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Non-coding RNAs are involved in various cellular processes and characterization 

of these RNAs may provide better insights into their functional roles. NMR 

spectroscopy is a powerful biophysical tool that can provide residue-specific 

information. Herein we examine an RNA triple helix at the 3' end of the lncRNA 

MALAT1, which may be a potential therapeutic target for cancer treatment. We 

investigate the local stability of the MALAT1 triple helix by analyzing the individual 

base-pair stability via NMR spectroscopy. In addition, we screened small 

molecules to identify the compounds that can selectively target the MALAT1 triple 

helix. In the second part, we studied the effect of dipolar couplings on the relaxation 

measurements of various non-coding RNAs using both computational and 

experimental measurements. The results suggest an increasing contribution of the 

dipolar coupling effect with the increasing size of the RNA.   
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1. Introduction 

1.1 Background and history of lncRNA MALAT1 

Long noncoding RNAs (lncRNAs) are defined as transcripts > 200 nucleotides 

(nt) in length and are known to be involved in many biological functions, such as 

transcription, translation, cellular differentiation, gene expression regulation, cell 

cycle regulation, and chromatin modification.1, 2 In addition, increasing studies 

have shown the involvement of lncRNAs in various diseases including cancer.3, 4 

In particular, numerous studies have focused on MALAT1 (Metastasis-Associated 

Lung Adenocarcinoma Transcript 1) to characterize its role in various human 

cancers.5, 6  

MALAT1 is an 8.5 kb lncRNA, located on chromosome 11q13, and was 

identified in 2003 by Ji et al. from a study of metastasizing non-small cell lung 

cancer (NSCLC).7 NSCLC represents ~ 80 % of all lung carcinoma and has an 

overall 5-year survival rate of 15 %. In this study, the authors showed a greater 

accumulation level of MALAT1 by three-fold in metastasizing NSCLCs compared 

to non-metastasizing tumors.7 Since the metastatic spread of tumor cells is the 

main cause of cancer-related death,8 metastasis-associated genes, such as 

MALAT1, can potentially predict patient survival.  Indeed, only 9 % (2/22) of 

patients with low MALAT1 accumulation levels died, while more than 40 % (12/28) 

of patients with high accumulation levels died during a 5-year follow-up period.7 

Further analysis of the MALAT1 sequence in detailed database searches led to 

the finding of homologs for Pan troglodytes (chimpanzee), Macaca mulatta (rhesus 

monkey) and Mus musculus (mouse). The mouse MALAT1 (mMALAT1) sequence,  
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in particular, was 69.3 % identical to the human MALAT1 (hMALAT1) sequence, 

indicating the conservation of the MALAT1 gene.7   

Following this previous work, numerous ongoing research efforts have been 

engaged in characterizing the function of MALAT1 in various cancers (Table 1.1).6 

These studies demonstrated a substantial contribution of MALAT1 in cancer 

development and progression by influencing cell proliferation, migration, invasion, 

and tumor growth.5, 6 Cancer metastasis, in particular, was shown to be modulated 

by MALAT1 in various cancer types through regulation of epithelial-to-

mesenchymal transition (EMT).25, 26, 29 Epithelial cells are organized and lack 

Table 1. 1. Role of MALAT1 in human cancer 

Cancer type Role of MALAT1 Reference 

NSCLC Associated with poor prognosis [7, 9] 

Involved in cell proliferation, migration and invasion [9-11] 

Regulates expression of metastasis-associated genes [12] 

Breast cancer Involved in cell proliferation an cell cycle progression [13, 14] 

Influence the tumor growth and metastasis [15, 16] 

Liver cancer Up-regulated in murine and human tumor samples [17, 18] 

Increase risk of tumor recurrence after liver transplantation [18] 

Maintain the proliferation potential [19] 

Pancreatic cancer Diagnostic biomarker [20, 21] 

Influence cell proliferation, migration and invasion ability [22, 23] 

Renal cell 

carcinoma 
Involved in cell proliferation, migration and invasion [24] 

Bladder cancer Affect cell migration by regulating the expression of EMT 

associated gene level 
[25] 

Promote metastasis by TGFβ induced EMT [26] 

Cervical cancer Associated with cell proliferation, invasion and apoptosis [27, 28] 

Influence cell invasion and metastasis by regulating EMT [29] 

Colorectal 

carcinoma 

Involved in cell proliferation, migration and invasion [30] 

Prognostic parameter for survival and promotes 

chemoresistance 
[31] 

NSCLC: non-small cell lung cancer, EMT: epithelial-to-mesenchymal transition, TGFβ: 

transforming growth factor β 



4 
 

mobility, in contrast to mesenchymal cells, which have a greater ability of migration. 

Therefore, regulation of EMT affects the migration of tumor cells and thus, the 

metastasis of cancer. Although the molecular mechanisms of how MALAT1 

functions are not fully understood, these studies suggest that MALAT1 influences 

cancer cells in diverse ways by directly or indirectly interacting with other 

biomolecules including proteins, RNAs and DNAs.32, 33  

  In addition, many studies have shown the effect of MALAT1 knockdown in 

different tumor cells. In human lung cancer cells, depletion of MALAT1 using zinc-

finger nucleases showed a significant reduction of both cell migration and 

formation of tumor nodules in a mouse xenograft.12 Furthermore, inhibition of 

MALAT1 using antisense oligonucleotides (ASOs) prevented formation of 

metastasis after tumor implantation.12 Studies conducted by Spector and co-

workers showed slower tumor growth and loss of migration in the mouse mammary 

tumor virus (MMTV) – polyoma middle tumor antigen (PyMT) mouse mammary 

tumor model when MALAT1 was knocked down with ASOs or gene knockdown 

strategies.15 These previous reports show a critical function of MALAT1 in the 

development of various cancers and suggest a potential role of MALAT1 as a 

therapeutic target for cancer treatment.  

 

1.2  Expression and 3’ end processing of MALAT1 

MALAT1 shows broad expression in normal human and mouse tissues and is 

also named Nuclear Enriched Abundant Transcripts 2 (NEAT2) due to its 
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localization in nuclear speckles, which are small subnuclear domains for storage 

and modification of pre-mRNA splicing factors.7, 34-36 Analysis of the protein 

composition of nuclear speckles indicates the presence of RNA polymerase II, 

suggesting the involvement of speckles in mechanisms of gene expression.35, 37 

Thus, localization of MALAT1 in nuclear speckles may implicate the involvement 

of MALAT1 in the organization and/or regulation of gene expression.5 

Sequence analysis of the MALAT1 transcripts shows short blocks of highly 

conserved  sequences, especially in the 3’ end of the RNA.38 Spector and co-

workers identified mascRNA (MALAT1-Associated Small Cytoplasmic RNA) which 

is a highly conserved 61 nt small RNA at the 3’ end of an ~160 nt region.38 

Immediately upstream of mascRNA, there are two highly conserved U-rich motifs, 

separated by a stem-loop, followed by a conserved poly A-rich tract. The authors 

showed RNase P cleavage of nascent MALAT1 transcripts at the 3' end of poly-A 

rich tract to generate abundant long MALAT1 transcripts and mascRNA (Fig. 

1.1).38  The mascRNA forms a tRNA-like structure and is exported to the cytoplasm 

after further processing of its 3’ end by RNase Z cleavage and CCA addition.38 In 

contrast, the resulting 5’-cleavage product of RNase P localizes to nuclear 

speckles (Fig. 1.1). Interestingly, despite having a short poly(A) tail-like moiety, 

MALAT1 is a stable noncoding RNA with a half-life of 9-12 hours.5, 38 

 Rather than being added on post-transcriptionally, like canonical poly(A) 

tails, the MALAT1 poly(A) tail-like moiety is encoded in the genome and is, 

therefore, part of the nascent MALAT1 transcript. This A-rich motif and the two 
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upstream U-rich motifs are highly conserved in multiple species suggesting that 

these sequences may represent functional elements. Mutation of these sequences 

had no effect on mascRNA biogenesis but the long MALAT1 transcripts were 

efficiently degraded, suggesting that these motifs are required to stabilize the 3’ 

end of MALAT1.39 In fact, Wilusz et al. showed that the U-rich motifs are important 

for stabilization of MALAT1 by inhibiting uridylation and degradation by 3’-5’ 

exonucleases.39 Moreover, the authors proposed a structural model for the 3’ end 

Figure 1. 1. 3' end processing of nascent MALAT1 transcripts. The MALAT1 transcript is 
cleaved by RNase P immediately after the poly A-rich tract to generate abundant long MALAT1 
transcripts and mascRNA. The mascRNA is exported to the cytoplasm after its 3' end is further 
processed by RNase Z cleavage and CCA addition. The abundant long MALAT1 transcript, with 

two U-rich motifs and poly(A) tail-like moiety at the 3' end, localizes in nuclear speckle. 
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of MALAT1 in which the two U-rich motifs sequester the downstream poly(A) tail 

by forming an RNA triple helix (see section 1.3).39 There is likely a significant free 

energy cost to unwind the triple helix and thus, the 3’ end of MALAT1 is well 

protected from degradation. These results suggest that the MALAT1 triple helix at 

the 3’ end may have critical regulatory roles by determining the stability of MALAT1. 

The stability of the MALAT1 transcripts affects the abundance of the MALAT1, 

which is involved in cancer metastasis as indicated in section 1.1. Taken together, 

the unique triple helix structure at the 3’ end of MALAT1 may serve as a potential 

therapeutic target.  

 

1.3  Triple helical structure at the 3’ end of MALAT1 

Due to the unique structure and contribution in stabilizing the MALAT1 

transcripts, significant effort has been made to determine the tertiary structure of 

the triple helix at the 3’ end of MALAT1.39-41 These structural studies have focused 

on characterizing the highly conserved ~ 90-nt region at the 3’ end which includes 

the two U-rich motifs, separated by a stem-loop, and the downstream poly(A) tail. 

To solve the X-ray crystal structure of this region, Steitz and co-workers designed 

a 76-nt modified MALAT1 triple helix core (Fig. 1.2A,B) that has (i) an additional G 

at the 5’ end, (ii) a 6-nt deletion in the linker, and (iii) a shorter stem-loop with a 

GAAA tetraloop.41 The accumulation level of the MALAT1 transcripts with the 76-

nt triple helix core sequence was comparable to that of the wildtype MALAT1 

transcript, indicating the full functionality of the modified construct.41  
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The triple helical structure of MALAT1 is assembled by the poly(A) tail (Fig. 

1.2A,B, magenta) at the 3’ end of the sequence and the internal U-rich loop (Fig. 

1.2A,B, cyan) forming  nine U⦁A-U, one C+⦁G-C base triples, and a C-G doublet. 

One characteristic feature of the MALAT1 triple helix is the C+⦁G-C triple and the 

C-G doublet interrupting the U⦁A-U triple-helical stack in the middle to generate a 

bipartite triple helix composed of two independent stacks of base triples (denoted 

as triplex I and triplex II, Fig. 1.2A).41 The intervening G-C doublet and C+⦁G-C 

triple contribute to the accumulation level of the transcripts by forming a precisely-

Figure 1. 2. Structure of the MALAT1 triple helix core. (A) Schematic diagram of the 76-nt 

MALAT1 triple helix core. The poly(A) tail (magenta) at the 3' end and the internal U-rich loop (cyan) 

form nine U⦁A-U, one C+⦁G-C base triples, and a C-G doublet. The C+⦁G-C triple and the C-G 

doublet interrupt the U⦁A-U triple-helical stack to generate a bipartite triple helix composed of two 
independent stacks of base triples (denoted as triplex I and triplex II).41 (B) X-ray crystal structure 
of MALAT1 triple helix core with 3.1 Å resolution (PDB ID 4plx41).  
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aligned triple helix with a blunt end.40, 41 In their absence, overhanging A 

nucleotides at the 3’ end may lead to degradation by 3’-5’ exonucleases.40  

Furthermore, a 1-nt gap in the Hoogsteen strand at the C-G doublet allows 

reorientation of ~ 15° between the helical axes of triplex I and triplex II. Brown et 

al. described this reorientation as a ‘reset’ of the helical axis.41  The reset of the 

helical axis enables the formation of a relatively long triple helix (11 consecutive 

Watson-Crick base pairs and 10 Hoogsteen base pairs) without destabilization. In 

fact, most RNA triple helices that have been characterized by structural studies 

have three to six consecutive base triples.41-46 Indeed, a computational analysis 

showed that the successive RNA base triples of more than four to six can be a 

destabilizing factor depending on the specific sequence due to steric hindrance.41 

It is also important to note that the N3 position of C12 needs to be protonated to 

form C+⦁G-C triple which suggests that the stability of the MALAT1 triple helix may 

depend on pH. Melting temperature analysis of the MALAT1 triple helix at pH 5 

and pH 7 showed the existence of Hoogsteen face interactions at both pHs. While 

the melting temperature of the Watson-Crick face was pH-independent, that of the 

Hoogsteen face increased at pH 5, indicating greater stability at lower pH.40  

 

1.4  lncRNAs with MALAT1-like structures 

In addition to MALAT1, there are a few known lncRNAs with a MALAT1-like 

triple helical structure at their 3’ ends, characterized by an internal U-rich loop that 

sequesters downstream poly(A)-rich tract (Fig. 1.3).42, 47, 48 For instance, Kaposi’s 
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sarcoma-associated herpesvirus (KSHV) produces a 1.1-kb lncRNA called 

polyadenylated nuclear (PAN) RNA.42, 47, 49 PAN RNA contains the expression and 

nuclear retention element (ENE), a 79-nt RNA with two internal U-rich loops 

separated by a stem-loop. The ENE sequesters the downstream poly(A) tail to 

form a triple helix with five U⦁A-U triples (Fig. 1.3, right) .42 In contrast to the 

MALAT1 poly(A) tail (Fig. 1.3, left), which is located immediately downstream of 

Figure 1. 3. Schematic diagram of triple helical structures from different lncRNAs. Triple 

helices, responsible for  the accumulation of the RNA, are located at the 3' end of each lncRNA 

The ENE of PAN RNA sequester the downstream poly(A) tail to form a triple helix with five U⦁A-U 
triples. In contrast to the MALAT1 poly(A) tail (left), which is located immediately downstream of 
the U-rich motifs, poly(A) tail in the PAN RNA is ~ 120 nt downstream of the ENE (left). For MENβ, 
the poly(A) tail is located immediately downstream of two U-rich motifs like MALAT1. Compared to 

MALAT1 (left), MENβ has one less U⦁A-U triple base at the bottom of  the triplex but has the same 

C+⦁G-C triplet and C-G reset doublet in the middle of the triple helix (middle). The major difference 
between the triple helices of MALAT1 and MENβ is the bulge sequence at the bottom of the triplex; 
MALAT1 has a GG dinucleotide bulge (left), while MENβ has a mononucleotide U-bulge (middle). 
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the U-rich motifs, the PAN RNA poly(A) tail is ~120 nt downstream of the ENE (Fig. 

1.3, right). In addition, PAN poly(A) tail is added by post-transcriptional processing, 

whereas the MALAT1 poly(A)-tail moiety is genomically encoded.42, 49  

Another example of a lncRNA with a MALAT1-like triple helix is Multiple 

Endocrine Neoplasia-β (MENβ), which is highly abundant and localizes to the 

nucleus (Fig. 1.3, middle).40, 48, 50 MENβ and MALAT1 are both located on 

chromosome 11q13 and are in close genomic proximity.48 While MENβ RNA is 

longer than MALAT1, it is not as well conserved.48 Like MALAT1, the poly(A) tail 

of MENβ is genomically encoded and forms triple bases with two U-rich motifs 

located immediately upstream of poly(A)-rich tract (Fig. 1.3, middle).40 Compared 

to MALAT1, MENβ has one less U⦁A-U triple at the bottom of triplex but has the 

same C+⦁G-C triplet and C-G reset doublet in the middle (Fig. 1.3, left and middle). 

As described in section 1.3, the C-G reset base pair is the most important region 

of the triplex to maintain the stability of the molecule when the triple helix has more 

than 4-5 consecutive triple bases.40, 41 The major difference between the triple 

helices of MALAT1 and MENβ is the bulge sequence at the bottom of the triplex. 

MALAT1 has a GG dinucleotide bulge (Fig. 1.3, left), while MENβ has a 

mononucleotide U-bulge (Fig. 1.3, middle).40, 41 Interestingly, all of these triple 

helical structures are located at the 3’ end of the lncRNAs and are responsible for 

the accumulation of the corresponding RNAs by protecting them from 

degradation.40, 42 
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1.5  What is next for study of the MALAT1 triple helix? 

Studies on MALAT1 have revealed important structural features of the MALAT1 

triple helix via mutational and computational analyses and X-ray crystallography.39-

41, 51 It is important to note that not many RNA triple helices have been 

characterized, especially triple helices with more than 4-6 consecutive base 

triples.41-46, 49 Additional studies on the MALAT1 triple helix using nuclear magnetic 

resonance (NMR) spectroscopy can provide residue-specific information, and 

further insight into MALAT1 structure and function and broaden our knowledge of 

RNA triple helices. Here, we focus on the imino proton resonance assignments as 

an initial step of NMR studies. Then, using the information from the assignments, 

we investigated the local stability of the MALAT1 triple helix by determining the 

thermodynamic parameters of individual base pairs.  

In addition to NMR characterization of the MALAT triple helix, we have focused 

on identifying small molecules that selectively target the MALAT1 triple helix. As 

described in section 1.3, the triple helix contributes to the accumulation level of 

MALAT1, suggesting its involvement in regulatory roles. Since the accumulation 

level of MALAT1 transcripts is involved in cancer development, the unique triple 

helical structure of MALAT1 may serve as a potential drug target. Therefore, we 

have focused on identifying small molecules that can selectively target the 

MALAT1 triple helix using various biochemical and biophysical methods.  
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2. NMR assignments 

2.1 MALAT1 constructs for NMR studies 

Although NMR studies can provide atom-specific information on biomolecules, 

they can be limited for RNA due to the fact that RNA encompasses only four bases 

leading to spectral crowding. The spectral crowding problem worsens as the size 

of the RNA increases, which hinders accurate NMR assignments. To reduce the 

spectral crowding, we prepared two MALAT1 constructs for NMR studies: MALAT1 

core cis (Fig. 1.4A, left) and MALAT1 core trans (Fig. 1.4A, right). A 76-nt MALAT1 

core cis sequence was adapted from the crystal structure solved by Steitz and co-

workers.41 As indicated in section 1.3, this sequence only includes the core part of 

the triple helix and is shorter than the wildtype sequence.  

To further reduce the size of the RNA sample, we also prepared a MALAT1 

core trans construct (Fig. 1.4A, right) composed of two RNAs: a 55-nt stem-loop 

(SL) sequence which includes the U-rich loop between stem I and stem II, and a 

15-nt poly(A) tail. NMR assignments for stem I and stem II would be easier with 

the 55-nt SL construct since less spectral crowding is expected due to the smaller 

size. Prior to starting the NMR studies, native polyacrylamide gel electrophoresis 

(PAGE) analysis confirmed that the poly(A) tail binds the SL in the trans construct 

to form the complex (Fig. 1.4B). The poly(A) tail, concentration ranging between 0-

1000 μM, was mixed with 100 μM of SL sample. The SL band on the native PAGE 

showed binding with 10 μM of poly(A) tail and was almost completely shifted with 

100 μM poly(A) tail. This result suggests a 1:1 ratio of SL:poly(A) binding to form 

the complex.    
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 Although the native PAGE confirmed the formation of the SL:poly(A) 

complex, it is not clear that they are binding in the orientation needed to form the 

same triple helix structure as the cis construct. To demonstrate the orientation of 

binding, we used 1D 1H NMR experiments. In a 1D 1H spectrum, the imino protons 

of guanosines and uridines resonate between 10 – 15 ppm providing useful 

information on base pairing in the RNA molecule.52 The peaks for the imino protons 

are observable only when they are involved in base pairing and therefore protected 

from the solvent exchange. We collected proton spectra for the MALAT1 core cis 

(Fig. 1.5, Blue) and the trans (SL+poly(A) tail) constructs (Fig. 1.5, Red) at 15 °C. 

For the trans construct, the ratio of SL:poly(A) was 1:1.1 to ensure complete 

formation of the complex for the SL. The observed result showed almost identical 

spectra for both of the constructs with the same number of peaks and chemical 

Figure 1. 4. MALAT1 constructs for NMR studies. (A) Schematic diagram of MALAT1 core cis 
(left) and MALAT1 core trans (right). MALAT1 core trans construct consists of a 55-nt stem-loop 
(SL) and a 15-nt poly(A) tail. (B) 10% native PAGE for the MALAT1 core trans construct. The 55-
nt SL and the 15-nt poly(A) tail forms a complex in 1:1 ratio.  
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shifts, suggesting that the trans construct has the same base-pairing pattern as 

the cis construct and forms the same triple helical structure. Moreover, the result 

reconfirmed our observation from native PAGE, which showed a 1:1 ratio of 

SL:poly(A) tail is sufficient for full conversion of the SL to the complex (Fig. 1.4B). 

Taken together, our data suggest that the MALAT1 core trans construct can be 

used for NMR assignments and will provide information for further studies for the 

MALAT1 triple helix.  

 

2.2 Optimal pH for stabilization of C+⦁G-C triple 

 As noted in section 1.3, the MALAT1 triple helix has a C+⦁G-C triple in the 

middle of the triplex (Fig. 1.2A). The N3 position of cytosine on the Hoogsteen face 

Figure 1. 5. 1D 1H spectra for MALAT1 core cis and trans constructs. The proton spectra for 
the MALAT1 core cis (Blue) and the trans (SL+poly(A) tail) construct (Red) showed almost identical 
results with the same number of peaks and chemical shifts. This suggests that the trans construct 
has the same base-pairing pattern as the MALAT1 core cis, which indicates that it is forming the 
same triple helical structure.  
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needs to be protonated in order to form the hydrogen bond (Fig. 1.6A). Thus, acidic 

pHs (< 7) are required to stabilize the C+⦁G-C triple. Although there is only one 

C+⦁G-C, it is close to the C-G reset base pair and thus, its stability may affect the 

triple helix.  Based on earlier work, we chose the initial buffer conditions as 10 mM 

potassium phosphate (pH 6.5), 50 mM potassium chloride and 1 mM magnesium 

chloride.41 Previous NMR studies on RNA triple helices have reported that imino 

proton peaks from protonated cytosines resonate around 15 – 16 ppm.53, 54 We 

collected 1D proton spectrum (Fig. 1.6B, Blue) at 25 °C in order to check the 

presence of C+⦁G-C triple at pH 6.5. A C+ peak near 15 ppm (marked with an 

asterisk in Fig. 1.6B) has a weak signal even after 2048 scans. To test whether 

lowering pH stabilizes the C+⦁G-C triple and give a better signal, we repeated the 

Figure 1. 6. C+⦁G-C triple at acidic pH. (A) Schematic diagram of C+⦁G-C triple. (B) 1D 1H spectra 
of MALAT1 core cis at pH 6.5 (Blue) and pH 4.6 (Red). The imino proton of protonated cytosine in 
Hoogsteen face is marked with an asterisk. As can be seen from the spectra, lowering pH did not 
change the intensity of the signal from C+ indicating no further stabilization of C+⦁G-C triple at pH 
4.6. 



17 
 

experiment at pH 4.6 (Fig. 1.6B, Red). We observed no dramatic change in the 

signal intensity, indicating no further stabilization of C+⦁G-C in more acidic pH. 

Therefore, pH 6.5 is sufficient to stabilize the C+⦁G-C triple and was used for further 

studies.  

 

2.3 Imino assignments of stem-loop 

  For the assignment of the MALAT1 triple helix, we started from assigning 

stem I and stem II using the 55-nt SL of the trans construct (Fig. 1.7C). To achieve 

this, two RNA samples were prepared by in vitro transcription: one using 

ribonucleoside triphosphates (rNTPs) that are enriched with 15N and another using 

unlabeled rNTPs. The first sample was used for both imino Heteronuclear Single 

Quantum Coherence (HSQC) and 15N-edited 3D nuclear Overhauser effect 

spectroscopy (NOESY)-HSQC experiments. The unlabeled sample was used for 

2D 1H-1H NOESY experiments. The 1H-1H NOESY experiments were recorded 

with a mixing time of 100 ms, which was determined to be optimal after trial and 

error. We also performed a 3D NOESY-HSQC at 15 °C with the same mixing time 

to resolve the peaks that were overlapped in the 1H dimension. Imino assignments 

were performed mainly using 1H-1H NOESY (Fig. 1.7B) and 15N-1H imino HSQC 

(Fig. 1.7A) recorded at 15 °C. 3D NOESY-HSQC data was used to resolve the 

cross-peaks for: i) a G peak at 13.52 ppm and a U peak at 13.54 ppm, ii) a G peak 

at 11.47 ppm and a U peak at 11.49 ppm, and iii) a G peak at 10.69 ppm and a U 

peak at 10.70 ppm. (Fig. 1.7A). The imino HSQC spectrum showed peaks 

corresponding to 4 A-U base pairs, 7 G-C base pairs, 2 Gs and 9 Us involved in 
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non-canonical base pairs (Fig. 1.7A). Compared to the secondary structure (Fig. 

1.7C), we do not observe two G-C base pairs, which would belong to G1-C55 and 

C17-G36 at the bottom of each stem. Typically, the base pairs at the beginning of 

the stem are frayed and not observed in the imino HSQC spectrum. Interestingly, 

Figure 1. 7. 1H-1H NOESY walk for stem I of the MALAT1 SL. (A) 15N-1H imino HSQC recorded 
at 15 °C. (B) 1H-1H NOESY collected at 15 °C. (C) Schematic diagram of MALAT1 SL. The color 
of arrows corresponds to the color of NOESY walk in (B). 
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we also observed more U peaks in the non-canonical base pair region than what 

we expected from the secondary structure. This suggests that the Us in the U-rich 

loops are forming U⦁U base pairs, which will be discussed in more detail.  

For the assignment process, we first began with stem I of  SL (Fig. 1.7). The 

starting point for the assignment was A3-U53 and A4-U52 base pairs (Fig. 1.7B,C). 

The SL construct has four A-U base pairs (Fig. 1.7C) and stem I has two 

consecutive A-U base pairs, A3-U53 and A4-U52, which are not present in stem 

II. Therefore, a cross-peak between two A-U peaks will correspond to the cross-

peak between A3-U53 and A4-U52. Fig. 1.7B shows a NOESY walk, from G6 

through U54, with the color of each correlation corresponding to the colored arrows 

in Fig. 1.7C. G6 at 13.52 ppm has a cross-peak with G5 at 12.95 ppm (yellow in 

Fig. 1.7B,C) and G5 has a cross-peak with U52 at 13.93 ppm (purple in Fig. 

1.7B,C). U52 then correlates to U53 at 13.61 ppm (red in Fig 1.7B,C), which has 

two other cross-peaks with G2 and U54 at 10.69 ppm and 11.98 ppm, respectively  

(green in Fig. 1.7B,C). Since G2 and U54 are forming a base pair, there is a cross-

peak between these two residues colored in orange in Fig. 1.7B,C. 

 For the assignment of stem II, we began with the G20-C33 base pair (Fig. 

1.8C) between the two A-U base pairs. A G peak with two cross-peaks with the A-

U base pairs correspond to G20 as an unambiguous starting point. Fig. 1.8B is 

displaying a NOESY walk for stem II, starting from G35 to G29, with colors for each 

walk correlating to the colored arrows in Fig. 1.8C. G35 at 12.75 ppm correlates to 

U19 at 13.54 ppm (green in Fig. 1.8B,C) and U19 has a cross-peak with G20 at 

11.65 ppm (yellow in Fig. 1.8B,C). G20 has a cross-peak with U32 at 13.88 ppm 
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(orange in Fig. 1.8B,C), which then correlates to G22 at 13.00 ppm (purple in Fig. 

1.8B,C). G22 has two cross-peaks with G23 at 11.47 ppm and U30 at 12.40 ppm 

(red in Fig. 1.8B,C). G23 and U30 form a G⦁U base pair and thus, there is a cross-

Figure 1. 8. 1H-1H NOESY walk for stem II of the MALAT1 SL. (A) 15N-1H imino HSQC recorded 
at 15 °C. (B) 1H-1H NOESY collected at 15 °C. (C) Schematic diagram of MALAT1 SL. The color 

of arrows corresponds to the color of NOESY walk in (B). 
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peak between these two residues (gray in Fig. 1.8B,C). Both G23 and U30 

correlate to G29 at 13.06 ppm (blue in Fig. 1.8B, C). A cross-peak between G29 

and G25 was not observed. However, there was only one unassigned G peak left 

with a chemical shift of 10.65 ppm. This chemical shift is indicative of a non-

canonical base pair and thus, we were able to assign this peak as G25.  

 Fig. 1.8A shows the imino HSQC with the full assignments of the stem I and 

stem II. As seen, there are several unassigned U peaks in the non-canonical base 

pair region. These peaks suggest the presence of U⦁U base pairs in the U-rich 

loop of SL. Interestingly, we observe cross-peaks between G6 and these U peaks 

(Fig. 1.9A). G6 has cross-peaks with U at 10.69 and 11.27 ppm (red in Fig. 1.9A), 

and these two U peaks are also correlated to each other. U at 11.27 ppm also had 

a cross-peak with U at 11.48 ppm (yellow in Fig. 1.9A). These cross-peaks suggest 

at least two U⦁U base pairs form right above G6-C50 (Fig. 1.9B, left). In addition, 

Figure 1. 9. U⦁U and G⦁U base pairs forming in U-rich loop. (A) A 1H-1H NOESY walk showing 
G6 correlating to Us in the non-canonical base pair region. The color of each walk corresponds to 

the colored arrows in 9B. (B) Schematic diagram of U⦁U and G⦁U base pairs forming in U-rich loop.  
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we also observe G6 correlating to a U at 12.10 ppm, which also correlates to a G 

at 11.65 ppm (green in Fig. 1.9A). These cross-peaks are indicative of a G⦁U base 

pair forming next to G6-C50 (Fig. 1.9B). These results suggest that there are at 

least two different species with different base pair patterns in the U-rich loop (Fig. 

1.9B). At higher temperature (30 °C), we still observed the G⦁U base pair forming 

but did not observe the U⦁U base pairs (data not shown), indicating that these U⦁U 

base pairs are weaker than other base pairs in stem I and II.  

 

2.4 Imino assignments of SL:poly(A) complex 

 To monitor the structural change of SL in the triple helix, we mixed SL and 

poly(A) tail in a 1:1.1 ratio. The SL sample was prepared with uniformly labeled 15N 

rNTPs, whereas the poly(A) tail was unlabeled. Therefore, all observed imino 

HSQC peaks would only belong to the SL residues. Fig. 1.10A shows the overlay 

of 15N-1H imino HSQC spectra of SL (black spectrum) and SL:poly(A) complex (red 

spectrum) recorded at 15 °C. The first thing we noticed was the absence of U 

peaks in the non-canonical base pair region (Fig.1.10A), which indicates disruption 

of the G⦁U and U⦁U base pairs in the U-rich loop. This was expected as these U 

residues are interacting with the poly (A) tail to form the base triples (Fig. 1.10B). 

We also observed crowded U peaks around 13 – 14 ppm (Fig. 1.10A), which 

belong to the residues involved in U⦁A-U triples. It is also important to note that 

there is one additional G peak for SL:poly(A) complex due to G41 forming a C-G 

doublet.  
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 As poly(A) tail is not directly binding to stem I and stem II, we did not observe 

dramatic shifts for the majority of stem residues. For those peaks, we were able to 

assign them from the assignments of SL (Fig. 1.8A). For instance, G20, G22, G23, 

G25, G29, and U30 are the stem II residues and G2 and U54 are the stem I 

residues. Peaks of these residues overlaid nicely and therefore were 

unambiguously assigned (Fig. 1.10A). Although G5, G6, U19, and G35 are also 

the stem residues, their peaks significantly shifted (Fig. 1.10A), as they are closer 

to the triple helix and will be perturbed by the addition of poly(A) tail. Assignments 

of U52 and U53 were also ambiguous as new U peaks were resonating in close 

proximity. Therefore, assignments for these residues required more careful 

analysis using 1H-1H NOESY.  

Figure 1. 10. 15N-1H imino HSQC for the SL:poly(A) complex. (A) Overlay of imino HSQC 
spectra for SL (black) and SL:poly(A) tail complex (red). Both of the spectra were recorded at 15 °C. 
(B) Schematic diagram of MALAT1 core trans (SL:poly(A) complex) construct 
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 Unfortunately, the 1H-1H NOESY spectrum of SL:poly(A) complex was very 

crowded with overlapping peaks that hindered full assignments (Fig. 1.11B). We 

observed a few well-resolved cross-peaks and were able to confirm the 

assignments for two additional peaks. G20 at 11.61 ppm had a cross-peak with 

U19 at 13.28 ppm (red in Fig. 1.11B,C) and G22 at 12.98 ppm correlated to U32 

at 13.88 ppm (green in Fig. 11B,C). However, this NOESY spectrum (Fig. 1.11B) 

was unable to assign the triple helix residues, due to the overlapped cross-peaks 

between 13 - 14 ppm.  

 

2.5 Imino assignments of MALAT1 core cis  

 For further assignments of the residues in the triple helix, we recorded a 

15N-1H imino HSQC spectrum for the MALAT1 core cis construct (Fig. 1.12A, red 

spectrum) and overlaid it with the HSQC spectrum for SL:poly(A) complex (Fig. 

Figure 1. 11. Imino assignments for the SL:poly(A) complex. (A) 15N-1H imino HSQC spectra 
recorded at 15 °C for SL:poly(A) complex. Assigned peaks are labeled with their residues. (B) 1H-
1H NOESY spectrum recorded at 15 °C for SL:poly(A) complex. Due to the spectral crowding, many 
of the cross-peaks were overlapped. (C) Schematic diagram of SL:poly(A) complex (MALAT1 core 

trans). Colored arrows correlated the color of NOESY walk on (B).  
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1.12A, black spectrum). For the MALAT1 core trans construct, the SL was 

uniformly 15N-labeled (colored black in Fig. 1.12B, left) and the poly(A) tail was 

unlabeled (colored gray in Fig. 1.12B, left). The MALAT1 core cis construct was 

also uniformly 15N-labeled (Fig. 1.12B, right). As seen in the overlaid spectra (Fig. 

1.12A), there is one extra peak at 13.67 ppm for the cis construct. Since the poly(A) 

tail in the trans construct was unlabeled, this peak necessarily belongs to G71 

(highlighted with a red circle in Fig. 1.12B, right), which is 15N labeled in the cis 

construct but not in the trans construct. This peak was used as the starting point 

for the NOESY walk to assign the triple helix residues. 

For the imino assignments of the triple helix residues, we mainly used 

spectra recorded in a buffer condition without MgCl2, which showed more 

Figure 1. 12. 15N-1H imino HSQC for the MALAT1 core cis. (A) Overlay of imino HSQC spectra 

for MALAT1 core trans (black) and MALAT1 core cis (red). Both spectra were recorded at 15 °C. 

(B) Schematic diagram of MALAT1 core trans (SL:poly(A) complex) construct (left) and MALAT1 
core cis (right).15N labeled residues are colored black and unlabeled residues are colored gray. 
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dispersed peaks that simplified the assignment process. We have examined the 

effect of Mg2+ on the secondary structure of MALAT1 triple helix. The role of Mg2+ 

in RNA stability is well established and has been studied for various systems.55, 56 

Many studies have reported the effect of Mg2+ on the formation of stable tertiary 

structure for various RNAs such as riboswitches57, 58, tRNAs55, ribozymes59 and 

ribosomal RNAs60. Although Mg2+ plays a crucial role in inducing conformational 

changes for some RNAs, other studies have shown that Mg2+ is not necessarily 

required for native folding - but simply contributes to structural stabilization, 

especially in the presence of monovalent ions.55 In addition, Russu and co-workers 

have shown that Mg2+ has a minor effect on the conformation of DNA triple helices 

but contributes to stabilizing triple-helical base pairs.61  

In order to check whether Mg2+ is required for the formation of the MALAT1 

triple helix, we performed Mg2+ titrations and recorded the 15N-1H HSQC spectrum 

at 15 °C and 25 °C. A 0.4 mM of uniformly 15N-labeled sample in 150 ul buffer (10 

mM potassium phosphate, pH 6.5, 50 mM KCl, 0.1 mM EDTA, 10 % D2O) was 

used and MgCl2 was titrated to a final concentration of 0.2 – 10 mM. By gradually 

increasing the concentration of Mg2+, we were able to follow the shifts of each peak. 

Although there were slight chemical shift perturbations for some peaks, most 

peaks were observable both in the presence and absence of Mg2+ at 15 °C (Fig. 

1.13). Comparable results were observed at 25 °C (data not shown). This result 

indicates that all the base pairs in the triple helix are already formed in a condition 

with just monovalent ions and the presence of Mg2+ causes no dramatic change in 

the secondary structure. However, as previously reported, Mg2+ may have a 
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contribution to stabilizing the MALAT1 triple helix.55, 61 Based on the titration results, 

we concluded that Mg2+ has a minimum effect on the secondary structure of 

MALAT1 triple helix. Therefore, we mainly used the spectra collected in the 

absence of Mg2+ (which showed more dispersed peaks) for the assignment 

process.  

 For the imino assignment, we recorded 1H-1H NOESY, HNN COSY, 2JHN – 

15N-1H HSQC, and 3D NOESY-HSQC spectra for the cis construct at 15 °C. An 

unlabeled sample was used for the NOESY and a 15N – A/U labeled sample was 

used for the HNN COSY, 2JHN – 15N-1H HSQC, and the 3D NOESY-HSQC 

experiments. The 1H dimensions for these spectra were referenced with 3-

Figure 1. 13. Mg2+ titration for the MALAT1 triple helix at 15 °C. A 0.4 mM of RNA sample was 

used and MgCl2 was titrated to a final concentration of 0.2 – 10 mM. There are slight chemical shift 
perturbations but most of the peaks are observable both in the absence and presence of Mg2+, 
indicating a minor contribution of Mg 2+ to the secondary structure formation. 
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(trimethylsilyl)propane-1-sulfonate (DSS) and the 15N dimensions were indirectly 

referenced using the chemical shift ratios.62 The NOESY spectrum was collected 

with a mixing time of 200 ms. For the 3D NOESY-HSQC, the 15N dimension carrier 

was set to 161.75 ppm with a spectral width of 3.5 ppm to resolve the U peaks that 

are crowded between 13.1 – 13.6 ppm (Fig. 1.12A). 

To aid the assignment process, we first narrowed down the U peaks that 

are involved in the Hoogsteen base pairs using HNN COSY and 2JHN – 15N-1H 

HSQC spectra. Hydrogen bonds have a partial covalent character that allows the 

JNN scalar coupling to be observed via NMR.63 Specifically, the HNN COSY 

experiment utilizes this coupling to obtain direct correlations of nitrogen atoms in 

the hydrogen bond donor and acceptor.52, 63 For instance, in Watson – Crick A – U 

base pairs, the HNN COSY experiment correlates uridine H3 to N3, which then 

correlates to adenosine N1. In the case of U⦁A Hoogsteen base pairs, correlations 

between uridine N3 and adenosine N7 are observed instead (Fig. 1.14A, left). 

Since the chemical shifts of adenosine N1 and N7 resonate between 220 – 226 

ppm and 224 – 232 ppm, respectively64, we can distinguish Watson – Crick and 

Hoogsteen base pairs by monitoring the chemical shifts of adenosine cross-peaks. 

In the HNN COSY spectrum (Fig. 1.14B) of the MALAT1 triple helix, we observed 

five adenosine peaks that were well separated (225 – 229 ppm) from other 

adenosine peaks involved in Watson – Crick base pairs (black spectrum in Fig. 

1.14B). 

We also performed 2JHN – 15N-1H HSQC experiment to confirm that these 

five identified peaks indeed correspond to adenosine N7.  In this experiment, the 
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delay of magnetization transfer from the proton to nitrogen is optimized for the 2JHN 

coupling.52 Thus, this experiment correlates adenosine H8 and H2 protons with 

adenosine N7/N9 and N1/N3, respectively. Since the chemical shifts of N1, N3, 

N7, and N9 resonances are well separated, H8 – N7/N9 and H2 – N1/N3 

correlations can be easily distinguished. The five adenosine peaks identified from 

the HNN COSY experiment showed cross-peaks with N9 resonances in the 2JHN – 

15N-1H HSQC spectrum (Fig. 1.14C). This result confirmed that these peaks 

Figure 1. 14. Identification of U peaks involved in U⦁A Hoogsteen base pairs. (A) The 

geometry of U⦁A Hoogsteen base pair (Left). Schematic of the correlation between H8 and N7/N9 

in adenosine (Right). Arrows indicate scalar couplings. (B) HNN COSY spectrum recorded at 15 °C. 

Green and black peaks correspond to N3 of uridine and N1/N7 of adenosine, respectively. Dotted 
red lines indicate cross-correlations between uridine N3 and adenosine N7. (C) 2JHN – 15N-1H HSQC 

spectrum recorded at 15 °C. Dotted black lines indicate H8 of adenosine correlating with N7/N9. 
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correspond to adenosine N7. Thus, uridine N3 resonances that correlate with 

these adenosine N7 resonances are necessarily involved in U⦁A Hoogsteen base 

pairs. The proton chemical shifts of five U peaks on the Hoogsteen side were 13.49, 

13.38, 13.36, 12.87, and 12.56 ppm.  

We then utilized 1H-1H NOESY, 15N-1H HSQC, and 3D NOESY-HSQC 

experiments of the cis construct to assign the triple helix residues. G71 identified 

from Fig. 1.12A was the starting point for a NOESY walk. As before, Fig. 1.15B 

shows the NOESY walk with the color for each walk corresponding to the colored 

arrows in Fig. 1.15A. At 13.67 ppm, G71 has two cross-peaks with G41 at 12.51 

ppm (red in Fig. 1.15A,B) and U43 at 14.04 ppm (purple in Fig. 1.15A,B). G41 has 

two additional cross-peaks with U40 and  U13 at 12.76 and 13.38 ppm, 

respectively (yellow in Fig. 1.15A,B). Both U40 and U13 have a cross-peak with 

U14 at 12.55 ppm (green in Fig. 1.15A,B), which correlates to U39 and U15 at 

13.47 and 13.36 ppm, respectively (orange and blue in Fig.1.15A,B). We also 

observed a NOESY walk from U13 to U40 and from U40 to U39. Finally, U15 has 

a cross-peak with U16 at 12.87 ppm (magenta in Fig. 1.15A,B). For the lower part 

of the triple helix, U43 has two additional cross-peaks with U11 and U44 at 13.48 

and 13.33 ppm, respectively (dark blue in Fig. 1.15A,B). Interestingly, the Us on 

the Watson-Crick side of the triple helix show cross-peaks to two Us on the 

Hoogsteen side: one of these Us is on the opposite side of the U⦁A-U base triple 

and the other is 3’ of it. The distances between these residues in the crystal 

structure (PDB ID 4plx41) ranged between 6.3 – 6.8 Å, which are at the edge of 

observable NOE contacts. Fig. 1.15C shows an HSQC spectrum with the assign- 
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Figure 1. 15. Imino assignments of the triple helix residues. (A) Schematic diagram of MALAT1 
cis construct. The color of arrows correlates the color of the NOESY walk in (B). (B) 1H-1H NOESY 
collected at 15 °C. (C) 15N-1H imino HSQC recorded at 15 °C. 
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ments of identified residues.  

We observed the same NOE walk in the presence of Mg2+ and confirmed 

the assignments (Fig. 1.16, NOESY walk not shown). With Mg2+, we observed an 

additional cross-peak between U16 and G36 at 13.13 ppm. We also observe few 

more U peaks with low signal intensities that may correspond to the unassigned U 

residues in the lower part of the triple helix. Unfortunately, the signal intensities 

were too weak for accurate assignment. The weak intensities of these peaks may 

Figure 1. 16. Imino assignments of MALAT1 core cis in the presence of Mg2+. We observed 
the same NOESY walk in the presence of Mg2+. Additionally, we observed a cross-peak between 
U16 and G36 and were able to assign G36.  
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be due to the fast solvent exchange of imino protons. We observe three more G 

peaks as well, belonging to the unassigned G5, G6, and G35. The cross-peaks for 

theses residues were weak and overlapped requiring further evidence for 

unambiguous assignment. 

 

2.6 Conclusion 

  For the imino assignments of the MALAT1 triple helix, we used 1H-1H 

NOESY, 15N-1H HSQC, and 3D NOESY-HSQC spectra recorded for different 

constructs. Stem I and II residues were assigned mainly using the MALAT1 core 

trans construct. For the triple helix residues, we were able to identify the U residues 

on the Hoogsteen face of U⦁A-U base triples by performing HNN COSY and  2JHN 

– 15N-1H HSQC experiments. The triple helix residues were assigned by a NOESY 

walk using the MALAT1 core cis construct. As a result, we were able to assign the 

majority of the upper triplex residues and a few lower triplex residues. We use 

these assignments for further studies on characterizing the MALAT1 triple helix.  
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3. Investigation of local stability of MALAT1 triple helix 

Because MALAT1 triple helix prevents its mRNA transcripts from 

degradation by sequestering the poly (A) tail, the stability of the triple helix can also 

impact the accumulation level of MALAT1 transcripts. Multiple studies recently 

reported the global stability of the MALAT1 triple helix in varying concentrations of 

monovalent and divalent cations using FRET efficiency and UV melting profiles.65, 

66 However, less is known about the local melting and stability of the MALAT1 triple 

helix. In nucleic acids, local fluctuations involving base-pair opening and closing 

occur frequently, and studies have shown the importance of this local melting for 

various biological functions.67-69 Therefore, our studies have focused on 

understanding the local stability of the MALAT1 triple helix via NMR spectroscopy. 

With NMR spectroscopy, the local stability of nucleic acids can be examined 

at an individual base-pair level by monitoring the imino protons in guanosine and 

uridine, which are solvent exchangeable.61, 70 Even base-paired imino protons 

undergo some degree of solvent exchange due to the frequent base-pair opening 

and closing events. When the base pairs open, the imino protons are exposed to 

the solvent and can undergo exchange. The less stable base pairs will open and 

close more frequently resulting in a higher exchange rate of their imino protons.70, 

71 Therefore, analyzing imino proton exchange rates provide information on the 

stability of individual base-pairs.  
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3.1 Inversion recovery NMR experiment 

One common method to measure imino proton exchange rates is an 

inversion recovery experiment, which has been applied for various DNA and RNA 

systems.61, 71-73 This experiment consists of a 180° soft pulse that selectively 

inverts the water proton resonance followed by variable mixing delays.71-73 When 

the base-pairs open during the mixing delays and undergo solvent exchange, there 

is a change in the imino proton signals due to the selectively inverted water proton 

resonances. Therefore, monitoring the signal change provides imino proton 

exchange rates according to the following equation71, 74: 

                   
𝐼𝑛(𝑡)

𝐼𝑛(0)
− 1 = (

𝐼𝑤(0)

〈𝐼𝑛(0)〉
− 1)𝑘𝑒𝑥

[exp(−𝑅1𝑛 × 𝑡) − exp(−𝑅1𝑤 × 𝑡)]

(−𝑅1𝑛 + 𝑅1𝑤)
          (1.1) 

where 𝐼𝑛(𝑡) is the intensity of the imino protons at a delay point 𝑡, 𝐼𝑛(0) is the 

intensity of the imino proton at an initial delay point 𝑡 = 0, 𝐼𝑤(0) is the intensity of 

the water signal normalized to the number of water protons within the sample and 

〈𝐼𝑛(0)〉 is the intensity of an individual imino proton species at delay point 𝑡 = 0 

normalized to the number of protons of that species. 𝑅1𝑤 is the R1 relaxation rate 

of the water signal, 𝑅1𝑛 is the R1 relaxation rate of the imino protons, and 𝑘𝑒𝑥 is the 

exchange rate of imino protons. Assuming that the selective 180 ° pulse completely 

inverts water magnetization to the –z orientation and leaves imino proton 

magnetization unperturbed along the z orientation, 𝐼𝑤(0) 〈𝐼𝑛(0)〉⁄  can be set to -

1.71-73 𝑅1𝑤, 𝑅1𝑛, and 𝑘𝑒𝑥 are allowed to adjust freely when fitting the data by eq 1.1.  

For the measurement of 𝑘𝑒𝑥, the spectra were recorded with 16 – 21 different delay 

points and the data were fitted to eq 1.1 to extract 𝑘𝑒𝑥  (Fig. 1.17A). The 



36 
 

experiments were performed at temperatures between 5 – 50 °C to extract 

thermodynamic parameters (Fig.1. 17B). 

 

3.2 Analysis of imino proton exchange rate (𝒌𝒆𝒙)  

 There are two steps involved in the imino proton exchange reaction: i) 

opening of the base-pair followed by ii) proton transfer to solvent.70, 71 The latter 

step is catalyzed by small basic molecules, such as OH-, NH3, and HPO42-, all of 

which are in the buffer. For the analysis of the imino proton exchange rates, two 

different conditions can be considered. In the first condition (EX1), the proton 

transfer in the open state (𝑘𝑡𝑟) is so fast that every time the base-pair opens a 

proton transfer occurs.  

                                                         Closed 
𝑘0
→Open

𝑘𝑡𝑟
→ Water                                               (1.2) 

Figure 1. 17. Inversion recovery experiment on the MALAT1 triple helix. (A) Dependence of 

the imino proton signals on mixing delays (s) at 20 °C. (B) The inversion recovery experiment was 

performed at various temperatures between 5 – 50 °C to extract thermodynamic parameters.  
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In this case, the base-pair opening reaction is the rate liming step and 𝑘𝑒𝑥 is simply 

𝑘0. This type of kinetic process occurs in the presence of high catalyst (buffer) 

concentration.  

The second condition (EX2) is when the proton transfer is sufficiently slow 

so that base-pairs open and close many times before the proton transfer occurs. 

In this case, there is an equilibrium between the open and the closed state.  

                                                          Closed 
𝐾𝑑𝑖𝑠𝑠
→   Open

𝑘𝑡𝑟
→ Water                                          (1.3) 

For our experiments, we have adjusted the catalyst (HPO4
2-) concentration based 

on earlier works72, 74, so that the imino proton exchange is in the EX2 condition. 

The exchange rate in the EX2 condition is dependent on the 𝑘𝑡𝑟 and the fraction 

of the open state and can be expressed as follows70, 71:  

                                                               𝑘𝑒𝑥 =
𝑘𝑡𝑟

1 + (1 𝐾𝑑𝑖𝑠𝑠)⁄
                                                   (1.4) 

𝐾𝑑𝑖𝑠𝑠 can also be described by: 

                                  𝐾𝑑𝑖𝑠𝑠 = exp (−
Δ𝐺𝑑𝑖𝑠𝑠
𝑅𝑇

) = exp (−
Δ𝐻𝑑𝑖𝑠𝑠 − 𝑇Δ𝑆𝑑𝑖𝑠𝑠

𝑅𝑇
)                     (1.5) 

where Δ𝐺𝑑𝑖𝑠𝑠 in eq 1.5 is substituted with enthalpy and entropy terms according to 

the Gibbs-Helmholtz equation. Substituting 𝐾𝑑𝑖𝑠𝑠 in eq 1.4 with eq 1.5 results in the 

following equation: 

                                      𝑘𝑒𝑥 =
𝑘𝑡𝑟

(1 + exp ((Δ𝐻𝑑𝑖𝑠𝑠 − 𝑇Δ𝑆𝑑𝑖𝑠𝑠)/(𝑅𝑇)))
                               (1.6) 
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Furthermore, the dipolar cross-relaxation of magnetization may lead to an 

overestimation of 𝑘𝑒𝑥  and thus, it needs to be considered in the analysis. To 

account for the NOE contributions in the measurement, a 𝑑 term is added to the 

eq 1.6 as follows:71, 72  

                                   𝑘𝑒𝑥 =
𝑘𝑡𝑟

(1 + exp ((Δ𝐻𝑑𝑖𝑠𝑠 − 𝑇Δ𝑆𝑑𝑖𝑠𝑠)/(𝑅𝑇)))
+ 𝑑                           (1.7) 

where 𝑘𝑡𝑟 is estimated from the control experiments which will be discussed more 

in detail in the following section. Δ𝐻𝑑𝑖𝑠𝑠 , Δ𝑆𝑑𝑖𝑠𝑠 , and 𝑑  are freely adjustable 

parameters when fitting the data. Using eq 1.7, we can extract Δ𝐻𝑑𝑖𝑠𝑠 and Δ𝑆𝑑𝑖𝑠𝑠 

parameters of individual base-pairs and determine their stability.  

 

3.3 Measurement of proton transfer rate (𝒌𝒕𝒓) 

 To extract the enthalpy and entropy parameters from eq 1.7, we have to 

estimate the proton transfer rate (𝑘𝑡𝑟) with additional measurements. The imino 

proton transfer can be catalyzed through both external and internal pathways.72, 73, 

75 The externally catalyzed pathway is mediated by small basic molecules in the 

buffer such as NH3, OH- and HPO4
2-, as stated above. On the other hand, the 

internal pathway is catalyzed by nucleophilic functional groups of neighboring 

nucleobase moieties such as carbonyl O, N3 of cytidine, and N1 of adenosine.73, 

75 Therefore, 𝑘𝑡𝑟 can be expressed as71, 72: 

                                                            𝑘𝑡𝑟 = 𝑘𝑡𝑟,𝑒𝑥𝑡 + 𝑘𝑡𝑟,𝑖𝑛𝑡                                                     (1.8) 
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where 𝑘𝑡𝑟,𝑒𝑥𝑡  and 𝑘𝑡𝑟,𝑖𝑛𝑡  correspond to the rates of the external and internal 

transfer pathways, respectively. According to the Eyring formula, 𝑘𝑡𝑟,𝑒𝑥𝑡 and 𝑘𝑡𝑟,𝑖𝑛𝑡 

can be also described as71, 72: 

                                           𝑘𝑡𝑟,𝑒𝑥𝑡 =
𝑘𝐵𝑇

ℎ
exp (−

∆𝐻𝑡𝑟,𝑒𝑥𝑡 − 𝑇∆𝑆𝑡𝑟,𝑒𝑥𝑡
𝑅𝑇

)                            (1.9) 

                                           𝑘𝑡𝑟,𝑖𝑛𝑡 =
𝑘𝐵𝑇

ℎ
exp (−

∆𝐻𝑡𝑟,𝑖𝑛𝑡 − 𝑇∆𝑆𝑡𝑟,𝑖𝑛𝑡
𝑅𝑇

)                            (1.10) 

where 𝑘𝐵 is Boltzmann constant, ℎ  is Planck constant, 𝑅 is universal gas constant, 

and 𝑇 is the temperature (in Kelvin). ∆𝐻𝑡𝑟,𝑒𝑥𝑡(𝑖𝑛𝑡) and ∆𝑆𝑡𝑟,𝑒𝑥𝑡(𝑖𝑛𝑡) are enthalpy and 

entropy of the external(internal) proton transfer pathway, respectively. Equations 

1.9 and 1.10 can be rearranged as follows: 

                                   𝑙𝑛 (
𝑘𝑡𝑟,𝑒𝑥𝑡
𝑇

) = −
∆𝐻𝑡𝑟,𝑒𝑥𝑡
𝑅

1

𝑇
+
∆𝑆𝑡𝑟,𝑒𝑥𝑡
𝑅

− 𝑙𝑛 (
ℎ

𝑘𝐵
)                          (1.11) 

                                   𝑙𝑛 (
𝑘𝑡𝑟,𝑖𝑛𝑡
𝑇
) = −

∆𝐻𝑡𝑟,𝑖𝑛𝑡
𝑅

1

𝑇
+
∆𝑆𝑡𝑟,𝑖𝑛𝑡
𝑅

− 𝑙𝑛 (
ℎ

𝑘𝐵
)                          (1.12) 

Substituting 𝑘𝑡𝑟,𝑒𝑥𝑡 and 𝑘𝑡𝑟,𝑖𝑛𝑡 in eq 1.8 with eq 1.9 and 1.10 results: 

          𝑘𝑡𝑟 =
𝑘𝐵𝑇

ℎ
(exp (−

∆𝐻𝑡𝑟,𝑒𝑥𝑡 − 𝑇∆𝑆𝑡𝑟,𝑒𝑥𝑡
𝑅𝑇

) + exp (−
∆𝐻𝑡𝑟,𝑖𝑛𝑡 − 𝑇∆𝑆𝑡𝑟,𝑖𝑛𝑡

𝑅𝑇
))   (1.13) 

 In order to estimate 𝑘𝑡𝑟,𝑒𝑥𝑡 , it is assumed that the accessibility of the 

catalysts to the imino protons in the base-pair open state is the same as that of 

mononucleotides.71-73 Therefore, the imino proton transfer rates of free guanosine 

triphosphate (GTP) and uridine triphosphate (UTP) (𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃)) are measured in 

a temperature-dependent manner under the same NMR buffer conditions. 
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𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃)  was calculated from the line-widths of the imino signals in 1H 1D 

spectra using the following equation71, 72:  

                                                 𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃) = ∆𝜈 ∙ 𝜋 − 𝑅2 − 𝑅2(𝐵0)                                    (1.14) 

where ∆𝜈 is the line-widths of the imino signals, 𝑅2 is the rate constant of spin-spin 

relaxation of the imino resonance, and 𝑅2(𝐵0) is the line-broadening caused by B0 

field inhomogeneity. ∆𝜈 is obtained by deconvolution of the imino signals using the 

software in Bruker Topspin 3.2. The contribution of 𝑅2 and 𝑅2(𝐵0) are assumed to 

be negligible compared to the contribution of ∆𝜈 to the 𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃).
71, 72 

 Furthermore, since the proton transfer by external catalysis is controlled by 

diffusion, 𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃) has to be corrected to account for the difference in diffusion 

coefficient between the mononucleotides and the nucleobases within the RNA 

according to71, 72: 

                                  𝑘𝑡𝑟,𝑒𝑥𝑡 = 𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃)

1 + √𝑀𝐻𝑃𝑂42− 𝑀𝑅𝑁𝐴⁄
3

1 + √𝑀𝐻𝑃𝑂42− 𝑀𝐺𝑇𝑃(𝑈𝑇𝑃)⁄
3

                          (1.15) 

where 𝑘𝑡𝑟,𝑒𝑥𝑡 is the external proton transfer rate of guanosine (uridine) within the 

RNA.  𝑀𝐻𝑃𝑂42− , 𝑀𝐺𝑇𝑃(𝑈𝑇𝑃) , and 𝑀𝑅𝑁𝐴  are the molecular weight of the catalyst 

(HPO4
2-), free GTP(UTP), and RNA molecule, respectively.  

  To estimate the contribution of the external catalysis (𝑘𝑡𝑟,𝑒𝑥𝑡), we measured 

the 𝑘𝑡𝑟,𝐺𝑇𝑃(𝑈𝑇𝑃) in the same NMR buffer condition. Fig. 1.18A shows the change in 

line-width of the imino proton signal of GTP in the 1H 1D spectrum with increasing 
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temperature. The 𝑘𝑡𝑟,𝑒𝑥𝑡 was calculated according to eq 1.14 and 1.15 at each 

temperature and 𝑙𝑛(𝑘𝑡𝑟,𝑒𝑥𝑡 𝑇⁄ ) was plotted against 1/𝑇 (Fig. 1.18B,C). According 

to eq 1.11, ∆𝐻𝑡𝑟,𝑒𝑥𝑡 and ∆𝑆𝑡𝑟,𝑒𝑥𝑡 for GTP and UTP can be calculated from the slope 

and intercept of the plot, respectively (Fig. 1.18 B,C). The calculated values are 

summarized in Table 1.2. For GTP, the experimentally determined ∆𝐻𝑡𝑟,𝑒𝑥𝑡 and 

∆𝑆𝑡𝑟,𝑒𝑥𝑡 were 52.3 ± 2.8 kJ/mol and -1.43 ± 0.02 J/mol∙K, respectively. For UTP, 

the determined values were ∆𝐻𝑡𝑟,𝑒𝑥𝑡 = 47.3 ± 2.1 kJ/mol and ∆𝑆𝑡𝑟,𝑒𝑥𝑡 = -19.3 ± 0.3 

J/mol∙K. These values are comparable to the reported values in an earlier study.71  

 The measurements of the internal catalysis (𝑘𝑡𝑟,𝑖𝑛𝑡 ) contribution were 

performed as described in earlier works.71-73 The temperature dependence of 𝑘𝑒𝑥 

Figure 1. 18. Measurement of 𝒌𝒕𝒓,𝒆𝒙𝒕. (A) The change in line-width of the imino proton signal of 

GTP in the 1H 1D spectrum with increasing temperature. Eyring plots describing the temperature 
dependence of the external proton transfer rate for (B) GTP and (C) UTP. 

 

Table 1. 2. Thermodynamic parameters of imino proton transfer by external catalysis. 
ΔΔHtr,ext and ΔΔStr,ext represent fit errors.  
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at different catalyst (HPO4
2-) concentrations were measured. Based on previous 

reports, the buffer concentrations were adjusted for the EX2 regime, in which the 

𝑘𝑒𝑥  is proportional to the concentration of catalyst.70, 72, 74 From these 

measurements, the dependence of 𝑘𝑒𝑥 on catalyst concentration can be calculated. 

While 𝑘𝑡𝑟,𝑒𝑥𝑡  increases with increasing catalyst concentration, 𝑘𝑡𝑟,𝑖𝑛𝑡  is 

independent of the buffer concentration. Therefore, the change in 𝑘𝑒𝑥 with different 

catalyst concentrations is due to the contribution of 𝑘𝑡𝑟,𝑒𝑥𝑡. This allows us to dissect 

the contribution of external catalysis from the contribution of internal catalysis at 

different temperatures.  

For the estimation of 𝑘𝑡𝑟,𝑖𝑛𝑡 , the buffer conditions with low catalyst 

concentration (10 mM potassium phosphate) and high catalyst concentration (50 

mM potassium phosphate) were used. The concentration of KCl was adjusted in 

such a way that the concentration of monovalent cation (K+) is constant in both 

buffer conditions. The concentration of MgCl2 was also kept constant in both 

conditions to minimize the structural change due to the monovalent and divalent 

cations. Using calculated 𝑘𝑡𝑟,𝑖𝑛𝑡 values, 𝑙𝑛(𝑘𝑡𝑟,𝑖𝑛𝑡 𝑇⁄ ) was plotted against 1/𝑇 (Fig. 

A.1) and ∆𝐻𝑡𝑟,𝑖𝑛𝑡 and ∆𝑆𝑡𝑟,𝑖𝑛𝑡 values were extracted for each residue according to 

eq 1.12 (Table 1.3). Using the calculated values in Table 1.2 and 1.3, we are now 

able to estimate the 𝑘𝑡𝑟 at different temperatures using eq 1.13. 
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3.4 Thermodynamic stability of the individual base-pairs 

  The change in the imino proton signal was monitored with increasing delay 

time to obtain the imino proton exchange rate (𝑘𝑒𝑥) of individual base-pairs (Fig. 

1.17A). For each residue, the temperature dependence of the 𝑘𝑒𝑥 was measured 

(Fig 1.17B) and analyzed using eq 1.7 and 𝑘𝑡𝑟  was estimated as described in 

section 3.3. Table 1.4 contains ∆𝐻𝑑𝑖𝑠𝑠 , ∆𝑆𝑑𝑖𝑠𝑠 , ∆𝐺𝑑𝑖𝑠𝑠 , and 𝑇∆𝑆𝑑𝑖𝑠𝑠  values 

determined for the base-pair opening of individual residues. ∆𝐻𝑑𝑖𝑠𝑠  and 

∆𝑆𝑑𝑖𝑠𝑠values ranged between 58 – 210 kJ/mol and 16 – 438 J/mol∙K, respectively. 

These values are in the same range as what has been reported for other RNAs.71-

Table 1. 3. Thermodynamic parameters of imino proton transfer by internal catalysis. ΔΔHtr,ext and 

ΔΔStr,ext represent fit errors.  
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73 The ∆𝐺𝑑𝑖𝑠𝑠 values were between 41.6 – 91.2 kJ/mol, which are on the same 

scale, but greater than the values determined for other RNAs.71-73 The difference 

in the range of ∆𝐺𝑑𝑖𝑠𝑠 values may be due to the difference in the RNA systems. 

The earlier studies were performed on simple RNA hairpins with a size of less than 

40 nt.71-73 Compared to these RNAs, MALAT1 triple helix has a more compact 

structure with a greater number of base pairs, which may lead to increased stability 

of individual base pairs.  

 Fig. 1.19 is a summary of determined thermodynamic parameters for the 

MALAT1 triple helix. The relative stabilities of individual residues are represented 

Table 1. 4. Thermodynamic parameters for the base-pair opening of individual residues 
within the MALAT1 triple helix. Multiple measurements were performed to estimate the 

experimental errors. 
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with different colors (Fig. 1.19A). Greater ∆𝐺𝑑𝑖𝑠𝑠 values indicate a less favorable 

base-pair opening reaction and thus, a more stable base-pair. The diagram of 

thermodynamic parameters shows a strong correlation between ∆𝐻𝑑𝑖𝑠𝑠  and 

𝑇∆𝑆𝑑𝑖𝑠𝑠 (Fig. 1.19B, right). This has also been observed for other nucleic acids and 

leads to a smaller spread of ∆𝐺𝑑𝑖𝑠𝑠 values.71-73, 76 The correlation between ∆𝐻𝑑𝑖𝑠𝑠 

and 𝑇∆𝑆𝑑𝑖𝑠𝑠 is discussed further in detail in section 3.5.  

 A comparison of ∆𝐺𝑑𝑖𝑠𝑠 values of the stem II residues shows that G-C base 

pairs are more stable than A-U or G⦁U base pairs. Interestingly, within the same 

G⦁U base pair, the imino proton of G23 had slightly greater stability compared to 

Figure 1. 19. Individual base-pair stability of MALAT1 triple helix (A) ∆𝐺𝑑𝑖𝑠𝑠 for individual base-
pair. Relative stability is represented in different colors. (B) Diagram of thermodynamic parameters 
determined for MALAT1 triple helix residues.  

 



46 
 

the imino proton of U30. For the U residues in the triple helix, ∆𝐺𝑑𝑖𝑠𝑠 values ranged 

between 45 – 55 kJ/mol and had similar base-pair stabilities. Melting curve 

analyses of synthetic RNA and DNA triple helices in earlier studies have shown 

that the strand on the Hoogsteen face is less stable than that of the Watson-Crick 

face.77, 78 However, our analysis shows similar stabilities between the U residues 

on the Hoogsteen and the Watson-Crick face. Furthermore, ∆𝐺𝑑𝑖𝑠𝑠 values of G41 

and G71 were significantly greater than that of other residues within the triple helix. 

This result suggests that C72 – G41 and G71 – C42 base pairs have a greater 

contribution to stabilizing the triple helix compared to other U⦁A-U base triples.  

 The contribution of C72 – G41 and G71 – C42 base pairs for the stabilization 

of the triple helix is also supported by previously reported mutational studies.40, 41 

Mutation of these residues dramatically reduced the accumulation level of the 

reporter gene.40 While the C12U mutation only reduced ~ 40 % of accumulation 

level, mutations that perturb C72 – G41 and G71 – C42 base-pairs completely 

abolished the accumulation.40 In addition, C72 – G41 and G71 – C42 base-pairs 

allow the precise alignment of poly(A) tail in the triple helix. Steitz and co-workers 

have shown the importance of the blunt end at the 3' end of the sequence in the 

overall stability of the triple helix.40 The presence of C72 – G41 and G71 – C42 

base-pairs in the middle prevents the poly(A) tail sliding within the triple helix. 

Taken together, these results suggest that these base pairs are important for the 

triple helix due to their specific sequences and greater stability. 
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3.5 Enthalpy – entropy correlations and global unfolding of the triple helix 

 As seen in Fig. 1.20A, enthalpy and entropy values are linearly correlated. 

This has been frequently observed for other nucleic acids and understood as a 

solvent-solute interaction.71, 72, 76 When base-pairs open, the water molecules 

surrounding the base-pairs are released. Therefore, the loss in enthalpy is 

compensated with the increase in entropy. The correlations between  ∆𝐻𝑑𝑖𝑠𝑠 and 

∆𝑆𝑑𝑖𝑠𝑠 can be described with the following equation71, 72: 

                                                           Δ𝐻𝑑𝑖𝑠𝑠 = 𝑚Δ𝑆𝑑𝑖𝑠𝑠 + 𝑦0                                                (1.16) 

where 𝑚  and 𝑦0  are the slope and y-intercept of the linear plot, respectively. 

Substitution of Δ𝐻𝑑𝑖𝑠𝑠  in eq 1.16 with the Gibbs-Helmholtz equation results the 

following equation71, 72: 

                                                     Δ𝐺𝑑𝑖𝑠𝑠 = (𝑚 − 𝑇)Δ𝑆𝑑𝑖𝑠𝑠 + 𝑦0                                           (1.17) 

Eq 1.17 shows that at the temperature of 𝑚 = 𝑇, Δ𝐺𝑑𝑖𝑠𝑠 of all base pairs is equal 

to 𝑦0. This temperature is also called compensation temperature (TC), and at TC, 

all residues have relatively similar stabilities. Interestingly, studies on RNA hairpins 

Figure 1. 20. Enthalpy – entropy correlation (A) Linear correlation between ∆𝐻𝑑𝑖𝑠𝑠 and  ∆𝑆𝑑𝑖𝑠𝑠. 
TC determined from the plot is 343 ± 33 K and 𝑦𝑜 is 54 ± 6 kJ/mol. (B) UV melting curve of MALAT1 

triple helix. The first transition is observed at 65.3 °C (=338.3 K). 
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have reported that TC is close to the melting temperature (Tm).71-73 The 

interpretation of these observations was that global unfolding occurs at the 

temperature where the individual base-pairs have similar stabilities.71-73  

We observed similar results for the MALAT1 triple helix. The observed TC 

in Fig 1.20A was 343 ± 33 K (≈ 70 °C), which is close to the temperature for the 

major transition in the UV melting curve, 65.3 °C. At 70 °C, the average Δ𝐺𝑑𝑖𝑠𝑠 is 

53.8 kJ/mol. Interestingly, Δ𝐺𝑑𝑖𝑠𝑠 values for triple helix residues were below the 

average and Δ𝐺𝑑𝑖𝑠𝑠  values for the stem II residues were above the average. 

Furthermore, plotting Δ𝐻𝑑𝑖𝑠𝑠 against Δ𝑆𝑑𝑖𝑠𝑠 values for the stem II residues resulted 

in TC = 362 ± 48 K (≈ 89 °C) (Fig. 1.21A). This temperature is close to the second 

transition temperature in the melting curve, 85.3 °C (Fig. 1.21B). These 

observations suggest that the first transition at 65.3 °C is the unfolding of the triple 

helix region and the second transition at 85.3 °C is the unfolding of the stem II. 

Moreover, the enthalpy – entropy correlation of the residues in the triple helix 

region showed TC = 311± 49 K (≈ 38 °C) (Fig. 1.22). This TC is close to the recently 

Figure 1. 21 Enthalpy – entropy correlation for the residues in the stem II (A) Linear correlation 

between ∆𝐻𝑑𝑖𝑠𝑠 and  ∆𝑆𝑑𝑖𝑠𝑠 values for the residues in the stem II. TC determined from the plot is 362 

± 48 K and 𝑦𝑜 is 55 ± 11 kJ/mol. (B) UV melting curve of MALAT1 triple helix. The second transition 

is observed at 85.3 °C (= 358.3 K). 
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reported melting temperature (45 °C) of the MALAT1 construct that only includes 

the triple helix sequence.66 This observation suggests that the presence of stem II 

further stabilizes the triple helix region.  

 

3.6 Effect of Mg2+ ions on the MALAT1 triple helix stability 

 We further examined the effect of Mg2+ ions on the stability of the MALAT1 

triple helix. Many studies have shown that Mg2+ stabilizes the structure of various 

RNAs and DNAs.55, 61 To analyze the effect of Mg2+, we carried out inversion 

recovery experiments in the presence and absence of Mg2+ and compared the 

imino proton exchange rates at 20 °C. Assuming that Mg2+ has a negligible effect 

on the proton transfer rate (𝑘𝑡𝑟), the change in ∆𝐺𝑑𝑖𝑠𝑠  in the presence of Mg2+ 

(δ∆𝐺𝑀𝑔) can be described as follows61, 79: 

Figure 1. 22 Enthalpy – entropy correlation for the residues in the triple helix region. TC 

determined from the plot is 311 ± 49 K and 𝑦𝑜 is 56 ± 8 kJ/mol. 
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                                      δ∆𝐺𝑀𝑔 = ∆𝐺𝑑𝑖𝑠𝑠
𝑀𝑔
− ∆𝐺𝑑𝑖𝑠𝑠

𝑁𝑜𝑀𝑔
= −𝑅𝑇𝑙𝑛

𝑘𝑒𝑥
𝑀𝑔

𝑘𝑒𝑥
𝑁𝑜𝑀𝑔                             (1.18) 

where ∆𝐺𝑑𝑖𝑠𝑠
𝑀𝑔

 and ∆𝐺𝑑𝑖𝑠𝑠
𝑁𝑜𝑀𝑔

 are Gibb’s free energy of base-pair opening in the 

presence and absence of Mg2+, respectively. 𝑘𝑒𝑥
𝑀𝑔

 and 𝑘𝑒𝑥
𝑁𝑜𝑀𝑔

 are the imino proton 

exchange rate in the presence and absence of Mg2+, respectively.  

Table 1.5 contains the calculated δ∆𝐺𝑀𝑔 values for individual base-pairs 

according to eq 1.18. The changes in free energy ranged between -0.6 – 2.4 kJ/mol. 

Most of the base-pairs had positive δ∆𝐺𝑀𝑔 values indicating greater Δ𝐺𝑑𝑖𝑠𝑠 values 

in the presence of Mg2+ ions. Interestingly, there were few residues with negative 

δ∆𝐺𝑀𝑔  values, which suggest less stable base-pairs in the presence of Mg2+. 

Similar results were observed in the previous study on a DNA triple helix.61 This 

result suggests that not all base-pairs are stabilized by Mg2+. There may be a few 

base-pairs that are less stable with Mg2+; however, a greater number of base- pairs 

Table 1. 5. Effect of Mg2+ ions on the free energy of base-pair opening reaction. Error are 

estimated by propagating the errors in imino proton exchange rates (𝑘𝑒𝑥). 
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are stabilized by Mg2+, which leads to increased overall stability. Overall, the Δ𝐺𝑑𝑖𝑠𝑠 

values increased by ~ 4.7 kJ/mol.   

Fig. 1.23 shows a diagram of calculated δ∆𝐺𝑀𝑔 for individual base-pairs. As 

seen, U19 in the stem II has the highest δ∆𝐺𝑀𝑔, indicating the greatest stabilization 

effect by Mg2+ compared to the other base-pairs. Within the triple helix, U16, G41, 

and G71 have relatively high δ∆𝐺𝑀𝑔 values, suggesting that these residues are 

most stabilized by Mg2+. Interestingly, two residues on the Hoogsteen side base-

pairs, one below (U11) and above (U13) C-G and C⦁G-C base pairs, had negative 

δ∆𝐺𝑀𝑔. Overall, δ∆𝐺𝑀𝑔 values of the Watson-Crick base-pairs were greater than 

that of the Hoogsteen base-pairs. A similar result was observed for the DNA triple 

helix, which showed greater stabilization of the Watson-Crick base pairs compared 

to the Hoogsteen base pairs in the presence of Mg2+.61 

Figure 1. 23. Diagram of 𝜹∆𝑮𝑴𝒈 for individual base-pairs. U19 has the highest 𝛿∆𝐺𝑀𝑔 value 

among all the residues. Within the triple helix, U16, G41, and G71 have relatively high 𝛿∆𝐺𝑀𝑔 
values. 
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The UV melting profile also suggests a decrease in global stability in the 

absence of Mg2+. Without Mg2+, the first melting transition was observed at 50.4 °C 

and the second transition was observed at 71.6 °C. These temperatures are ~ 

15 °C lower than the melting temperatures observed in the presence of Mg2+, which 

indicates the global stabilization effect of Mg2+. As indicated in section 2.5, Mg2+ 

has no dramatic effect on the formation of the secondary structure of the MALAT1 

triple helix. This is also observed in the melting profile showing two transitions, 

which is indicative of triple helix formation. Although Mg2+ has a minor effect on the 

secondary structure formation, it contributes to the overall stabilization of the 

MALAT1 triple helix.  

 

 

 

Figure 1. 24 UV melting profile in the absence of Mg2+ ions. The first transition temperature is 

at 50.4 °C and the second transition temperature is at 71.6 °C.  
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 3.7 Discussion 

 Considering that the MALAT1 triple helix is a potential therapeutic target for 

cancer, it is important to understand its stability in greater detail. In addition to the 

previous reports on the global stability of the MALAT1 triple helix,65, 66 we examined 

its local stability via NMR spectroscopy. Individual base-pair stabilities were 

analyzed by measuring the imino proton exchange rate (𝑘𝑒𝑥) with an inversion 

recovery experiment. The advantage of this approach is that it provides residue-

specific information and better insights on which region of the molecule is essential 

for maintaining the overall stability. As a therapeutic target, this information is 

important as it will provide guidance on which part of the RNA needs to be targeted.  

Our data indicate that the C72 – G41 and G71 – C42 base pairs are the 

most stable base pairs within the triple helix (Fig. 1.19 and Table 1.4), suggesting 

the importance of these base pairs for the overall stability of the triple helix. This 

result is also supported by the previous reports of the mutational analyses on the 

triple helix region.39-41 These studies have shown that the mutations on the C72 – 

G41 and G71 – C42 base pairs significantly reduce the accumulation levels of the 

reporter genes in vivo. In addition, a recent in vitro study has shown that the 

mutations on G71 and C72 lead to complete degradation of the triple helix by 3’ – 

5’ exonuclease (RNase R).66 Taken together, our data suggest that the presence 

of stable C72 – G41 and G71 – C42 base pairs is important due to their high 

contribution to the triple helix stability, which affects the RNA accumulation level 

by protecting from the 3’ degradation.   
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 The ∆𝐺𝑑𝑖𝑠𝑠 values for the U residues in the triple helix were between 45 – 

55 kJ/mol, showing relatively similar stabilities (Fig. 1.19 and Table 1.4). This was 

unexpected as earlier studies on the synthetic DNA or RNA triple helices have 

shown that the Hoogsteen side is less stable than the Watson-Crick side.54, 78 The 

thermal melting profiles in these studies showed two melting transitions: the first 

transition corresponded to the unfolding of the Hoogsteen side, while the second 

transition corresponded to the unfolding of the Watson-Crick side.54, 78 However, 

our data suggest relatively similar stabilities between the Hoogsteen and the 

Watson-Crick sides.  

In fact, the average ∆𝐺𝑑𝑖𝑠𝑠  for the Hoogsteen side U residues was 51.1 

kJ/mol, whereas that of the Watson-Crick side U residues were 49.1 kJ/mol. This 

shows that the Hoogsteen side base pairs are slightly more stable by ~ 2 kJ/mol. 

Indeed, a mutational study on the U⦁A-U base triples showed the significance of 

the Hoogsteen positions for the overall stability of the MALAT1 triple helix.51 This 

study showed that the mutations on the Hoogsteen base-pairs result in more 

dramatic reduction in the RNA accumulation levels compared to the mutations on 

the Watson-Crick side. Taken together, these results suggest the importance of 

the Hoogsteen U⦁A base pairs for the stability of the triple helix. This observation 

is not in agreement with earlier studies on synthetic triple helices. This may be due 

to the presence of the stem I and stem II in the MALAT1 triple helix. The synthetic 

constructs in earlier studies only included the triple-helical region.54, 78 On the other 

hand, the MALAT1 triple helix has stem residues on both sides of the triple helix, 

which may contribute to the stabilization of the Hoogsteen strand.  
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 Furthermore, we observed a linear correlation between the ∆𝐻𝑑𝑖𝑠𝑠  and 

∆𝑆𝑑𝑖𝑠𝑠  values. Correlation of ∆𝐻𝑑𝑖𝑠𝑠  and ∆𝑆𝑑𝑖𝑠𝑠  values have been frequently 

observed for various nucleic acid systems.71-73, 76 This is often understood as the 

effect of the solute-solvent interaction. When base-pairs open, the water molecules 

surrounding the base-pairs are released. Therefore, the loss in enthalpy is 

compensated with the increase in entropy.76 Moreover, the formation of the base-

pairs is an enthalpically favorable interaction, which is counterbalanced by entropic 

costs of degrees of freedom of translation, rotation, and vibration. Therefore, the 

higher exothermicity results in the higher entropic penalty and vice versa, which 

accounts for the linear correlation between the ∆𝐻𝑑𝑖𝑠𝑠 and ∆𝑆𝑑𝑖𝑠𝑠 values.76  

The slope of the linear correlation plot is also known as the compensation 

temperature (TC). Theoretically, the ∆𝐺𝑑𝑖𝑠𝑠  values for all residues are 

approximately the same as the y-intercept at TC. Interestingly, earlier studies on 

the RNA hairpins showed that the melting temperature is close to TC, which 

suggest that the global unfolding occurs when all residues have relatively similar 

stabilities.71-73 The y-intercept of the linear correlation plot (Fig. 1.20A) was 54 ± 6 

kJ/mol and the observed TC was ≈ 70 °C. This temperature is close to the first 

transition temperature (= 65.3 °C) in the thermal melting profile (Fig. 1.20). At 70 °C, 

the ∆𝐺𝑑𝑖𝑠𝑠  values for most residues were within the error of the y-intercept. 

However, we also observed a few residues with the ∆𝐺𝑑𝑖𝑠𝑠 values far off from the 

54 kJ/mol. The data points for these residues were off from the linear trend line on 

the plot (Fig. 1.20A).  
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At 70 °C, the average ∆𝐺𝑑𝑖𝑠𝑠 for the triple helix and stem II residues were 

51.7 and 58.0 kJ/mol, respectively. Interestingly, the average ∆𝐺𝑑𝑖𝑠𝑠 of triple helix 

residues was below 54 kJ/mol (y-intercept) and that of stem II residues were above 

54 kJ/mol. Moreover, when we plotted Δ𝐻𝑑𝑖𝑠𝑠 against Δ𝑆𝑑𝑖𝑠𝑠 values for the stem II 

residues, the observed TC was ≈ 89 °C (Fig. 1.21A). This temperature is close to 

the second transition temperature (= 85.3 °C) in the thermal melting profile (Fig. 

1.21). These observations suggest that the relatively less stable triple helix region 

unfolds first at 65.3 °C (first transition in the melting curve). Then the remaining 

stem II residues unfold at 85.3 °C (second transition in the melting curve).  

 Lastly, we examined the effect of Mg2+ ions on the MALAT1 triple helix. The 

results indicate that Mg2+ has no dramatic effect on the formation of the secondary 

structure (Fig. 1.13). However, the analysis of δ∆𝐺𝑀𝑔  (Fig 1.23) and the 

comparison of thermal melting profiles (Fig. 24) suggest that the Mg2+ contributes 

to the stabilization. Interestingly, we observed negative δ∆𝐺𝑀𝑔 values for some 

residues, suggesting that the stabilization effect of Mg2+ depends on the specific 

sequence and position of residues within the RNA structure. However, we observe 

a greater number of base-pairs stabilized with the addition of Mg2+, which leads to 

increased overall stability. In addition, residues on the Watson-Crick side of the 

base triples had greater δ∆𝐺𝑀𝑔 values compared to the residues on the Hoogsteen 

side. This result suggests that Mg2+ has a greater contribution to stabilizing the 

Watson-Crick base pairs than the Hoogsteen base pairs in the triple helix.  
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4. Identification of small molecules selectively targeting MALAT1 triple helix 

4.1 Small molecule microarray (SMM) screening of chemical compounds 

The MALAT1 triple helix contributes to the stability of its mRNA transcripts, 

which affects the accumulation level of MALAT1. As indicated in section 1.1, the 

accumulation level of MALAT1 has been correlated with the development of 

various cancers, suggesting the potential role of the MALAT1 triple helix as a 

therapeutic target.5 Small molecules provide an opportunity to target structured 

RNA motifs, such as hairpins, bulges, pseudoknots and three-helix junctions to 

modulate their biological functions.80, 81 Therefore, targeting the MALAT1 triple 

helix with small molecules may offer the possibility to therapeutically modulate 

numerous cellular processes that affect cancer growth.  

To identify the molecules that bind the MALAT1 triple helix, a ~ 26,000 

compound library was screened using a small molecule microarray (SMM) 

approach by Le Grice and Schneekloth group (Fig. 1.25).65, 82 This method utilizes 

a glass slide with small molecules immobilized on the surface by covalent links 

through their functional group. In order to aid visualization, RNA molecules of 

interest are fluorescently tagged at the 5' end and are flowed over the glass slides 

to monitor small molecule binding (Fig. 1.25A). A control experiment was also 

performed with the buffer in the absence of RNA. Small molecules with positive 

hits show a bright fluorescent signal (bottom panel in Fig. 1.25B) compared to the 

control (upper panel in Fig. 1.25B). SMM screening was performed with various 

RNAs, including hairpins, riboswitches, PAN triple helix, and MALAT triple helix to 

evaluate the selectivity of binding.65  
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The SMM screen identified 188 molecules as initial hits, representing a hit rate 

of 0.7 %. These molecules were further narrowed to 28 compounds by examination 

of their selectivity, commercial availability, and pharmacophore properties.65 For 

further evaluation, these compounds were tested in an organoid model of 

mammary cancer derived from MMTV-PyMT luminal B tumors in mice. The 

reduction of the MALAT1 accumulation level was monitored upon the treatment of 

each compound. The results showed that compounds 5 and 16 induced the largest 

Figure 1. 25 SMM screening of small molecules for MALAT1 triple helix. (A) Schematic of 
SMM screening. Small molecules are covalently attached to the surface of a glass slide. 
Fluorescently tagged MALAT1 triple helix is flowed over the glass slides and the fluorescent signal 
is observed for the molecules that bind to the RNA. (B) Small molecules with positive hits show a 
bright fluorescent signals (bottom panel) compared to the control experiment with buffer (upper 
panel).   (C) Structures of compounds 5 and 16.  
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reductions in MALAT1 accumulation, 54 % and 41%, respectively.65 These results 

motivated our efforts to further characterize compounds 5 and 16 (Fig. 1.25C).  

 

4.2 Detecting small molecules binding to MALAT1 triple helix via saturation 

transfer difference (STD) NMR 

 To confirm the direct interaction between the identified compounds and the 

MALAT1 triple helix in vitro, we performed saturation transfer difference (STD) 

NMR experiments. STD is one of the most popular ligand-based NMR screening 

methods and has been applied for detecting small molecules that bind to receptor 

molecules such as proteins83-86 and RNAs87-89. This experiment is cost-efficient 

since isotope labeling is not necessary and only requires a relatively small amount 

of sample. The optimal KD range for this experiment is 10-8 < KD < 10-3 M.90, 91 As 

determined from isothermal titration calorimetry (ITC) experiments, the KD of 

compounds 5 and 16 for the MALAT1 triple helix were 2.9 ± 1.6 μM and 6.1 ± 2.1 

μM, respectively.65 Therefore, these compounds were in the right KD range for the 

STD NMR.  

In an STD experiment, a collection of off- and on-resonance 1H spectra are 

recorded. The latter spectra have a train of frequency-selective radiofrequency (RF) 

pulses inserted in the relaxation delay for selective saturation.90, 91 In the off-

resonance spectrum, the RF pulses are applied at a frequency devoid of the 

receptor and the compound resonances. On the other hand, in the on-resonance 

spectrum, the receptor molecules are selectively saturated by irradiating at a 
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frequency that contains the resonances of the receptor but not the small molecule 

(Fig. 1.26). Typically, the RF pulses are applied at -1 – 0 ppm for proteins to 

selectively saturate the methyl protons in the protein.90, 91 For RNAs, however, the 

irradiation frequency pulses are applied at 4-5 ppm or 6-8 ppm, which saturates 

ribose or nucleobase protons, respectively.87-89  

When the receptor molecule is irradiated, the saturation propagates to all 

protons within the receptor via intramolecular 1H-1H cross-relaxation pathways. In 

addition, the saturation is transferred to the small molecules that are bound to the 

receptor via intermolecular 1H-1H cross-relaxation at the ligand-receptor interface. 

These cross-relaxation pathways are responsible for the NOE and for the large 

molecules, such as proteins and RNAs, the NOE is negative. When the 

Figure 1. 26. Scheme of the STD NMR experiment. In the on-resonance spectrum, the receptor 
molecules are selectively saturated by irradiating at a frequency that contains the resonances of 
the receptor but not the small molecule. When the magnetization is transferred from the receptor 
to the bound compound, the signal intensity of the bound compound decreases in the on-resonance 
spectrum (ISAT). The on-resonance spectrum is then subtracted from the off-resonance spectrum 
and the positive signal in the difference spectrum (ISTD = I0 - ISAT) corresponds to the receptor-bound 
compounds (red spectrum). For the unbound small molecules, there is no magnetization transfer 
between the receptor and the compound and signal intensity in the on-resonance spectrum 
remains the same as the off-resonance spectrum. Therefore, no positive signal is observed in the 
difference spectrum for the unbound compounds (blue spectrum). 
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magnetization is transferred from receptor to the bound compound, the compound 

behaves as part of the receptor and thus, the NOE becomes negative. Therefore, 

the signal intensities (ISAT) of the bound ligand decreases in the on-resonance 

spectrum (Fig. 1.26).  In the off-resonance spectrum, however, the RF pulses are 

applied far from the resonances of the compound and the receptor and thus, the 

signal intensity (I0) of the compound remains unaffected (Fig 1.26).   

The on-resonance spectrum is then subtracted from the off-resonance 

spectrum and the positive signal in the difference spectrum (ISTD = I0 - ISAT) 

corresponds to the receptor-bound compound (Fig. 1.26). For an unbound small 

molecule, there is no magnetization transfer between the receptor and the 

compound and thus, the signal intensity in the on-resonance spectrum remains the 

same as the off-resonance spectrum. Therefore, no positive signal is observed in 

the difference spectrum for an unbound compound. Using the STD method, we 

can monitor direct interaction between the MALAT1 triple helix (receptor) and the 

small molecules 5 and 16 by observing the signal in the difference spectrum.  

 Figure 1.27A shows the STD results for compound 5. The red spectrum at 

the bottom is the difference spectrum between the off-resonance spectrum (black 

spectrum in Fig. 1.27A) and the on-resonance spectrum (blue spectrum in Fig. 

1.27A). The peak intensities in the difference spectrum were weak relative to that 

of the off-resonance reference spectrum. For each peak, we calculated % STD 

(Fig. 1.27B), defined as 100*ISTD/I0, which is a simple and commonly used method 

to determine the positive hits.90, 91 Typically, the % STD threshold for positive hit 

selection is within 5 – 10 % and can also be set as low as 2 %, depending on 
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certain circumstances.90 The % STD was calculated for five peaks (labeled 1 – 5 

in Fig. 1.27A) and the values ranged from ~ 7 – 13 % (Fig. 1.27B), which were 

within the threshold for positive hits. In particular, peak 5 at 6.55 ppm showed a 

higher % STD compared to the other peaks. This suggests a proton corresponding 

to peak 5 may be the closest region of compound 5 interacting with MALA1 triple 

helix. Based on these results, we concluded that compound 5 is directly binding to 

the MALAT1 triple helix. 

 STD experiments on compound 16 were inconclusive due to solubility 

issues and weak signal intensities (data not shown). As a result, we focused solely 

on compound 5 for further characterization. 

 

Figure 1. 27 STD result for compound 5 (A) Off-resonance spectrum (black), on-resonance 
spectrum (blue) and the difference spectrum (red). The positive signal in the difference spectrum 
confirms the direct interaction between compound 5 and MALAT1 triple helix. (B) % STD (= 
100*ISTD/I0) calculated for each peak. Typically, the % STD threshold for positive hit selection is 
within 5-10 %. 

 



63 
 

4.3 Selectivity and interacting moiety of compound 5 

 To evaluate the selectivity of compound 5, we performed the STD NMR 

experiment with MENβ and PAN triple helix (Fig. 1.3). As indicated in section 1.4, 

MENβ and PAN also have similar triple helical structure as MALAT1, with U-rich 

loop sequestering downstream poly(A) tail.40, 42  Thus, we can determine whether 

compound 5 binds to RNA triple helices in a general manner, or is selective for the 

MALAT1 triple helix. The STD experiments were performed under the same 

condition as MALAT1 triple helix. The STD results showed positive signals for the 

MALAT1 triple helix, but not for the MENβ and PAN triple helices (Fig. 1.28B-D). 

Thus, these data show that compound 5 selectively binds only the MALAT1 triple 

helix.  

 In addition to the selectivity of compound 5, we were also able to map the 

interacting region by assigning the peaks that appeared in the STD spectrum. The 

positive peaks in the STD spectrum appear when the magnetization is transferred 

from the MALAT1 triple helix (receptor), which indicates that these peaks belong 

to compound 5 (ligand) protons that are close to the RNA. A peak at 6.55 ppm 

(labeled with blue asterisk in Fig. 1.28A,B) and four peaks between 6.85 – 7.20 

ppm (labeled with red asterisks in Fig. 1.28A,B) in the MALAT1 STD spectrum are 

resonances of protons on the methyl-substituted imidazole ring and the para-

methoxy phenyl ring, respectively. These results suggest that these moieties in 

compound 5 are interacting with the MALAT1 triple helix. The proton on the 

imidazole ring, in particular, had the highest % STD (Fig. 1.27B), indicating that 

the imidazole ring may be the closest to the RNA.  
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 We also tested 13 different compound 5 analogs using the STD NMR (Fig. 

1.29 and A.2). Nine compounds showed binding with the MALAT1 triple helix and 

two compounds were weak-binder. Compound 50 and 51 were non-binders 

showing no STD signal. The binding of these compounds may be perturbed due 

to the steric hindrance caused by the large functional groups that have been 

substituted. The STD spectra for all the binding compounds commonly showed the 

highest signal for the proton on methyl-substituted imidazole ring. Even the weak-

binders showed the STD signal for this proton. Taken together, these results 

suggest that the imidazole ring is closely interacting with the RNA. 

Figure 1. 28 Selectivity of compound 5 65 (A) 1D reference spectrum of compound 5. (B-D) STD 
spectra compound 5 with MALAT1, MENβ, and PAN triple helices, respectively. The STD signals 
for compound 5 appear with MALAT1 triple helix but not with MENβ and PAN, which highlights the 
selectivity of compound 5.  
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4.4 Effect of compound 5 on the MALAT1 triple helix 

 To examine the structural change of the MALAT1 triple helix upon binding 

of compound 5, we performed a titration and recorded 15N-1H HSQC spectra at 

15 °C. A 0.3 mM of uniformly 15N-labeled RNA sample was titrated with compound 

5 at a final concentration between 0 – 1.2 mM. Fig. 1.30 shows an overlay of the 

titration results: the spectrum without compound 5 in black and the spectrum with 

1.2 mM of compound 5 in red. The results show no significant change in the 

chemical shifts of imino peaks upon binding of compound 5 (Fig. 1.30). Similar 

results were observed when the compound was titrated into a 13C labeled RNA 

sample for monitoring C8 and C6 residues (data not shown). These results suggest 

Figure 1. 29 Analogs of compound 5. 13 different analogs were tested. The results showed that 
9 compounds are a relatively strong binders. Two compounds are weak-binders and two 
compounds are non-binders.  
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that there is no dramatic change in the structure of MALAT1 triple helix upon 

binding compound 5.  

However, we did observe significant changes in signal intensity for a few 

peaks due to line-broadening. It is commonly understood that both slow tumbling 

or chemical exchange can cause line-broadening.92 The effect of slow tumbling is 

caused by the large molecular weight of the interacting molecule. In this case, the 

signal intensity of all RNA peaks would decrease in a similar extent.92 Since 

compound 5 is a small molecule (323 Da), it is unlikely that the observed line-

broadening is due to the slow tumbling. In this case, the broadening may be due 

to the intermediate or slow exchange between free and bound states of the RNA.92  

For each peak, we analyzed the relative intensity change described as 

(𝐼0 − 𝐼5) 𝐼0⁄ , where 𝐼0 and 𝐼5 are the signal intensities in the absence and presence  

Figure 1. 30 Compound 5 titration at 15 °C. A 0.3 mM RNA sample was titrated with compound 

5 in the final concentration ranging between 0 – 1.2 mM. There was no significant change in the 
chemical shifts upon binding of compound 5, however, we observed line-broadening of few peaks. 
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Figure 1. 31 Analysis of relative intensity changes upon binding of compound 5. (A) For each 
peak, the change in relative intensities upon binding of compound 5 was calculated. The change 
in relative intensity was calculated according to: (𝐼5 − 𝐼0) 𝐼0⁄ , where 𝐼0 and 𝐼5 are the peak intensity 
in the absence and presence of compound 5, respectively. (B) Surface representation of the 
MALAT1 triple helix. The upper triple helix residues that showed a significant change in the relative 
intensity upon binding compound 5 are colored with magenta and red. 
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of compound 5, respectively (Fig. 1.31A). From the analysis, we identified a few 

residues that had a greater change in the signal intensity compared to the other 

residues. Interestingly, the identified residues, U13, U15, U16, U39, U40, and G41, 

are on the major groove of the upper triple helix region (colored with magenta and 

red in Fig. 1.31A,B). U40, in particular, had the most dramatic effect upon binding 

with compound 5 (colored red in Fig.1.31A,B). This result suggests that the major 

groove of the upper triple helix may be the binding pocket of the compound 5. This 

is also in agreement with a molecular docking model, which showed compound 5 

interacting with the residues on the major groove of upper triple helix.65 

 

4.5 Discussion 

 As a potential therapeutic method, we have identified small molecules that 

can selectively target the MALAT1 triple helix. Schneekloth and Le Grice group 

performed an initial high-throughput screening using the SMM assay. Starting from 

~26,000 compounds, two compounds were identified that reduced the MALAT1 

accumulation level in MMTV-PyMT tumors.65 Although the SMM approach allows 

the screening of a large number of compounds, one end of the small molecules is 

covalently linked to the surface of the glass slides and thus has limited accessibility. 

Therefore, an alternative method is required to confirm the binding between the 

flexible small molecules and the target RNA. To confirm the direct binding between 

the small molecules and the MALAT1 triple helix, we performed the STD 

experiment. The binding affinity of the identified small molecules was in the 
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appropriated range for the STD NMR measurements.65 Our STD data confirmed 

the selective binding between the MALAT1 triple helix and compound 5.  

 Spector’s group monitored the effect of compound 5 in the MMTV-PyMT 

tumor organoids. Treatment of the tumor with the compound caused a reduction 

of MALAT1 accumulation level and branching morphogenesis, which were the 

same effects as MALAT1 knockout using ASOs.15, 65 Contrary to our expectation, 

there was no dramatic structural change of the MALAT1 triple helix upon binding 

of compound 5 (Fig. 1.30). This suggests that the MALAT1 triple helix is a very 

stable structure and binding with a small molecule is not enough to perturb or 

completely disrupt the formation of the triple helix. Although there were no 

significant chemical shift perturbations, we observed line-broadening for several 

peaks (Fig. 1.30). The most dramatic changes in the peak intensity were observed 

for the residues in the major groove of the upper triple helix region. This suggests 

that the binding pocket for compound 5 is in the upper triple helix region, which is 

in agreement with a previous docking model.65  

 Furthermore, we analyzed the effect of compound 5 on the stability of the 

MALAT1 triple helix by measuring the imino proton exchange rate (data not shown). 

The data indicated reduced stability for some residues but others had increased 

stability, which resulted in no significant change in overall stability. FRET analysis 

by Baird group also showed no significant change in the overall stability in the 

presence of Mg2+. However, binding of compound 5 resulted in increased stability 

of the MALAT1 triple helix in the absence of Mg2+.65  
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This was unexpected as our initial hypothesis was that the observed 

reduction of cancer development is mainly due to the destabilization of the triple 

helix. A possible explanation for these observations is that the binding of 

compound 5 can affect the interactions between the MALAT1 triple helix and other 

biomolecules, which may lead to inhibition of the tumor growth. In fact, many of the 

bioactive small molecules bind in the RNA – protein interfaces.80 Although binding 

of compound 5 did not lead to the destabilization or structural changes of the 

MALAT1 triple helix, it may perturb the interaction between the triple helix and 

other proteins or nucleic acids.  

As a matter of fact, there has been a study, which identified a protein that 

interacts with the MALAT1 triple helix. This study showed that methyltransferase-

like protein 16 (METTL16) binds the MALAT1 triple helix.93 This protein is predicted 

to be an RNA methyltransferase that methylates the N6 position of adenine. The 

mutational analysis of the triple helix region suggested that the upper triple helix is 

important for the binding of the METTL16. Although the functional role of this RNA 

– protein interaction is unknown, the disruption of this interaction could lead to a 

reduction of cancer development. Since the predicted binding pocket for 

compound 5 is also in the major groove of the upper triple helix, binding of 

compound 5 may disrupt this RNA-protein interaction. However, further studies 

have to be performed in order to test whether compound 5 can actually affect the 

interaction between METTL16 and the MALAT1 triple helix.   
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5. Materials and Methods 

5.1 Sample preparation 

RNA samples were prepared by in vitro transcription using T7 RNA 

polymerase.94  Uniform 15N- labeled rNTPs (Cambridge Isotope Laboratories, Inc 

(MA)) or unlabeled rNTPs (Chem-Impex, Inc (IL) were used depending on the 

sample requirements. For the SL construct, a synthetic DNA template (Integrated 

DNA Technologies, Inc (CA)) and an RNA polymerase promoter sequences (5′-

CTA ATA CGA CTC ACT ATA G-3′) were used as a template. Poly(A) tail for the 

trans construct was purchased from Dharmacon, Inc (IL). For the MALAT1 core 

cis construct, a double-stranded DNA template was prepared by polymerase chain 

reaction (PCR) reaction. The template for the cis construct included RNA 

polymerase promoter, MALAT1 core cis, and Hepatitis delta virus (HDV) 

sequences.95 HDV sequence was added to give homogeneity of 3’ end in poly(A) 

tail.  

The transcription reaction contained the following components: 40 mM Tris-

HCl (pH 8.0), 1 mM spermidine, 10 mM dithiothreitol (DTT), 0.01 % Triton X-100, 

300 nM DNA template, 20 % DMSO, 2 units/ml of thermostable inorganic 

pyrophosphatase (New England BioLabs, MA) and 0.1 mg/ml T7 polymerases for 

10 ml reaction volume. For the SL construct, 300 nM promoter sequence and 400 

mg/ml PEG were also included in the transcription buffer. The concentration of 

rNTPs and Mg2+ were optimized to obtain maximum yields. Transcribed RNAs 

were purified by gel extraction followed by electroelution. The eluted sample was 

solvent exchanged into the distilled H2O (Fisher Scientific, Inc (NH)) using 3K 
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MWCO tube (Fisher Scientific, Inc (NH)). The RNA was diluted to the concentration 

below ~ 0.1 mM then folded by heating up to 95 °C for 3 min followed by adding 

10X NMR buffer and snap-cooled on ice for 15 min. The folded sample was then 

solvent exchanged and concentrated into 1X NMR buffer (10 mM potassium 

phosphates, 50 mM KCl, 1 mM MgCl2, 0.1 mM EDTA (pH 6.5)) for 2 – 3 times. 

Finally, NaN3, DSS, and D2O were added to a final concentration of 0.02 %, 20 μM, 

and 10 %, respectively. The final RNA concentrations ranged between 0.5 – 1 mM.  

 

5.2 Inversion recovery experiment 

The inversion recovery experiments were performed on a 600 MHz Bruker 

spectrometer. A modified 15N-1H imino HSQC experiment was used as described 

in earlier works with a hard Watergate pulse scheme for the water repression.71-73 

For the selective inversion of water protons, 180° refocusing band-selective 

uniform response pure-phase (REBURP) pulse was used with a pulse length of 

8.5 ms.96 The spectra were recorded with 16 – 21 different delay points. The delay 

points were between 2 ms and 2.4 s. 32 scans were used for each spectrum and 

the recycling delay was set to 4 s. Spectra were processed and the peak intensities 

were analyzed using Topspin (Bruker). 
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5.3 Estimation of proton transfer rate (𝒌𝒕𝒓) 

5.3.1 External proton transfer rate (𝒌𝒕𝒓,𝒆𝒙𝒕) measurements 

 𝑘𝑡𝑟,𝑒𝑥𝑡  was measured using free GTP and UTP as described in earlier 

works.71, 72 5 mM of GTP and UTP were dissolved in the NMR buffer (see section 

5.1). 1D 1H spectra were collected with 512 scans at the temperatures between 1 

– 6 °C. The spectra were processed with Topspin (Bruker) and the line-width was 

obtained by deconvolution of the imino signals. 𝑘𝑡𝑟,𝑒𝑥𝑡 was calculated using eq 

1.14 and 1.15.  

 

5.3.2 Internal proton transfer rate (𝒌𝒕𝒓,𝒊𝒏𝒕) measurements 

 The estimation of 𝑘𝑡𝑟,𝑖𝑛𝑡 was performed as described in earlier works.72, 73 

The inversion recovery experiments were repeated as described in section 5.2 

using different catalyst (phosphate ions) concentrations. 𝑘𝑒𝑥 was measured with 

low (10 mM potassium phosphates, 50 mM KCl, 1 mM MgCl2, 0.1 mM EDTA (pH 

6.5)) and high (50 mM potassium phosphates, 10 mM KCl, 1 mM MgCl2, 0.1 mM 

EDTA (pH 6.5)) phosphate concentrations. The ratio ( 𝑞 ) of externally and 

intrinsically catalyzed rate and its temperature dependence were derived from the 

temperature dependence of 𝑘𝑒𝑥  in different buffer conditions. 𝑘𝑡𝑟,𝑖𝑛𝑡  was 

calculated using 𝑞 and 𝑘𝑡𝑟,𝑒𝑥𝑡.  
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5.4 Saturation transfer difference NMR  

The STD experiments were performed at 283.15 K on a 600 MHz Bruker 

spectrometer equipped with a cryoprobe. NMR samples contained 5 μM RNA in 

NMR buffer. Compound 5 was added as a stock solution in DMSO-d6 to a final 

concentration of 150 μM and 4% DMSO-d6. The final volume of each NMR sample 

was 300 μl and DSS was used as an internal standard. STD experiments were 

performed as described previously86 using a standard Bruker pulse (stddiffesgp.3) 

with a 2 s saturation time and excitation sculpting for water suppression with 2 ms 

sinc pulses.97 The RNA protons were saturated with a train of 50 ms Gaussian-

shaped pulses. For selective saturation the nucleobase region of the MALAT1 

triple helix and MENβ, the on-resonance irradiation frequency was set to 6.46 ppm. 

For PAN RNA, the on-resonance irradiation frequency was set to 5.90 ppm. The 

off-resonance irradiation frequency was set to 40000 Hz (≈ 67 ppm). A total of 128 

scans with 16 dummy scans were collected for each. A second control experiment 

was performed in the absence of RNA to ensure that 5 resonances were not being 

excited. Spectra were processed in Topspin (Bruker). 
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6. Conclusion and future direction 

6.1 Summary of work 

Considering that the MALAT1 triple helix may be a potential therapeutic 

target for cancer, it is important to understand its stability in greater detail. In 

addition to the previous reports on the global stability of the MALAT1 triple helix,65, 

66 we examined its local stability via NMR spectroscopy. The imino proton 

exchange rates for individual base-pairs were measured using an inversion 

recovery experiment. Analysis of the exchange rates revealed that C72-G41 and 

G41-C42 base-pairs were the most stable base-pairs within the triple helix with 

relatively high ∆𝐺𝑑𝑖𝑠𝑠  values. These residues have a large contribution to the 

stabilization of the triple helix. Moreover, a comparison of TC, determined from the 

linear correlation plot of ∆𝐻𝑑𝑖𝑠𝑠  and ∆𝑆𝑑𝑖𝑠𝑠 , and the melting temperature (Tm) 

suggests that the first melting transition corresponds to the global unfolding of the 

triple helix region. In addition, the second transition in the melting profile 

corresponds to the unfolding of the stem II. Further analysis suggests that the 

presence of stem II contributes to stabilizing the triple helix region. Finally, we have 

examined the effect of Mg2+ on the MALAT1 triple helix. Although Mg2+ has no 

dramatic effect on the formation of the secondary structure, it contributes to 

stabilizing the MALAT1 triple helix. 

We also screened small molecules to identify compounds that selectively 

target the MALAT1 triple helix and thus might serve as a potential therapeutic for 

cancer treatment. More than 20,000 compounds were screened with SMM 

screening and two compounds, compound 5 and 16, were identified by Le Grice 
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and Schneekloth group.65 We then performed STD experiments to confirm the 

direct interaction between these compounds and MALAT1 triple helix. Due to the 

solubility issues of compound 16, the NMR studies focused on compound 5. The 

STD results indicate that compound 5 binds to MALAT1 triple helix and the 

analysis of % STD suggests that the imidazole ring of compound 5 is most closely 

interacting with the RNA. Moreover, STD experiments on compound 5 analogs 

further demonstrated the importance of the imidazole ring for binding. Furthermore, 

we performed the STD experiment on other triple-helical RNAs, PAN and MEN β, 

and confirmed the selectivity of compound 5 for MALAT1. Monitoring the RNA 

peaks upon binding of compound 5 showed no significant chemical shift 

perturbations indicating no dramatic change in the RNA structure. However, we 

observe large changes in relative peak intensities for several peaks, which 

suggests a slow-to-intermediate exchange of free and bound states of RNA. 

Interestingly, the identified residues were on the major groove of the upper triple 

helix region suggesting that this region may be the binding pocket for compound 

5. This agrees with a molecular docking model, which showed compound 5 binding 

the major groove of the upper triple helix region. 

 

6.2 Future direction 

 There are more aspects of the MALAT1 triple helix that can be further 

investigated. For the analysis of the stability, we can mutate some of the key 

residues within the triple helix and monitor how those mutations affect the stability 

of other residues by repeating the inversion recovery experiment. In vivo and in 
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vitro assays in earlier studies have shown that some of the mutations cause the 

complete abolition of the RNA accumulation level.39-41, 66 However, these studies 

have not shown whether these mutations lead to a partial or complete disruption 

of the triple helix. It would be interesting to analyze to what extent the triple helix 

is perturbed due to these mutations and whether partial disruption is enough to 

cause complete removal of RNA accumulation.  

 In addition, syntheses of compound 5 analogs that are more soluble and 

have a greater binding affinity are needed. Due to the limited solubility of this 

compound, we were not able to test the higher concentration of compound 5. 

Although we did not observe significant structural changes of the triple helix in the 

current condition, more noticeable structural changes could occur with a higher 

concentration of the compound. Moreover, a compound with a better binding 

affinity could cause a more significant change in structure and stability. As an 

alternative compound, Hargrove’s group recently identified a small molecule that 

can target MALAT1 triple helix with a greater binding affinity.98 It would be 

interesting to test whether this compound has a greater effect on the structure and 

stability of the triple helix. 

 Lastly, we can examine whether the binding of compound 5 perturbs the 

RNA – protein interaction. As indicated in section 4.5, METTL16 binds to the 

MALAT1 triple helix and the upper triple-helical region is important for this 

interaction.93 Since compound 5 is binding to the major groove of the upper triple 

helix, testing whether this compound affects the RNA – protein interaction will 

provide better insights on the effect of the compound in the cell.   
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Part 2 

Deleterious Effects of Carbon-Carbon Coupling 

on RNA NMR Dynamics 

Adapted from a manuscript by Nam, H.; Becette, O.; LeBlanc, R.M.; Oh, D.; 

Case, D.A.; Dayie, T.K.  

(H.N designed the experiments, prepared the site-selectively labeled purines, 

and performed all the relaxation measurements and simulations. O.B prepared 

the site-selectively labeled pyrimidines. O.B and D.O prepared RNA samples for 

the dynamics measurements. R.L collected the preliminary data. D.C calculated 

CSA tensor values. T.K.D simulated the CSA contributions to the relaxation 

rates. H.N and T.K.D wrote the manuscript with inputs from all co-authors.) 
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 1. Introduction 

1.1 Studies on RNA Dynamics 

The biological function of many regulatory RNAs depends on both the 

structure and dynamics of the molecule. Studies continue to show that dynamic 

exchanges of RNA molecules occur over a wide range of timescales that are 

important for their biological activity.99, 100 Riboswitches, for example, undergo 

dynamic conformational changes in response to ligand binding to regulate gene 

expression at the level of transcription, splicing, or translation.101, 102 Similarly, 

interhelical motions of tRNA can significantly change the relative orientation of 

helical domains and affect the formation of tRNA-protein, tRNA-ribosome 

complexes.103 Furthermore, active sites of ribozymes are conformationally flexible 

and can undergo dynamic change during catalytic cycles to form reactive 

structures.104, 105  

To better understand these dynamic properties of RNA molecules, different 

biophysical tools such as cryo-EM106, 107, small molecule FRET108, and time-

resolved X-ray crystallography109 have been applied. Among these tools, NMR 

spectroscopy enables the direct monitoring and quantification of dynamic motions 

at atomic resolution. The two commonly measured dynamic parameters comprise 

longitudinal (R1) and transverse (R2) relaxation rates.110, 111 The R1 relaxation rate 

measures the return of the longitudinal magnetization to thermal equilibrium 

whereas the R2 relaxation rate measures the decay of x- and y- magnetization 

(loss of coherence as individual spins experience slightly different resonance 

frequencies). The relaxation rates R1 and R2 are directly related to spectral density 
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functions, J(ω), which describes the probability of finding dynamic motions at a 

given frequency (ω). In addition to R1 and R2, hNOE measures the change in 

heteronuclear spin magnetization in response to saturating protons spins and can 

provide meaningful information on rotational diffusion, correlation time, internal 

motions, and flexibility.112, 113 

In proteins, dynamic motions are typically measured using 15N nuclei in the 

amide backbone.110, 114 For RNAs, 15N nuclei are only present in the bases and 

due to the water exchange properties of imino protons 15N nuclei are suitable 

reporters of hydrogen-bonding and dynamics of base-paired guanine and uracil 

bases115; solvent exposed imino regions are usually broadened beyond detection. 

Nonetheless, 15N chemical shift is very sensitive to RNA secondary structure and 

makes imino 15N relaxation measurements a useful complement for characterizing 

the secondary structure of RNA. The limited availability of suitable imino nitrogen 

probes has necessitated the use of primarily protonated carbons as alternative 

relaxation probes. These carbon sites are found in all the ribose sugar moiety (C1', 

C2', C3', C4', and C5') and all 4 bases (C2-Ade, C8-Ade, C8-Gua, C5-Cyt, C6-Cyt, 

C6-Cyt, C6-Ura). Thus, 13C relaxation measurements can potentially provide a 

more complete coverage of the structure necessary to obtain further insights into 

dynamic properties of these RNAs.  
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1.2 Effect of dipolar coupling on relaxation measurements 

Despite the greater number of detectable 13C nuclei in RNA compared to 

15N nuclei, there are significant challenges that complicate measurements and 

analysis of 13C relaxation. First in uniformly labeled RNA, 13C spins do not 

approximate an isolated 2-spin system; these carbon sites are linked by intricate 

multi-bond couplings to other 15N, 13C, and 1H nuclei and positioned within 2.5 Å 

of several nuclei. These extensive dipolar couplings between adjacent carbons 

complicate analysis of the carbon relaxation rates.116-118 The relative contribution 

to the relaxation of a 13C nucleus from covalently attached carbon and proton spins 

can be determined according to the following approximation:116 

  
𝜌CC

𝜌HC
≈ 

(𝜔C𝜏C)
2

3
(
𝛾C
2

𝛾H
2) (

𝑟HC

𝑟CC
)
6
                                    (2.1) 

where ρic is the contribution to the selective relaxation rate of the 13C nucleus from 

an attached proton or carbon, γj is the gyromagnetic ratio of spin j, rij is the distance 

between spins i and j, 𝜔C is the Larmor frequency of carbon, and 𝜏C is the overall 

molecular tumbling time. As shown in eq 2.1, the contribution of the attached 

carbon relative to the attached proton on the 13C relaxation rate is proportional to 

the square of the overall correlation time.  

Previous works have shown that uniform isotopic labeling negatively 

impacts longitudinal relaxation rate measurements in proteins and nucleic acids; 

discrepant R1 measurements increase with increased 𝜏C as captured by eq 1.116, 

118-124 Comparison of uniformly 13C labeled and alternate site 13C labeled adenine 

ribonucleotide monophosphate (rAMP) showed greater difference in relaxation 
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rate with larger 𝜏C, again in agreement with eq 2.1.118 These network of carbon-

carbon couplings hinder accurate measurements and complicate extraction of 

relaxation rate constants. These prior works suggest that the interpretation of 

relaxation measurements to determine dynamic models of macromolecules can 

be erroneously impacted especially for biopolymers of large size (𝜏C > 7 ns).  

Here we extend those earlier studies and address the significant effect of 

adjacent 13C on RNA dynamics measurements for not just longitudinal but also 

transverse and cross-relaxation measurements in RNA. We transcribe various 

RNAs in vitro using uniform or site selective labeled ribonucleoside-5’-

triphosphates (rNTPs). The site-selective labeled rNTPs, synthesized in house 

using chemo-enzymatic methods (Fig. 2.1A), are strategically enriched with 13C-

isotopes at the ribose C1', purine C8, and pyrimidine C6 carbon sites (Fig. 2.1B).125, 

126 TROSY-detected pulse sequences121 are used to measure carbon R1, on-

resonance R1ρ rates and hNOE for RNAs with sizes varying between 14 to 61 nt. 

We also compare our experimental results with the computational simulation of 

relaxation rates. Our simulation includes the effect of dipolar coupling of nearby 

nuclei calculated using X-ray crystal coordinates derived distances and CSA effect 

of each nuclei using values derived from density functional theory (DFT) 

calculation. Such an approach allows us to compare theoretical predictions with 

experimentally measured values.  
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2. 13C Longitudinal Relaxation (R1)  

2.1 Simulation of 13C longitudinal relaxation (R1) 

Longitudinal relaxation (R1) is one of the most commonly measured 

relaxation parameters to obtain dynamics information on biomolecules.110, 114, 121 

The longitudinal relaxation rate of the 13C spin is given by the equation116, 127, 128: 

Figure 2. 1. Synthesis of site-selective label by chemo-enzymatic method. (A) Outline of NTP 

synthesis by chemo-enzymatic methods. Enzymes in step A includes RK and PRPPS. Enzymes 

in Step B includes MK and CK for ATP synthesis, GK and CK for GTP synthesis, UMPK and CK 

for UTP synthesis. UTP is converted to CTP using CTPS. For all steps MK and CK is added for 

dATP regeneration.  (B) Scheme of four nucleotides used for the study. C1' on ribose (cyan) was 

labeled for all nucleotides. C8 position on base was labeled (magenta) for ATP and GTP. For 

pyrimidines, C6 position on base was labeled (magenta) and H5 position was deuterated (yellow).   

Enzyme abbreviation RK: ribokinase (E.C. 2.7.1.15), PRPPS: ribose-phosphate diphosphokinase 

(E.C. 2.7.6.1), MK: myokinase (E.C. 2.7.4.3), CK: creatine kinase (E.C. 2.7.3.2), GK: guanylate 

kinase (E.C. 2.7.4.8), UMPK: UMP kinase (E.C. 2.7.4.22), CTPS: CTP synthetase (E.C. 6.3.4.2) 
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𝐾 − 𝐶𝑧
𝐾,0) −∑σ𝐶𝐾,𝐶𝑖(𝐶𝑧

𝑖 − 𝐶𝑧
𝑖,0

𝑖

) −∑σ𝐶𝐾,𝐻𝑗(𝐼𝑧
𝑗 − 𝐼𝑧

𝑗,0)

𝑗

 (2.2) 

where 𝐶𝑧
𝐾 is the longitudinal magnetization of carbon 𝐾, 𝐶𝑧

𝐾,0 is the equilibrium 

longitudinal magnetization, 𝐶𝑧
𝑖 and 𝐼𝑧

𝑗 are longitudinal magnetizations of directly 

attached carbon 𝑖 and proton 𝑗, respectively. 𝑅1,𝐶𝐾  is auto-relaxation rates and σ is 

cross-relaxation rates given by following equations116, 127:  

                            𝑅1,𝐶𝐾 =∑𝑅1,𝐶𝐾,𝐻𝑖
𝑖

+∑𝑅1,𝐶𝐾,𝐶𝑗
𝑗

+ ∑𝑅1,𝐶𝐾,𝑁𝑗
𝑗

+ 𝑅1,𝐶𝑆𝐴                  (2.3) 

                             σ𝐶𝐾,𝑖 =
1

10
𝑑𝐶𝐾,𝑖

2[6𝐽(𝜔𝐶𝐾 + 𝜔𝑖) − 𝐽(𝜔𝐶𝐾 − 𝜔𝑖)]                          (2.4) 

in which  𝑅1,𝐶𝐾,𝑖, 𝑅1,𝐶𝑆𝐴, and 𝑑𝐶𝐾,𝑖 are116, 127: 

                          𝑅1,𝐶𝐾,𝑖 =
1

10
𝑑𝐶𝐾,𝑖

2[3𝐽(𝜔𝐶𝐾) + 6𝐽(𝜔𝐶𝐾 + 𝜔𝑖) + 𝐽(𝜔𝐶𝐾 − 𝜔𝑖)]             (2.5) 

                                                        𝑅1,𝐶𝑆𝐴 = 
1

10
𝐶𝐶𝐾

2[3𝐽(𝜔𝐶𝐾)]                                             (2.6) 

                                                               𝑑𝐶𝐾,𝑖 =
𝜇0𝛾𝐶𝐾𝛾𝑖ℎ

8𝜋2𝑟3
                                                         (2.7) 

Eq 2.2 shows that the longitudinal relaxation rates have contribution from both 

auto-relaxation rate (𝑅1,𝐶𝐾) and cross-relaxation rate (σ𝐶𝐾,𝑖) between neighboring 

spins. σ𝐶,𝐻 can be neglected since it is generally 2 – 3 orders of magnitude smaller 

than auto-relaxation rate and C – C cross-relaxation is experimentally suppressed 

as previously described.116, 121 Therefore, the major contribution to the longitudinal 

relaxation rates comes from auto-relaxation rates. As shown in eq 2.3, auto-
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relaxation rate (𝑅1,𝐶𝐾 ) incorporates 𝑅1,𝐶𝐾,𝐻𝑖 , 𝑅1,𝐶𝐾,𝐶𝑗 , and 𝑅1,𝐶𝐾,𝑁𝑗  terms: these 

represent dipolar interaction of carbon K with its directly attached proton, other 13C 

nuclei, and 15N nuclei respectively. In addition 𝑅1,𝐶𝐾 includes 𝑅1,𝐶𝑆𝐴, representing 

CSA relaxation mechanism of carbon K. 𝐶𝐶𝐾  is a CSA constant for carbon K, 

defined as  𝜔𝐶𝐾∆𝜎𝐶𝐾/√3 , where ∆𝜎𝐶𝐾 = √𝜎𝑥
2 + 𝜎𝑥2 − 𝜎𝑥𝜎𝑦 , 𝜎𝑥 = 𝜎33 − 𝜎11 , and  

𝜎𝑦 = 𝜎33 − 𝜎22 . 𝜎11 , 𝜎22 , and 𝜎33  are the principal components of the chemical 

shielding tensor.129-131 𝐽(𝜔) is a spectral density function which is assumed to be 

a Lorentzian 𝐽(𝜔) =
𝜏𝐶

1+(𝜔𝜏𝐶)2
, 𝛾𝑖 is the gyromagnetic ratio of spin 𝑖, 𝑟 is the distance 

between the two spins and ℎ is Plank’s constant.   

We utilized these equations to analyze and compare the relaxation rates of 

uniform and site selective labeled NTPs. Unlike the auto-relaxation rate of C6 on 

selectively labeled pyrimidines (𝑅1,𝐶6
𝑠), that of C6 on uniformly labeled pyrimidines 

(𝑅1,𝐶6
𝑢) includes dipolar contributions from 13C labeled C2, C4 and C5 (𝑅1,𝐶6,𝐶𝑖), as 

well as the dipolar contributions from 15N labeled N1 and N3 (𝑅1,𝐶6,𝑁𝑖). Of great 

interest the 𝐽(𝜔𝐶𝐾 − 𝜔𝑖) term in eq 2.5 is proportional to 𝐽(0) when spin 𝑖 is carbon, 

which increases with increasing 𝜏C (Fig. 2.2). Thus, increased dipolar contributions 

from the neighboring carbons are expected with greater 𝜏C. Among all the 𝑅1,𝐶6,𝐶𝑖 

terms, 𝑅1,𝐶6,𝐶5 is a major contributor to the difference between 𝑅1,𝐶6
𝑠 and 𝑅1,𝐶6

𝑢, as 

C5 is the closest carbon to C6 and, thus, 𝑑𝐶6,𝐶5 is greater than other 𝑑𝐶6,𝐶𝑖. This 

predicts C5 having the largest dipolar contributions to the 𝑅1,𝐶6
𝑢. Similarly, 𝑅1,𝐶1′

𝑢 

includes 𝑅1,𝐶1′,𝐶2′  term in contrast to 𝑅1,𝐶1′
𝑠 , which leads to a greater deviation 
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between 𝑅1,𝐶1′
𝑢  and 𝑅1,𝐶1′

𝑠  as 𝜏𝐶  increases. On the other hand, because C8 in 

purines do not have directly bonded carbon neighbors, dipolar contributions for C8 

are usually assumed to be relatively small compared to CH-groups in pyrimidines 

or ribose moieties. However, the contributions from neighboring 2-bond carbons, 

such as C4 and C5 carbons, increase for large RNAs (𝜏C > 20ns).  

Simulation of auto-relaxation rates for uniform and site selective labeled C6 

in UTP (Fig. 2.3A) and C8 in ATP (Fig. 2.3B) predict discrepant rates between 

them. The internuclear distances used for the simulation of dipolar effect were 

calculated from the structural coordinates. The distances for 1H6 – 13C6, 13C6 – 13C5, 

13C6 – 13C4, 13C6 – 13C2, 13C6 – 15N1, 13C6 – 15N3, 1H8 – 13C8, 13C8 – 13C6, 13C8 – 13C5, 

Figure 2. 2. A simulation of spectral density function at 800 MHz. The simulation shows 

dramatic increase of 𝐽(0) term with increasing 𝜏C. Compared to the change in the 𝐽(0) 

term, there is no significant changes in other terms with different 𝜏C. 
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13C8 – 13C4, 13C8 – 15N7, and 13C8 – 15N9 are 1.081 Å, 1.349 Å, 2.419 Å, 2.408 Å, 

1.371 Å, 2.658 Å, 1.079 Å, 3.514 Å, 2.118 Å, 2.197 Å, 1.329 Å and 1.372 Å, 

respectively. CSA values, derived from DFT calculation, were taken into account 

for the simulation as well (details are described in supplementary materials). For 

UTP, no notable difference exists between 𝑅1,𝐶6
𝑢 and 𝑅1,𝐶6

𝑠 when 𝜏C is less than ~ 

2 ns, (Fig. 2.3A). However, this difference becomes significant with increasing 𝜏C 

due to increased contribution from 𝑅1,𝐶6,𝐶5  (Fig. 2.3A). Similarly, the calculated 

Figure 2. 3. Simulations of auto-relaxation rates (𝑹𝟏,𝑪𝑲) for uniform- and site-selective labeled 

RNAs and % differences as a function of correlation time (𝝉𝐂).  (A) Simulation of 𝑅1,𝐶6 for U-

labeled RNAs at 800 MHz. 𝑅1,𝐶6
𝑢, 𝑅1,𝐶6

𝑠 and % differences correspond to magenta, cyan and black 

lines, respectively. When 𝜏C is less than ~ 2 ns, there is no notable difference between 𝑅1,𝐶6
𝑢 and 

𝑅1,𝐶6
𝑠 . However, this difference becomes significant with increasing 𝜏C  due to increasing 

contribution from 𝑅1,𝐶6,𝐶5 . (B) Simulation of 𝑅1,𝐶8  for A-labeled RNAs at 800 MHz. 𝑅1,𝐶8
𝑢 , 𝑅1,𝐶8

𝑠 

and % differences correspond to magenta, cyan and black lines, respectively. 𝑅1,𝐶8
𝑢  and 𝑅1,𝐶8

𝑠 

values are comparable for 𝜏C < 10 ns with the differences below ~ 10 % (solid lines). When 𝜏C > 20 

ns, the simulation predicts greater differences reaching ~ 60% at 40 ns (dotted lines). (C) Simulation 

of % differences between  𝑅1,𝐶6
𝑢  and 𝑅1,𝐶6

𝑠  for U-labeled RNAs at different frequencies. (D) 

Simulation of % differences between  𝑅1,𝐶8
𝑢 and 𝑅1,𝐶8

𝑠 for A-labeled RNAs at different frequencies. 

For both 𝑅1,𝐶6 and 𝑅1,𝐶8, greater % differences are predicted with higher frequencies.  
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difference between 𝑅1,𝐶8
𝑢 and 𝑅1,𝐶8

𝑠 values are negligibly small for 𝜏C < 5 ns with 

the differences below ~ 10 % (Fig. 2.3B, solid lines). This is expected since C8 has 

no directly bonded carbon-carbon coupling partners. When 𝜏C  > 20 ns, the 

simulation predicts even greater differences for both UTP and ATP, reaching ~ 90% 

and ~ 60% at 40 ns for C8 and C6, respectively (Fig. 2.3A and B, dotted lines). It 

is noteworthy that purine C8, with no directly attached carbon, also have increased 

dipolar contributions from neighboring 13C labeled carbons. This indicates the 

𝑅1,𝐶8,𝐶𝑖  term, though negligible for 𝜏C  < 5ns, leads to larger difference between 

𝑅1,𝐶8
𝑢  and 𝑅1,𝐶8

𝑠  for 𝜏C  > 20ns. In addition, the simulations of R1 at different 

magnetic fields showed greater % differences at higher fields for both UTP (Fig. 

2.3C) and ATP (Fig. 2.3D). This implies that while NMR experiments at higher 

frequencies may provide results with better resolution and sensitivity, these higher 

fields may paradoxically hinder accurate measurements of R1 for uniform labeled 

RNA sample. 

 

2.2 Dipolar coupling effects on 13C longitudinal relaxation (R1)  

To see how the contribution of neighboring nuclei on R1 rates bear out 

experimentally, uniformly labeled RNAs and site-selectively labeled (Fig. 2.1B) 

RNA samples of three different sizes (14, 29 and 61 nt) were prepared to examine 

how the contribution on R1 rates varies with the size of the macromolecules. The 

measurements were performed at 25 °C and 800 MHz for all RNAs. In agreement 

with the simulations, there were no notable differences in R1 of uniformly labeled 

(R1u) and site-selectively labeled (R1s) samples for the 14 nt RNA, indicating 
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insignificant carbon-carbon coupling effects for both base and ribose carbon atoms 

(Fig. 2.4A). The average difference in R1 rates were < 5 % (Table 2.1) suggesting 

little to no dipolar coupling effect on R1 relaxation for small RNAs. R1
u and R1

s for 

C8 position on purine for 29 nt RNA were also comparable resulting in an average 

difference of ~2 % (Fig. 2.4B, Table 2.1). The C6 position of pyrimidine and C1' 

position of ribose, however, have directly bonded carbon coupling partners and 

this effect can be observed by the significant differences on R1
u and R1

s (Fig. 2.4B). 

The average difference was ~13 % for C6 and ~ 16 % for C1' showing increased 

contribution of the attached carbon compared to the 14 nt RNA (Table 2.1).  For 

61 nt RNA, the % differences were even greater (Fig. 2.4C, Table 1) indicating 

increased dipolar coupling effects. These results show increasing contribution of 

the adjacent carbon with increasing size of RNA supporting the prediction from eq 

Figure 2. 4. R1 rates of uniformly labeled sample (R1
u) and site-selectively labeled sample 

(R1
s) at 800 MHz. (A) For 14 nt RNA, there were no notable differences between R1

u and R1
s 

indicating no significant carbon-carbon coupling effects for both base and ribose. (B) R1
u and R1

s 

for C8 position on purine for 29 nt RNA were comparable which was expected since C8 is fairly 

isolated with no adjacent carbon-carbon coupling partners. The C6 position of pyrimidine and C1' 

position of ribose, however, have adjacent carbon-carbon coupling partners and this effect is 

reflected in the significant differences on R1
u and R1

s.  (C) For 61 nt RNA, the discrepancies 

between R1
u and R1

s were even greater for C8, C6 and C1' indicating increased coupling effects.  
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2.1 and simulations (Fig. 2.3). The 𝜏C values range between 0 - 15 ns for the RNA 

sizes (14, 29, 61 nt) used for the measurements. In this 𝜏C range, the simulated 

differences between 𝑅1,𝐶6
𝑢 and 𝑅1,𝐶6

𝑠 were within 0 – 25 % (Fig. 2.3A, solid lines). 

This % difference is in agreement with the experimentally observed % differences 

(Table 2.1). For the same 𝜏C  range, calculated differences between 𝑅1,𝐶8
𝑢  and 

𝑅1,𝐶8
𝑠 are between 0 – 15 % (Fig. 2.3B, solid lines). Again, these calculated values 

are in agreement with the observed results in Figure 2.4 and Table 2.1.  

These results are also consistent with the observation that for small nucleic 

acids (𝜏𝐶 < 2 ns) the contribution of carbon-carbon dipolar coupling interaction to 

the relaxation is negligible compared to the proton-carbon interaction (ρCC/ρCH < 0. 

06) at 800 MHz proton frequency. However, for larger nucleic acids the 13C-13C 

Table 2. 1. % Differences between R1
u and R1

s for varying size of RNAs at 800 MHz.  

% differences (= 
 𝑅1

𝑢−𝑅1
𝑠 

𝑅1
𝑢  × 100 %) were calculated for multiple peaks and averaged. Maximum 

and minimum values shows the range of observed values. 
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contribution is no longer negligible (ρCC/ρCH = 0.83 for 𝜏C = 10 ns) (Fig. 2.5). Overall, 

the observed results and simulations suggest necessity of more careful analysis 

of R1 rates for the uniform labeled RNAs, especially when the size is large and 

experiments are conducted at very high fields.  

 

3. Steady-State 1H-13C hNOE  

3.1 Steady-state 1H-13C hNOE measurement 

Accurate measurements of heteronuclear Overhauser effect (hNOE) 

parameters can also provide meaningful dynamics information on biomolecules 

when combined with R1 and R2.112 A value of NOE enhancement, 𝜂 (= NOE-1), is 

defined as the difference between the peak intensity in the irradiated spectrum 

Figure 2. 5. Simulation of ρCC/ρCH as a function of correlation time (𝝉𝑪) at 800 MHz. The 

contribution of carbon-carbon dipolar interaction to the relaxation is negligible compared to the 

proton-carbon interaction (ρCC/ρCH < 0. 06) when 𝜏𝐶 < 2 ns. However, the 13C-13C contribution is no 

longer negligible when 𝜏𝐶 > 2 ns. For instance, ρCC/ρCH = 0.83 for 𝜏C = 10 ns. 

 



92 
 

(𝐼𝑠𝑎𝑡) and the reference non-irradiated spectrum (𝐼𝑟𝑒𝑓) scaled by the signal intensity 

from the reference experiment (𝜂 = (𝐼𝑠𝑎𝑡 − 𝐼𝑟𝑒𝑓) 𝐼𝑟𝑒𝑓⁄ ). The steady-state NOE 

enhancement ( 𝜂𝑆𝑆) of the spin K is given by127, 128: 

                                                                     𝜂𝑆𝑆 = 
𝛾𝑖σ𝑖,𝐾
𝛾𝑋𝑅1,𝐾

                                                        (2.8)   

where σ𝑖,𝐾  is cross-relaxation rate between spin 𝑖 and 𝐾, 𝑅1,𝐾  is auto-relaxation 

rate of spin K and 𝛾𝑖(𝐻) is gyromagnetic ratio of spin 𝑖 (𝐾).  For this experiment, 

proton spins were saturated using hard pulses and the NOE enhancement of C1' 

on ribose is monitored. As shown in eq 2.8, auto-relaxation rate (𝑅1,𝐶1′) of C1' and 

cross relaxation (σ𝐶1′,𝐻1′) between C1' and H1' determines the NOE enhancement 

( 𝜂𝑆𝑆) of the C1'. Table 2.2 shows the results from the steady-state 1H-13C hNOE 

measurements on ribose C1' of a 29 nt RNA. As shown in the Table 2.2, uniformly 

labeled RNA (NOEu) had higher NOE values compared to site-selectively labeled 

RNA (NOEs). These results are also in agreement with the earlier protein work of 

Kay and co-workers116 which showed increased NOE for uniformly labeled alanine 

compared to singly labeled alanine when 𝜏𝐶  is greater than ~ 6 ns. Similarly, 

Table 2. 2. Steady-state 1H-13C hNOE measurements on ribose C1' of a 29 nt RNA.  

NOEu and NOEs represent observed NOE values for uniformly- and site-selectively labeled sample, 

respectively.  
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Engelke and Rüterjans showed the contribution of carbon-carbon interaction in 

protein hNOE measurement and speculated greater effect with larger rotational 

correlation time.132  

Unlike site-selectively labeled ribose, in which only the C1' is isotopically 

enriched, uniformly labeled ribose has both C1' and C2' labeled (Fig. 2.1). Since 

both C1' and C2' has a proton attached, saturation of proton spins enhances the 

longitudinal 13C-magnetization of both carbon positions. Enhanced intensity of the 

C2' can then be transferred to the C1' spin and further increase the intensity of C1' 

as a result of cross relaxation. This effect becomes more significant with greater 

𝜏C  as cross-relaxation rate (σ𝐶1′,𝐶2′ ) for C1' – C2' increases with increasing 

correlation time. In contrast, C2' in site-selectively labeled ribose is unlabeled 

resulting in smaller NOEs compared to NOEu. These NOE results suggest that the 

analysis of steady-state NOE values for the uniformly labeled RNA should be done 

with more care due to the cross-relaxation effect from neighboring carbon spins 

for C1', pyrimidine C5 and C6 carbons. Until now such measurements were 

preferentially omitted for nucleic acids120-122; our selective labels126, 133 make these 

readily accessible and will be useful for mapping the spectral density functions for 

RNA systems.113 

 

 

 

 



94 
 

3.2 Effect of selective pulse on steady-state 1H-13C hNOE measurement 

 Additionally, we applied selective proton saturation pulse for hNOE 

measurements to test whether such pulses can reduce the contribution from 

carbon-carbon interaction for uniformly labeled sample. For site-selectively labeled 

sample, NOE values with the selective proton saturation pulse and the 180° hard 

pulse were comparable indicating negligible effect of selective pulse when there is 

no adjacent carbon (Table 2.3). However, when the same selective pulse was 

applied to the uniformly labeled sample, the NOE values were reduced to values 

close to that of NOEs (Table 2.3). This result suggests that the selective proton 

saturation pulse can be applied as an alternative method to minimize the effect of 

Table 2. 3 Effect of selective pulse on hNOE measurement. NOE values were measured with 
different pulse applied for carbon inversion and proton saturation for uniformly- and site-selectively 
labeled RNA. 

 Selectively labeled sample Uniformly labeled sample 

Carbon  
inversion pulse 

Hard Hard Selective Selective Selective 

Proton  
saturation pulse 

Selective Hard Hard Selective Hard 

Peak NOE NOE NOE NOE NOE 

1 1.20 ± 0.01 1.20 ± 0.02 1.21 ± 0.01 1.20 ± 0.01 1.26 ± 0.01 
2 1.23 ± 0.02 1.25 ± 0.01 1.25 ± 0.01 1.22 ± 0.01 1.32 ± 0.01 
3 1.17 ± 0.02 1.19 ± 0.01  1.18 ± 0.02 1.17 ± 0.01 1.25 ± 0.02 
4 1.23 ± 0.02 1.23 ± 0.03 1.24 ± 0.01 1.22 ± 0.04 1.29 ± 0.01 
5  1.18 ± 0.02 1.19 ± 0.01 1.20 ± 0.02 1.18 ± 0.02 1.27 ± 0.02 
6  1.32 ± 0.03 1.33 ± 0.01 1.35 ± 0.02 1.27 ± 0.01 1.40 ± 0.02 
7  1.28 ± 0.01 1.32 ± 0.04 1.29 ± 0.01 1.20 ± 0.04 1.35 ± 0.06 
8  1.18 ± 0.02 1.19 ± 0.01 1.20 ± 0.01 1.16 ± 0.03 1.24 ± 0.02 
9  1.21 ± 0.01 1.20 ± 0.01 1.22 ± 0.02 1.21 ± 0.01 1.28 ± 0.01 

10  1.17 ± 0.05 1.20 ± 0.03 1.21 ± 0.02 1.17 ± 0.01 1.27 ± 0.03 
11  1.14 ± 0.04 1.18 ± 0.01 1.19 ± 0.02 1.16 ± 0.01 1.24 ± 0.01 
12  1.16 ± 0.05 1.18 ± 0.03 1.20 ± 0.02 1.13 ± 0.04 1.24 ± 0.02 
13  1.28 ± 0.01 1.30 ± 0.03 1.28 ± 0.01 1.26 ± 0.06 1.38 ± 0.02 
14  1.31 ± 0.02 1.33 ± 0.02 1.34 ± 0.01 1.25 ± 0.01 1.39 ± 0.02 
15  1.14 ± 0.01 1.17 ± 0.03 1.17 ± 0.01 1.15 ± 0.01 1.22 ± 0.01 
16  1.20 ± 0.01 1.21 ± 0.03 1.22 ± 0.01 1.19 ± 0.05 1.26 ± 0.01 
17 1.18 ± 0.01 1.17 ± 0.03 1.19 ± 0.01 1.18 ± 0.04 1.26 ± 0.02 
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carbon-carbon coupling on hNOE measurement when uniformly labeled sample is 

used.  

  

4. 13C R1ρ Relaxation Measurement 

The transverse relaxation rate constant (R2) is a measure of the rate at 

which transverse magnetization decays to zero. Unlike R1, R2 provides information 

on the chemical exchange process in biomolecules. Typically, Carr-Parcell-

Meiboom-Gill (CPMG) pulse sequence is used to measure R2 for proteins.117 

However, this is problematic for nucleic acids due to echo-modulation caused by 

the large JCC (38-68 Hz) couplings during the 13C relaxation delay.116, 134 To avoid 

this problem, R1ρ is used as an alternative method of measuring R2 of biomolecules. 

In an R1ρ experiment, a radio frequency field pulse spin-locks the magnetization in 

the rotating frame and relaxation rate constant along the effective field is measured. 

The observed R1ρ rates contain contribution from both longitudinal and transverse 

relaxation and the information on R2 is easily extracted according to 𝑅1𝜌 =

 𝑅1𝑐𝑜𝑠
2𝜃 + 𝑅2𝑠𝑖𝑛

2𝜃 in which 𝜃 =  𝑡𝑎𝑛−1 (
𝜔1

Ω
), 𝜔1 is the strength of the B1 spin-lock 

field (Hz) and Ω is the resonance offset (Hz) from the spinlock carrier frequency. 

In contrast to R1 simulation, which showed significant difference between R1
u and 

R1
s (Fig. 2.2), simulation of R2 showed negligible difference between uniform (R2

u) 

and site-selective (R2
s) labeled sample (Fig. 2.6). The maximum difference 

predicted was less than 5 % for both purine and pyrimidine at all proton frequencies. 
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Therefore, we expected minimum differences in experimentally determined R2
u 

and R2
s as well.   

Figure 2. 6. Simulation of % differences between R2
u and R2

s for (A) UTP and (B) ATP. At all 

frequencies, the differences were less than ~ 5%. The internuclear distances used for simulation 

were same as the values used for the simulation in Figure 2.4.  

R2 relaxation rates and R2,CSA were given by:  

𝑅2,𝐶𝐾,𝑖 =
1

20
𝐷𝐶𝐾,𝑖

2[3𝐽(𝜔𝐶𝐾) + 6𝐽(𝜔𝐶𝐾 + 𝜔𝑖) + 𝐽(𝜔𝐶𝐾 − 𝜔𝑖) + 6𝐽(𝜔𝑖) + 4𝐽(0)] 

𝑅2,𝐶𝑆𝐴 =
1

20
𝐶𝐶𝐾

2[3𝐽(𝜔𝐶𝐾) + 4𝐽(0)] 
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For R1ρ measurements, the potential errors caused by carbon – carbon 

interaction may come from the Hartmann – Hahn transfer during the spin-lock 

period for spins that have comparable chemical shifts. Work by Kay and co-

workers indicated reasonable agreement between R1ρ rates for singly- and 

uniformly-labeled alanine indicating Hartmann – Hahn effects are negligible, 

except for Ser and Thr.116 In addition, Hoogstraten and co-workers compared R1ρ 

rates of uniform and alternate-site labeled rAMP and observed agreement between 

the measurements under some combinations of resonance, spin-lock power and 

𝜏C.118  

In order to reduce the Hartmann – Hahn transfer between scalar coupled 

spins, the R1ρ pulse sequences121 used for the experiment include selective spin-

locks and therefore, minimum discrepancy was expected between R1ρ rate of 

uniformly labeled sample and site-selectively labeled sample. To investigate the 

effect of neighboring carbon, R1ρ experiments were performed at 800 MHz with 1.9 

kHz B1 field on-resonance for a 29 nt RNA and the R2 rates were calculated as 

described earlier. The observed results showed a good agreement between R2
u 

and R2
s for C8 positions giving average difference of ~ 4% (Fig. 2.7). For C6 on 

pyrimidines and C1' on ribose, the average differences were ~7 % which is slightly 

higher than that of C8 (Fig. 2.7). Compared to the differences observed between 

R1
u and R1

s (Fig. 2.2, Table 2.1), R2 measurements showed relatively good 

agreement between uniformly- and site-selectively labeled samples (Fig. 2.7). 

Comparable results were also observed for the R2 rates of 61 nt RNA indicating 

that the increasing 𝜏C has no significant effect on the R2 measurement (data not 
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shown). These results are compatible with the R2 simulation showing small 

difference between R2
u and R2

s (Fig. 2.6). The simulation also shows increasing 

𝜏C has no notable effect on the % differences between R2
u and R2

s. In addition, the 

simulation predicts smaller % differences with higher frequencies, suggesting 

more accurate R2 measurement at higher magnetic field (Fig. 2.6).  

The observed results also suggest minimum Hartmann – Hahn transfer 

effect in R1ρ measurement for uniformly labeled samples. The maximum amount 

of net Hartmann – Hahn transfer between two spins 1 and 2 can be given by 

following equation135: 

                            𝑅1,2
𝑚𝑎𝑥 =

[𝐽1,2
2{1+cos(𝜃1−𝜃2)}

2]

[4(𝜈1,𝑒𝑓𝑓−𝜈2,𝑒𝑓𝑓)
2
+𝐽1,2

2{1+cos(𝜃1−𝜃2)}2]
                           (2.9)      

where 𝐽1,2 is the coupling constants between two spins, 𝜃𝑖 is the spin-lock angle of 

spin 𝑖 defined as described above and 𝜈𝑖,𝑒𝑓𝑓 is the effective field-strength on spin 

Figure 2. 7. R2 rates of uniformly labeled sample (R2
u) and site-selectively labeled sample 

(R2
s) at 800 MHz. R1ρ experiments were performed at 1.9 kHz B1 field on-resonance for a 29 nt 

RNA and the R2 rates were extracted according to 𝑅1𝜌 = 𝑅1𝑐𝑜𝑠
2𝜃 + 𝑅2𝑠𝑖𝑛

2𝜃. The observed results 

showed a good agreement between R2
u and R2

s for C8 positions giving average difference of ~ 

4%. For C6 on pyrimidines and C1' on ribose, the average differences were ~7 % which is slightly 

higher than that of C8. Compared to the discrepancies observed between R1
u and R1

s, R2 

measurements showed relatively good agreement between uniformly- and site-selectively labeled 

samples.  
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𝑖 given by √𝜔2 + Ω𝑖
2. Eq 2.9 predicts low transfer efficiency when the two spins 

have large difference in effective field strengths and relatively small coupling 

constants. Calculating maximum Hartmann – Hahn transfer for C1' and C2' using 

43 Hz for a coupling constant, 1.9 kHz for a spin-lock field strength and 1.7 kHz for 

a difference in effective field results in maximum transfer efficiency < 1 ‰. Similar 

outcomes are observed when calculated for C6 and C5 supporting the 

experimental results showing minimum effect from adjacent carbon for uniformly 

labeled samples. Together with the earlier works116, 118, 121, these results suggest 

that the effect from the neighboring carbon can be safely ignored for the R1ρ 

measurements.   

 

5. Materials and Methods 

5.1 Chemicals and oligonucleotides 

Uniformly labeled rNTPs were purchased from Cambridge Isotope 

Laboratories, Inc (MA), and site-selectively labeled rNTPs were synthesized in-

house using previously reported chemo-enzymatic methods125, 126 An outline of the 

synthesis is described in Fig. 2.1. Synthetic DNA templates and the RNA 

polymerase promoter sequences (5′-CTA ATA CGA CTC ACT ATA G-3′) were 

purchased from Integrated DNA Technologies, Inc (CA). Two nucleotides at the 5' 

end of synthetic DNA templates were modified with 2'-O-methyl group to reduce 

transcription heterigenety.136 Modified T7 RNA polymerases94 used for in vitro 
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transcription were expressed in Escherichia coli BL21(DE3) and purified with a Ni-

chelating Sepharose column (GE Healthcare).  

 

5.2 RNA sample preparation 

RNA samples were synthesized by in vitro transcription using T7 RNA 

polymerases. Sequences are provided in the supplementary materials. The 

transcription conditions used buffer containing 40 mM Tris-HCl (pH 8.0), 1 mM 

spermidine, 10 mM dithiothreitol (DTT), 0.01 % Triton X-100, 300 nM DNA 

template, 300 nM promoter sequence, 2 units/ml of thermostable inorganic 

pyrophosphatase (New England BioLabs, MA) and 0.1 mg/ml T7 polymerases for 

10 ml reaction volume. Concentration of rNTPs and Mg2+, ranging between 5 – 20 

mM, were optimized for each RNAs to obtain maximum yields. After 3-4 hr of 

incubation at 37 °C, RNAs were purified by phenol:choloform extraction, ethanol 

precipitation, and denaturing polyacrylamide gel electrophoresis followed by 

electroelution. Eluted samples were solvent exchanged and concentrated into an 

appropriate buffer (buffer conditions provided in supplementary materials) using 

3K MWCO tube (Fisher Scientific, NH). The samples were then folded by heating 

up to 95 °C for 3 min and snap-cooled on ice for 15 min. Finally, the RNA samples 

were lyophilized and re-suspended in 300 μl of 99.8 % D2O resulting in a final 

concentration of 0.5 – 1 mM.  
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5.3 NMR Measurements 

NMR experiments were performed at 298.15 K on a 800 MHz Avance III 

Bruker spectrometer equipped with a triple resonance cryogenic probe and 

collected data were analyzed using Bruker TopSpin 3.2. TROSY-detected pulse 

sequences for the relaxation measurements were adapted from earlier works.116, 

121 For R1 and R1ρ experiments for uniform labeled samples, selective pulses were 

applied for decoupling as described in the previous work.121 Shape pulses used 

for the on-resonance inversion, on-resonance refocusing, and off-resonance 

inversion were Q3, RSNOB, and Iburp2, respectively. The pulse length for each 

pulses were 937.5 μs, 1000 μs, and 450 μs, respectively. The offset for Iburp2 was 

-8000 ppm.  For site-selective labeled samples, hard 180° pulse was applied 

instead during the second INEPT period. Applying hard pulse instead of the 

selective pulse did not affect the relaxation rates (data not shown). For both 

uniform and site-selective samples, carrier was set to 89.2 ppm for C1' with a 

sweep width of 6.4 ppm. For C6/C8, the carrier was set to 137.8 ppm with a sweep 

width of 10.4 ppm. For all experiments, a recycle delay of 2.5 s was used. Two-

dimensional experiments were performed with 10 delay points including one 

repeated point for error estimation by Monte-Carlo simulation. RELAXFIT MATLAB 

program137 was used to fit the data and calculate the rates and errors. For steady-

state hNOE measurements, 8 s period of proton saturation was applied. Two-

dimensional TROSY spectra were collected with and without the proton saturation. 

Each experiments were performed twice for error calculation. Peak positions and 

intensities were analyzed using TopSpin 3.2 (Bruker) and NOE was calculated 
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( 𝜂 = (𝐼𝑠𝑎𝑡 − 𝐼𝑟𝑒𝑓) 𝐼𝑟𝑒𝑓⁄ ) using the intensities determined from each spectrum. 

Uncertainties in NOE values were calculated by propagating the error in the peak 

intensities.  

 

5.4 Electronic structure calculations 

Calculations were carried out on 1-methyl-uracil and 9-methyl adenine 

using geometries optimized at the MP2/ccpVTZ level of theory. Chemical shielding 

tensors were computed (with GIAO orbitals) at the Hartree-Fock and MP2 levels, 

as well as with a "pure" density functional (OLYP)138 and a "hybrid" model 

(PBE0)139 that includes 25% of Hartree-Fock exchange.  The pcSseg-2 basis, 

which is optimized for chemical shielding calculations140, was used for calculations 

of the shielding tensors.  To test basis set convergence, calculations other than 

MP2 were repeated at the pcSseg-3 basis set level. All calculations used the 

Gaussian-16 program.141 The calculated CSA parameters varied slightly from what 

has been reported from Bax and co-workers142. Simulated relaxation rates showed 

marginal differences when calculated with the CSA parameter from Bax and co-

workers142. However, it did not affect the % difference of relaxation rates between 

uniform and selectively labeled samples.  

 

6. Conclusion 

Although 13C relaxation measurements provide a more complete coverage 

of RNA structural elements than 15N measurements, a number of significant 
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challenges render measurement and analysis of 13C relaxation problematic. 

Foremost being the dipolar coupling network of interactions present in uniformly 

labeled RNA samples. We have therefore carried out dynamic studies, via and 

simulations and experimental NMR measurements on RNAs of varying sizes with 

different labeling patterns, to investigate the effect of adjacent carbon on the 

relaxation measurements. Not unexpectedly, simulations and measurements of R1 

of pyrimidine C6 and ribose C1' positions indicate large discrepancies exists 

between rates extracted using uniformly- and site-selectively labeled samples. 

Predictions, confirmed experimentally, suggest the carbon-carbon coupling effects 

from directly attached carbon hinder accurate dynamics measurements in 

uniformly labeled RNA. Furthermore, the contribution of the neighboring carbon on 

R1 rates increase with increasing 𝜏C , necessitating more careful analysis of 

relaxation data with larger size of RNAs when the sample is uniformly labeled. 

Unexpectedly, simulations and measurements of R1 on purine C8 position show 

larger discrepancy between R1
u and R1

s with increasing 𝜏C , indicating greater 

carbon-carbon coupling effects in large RNAs. This contrasts with prevailing 

assumptions that purine C8 forms an isolated spin system even within the network 

of carbon couplings found in uniformly labeled nucleobases. Moreover, the 

simulations suggest greater contribution on R1 rates at higher magnetic field 

strengths. On the other hand, R2
u and R2

s of C6 and C1' extracted from R1ρ 

measurements showed relatively good agreement suggesting no dramatic effect 

from their attached carbon on R1ρ measurement.  
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Appendices 

Figure A.1. Eyring plots of intrinsic catalysis rates ktr,int of residues in 

MALAT1 triple helix 
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Figure A.2. STD results for compound 5 analogs 
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