temperature, ionic condition, 

ligand and transcription rate. However, if the folding structures are stable and 

long-lasting, the distribution of them cannot be regulated after transcription 

termination. This implies that co-transcriptional folding can be regulated 

during the transcription elongation, not after it. 

TPP riboswitch is the most widely distributed riboswitch found from all three 

domains of life including bacteria, plants and fungi.(Miranda-Ríos, 2007) 

Organisms use those TPP-sensing riboswitches to control gene expression 

responsible for thiamine production. The x-ray crystal structure of the TPP 

riboswitch aptamer has been solved.(Serganov et al., 2006) The final folding 

structures after transcription which is predicted and studied are well known so 

that we can design samples for the single-molecule experiment. 

Elongation complex (EC) which works as a basic unit to produce RNA from 

DNA is reconstituted for the co-transcriptional observation.(Palangat et al., 

2012) By using a single-molecule FRET microscopy,(Roy et al., 2008) we 

observe RNA folding process for individual molecules. We found that TPP 

riboswitch regulates the gene expression co-transcriptionally that means TPP 

concentration can influence the folding process during transcription. 

60 



Chapter 3 
 

 

 

3.2. Materials and Methods 

 

3.2.1. Reconstitution of elongation complex (EC) 

The RNA strand (800nM, Dharmacon) labeled by an acceptor dye in a buffer 

(10mM Tris-HCl, 50mM NaCl) was incubated with a anti-sense strand of 

DNA (200nM, IDT) and T7 RNA polymerase(40nM, NEB) for 20 minutes at 

37℃. A donor dye(Cy3-rUTP 100μM, GE healthcare) and a sense strand of 

DNA (400nM) were added and incubated for 30 minutes before single 

molecule experiment. The sequences of strands are on Table 1. The number of 

sequence after P1 stem was counted and used to represent the length 

difference of samples. 1L is a sample in which RNA length will be only one 

nucleotide longer than the length of the aptamer sequence after transcription. 

29L is a sample in which RNA length will end at the half of the second 

hairpin of TPP riboswitch. 71L is a sample in which RNA length will be 

enough to make the second hairpin structure of TPP riboswitch. -4L~3L 

samples are also used to find a starting point of a time window around the P1 

stem of the aptamer. The sequence of strands on Table 1 is for 71L samples, 

other samples were designed by decreasing the length of sequence. 
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Name Sequence 

RNA 5’-ACGACUCGGGGUGCCCUUCUG-C(Dy647)-GUGAAGGCUGAGAAAUACCCGUAUCACCUGAUCUGGA-3’ 

Dissociation 
71L 
DNA(anti) 
DNA(sense) 

5'-Bio-
GCCACGAATGAGAAAGTCTAGACCTAAATGCCAGCGTAGGGAAGTCACGGACCACCAGGTCATTGCTTCTTCACGTTATGGCAG
GAGCAAACTATGCAAGTCGACCTGCTGGGTTCACCGGAATTCCGGTTTTTTTTTTTTTTT-3'  
5'-
CCGGAATTCCGGTGAACCCAGCAGGTCGACTTGCATAGTTTGCTCCTGCCATAACGTGAAGAAGCAATGACCTGGTGGTCCGTG
ACTTCCCTACGCTGGCATTATCCAGATCACTTTCTCATTCGTGGC-3' 

Stalling 
71L 
DNA(anti) 
DNA(sense) 

5’-
GCCACGAATGAGAAAGTCTAGACCTAAATGCCAGCGTAGGGAAGTCACGGACCACCAGGTCATTGCTTCTTCACGTTATGGCAG
GAGCAAACTATGCAAGTCGACCTGCTGGGTTCAGCGCCCGGAATTCCGG-3’ 
5'-Bio-
CCGGAATTCCGGGCGCTGAACCCAGCAGGTCGACTTGCATAGTTTGCTCCTGCCATAACGTGAAGAAGCAATGACCTGGTGGTC
CGTGACTTCCCTACGCTGGCATTATCCAGATCACTTTCTCATTCGTGGC-3' 

RNA_1 5’-biotin-GGAACCAAACGACUCGGGGUGCCCUUCUG-C(Dy647)-GUGAAGG CUGAGAAAUACCCGUA-3’ 

RNA_2 5’-p-UCACCUGAUCUGGA-U(Dy547)-AAUGCCAGCGUAGGGAAGUCA-3’ 

Splint 5’-CATTATCCAGATCAGGTGATACGGGTATTTCTCAGC-3’ 

Table 1. Oligonucleotide sequences (p: phosphate) 

 

3.2.2. Single-molecule FRET experiments 

Polymer-coated quartz slides were prepared using a 1:40 mixture of biotin-

PEG (biotin-PEG-5000; Laysan Bio, Inc.) and PEG (m-PEG-5000, Laysan 

Bio Inc.).(Roy et al., 2008) After streptavidin (0.2 mg/ml, Invitrogen) coating 

of the slides for 5 min, The elongation complex (400pM) was immobilized on 

the glass surface by using the biotin-streptavidin interaction, and imaged 

using a home-made wide-field total-internal-reflection fluorescence 

microscope. An electron multiplying charge-coupled device camera (Ixon 

DV897, Andor Technology) was used as a detector. Experiments were 

generally performed with 50 ms exposure times in an ALEX mode.(Kapanidis 

et al., 2004; Lee et al., 2010) Because the experiments were performed in an 

ALEX mode with alternating between a green laser (532 nm, Compass215M, 

Coherent) and a red laser (640 nm, Cube640-100C, Coherent), the actual time 
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resolution of the experiments was 100 ms. rNTP is injected with reaction 

buffer (10mM Tris-HCl (pH8.0), 20mM KCl, 5mM MgCl2, 5mM DTT, 5mM 

PCA, 500nM PCD) and the following RNA folding was observed. All 

experiments were performed at 37°C. For data analysis, IDL (7.0, ITT), 

Matlab (R2010a, The MathWorks), and Origin (8.0, OriginLab) were used. 

 

3.2.3. Annealing folding 

Modified RNA strands and a DNA splint (Table S1) were purchased from 

Dharmacon and IDT, respectively. To prepare the TPP aptamers, 5’-portions 

and 3’-portions of RNAs (Table S1) were annealed with a DNA splint by 

slowly cooling from 94 °C to 4 °C in annealing buffer (10 mM Tris-HCl 

(pH8.0) with 50 mM NaCl) and ligated with T4 RNA ligase 2 (NEB).(Lang 

and Micura, 2008) Ligation products were purified using denaturing 15 % 

PAGE with 8 M urea and folded by slow cooling from 80 °C to 4 °C in 

annealing buffer. 

 

3.2.4. Measurement of high FRET ratio 

After 200uM rNTP injection with 2μM TPP, FRET efficiencies were collected 

during the time range from the initiation to the dissociation or the bleaching. 

The histogram of FRET efficiencies are normalized and analyzed. The high 

FRET ratio is measured by the sum of the area over 0.5 of FRET efficiency in 

the histogram. 

For TPP dependence experiments, a modified method was used. After 200μM 
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(for slow, 10μM) rNTP injection with several TPP concentrations, 200μM 

TPP is injected after about 70 seconds (for slow, 120 seconds) and FRET 

efficiencies were collected for 50 seconds. 

 

3.3. Results and Discussions 

 

3.3.1. Reconstitution of RNA transcription machinery 

Although several groups established the reconstitution of EC,(Palangat et al., 

2012) the conformational dynamics of transcript were not observed which can 

be the essential information for the study of the co-transcriptional effect. We 

made a successful method to obtain a stable EC with dyes for FRET 

measurements(Fig1A). By using EC with a 1L sample, we observed the 

single-molecule FRET efficiency of the transcript before and after 

elongation(Fig1A). Cy3 intensity decreased just after the rNTP injection 

which is a signal of Cy3 escape from RNAP(Fig2A). A dye intensity around a 

protein is induced to increase which is known as PIFE (Protein Induced 

Fluorescence Enhancement). A TPP binding event occurs when the transcript 

is a TPP-reactive RNA. And eventually, EC dissociates from the template 

double-strand DNA(dsDNA) (Fig2AB). If the transcript after elongation is a 

TPP-inactive RNA, then no TPP binding occurs as seen in Fig2C. The ratio of 

TPP-reactive RNA was induced ~14 times more in the transcriptional folding 

than in the annealing folding. This result indicates that folding process is 

different between the co-transcriptional process and the renaturation process. 
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This implies that RNA structures in a cell are guided to fold by co-

transcriptional effects. 

The initial configurations of complex are same for all samples. Thus initiation 

times should be similar. As expected, initiation times of elongation were 

almost same for all samples (Fig3A). And the initiation time shows an rNTP 

dependency implying that the initiation process consumes rNTPs (Fig3C). 

The end configurations of complex are different for all samples. Thus 

dissociation times should not be similar. As expected, dissociation times were 

different and have no rNTP dependency implying that the dissociation process 

consumes no rNTPs (Fig3BD). 
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Figure 1. Experimental scheme. (A) Reconstitution of Elongation complex. The 

RNA strand labeled by an acceptor dye was incubated with a anti-sense strand of 

DNA and T7 RNA polymerase for 20 minutes at 37℃. A donor dye and a sense 

strand of DNA were added and incubated for 30 minutes before single molecule 

experiment. Yellow line, RNA; blue line, DNA; purple dot, biotin; red star, 

acceptor dye; green star, donor dye. (B) Single molecule experiment. The 

elongation complex was immobilized on the glass surface. FRET efficiencies of 

the molecules were observed by the TIRF setup. rNTP is injected with reaction 

buffer and the following RNA folding was observed. (C) Samples. The number of 

sequence after P1 stem was counted and used to represent the length difference 

of samples. 1L is a sample in which RNA length will be only one nucleotide 

longer than the length of the aptamer sequence. 71L is a sample in which RNA 

length will be enough to make the second hairpin structure of TPP riboswitch. 
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Figure 2. Observation of transcription. (A) Representative real-time traces of the 

transcriptional process of TPP-reactive RNA. Using 1L sample, 200μM rNTP is 

injected at 30 seconds during the observation. FRET efficiency is calculated by 

the intensities of the donor and accepter dyes. Intensities in the second row are 

donor and acceptor intensities with the green-excitation. Intensities in the third 

row are donor and acceptor intensities with the red-excitation. Total intensity is 

calculated by the sum of donor and acceptor intensities with the green-excitation. 

(B) Model of dissociation. Simultaneous disappearance of the donor and acceptor 

intensities indicates the dissociation of RNA and RNAP. (C) Representative real-

time traces of the transcriptional process of the TPP-inactive RNA. (D) Proper 

folding efficiencies of the folding through annealing and the folding through 

transcription. The TPP-reactive RNA folding structure was induced ~14 times 

more in the transcriptional process than in the annealing process. 
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Figure 3. Analysis of transcription. (A) Initiation time of samples. Initiation time 

is a dwell time between the injection of rNTP and the Cy3 escape from RNAP. (B) 

Dissociation time of samples. Dissociation time is a dwell time between the Cy3 

escape and the dissociation of the elongation complex. (C) Initiation time at 

varying rNTP concentration. (D) Dissociation time at varying rNTP 

concentration. 

 

3.3.2. High stability of folding structures 

If the folding structures of a transcript are stable, then the distribution of 

folding structures will be stable and not able to be regulated at this stage. To 

observe the stability of a transcript, we changed the position of the biotin from 

3' to 5' (Fig4B). The EC can dissociate from the end of a DNA template and, 

on the contrary, is known to stall at the biotin-streptavidin region. Using these 

'stalling' samples, we could observe RNA structural dynamics for a long time 
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(Fig4A). TPP-reactive transcripts were very stable for at least several hundred 

seconds as shown in Fig4A and Fig5D. TPP-inactive transcripts were also 

very stable and these mean that TPP regulation does not occurs at the stage of 

the post-transcription. And this also indicates that a time window for 

regulation ends around 71L. 

The initiation time of elongation was also measured for the stalling sample 

and was similar with previous samples as expected for the same initial 

configuration of complex (Fig5AB). The dissociation time was measured and 

it was over several hundred seconds which is expected as a stalling sample 

caused by the interaction with the biotin-streptavidin complex (Fig5C). 

 

3.3.3. A time window between the aptamer formation (1L) and the 

second hairpin formation (71L) in co-transcriptional folding 

The concentration of TPP is controlled by the regulation of TPP riboswitch. 

TPP riboswitch should detect the concentration of TPP and induce the 

distribution changes of the final structures of the transcript. As the final 

structures of the transcript are stable, this change should be at the 

transcriptional process of the riboswitch. During the transcription of the 

riboswitch, the P1 stem of TPP riboswitch is the final part of the minimal 

aptamer structure. We used -4L~3L samples to find when TPP-active 

transcripts start to be generated. -4L~-1L samples disturb the P1 stem stability 

so that high FRET ratio that is mainly caused by TPP binding will be low. As 

expected, the results show that TPP-active transcripts start to be generated at -
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1L and fully formed after 0L (Fig4C). 

From our results, a time window for regulation starts around 0L and ends 

around 71L. To measure the effect of TPP concentration during this time 

window to the final structure distribution, we designed a different experiment. 

We used different TPP concentrations with rNTP injection. During 

transcription, different TPP concentrations cause the different distribution of 

the final structures of the transcript. To compare the final distribution, we 

again injected 200μM TPP and collected FRET efficiencies (Fig4D). As 

expected, there were TPP concentration effects after the time window between 

1L and 71L (Fig4E, Fig6). Higher TPP concentration induces an increase of 

the high FRET ratio of the final structures. This result implies that TPP 

concentration regulates the folding structure of the transcript co-

transcriptionally. Slow elongation with 10μM rNTP shows a similar transition 

concentration around 5μM (Fig4E, Fig6). However, it is possible that the 

slower elongation could have a lower transition concentration as it extends the 

time between 1L and 71L. 
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Figure 4. Co-transcriptional folding. (A) Multi-flow experiment. Using stalling 

sample, after rNTP injection, TPP was removed at 200 seconds and injected 

again at 350 seconds. (B) Model of stalling sample. Elongation complex is stalling 

around the biotin-straptavidin complex after elongation. (C) High FRET ratio at 

varying linker length. Linker length is a number of nucleotides after P1 stem 

sequence. High FRET ratio is calculated from the FRET histograms of the folded 

structures. (D) Transcription under the control of the TPP concentration. Before 

injecting 200μM TPP, the TPP concentration was 0μM. After 200μM TPP 

injection, the FRET efficiencies for 50 seconds were collected to calculate the 

high FRET ratio. (E) High FRET ratio at varying TPP concentration. The TPP 

concentrations were 0, 0.05, 0.5, 5, 50, and 200μM. Samples were 1L and 71L to 

compare the co-transcriptional effect. 
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Figure 5. Analysis of transcription with the stalling sample. (A) Initiation time of 

the 1L stalling sample. Initiation time is a dwell time between the injection of 

rNTP and the Cy3 escape. (B) Comparison of initiation time. (C) Dissociation 

time of the 1L stalling sample. Dissociation time is a dwell time between the Cy3 

escape and the dissociation of the elongation complex. (D) Multi-flow experiment. 

After rNTP injection, TPP was injected at 200 seconds. 

 

72 



Chapter 3 
 

 

 
Figure 6. FRET histograms at 200μM TPP after the transcription at varying 

TPP concentration. (A) FRET histograms at 200μM rNTP condition. Samples 

were 1L and 71L to compare the co-transcriptional effect. (B) FRET histograms 

at 10μM rNTP. 

 

3.4. Conclusion and Outlook 

We successfully reconstitute the EC to measure the conformational dynamics 

of a transcript co-transcriptionally. Using TPP riboswitch, we found that TPP 

aptamer structures which are able to bind a TPP ligand are folded more 

efficiently through a co-transcriptional process than through an annealing 
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process. Importantly, these TPP-reactive transcripts are formed and regulated 

by the TPP concentration during a time window between 1L and 71L (Fig7). 

These EC reconstitution methods for FRET measurements will be useful for 

many structural studies of ncRNA. 

 

 

Figure 7. Co-transcriptional folding of TPP riboswitch. X-axis is the length of 

RNA elongation. The distinguishable states are presented on y-axis. The 

thickness of blue line is representing the free-energy of the state. The RNA 

secondary structure graphs on the right are final structures expected in 71L 

sample. TPP binding events occur after the elongation of P1 stem. Unfolding 

events from aptamer structure occur between 1L and 71L elongation through 

the weak barrier. 

 

3.5. Appendix (Future Work) 

TPP-reactive transcripts have two dominant traces. One is that a TPP binds a 

middle and fluctuating FRET state (Middle to high behavior, M-H) (AFig1A). 

The other one is that a TPP binds a low FRET state (low to high behavior, L-

H) (AFig1B). TPP binding times are significantly different for these two 
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states (AFig1C). This difference may be another regulation method for TPP 

riboswitch. We compared the M-H ratio between 1L and 71L. M-H ratio 

decreases when the elongation ends at 71L. We hope that further studies 

would find the new regulation pathway for TPP riboswitch. 

 

 

Appendix Figure 1. Two different TPP-reactive RNA folding. (A) Representative 

real-time traces of middle FRET to high FRET in TPP-reactive folding. (B) 

Representative real-time traces of low FRET to high FRET in TPP-inactive 

folding. (C) TPP binding time of M-H and L-H species. TPP binding time of L-H 

(low FRET to high FRET) type was 27 times longer than M-H (middle FRET to 

high FRET) type. (D) M-H type ratio. M-H type ratio was changed after 

elongation to 71L. 

 

 

75 



Chapter 3 
 

 

References 

Kapanidis, A.N., Lee, N.K., Laurence, T.A., Doose, S., Margeat, E. and Weiss, 
S. (2004), “Fluorescence-aided molecule sorting: Analysis of structure and 
interactions by alternating-laser excitation of single molecules”, Proceedings 
of the National Academy of Sciences of the United States of America, Vol. 101 
No. 24, pp. 8936–8941. 

Lang, K. and Micura, R. (2008), “The preparation of site-specifically 
modified riboswitch domains as an example for enzymatic ligation of 
chemically synthesized RNA fragments”, Nature Protocols, Vol. 3 No. 9, pp. 
1457–1466. 

Lee, S., Lee, J. and Hohng, S. (2010), “Single-Molecule Three-Color FRET 
with Both Negligible Spectral Overlap and Long Observation Time”, PLoS 
ONE, Vol. 5 No. 8, p. e12270. 

Miranda-Ríos, J. (2007), “The THI-box Riboswitch, or How RNA Binds 
Thiamin Pyrophosphate”, Structure, Vol. 15 No. 3, pp. 259–265. 

Palangat, M., Larson, M.H., Hu, X., Gnatt, A., Block, S.M. and Landick, R. 
(2012), “Efficient reconstitution of transcription elongation complexes for 
single-molecule studies of eukaryotic RNA polymerase II”, Transcription, 
Vol. 3 No. 3, pp. 146–153. 

Palazzo, A.F. and Lee, E.S. (2015), “Non-coding RNA: what is functional and 
what is junk?”, Genetics of Aging, Vol. 6, p. 2. 

Pan, T. and Sosnick, T. (2006), “RNA Folding During Transcription”, Annual 
Review of Biophysics and Biomolecular Structure, Vol. 35 No. 1, pp. 161–175. 

Roy, R., Hohng, S. and Ha, T. (2008), “A practical guide to single-molecule 
FRET”, Nature Methods, Vol. 5 No. 6, pp. 507–516. 

Serganov, A., Polonskaia, A., Phan, A.T., Breaker, R.R. and Patel, D.J. (2006), 
“Structural basis for gene regulation by a thiamine pyrophosphate-sensing 
riboswitch”, Nature, Vol. 441 No. 7097, pp. 1167–1171. 

76 



Appendix 
 

 

Appendix 

Single-Molecule FRET Combined with Magnetic 

Tweezers at Low Force Regime 

 

 

 

 

A.1. Introduction 

Mechano-sensitive reactions are ubiquitously observed during DNA 

replication, RNA transcription, cell movements and the operation of transport 

proteins.(Hoffman et al., 2011) In order to study these reactions at the single-

molecule level, various single-molecule manipulation techniques such as 

atomic force microscopy, optical tweezers, and magnetic tweezers (MT) have 

been developed,(Neuman and Nagy, 2008) and these techniques have been 

actively used to study a variety of biochemical reactions which are sensitive to 

mechanical stresses.  

In biology, forces as small as in the sub-piconewton range can cause dramatic 

effects on the kinetics of biochemical reactions. The sole mechanical 

manipulation tools, however, suffer from poor spatial resolution at the small 

force regime, and this technical limitation has hindered the study of subtle 
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conformational changes induced by small forces. To solve the problem, 

several research groups tried to combine single-molecule manipulation 

techniques with single-molecule fluorescence resonance energy transfer 

(FRET).(Bae et al., 2014; He et al., 2012; Hohng et al., 2014; Lee et al., 2010; 

Lee and Hohng, 2013; Long et al., 2013) In this approach, force-sensitive 

conformational changes as small as in the sub-nanometer range could be 

reliably monitored using single-molecule FRET. 

Magnetic tweezers have a few advantages over other single-molecule 

manipulation techniques; small forces can be reliably applied by adjusting the 

height of a magnet, and twisting stress can be easily introduced by rotating the 

magnet.(Lee et al., 2010) Recently, magnetic tweezers were combined with 

single-molecule FRET by several groups and proven to be useful for 

measuring conformational changes of biomolecule in the nanometer 

range.(Lee et al., 2010; Long et al., 2013) In their work, however, it was not 

clear what the low force limit is that can be reliably used for the combined 

measurements of FRET and forces.  

Here, we developed a single-molecule FRET microscope combined with MT 

setup and characterized the capabilities of the instrument. Especially, we 

clarified the low force limit of the combined measurements, and observed the 

conformational dynamics of the Holliday junction at such a low force.(Hohng 

et al., 2007) The information reported here will be useful to people who plan 

to build a similar setup to study the effects of small mechanical stresses on 

biomolecular reactions. 
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A.2. Materials and Methods 

 

A.2.1. FRET-MT setup 

The instrument was made by modifying a commercial inverted fluorescence 

microscope (Olympus, IX71). The fluorescence excitation laser was guided 

through the back-port of the microscope, whereas fluorescence signals were 

guided through the left side port of the microscope to an EM-CCD camera 

(Andor, iXon+).(Roy et al., 2008) The magnetic tweezers were placed on top 

of the microscope, and magnetic beads were imaged using a CCD camera on 

the right side port. The xy positions of beads were determined analyzing the 

sum of absolute difference (SAD) between the original image and the 

reversed image; the SAD value becomes smallest when the two bead images 

overlap. For z positioning, the radial intensity profiles of a stuck bead were 

collected for the heights in the 20 μm range by a piezo-electric objective 

scanner (Physik Instrumente, P-721), and the data were used for the 

comparison with the measured bead image.(Gosse and Croquette, 2002) To 

obtain the force calibration curve as a function of the magnet position, time 

trajectories of the xy position of magnetic beads were obtained at varying 

magnet positions. By analyzing the power spectra of the trajectories, the force 

at specific magnet position was determined,(Gosse and Croquette, 2002) and 

the calibration data were fitted to a linear function on a semi-log scale.(Lipfert 

et al., 2009) During experiments, the fitting curve was used to determine the 
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magnet position to apply the specified forces to DNA constructs.(Lipfert et al., 

2009)  

 

A.2.2. Sample preparation and experiments 

λ DNA was purchased from NEB. Short DNA oligonucleotides were 

purchased from IDT-DNA. The sequences of the DNA strands comprising the 

Holliday junction are: b-strand (5’-

/Cy5/CCCTAGCAAGCCGCTGCTACGG-3’), h-strand (5’-

/Cy3/CCGTAGCAGCGCGAGCGGTGGG-3’), r-strand (5’-

/biotin/CCCACCGCTCGGCTCAACTGGG-3’), x-strand (5’-

GGGCGGCGACCTCCCAGTTGAGCGCTTGCTAG GG-3’). A short oligo 

(Dig-oligo: 5’-AGGTCGCCGCCC /digoxigenin/-3’) was used to connect λ 

DNA to an anti-digoxigenin coated bead (Invitrogen, Dynal magnetic bead, 

2.8 μm). The Holliday junction-λ DNA construct and anti-digoxigenin coated 

beads were prepared as previously reported.(Hohng et al., 2007) The Holliday 

junction-λ DNA constructs were immobilized on a streptavidin-coated glass 

surface of the detection channel. To make DNA-bead constructs, anti-

digoxigenin coated beads diluted in a buffer containing 10mM Tris (pH 8.0) 

and 50mM MgCl2 were delivered into the detection channel. Before starting 

experiments, an imaging buffer (10 mM Tris (pH 8.0), 0.4 mg/ml Trolox, 0.4% 

(w/v) glucose, 1mg/ml glucose oxidase, 0.02 mg/ml catalase and 50mM 

MgCl2 ) was injected to the detection channel. 
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A.3. Results and Discussions 

 

A.3.1. Combination of FRET and MT 

The overall design of the instrument is depicted in Fig. 1A. To secure enough 

space for the installation of MT above the inverted microscope, we used an 

objective-type total internal reflection FRET (OTIR-FRET) microscope. MT 

setup was made as compact as possible so that it can be easily installed in and 

detached from the fluorescence microscope. MT part on top of the microscope 

is composed of an infrared light emitting diode to illuminate magnetic beads 

(Thorlabs, LED870E, 870 nm, 22 mW), a band-pass filter that transmit near-

infrared light (Chroma, HQ850/90X), and permanent rare-earth magnets to 

apply force to magnetic beads (National Imports LLC, NdFeB, 6.35 mm cube). 

The magnets were mounted on a computer-controlled stage composed of 

linear and rotation motors (Physik Instrumente, M-126, C-136) so that the 

applied force could be electronically controlled. 

The scattered light of LED was separated using a dichroic mirror (Chroma, T : 

450 ~ 700 nm, R : 800 ~ 1000 nm, z-780dcspxr), and focused on a CCD 

camera (JAI, CV-M40, 60Hz). The diffraction patterns such obtained were 

used to determine the positions of magnetic beads. To determine the x-y 

position of a bead, we developed a symmetry recognition method (Fig. 1B, 

Experimental Section). This method is simpler and faster than the 

conventional method used to determine the bead position in magnetic 

tweezers. The z position of beads was determined by comparing the 
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diffraction pattern of a bead with the calibration images (Fig. 1C, 

Experimental Section).(Gosse and Croquette, 2002) The accuracy of the bead 

positioning was tested using stuck beads. The standard deviations of the bead 

position were 2.5 ~ 2.7 nm in the x-y direction, and 13 nm in the z direction 

(Fig. 1D). The result is comparable to the previously reported results.(Gosse 

and Croquette, 2002) 

 

 

Figure 1. (A) Schematic diagram of the FRET-MT experimental setup. The 

identities of the components are: L1, a lens (f = 25.4 mm, LA1951-A, Thorlabs); 

L2, a lens (f = 250 mm, LA1301-A, Thorlabs); L3, a achromatic lens (f = 300 mm, 
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AC508 300A, Thorlabs); L4, an achromatic lens (f = 120 mm, 01 LAO 538, 

Melles Griot); L5, an achromatic lens (f = 260.1 mm, 01 LAO 638, Melles Griot); 

L6, a lens (f = 50 mm, LA1131-A, Thorlabs); D1, a dichroic mirror (640dcxr, 

Chroma); D2, a dichroic mirror (z532rdc, Chroma); D3, a dichroic mirror 

(z780dcspxr, Chroma); F1, a shortpass filter (HQ750sp-2p, Chroma); F2, a 

bandpass filter (HQ850/90x, Chroma); F3, a longpass filter (LP03-532RU, 

Chroma). (B) Symmetry recognition method for xy positioning. (C) Radial 

intensity profiles for z positioning and images of the bead with two different 

heights. (D) Histograms of x, y and z positions of a bead immobilized on the 

coverglass. 

 

A.3.2. Low force limit of the combined measurements 

To perform single-molecule experiments, we made a DNA construct 

composed of a Holliday junction at the bottom and a λ phage DNA at the top 

(Fig. 2A, Experimental Section). The Holliday junction is composed of four 

helical arms of double-stranded DNA.(Grainger et al., 1998) It is known that 

the Holliday junction dynamically switches between two distinct 

conformations.(Hohng et al., 2007) To monitor the small conformational 

dynamics using single-molecule FRET, two arms of the Holliday junction 

were labeled with FRET probes at the ends. The bottom part of the DNA was 

immobilized on a glass surface using the biotin-streptavidin interaction. The 

top part of the DNA was connected to a magnetic bead using the digoxigenin-

antidigoxigenin interaction. The force-extension curve of the DNA was nicely 
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fitted to a worm-like chain model with ~16 μm DNA length and ~30 nm 

persistence length (Fig. 2B), which is comparable to the previously reported 

value.(Baumann et al., 1997) 

Magnetic beads generate auto-fluorescence in the visible region, which can 

easily overwhelm the single-molecule fluorescence signals when they are 

positioned near the glass surface (Fig. 2C). We measured the auto-

fluorescence of magnetic beads as a function of the bead height. The auto-

fluorescence intensity exponentially decreased with the bead height, and 

became negligible above 2 μm compared to single-molecule fluorescence 

signals (Fig. 2D). This height corresponds to 0.05 pN when λ DNA was used 

as a linker. At low force regime, the end-to-end distance of DNA duplex is 

much shorter than its contour length. The result above indicates that DNA 

duplexes much longer than 2 μm should be used to study the effects of low 

forces. 

It is known that the conformational dynamics of the Holliday junction is 

sensitive to mechanical forces applied to its helical arms. While applying 

varying forces to the Holliday junction using magnetic tweezers, we observed 

the conformational dynamics of the Holliday junction (Fig. 2E). We could 

observe the two-state dynamics of the Holliday junction with a good signal-

to-noise ratio even at 0.05 pN. At higher forces, the Holliday junction 

dynamics were biased to the low-FRET state as previously reported.(Hohng et 

al., 2007) 
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Figure 2. (A) Schematic diagram of the FRET-MT experiment for the Holliday 

junction. (B) Force-extension curve of the DNA sample. The solid line represents 

the fit to the wormlike chain (WLC) model. (C) Donor and acceptor channels 

recorded by EMCCD. Green laser excitation is always on. Bead height is about 2 

μm (top) or 0 μm (bottom). (D) Intensity of bead autofluorescence at varying 

heights. (E) Force-dependent conformational dynamics of the Holliday junction 

observed via FRET. 

 

A.4. Conclusion and Outlook 

In conclusion, we made a FRET-MT setup, and characterized that the low 
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force limit of the combined measurements was ~0.05 pN. With the 

development of the new microscope, it is expected that mechanochemical 

studies at the single-molecule level will become applicable to the studies of 

wider biomolecular processes. 
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Abstract in Korean (국문초록) 

 

TPP riboswitch의 접힘과정에 있어서 Ligand 유도 

접힘과 전사과정이 미치는 효과에 관하여. 

 

서울대학교 물리천문학부 

물리학 전공 

엄 희 수 

 

비번역(non-coding) RNA는 처음엔 불필요한(junk) RNA라고 여겼지만, 

점점 유전자발현을 조절하는 일반적인 도구로써 받아들여지고 있다. 

전사(transcription)나 번역(translation)의 개시, 종결, 성숙(maturation) 

등, 유전자발현의 거의 모든 부분에서 비번역RNA가 조절인자로써 

역할을 한다. 단백질을 위한 유전자배열정보를 가지고 있는 

전령RNA(mRNA)와는 다르게, 비번역RNA는 기능적인 배열일 

뿐만이 아니라 하나의 접힘구조로써도 작동한다. 이러한 

비번역RNA의 접힘구조는 마치 단백질처럼 여러 기능을 갖는다. 

예를 들어, 작은 리간드(ligand) 분자를 붙잡거나, 절단작용을 하거나, 

단백질과 결합하는 등의 기능이 있다. 

리보스위치(riboswitch)는 비번역RNA의 전형적인 사례인데, 리간드와 

결합할 때 리보스위치의 구조가 변화하면서 유전자발현이 조절된다. 

하지만 정확히 어떻게 리간드결합이 구조변화를 일으키는지는 
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알려져 있지 않다. 우리는 E.coli 대장균에 존재하는 TPP 

리보스위치의 압타머(aptamer)를 이용해, 리간드가 없을 때의 

구조변화와 리간드가 결합했을 때의 구조변화들을 단일분자 

FRET으로 살펴봄으로써 이러한 의문점을 해결해 보고자 했다. 그 

결과, TPP 압타머는 리간드가 없을 때, 리간드가 있을 때와 비슷한 

부분적으로 닫힌 모양에 빠르게 왔다갔다한다는 것을 관찰했으며, 

그럼에도 불구하고, TPP의 결합은 이러한 부분적으로 닫힌 모양에 

국한해서 일어나지는 않는다는, 기존의 구조선택모델(conformational  

selection model)에서는 기대하지 못했던 결과를 얻었다. 더 나아가, 

우리는 압타머의 이차구조가 TPP결합을 위해서는 먼저 만들어져야 

한다는 것을 밝혔는데, 이것은 TPP 리보스위치의 접힘과정이 

전사과정중에 TPP에 의해 영향을 받아, 유전자발현이 조절될 수 

있음을 나타내는 것이다. 

최근 RNA가 전사과정을 거치면서 순차적으로 접힌다는 사실이, 

RNA구조예측이나 구조변화연구에서 조심스럽게 고려되고 있다. 

전사과정중의 효과(co-transcriptional effect)가 RNA접힘과정에 영향을 

준다는 것이 밝혀졌으며, 이것은 전사과정중에 순간적으로 

만들어지는 구조들이 이어지는 전사과정접힘(co-transcriptional 

folding)에 일종의 지침으로써 작용하는 것으로 해석된다. 

이러한 전사과정중에 일어나는 일을 관찰하기 위해서 DNA로부터 

RNA를 만들어내는 기본단위인 전사복합체(elongation complex)를 

재구성하는데 성공하였다. 단일분자 FRET관찰을 통해, 우리는 

각각의 RNA 분자들의 접힘과정을 관찰했다. 그 결과, TPP 

리보스위치가 유전자발현을 전사과정 중에 조절한다는 것을 보일 
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수 있었으며, 이것은 TPP농도가 전사과정중 RNA접힘과정에 영향을 

줄 수 있음을 의미한다. 전사복합체를 이용한 단일분자 FRET실험이 

앞으로 비번역RNA의 구조 연구에 유용할 것으로 기대한다. 
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