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ABSTRACT OF THE THESIS 

 
 

Site-Specific Incorporation of Fluorescent Isomorphic G Surrogate into Hairpin RNA to 
Monitor RIPs Depurination in Real-time 

 
 

by 

 
Deyuan Cong 

 
 

Master of Science in Chemistry 
 
 

University of California San Diego, 2020 
 
 

Professor Yitzhak Tor, Chair 
 
 
 
 

Ribosome-inactivating proteins (RIPs), a family of highly potent toxic proteins, inhibit 

protein synthesis by depurinating a specific adenosine residue within the conserved α-sarcin/ricin 

loop (SRL) of eukaryotic ribosomal RNA. Enzymatic activity of RIPs become a fundamental 

target for preventing the toxicity of RIPs. The fluorescent method is considered to be a 

potentially effective approach to monitor the depurination reaction in real-time. Herein, we 



 xi 

describe an enzyme-mediated approach in which specific G residues besides the active site are 

surgically replaced with fluorescent analog tzG and thG by transcription, phosphorylation and 

ligation. By strategically modifying the key position, the kinetic profile in depurination is 

obtained. In the contrast with traditional 32P labeling results, good agreements in apparent rate of 

kinetics prove the singly modified fluorescent strand is sensitive to microenvironmental change 

and could monitor enzymatic reaction in real-time by steady state fluorescence spectroscopy. 

The difference in active site between the tzG strand and thG strand indicates N7 position in purine 

ring plays an important role in the most of biochemical reaction in terms of stabilizing secondary 

structure.  
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Chapter One: Site-Specific Incorporation of Fluorescent Isomorphic G Surrogate into 

Hairpin RNA to monitor RIPs Depurination in Real-time. 

 
 
 
1.  Introduction 

 

Ribosome-inactivating proteins (RIPs), the family of highly potent toxic proteins act on 

the ribosomal RNA of eukaryotic and prokaryotic cells to inhibit protein synthesis.[1-2] The RIP 

toxins such as saporin extracted from the seeds of Saponaria officinalis, ricin derived from the 

castor bean seed catalyze the depurination reaction by binding to a GAGA tetraloop which is 

highly conserved sarcin-ricin loop of eukaryotic cells.[3-6] Notabaly, the depurination of the first 

adenisine residue of tetraloop, A15 (Figure 1.1) decreases the binding affinity of the ribosome to 

elongation factor resulting in protein synthesis inhibition and cell death.[7-8] To be widely 

concerned, several RIPs including ricin display extremely enzymatic efficiency. For example, each 

ricin A-chain depurinates thousands of ribosomes per minute. There are currently no effective 

antidotes to ricin and avoiding exposure is the best preventative.[9] Accordingly, ricin is of major 

concern for public health and it also has potential to become a weapon of interest for 

bioterrorism.[10] In addition to toxicity, some RIPs have antivirus properties inhibiting many animal 

and plant viruses such as HIV-1, poliovirus and Tobacco etch virus, etc.[11-15] More recently, some 

RIPs such as Alpha-momorcharin, have also been demonstrated as potential anititumor drug 

agents.[16]  Therefore, enzymatic activity of RIPs become a fundamental target for preventing the 

toxicity of RIPs. 
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Traditionally, the activity of ribosome depurination has been monitored by RIP treatment 

of target ribosomes followed by aniline treatment which cleaved the RNA at abasic site. Endo and 

his coworkers made use of it to localize depurination active site in the presence of RIPs.[17-18] After 

removal of adenosine at GAGA tetraloop (Figure 1.1), treatment with aniline-acetic buffer (pH 

4.5) resulted in β-elimination at the abasic site. The cleaved RNA strand could be analyzed and 

visualized by either 32P labeling or fluorescent labeling on a polyacrylamide gel. 

 

 

Figure 1.1 The RIPs substrate was modified with fluorescent tzG and thG at the G16 position. 
Treated with RIPs, the depurination reaction occurs at A15 to form the RNA abasic site. R1, R1a, 
R1b is the native, tzG, thG modified substrate, respectively. 

 

Other method was reported by Iordanov et al in 1997 to monitor RTA dupurination in 

mammalian cells by using primer extension assay.[19] The depurinated ribosomal RNA is extracted 

from RIPs treated cells and is incubated with 32P labeling primer which is complimentary and 

annealed to the downstream of ribosomal RNA. In the presence of reverse transcriptase, the reverse 

transcription using depurinated rRNA as a template yield a product with specific length due to 

inhibition at the abasic site. The extended product is purified in a polyacrylamide gel and visualized 

by PhosphorImager showing the active site of rRNA for RTA depurination. In the further studies, 

Pariky et al used a dual primer extension assay to quantify the extent of rRNA depurination.[20] 
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Other than the primer mentioned in the previous method, other primer hybridized the upstream of 

the depurination site and quantify the total amount number of rRNA. The ratio of the depurination 

downstream fragment to the upstream fragment quantifies the extent of depurination. 

Additionally, Melchoir and coworkers developed a novel method to directly measure the 

depurination activity by a quantitative PCR.[20] It depends on the fact that reverse transcription 

inserts an adenosine into the nascent complementary DNA strand resulting in a T-A transversion 

at the abasic site. Therefore, after depurination, quantitative real-time PCR (qRT-PCR) was carried 

out with two primer where the one was used to detect total 28S rRNA and the other was used to 

detect the altered sequence. 

However, the majority of these methods are not labor intensive and are not 

straightforwardly employed for discovering and screening inhibitor. Moreover, considering the 

fact that almost all these monitoring methods either require to kill enzyme or denature the RNA in 

order to quench the reaction, herein, these approaches are not amenable to detecting the entire 

development of depurination in real-time and studying enzymatic kinetics or mechanism in vivo. 

 Alternatively, the fluorescent method is considered to be an effective tool to monitor the 

depurination reaction.[21] The fluorescent probe which is sensitive to the microenvironment has 

been widely investigated the structure and biomolecular binding properties in real-time.[22] The 

recent completion of synthesis of thG, an isomorphic guanosine analogue and tzG which was 

brought back N7 position of purine ring present favorable biophysical and photophysical 

properties in terms of their structures.(Figure 1.1) [23] Moreover, we also reported that palcing 

emissive thG analogue either 5’ or 3’ to the enzymatically active site could result in flurescence 

change upon strand scission and successfully monitor reaction in real-time.[24] Similar method 

could also apply to the active site of oligonucleoside subject to the depurination by RIPs. Herein, 
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we exploit our highly emissive thG and tzG analogue to judiciously replace the G residue at G16 

which is adjancent to RIP’s depurination site, A15.  

 We critically assess the ablilty of RIPs toxins to occur deglycoslation using specifially 

modified tzG substrat, thG substrae and contrast the results with its preformance in native substrate. 

Importantly, to assess the specificity of RIP’s depurination, we facilitate the T1 digestion and S1 

digestion to localize the position of modified G and the active site among three substrates by 32P 

labelling gel electroanalysis. We further demonstrate that tzG and thG highly responsive purine 

analogues are sensitive to enviromental changes and can be used to monitor depurination reaction 

by fluorescence change in real-time. 

 

2.  Result 

 
2.1. tzG/thG modified RIPs substrate synthesis 

 

Figure 2.1. An Enzymatic pathway of singly modified Hairpin RNA at the specific site, replacing 
the native guanosine with tzG 
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The single substitution guanosine with tzG or thG at G16 position of RNA Hairpin (Figure 

2.1) was synthesized through transcription, phosphorylation, ligation.[25] The T7 promoter and 

DNA template 1 were annealed and transcribed in the presence of excess fluorescent nucleoside 

tzG or thG and natural NTPs. Both tzG and thG modified RNA strands and unmodified native strands 

were successfully separated onto the denaturing 20% Urea-PAGE gel shown, respectively. UV 

illumination visualized (302 nm) the native product and highly fluorescent truncated transcripts 

(Figure 2.2, Figure A3). The UV absorption was used to quantify the yield of each product which 

were analyzed MALDI-TOF mass spectrometry to confirm the tzG or thG-initiated RNA constructs. 

The transcript yield of 1b was 0.71 nmol/ 100 μL (total volume for transcription reaction).  

 

 

Figure 2.2. Transcription reaction with or without excessive tzG. a) Gel electrophoresis of 
transcription in the presence of T7 promoter, template and 2 mM NTPs with or without 10 mM 
tzG. Lane 1 and 1’: native transcription without tzG. Lane 2 and 2’: transcription with 10 mM tzG. 
White arrows indicated the expected product initiated with tzG and GTP. UV shadowing result was 
obtained at 254 nm and the photoluminescence (PL) result was obtained at 302 nm. b) MALDI 
characterization of strand 2b labeled by a white arrow. c) The sequence of each band in the gel.  

 
 

Following mono-phosphorylation and ligation, longer site specifically fluorescent RNA 

construct was separated by 20% Urea-PAGE which was subjected to ESI mass spectrometry. 
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(Figure A15, A16) To confirm the ratio of each nucleoside and the presence of tzG or thG, RNA 

construct was digested by S1 nuclease followed by dephosphorylation. The nucleoside mixtures 

were characterized by HPLC by the gradient of 0-12% H2O/Acetonitrile in 24 mins. The UV 

absorption in 330 nm (tzG) and 321 nm (thG) and the retention time in contrast with standard 

indicated that the nucleoside mixture contained tzG or thG analogue. (Figure 2.3) 

 

 

a)                                                                                  b)   

 

 

 

 

 

 

 

Figure 2.3. Characterization of strand R1a and R1b. a) HPLC trace of S1 digestion of R1a strand 
and the ratio of the concentration among five nucleosides was calculated by extinction coefficient 
and peak area. b) HPLC trace of S1 digestion of R1b strand and the ratio of the concentration 
among five nucleosides was calculated by extinction coefficient and peak area. 

 

2.2. Saporin-mediated Depurination Reaction 

5’ labeled native RNA substrate and tzG/thG modified RNA substrate was prepared 

according to the previous protocol.[26-27] All the experimental results were analyzed by 

RIP substrate

5’-GGG UGC UCA GUA CGA tzGAG GAA CCG CAC CC -3’

R1b 5’-GGG UGC UCA GUA CGA thGAG GAA CCG CAC CC -3’

R1a
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polyacrylamide gel electrophoresis (PAGE). A solution of cold RIP RNA substrate with a trace 

amount of corresponding labeled RNA were thermally hybridized and refolded into the hairpin 

structure in 30 mM Tris-HCl reaction buffer (pH 6.0, 25 mM NaCl, 2 mM MgCl2). The reaction 

was carried out at 37 ℃. Small aliquots of the mixture were treated with aniline-acetate buffer (pH 

4.5, 1 M) at given time intervals to quench N-glycosidase reaction and were resolved by 20 % 

PAGE (Figure 2.4a, 2.4b, 2.4c). G-site specific cleavage reaction was carried out in 25 mM CEU 

buffer (25 mM citric acid buffer, 1 mM EDTA, 7 M urea, pH 5.0) containing 2.5 μM substrate 

with a trace of 5’-32P labeled strand and 5 U T1 Rnase at room temperature for 20 min. The alkaline 

digestion reaction contained 1 μM substrate in alkaline buffer (25 mM sodium carbonate, 1 mM 

EDTA, pH 9.2) incubated at 90 ℃ for 15 min.  

 

Figure 2.4. Saporin-mediated depurination of R1, R1a, R1b substrate monitored by 5’-32P 
radiolabelling substrate. All the reactions were carried out in Tris buffer (30 mM, pH 6.0), NaCl 
(25 mM), MgCl2 (2 mM), 37 ℃. All lanes were treated with aniline acetate at each interval. Lane 
T1 and Al of three graphs: T1 digestion and alkaline digestion ladder, respectively. a) depurination 
reaction of R1a b) depurination reaction of R1b. c) depurination reaction of R1b. 
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Plotted consumption of the native or modified RNA substrate against time, the rate constant 

obtained for native RNA, tzG, thG singly modified RNA were 𝑘 = (2.14 ± 0.07) × 10!"	𝑠!#, 𝑘 =

(0.48 ± 0.02) × 10!"	𝑠!#, k = (1.67 ± 0.01) × 10!"	𝑠!# respectively. (Figure 2.5) Surprisingly, 

the T1 and alkaline ladder showed different results on the site of the depurination reaction. For 

native substrate and tzG modified, the depurination reaction mainly occured at the A15 while the 

thG modified results showed the major depurinated product form at the A10. 

 

 

Figure 2.5. Kinetics profiles of Saporin-mediated depurination reaction of Native (Red), tzG 
(Purple), thG (Blue) substrate monitors by 32P at the given time point.  

 

The saporin-mediated reaction was also monitored by steady-state fluorescence 

spectroscopy under the same conditions as described above. Each emission spectrum was recorded 

at the given interval time and showed in Figure 2.6, Figure 2.7. For the tzG experiment, in the first 

5 mins, the time-dependent fluorescence decreased and increased afterward which reached a 

plateau in 90 min. The fluorescence intensity of thG RNA decreased during the reaction opposite 

to the tzG modified. The consumption of fluorescent substrate was normalized by the curve under 

the area and all kinetics parameters were measured by curving exponential rate equation. 𝑘 =
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(0.51 ± 0.02) × 10!"	𝑠!#  for tzG substrate and 𝑘 = (1.83 ± 0.01) × 10!"	𝑠!# for thG substrate 

were obtained. 

 

Figure 2.6. Saporin-mediated depurination reaction of tzG substrate monitors by fluorescence at 
the given time point. a) Excited wavelength was 351 nm and emission spectra were collected. The 
area of each spectrum was intergraded verse time depicting the kinetics of the enzymatic reaction. 
b) Zoomed-in fluorescence spectra (emission 420-480 nm) c) kinetics profile of Saporin enzymatic 
reaction of tzG substrate by fluorescence (red) and 32P radiolabeling (blue). 

 

Figure 2.7. Saporin-mediated depurination reaction of thG substrate monitors by fluorescence at 
the given time point. a) Excited wavelength was 351 nm and emission spectra were collected. The 
area of each spectrum was intergraded verse time depicting the kinetics of the enzymatic reaction. 
b) Zoomed-in fluorescence spectra (emission 420-480 nm) c) kinetics profile of Saporin enzymatic 
reaction of thG substrate by fluorescence (red) and 32P radiolabeling (blue). 
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3.  Discussion 

As our previous study showed,[25, 28] thG nucleoside was found to be accepted by T7 

polymerase and resulted in decent yield for transcription. thG nucleoside was dissolved in water to 

get a more concentrated stock solution. However, owing to the poor solubility of tzG analogue in 

water, the stock tzG solution was prepared in HPLC grade DMSO in order to get the desired 

concentration in vitro transcription. Besides, DMSO was reported to improve the yield of vitro 

transcription[29] and C2 methoxy group (-OCH3) modified the last two nucleotides of DNA 

templates could lower 3’-heterogeneity.[30] To test the idea that the conditions might be DNA-

template dependent, we performed vitro-transcription with our target sequence in the presence or 

absence of DMSO by using C2 modified or unmodified DNA template. We did observe the yield 

of the targeted product increased and the number of 3’-heterogeneity extended bands decreased. 

(Figure A2). 

tzG-modified and thG-modified substrate were radioactively labeled with 32P to test the 

sporin-mediated depurination reaction. All aliquots of the reaction mixture were treated with 

aniline buffer which cleaved RNA strand at the abasic site by β-elimination.[31] Digestion ladder 

demonstrates that saporin activity largely results in the depurination of A15 in native and tzG 

modified substrate with similar kinetics profiles suggesting tzG modified substrate has very similar 

hybridization and folding process in depurination. In contrast, for the thG substrate, it showed very 

high depurination ability of A10 rather than A15. These observations are of significance, as they 

suggest that N7 position which is the only difference between tzG analogue and thG analogue in 

terms of the structure plays a key role in saporin-mediated depurination. As the X-ray 

crystallography of GAGA tetraloop illustrates (Figure A17), the first O2 position at the first 

guanosine surrogate G14 form an intramolecular interaction with N7 position at the G16 which is 
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replaced by either tzG or  thG in the modified Hairpin RNA strand.[32] While the structure of GAGA 

tetraloop was considered to be highly related to most enzymatic reactions including depurination, 

the lack of the imidazole ring and hence of N7 in thG surrogate may interfere the secondary 

structure of GAGA tetraloop which appears to be involved in recognition by Saporin leading to its 

low depurination potency at A15.[33]  

Additionally, Tan and co-workers[21a] have proposed that besides specific recognition of 

GAGA tetraloop, there was another non-specific way where RTA interacts and deprinates the 

purines of another site in the substrate. This could, therefore, explain thG modified substrate was 

predominately depurinated at A10 which also has been seen in the native substrate and tzG 

substrate as a by-product. 

HPLC analysis (Figure 2.3) confirmed the presence and stoichiometry of the modified 

intact nucleoside in Hairpin RNA. And we validated the position of single tzG and thG by digestion 

with T1 nuclease which is N7-dependent RNase that specifically degrades single-stranded RNA 

at G residue. Our previous study clearly showed that thG analogue residue without N7 in the 

sequence was not cleaved by T1 RNase. [22] Therefore, compared to the T1 digestion ladder pattern 

from native RNA strand, either weak band from tzG modified RNA or the missing band from thG 

modified RNA indicated a footprint at position G16 where native G is surgically replaced with 

either tzG or thG. Herein, the presence of tzG and thG at G16 position was verified in each strand. 

Importantly, the saporin-mediated depurination reaction can be monitored by steady-state 

fluorescence spectroscopy in real time. In the tzG substrate fluorescent profile, an obvious decrease 

in the first 5 min observed in fluorescence intensity probably originated from the combination 

between substrate and saporin in order to form the transition state where all substrates were 

saturated by saporin. We note, however, that increase in fluorescence intensity was seen with the 
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reaction process because adenosine at A15 stack upon tzG at G16 resulting in fluorescent signal 

quenched in the GAGA tetraloop. After depurination, the purine of neighboring native A15 is 

clipped leading to enhanced emission reflected on the fluorescence intensity.  

Surprisingly, a significant fraction of the large decrease was observed in fluorescence 

intensity from thG modified substrate. Since the fluorescent thG (G16) is not adjacent to the 

depurination active site which was at A10 shown in the 32P result and GAGA tetraloop is interfered 

by the lack of N7 in thG, it is more challenging to explain and predict the microenvironment change 

singly based on the fluorescence. However, the two fluorescent profiles in thG modified and tzG 

modified substrate indicate Saporin has two different interaction types with the substrate in the 

enzymatic reaction which is in the high agreement with radioactive results. Notably, when the 

apparent reaction rate generated by 32P labeling is compared to the fluorescent apparent reaction 

rate, good agreement and similar trend were seen in both tzG and thG results. This correlation 

provides strong evidence that the fluorescent method as an effective real-time monitoring 

technique detects the molecular event and enzymatic reaction of RNA depurination in real-time. 

Impressively, the fluorescent method is more time-efficient, safer than radioactively monitored 

reaction which also provides a possibility to investigate the fluorescence changes or structural 

changes in the whole depurination reaction in real-time. 

 

4.  Conclusion 

 

tzG highly isomorphic fluorescent nucleoside is found to be accepted by several enzymes 

including T7 polymerase, T4 kinase and ligase to initiate single-substitution fluorescent 

oligonucleotides. To investigate the ability of fluorescent RNA in enzymatic reaction in real-time, 
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we tested saporin-mediated depurination with a modified strand. Good agreement between 

labeling result and fluorescent results proves the fluorescent method is sensitive to 

microenvironmental change like cleavage of neighboring bases and hence unstacking. Our results 

prove the N7 position play an important role in most of biochemical reactions. We feel tzG 

analogue can be an extremely useful probe in the biochemistry field and potantially powerful 

product in real-time technique due to its unique structure and fluorescent properties. 

 

5.  Experiments 

 

5.1. Method and materials 

Reagents, buffers and salts were purchased from Sigma-Aldrich, Fluka, TCI, and Acros 

and were used without further purification unless otherwise specified. NTPs were purchased from 

Fisher. The oligonucleotides were purchased from IDT and further purified by gel electrophoresis 

and subjected to standard desalting protocols. 

 

T7 polymerase (P266L) was made by Dr. Yao Li. 

 

5.2. Synthetic procedures 

NTPs were purchased from Fisher. thG and tzG were synthesized as previously published 

papers. 

 

5.2.1 Hairpin RNA synthesis 
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The G16 tzG and thG modified RNA were synthesized through transcription, 

phosphorylation and ligation.  

For the native transcription (G16 acceptor and hairpin RNA), Each single DNA template 

was annealed to a 18-mer T7 polymerase promoter in annealing buffer (10 mM Tris-HCl, 1 mM 

EDTA, 100 mM NaCl, pH 7.8). The 1:1 mixture (10 μM) was heated to 90 ℃ for 3 min and was 

put into RT for 15 min. The transcription reaction was incubated in 37 ℃ for 4 h containing the 

transcription buffer (40 mM Tris-HCl, 6 mM MgCl2, 10 mM NaCl, 2 mM spermidine), 14 mM 

MgCl2, 2 mM NTPs, 20% v/v DMF, 10 mM DTT, RNase inhibitor (Ribolock, 1U/μL), RNA T7 

RNA polymerase in a total volume of 100 μL.  

Furthmore, for the modified RNA strands transcription, 10 μM tzG or thG in DMSO was 

used and enforced the polymerase to form initiated tzG or thG strands. Other conditions were 

consistent with the native transcription. 

1:1 v/v gel loading buffer was added after concentrated to the half volume. The content 

was denatured at 75 ℃ for 3 min and then each aliquot was loaded onto the preparative 20% Urea-

Polyacrylamide gel. The gel was UV-shadowed and the targeted band was cut and extracted in 0.5 

M ammonium acetate solution overnight. The gel was removed through centrifugation and further 

purification was run through Sep-Pak C18 column. And the concentration of concentrated RNA 

was determined by UV absorption at 260nm, using the following extinction coefficient ( C (e260 = 

7200 L·mol−1cm−1), U (e260 = 9900 L·mol−1cm−1), G (e260 = 11500 L·mol−1cm−1), A (e260 = 15400 

L·mol−1cm−1) ). The mass of each strand was confirmed by MALDI. The yield of tzG initiated 

strand, thG initiated strand was 0.71 nmol / 100 μL (starting volume), 1.12 nmol / 100 μL (starting 

volume). 
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5.2.2 5’-phosphorylation 

Initiated G16 tzG and G16 thG strands were phosphorylated at the 5’-end position by T4 

kinase. The reaction was incubated at 37 ℃ for 2 h in kinase buffer (1x New England Biolabs) 

including 5 mM DTT, 2 mM ATP, 0.6 U/ μL T4 polynucleotide kinase. And the phosphorylated 

product was precipitated with cold 200 proof ethanol (2.5 v/v), 100 mg/μL Glycoblue 0.4 M 

ammonium acetate in dry ice bath for 1h. The blue pellet was obtained through centrifugation 

(14000 cpm 20 min) and removal of the supernatant. Then the blue pellet was washed by 200 μL 

75% ethanol and dried in the speed vac for 5-10 min. The 50 μL gel loading buffer was added to 

dissolve all blue pellets before the impure product was loaded onto 20% preparative Urea-

polyacrylamide gel. And the gel was UV- shadowed and the targeted band was cut and extracted 

in 0.5 M ammonium acetate solution overnight. The gel was removed through centrifugation and 

further purification was run through Sep-Pak C18 column. And the concentration of concentrated 

RNA was determined by UV absorption at 260 nm, using the following extinction coefficient ( C 

(e260 = 7200 L·mol−1cm−1), U (e260 = 9900 L·mol−1cm−1), G (e260 = 11500 L·mol−1cm−1), A (e260 = 

15400 L·mol−1cm−1) ). The mass of each strand was confirmed by MALDI. The yield of 

phosphorylated tzG strand and thG strand was 52%, 56% resepctively.  

 

5.2.3 Ligation  

The extended modified RNA strands were obtained by T4 DNA ligase. The reaction was 

performed with complimentary 29 nucleosides splint. 10 μM phosphorylated tzG / thG strand, 10 

μM correlated G16 acceptor and 10 μM splint were annealed in Tris-HCl buffer (40 mM, pH 7.8) 

at 95 ℃ for 3 min and was put into room temperature for 30 min. And MgCl2 (10 mM), DTT (10 

mM), PEG 4000 (0.5 mM, 0.1 v/v of 50%) and T4 DNA ligase (1 U/μL, Fermentas) were added 
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and the reaction was incubated at 37 ℃ for 2 h. The same protocol was performed as Part 5.2.2 to 

get the impure ligation product. The 50 μL gel loading buffer was added to dissolve all blue pellets 

before the impure product was loaded onto 20% preparative Urea-polyacrylamide gel. And the gel 

was UV- shadowed and the targeted band was cut and extracted in 0.5 M ammonium acetate 

solution overnight. The gel was removed through centrifugation and further purification was run 

through Sep-Pak C18 column. And the concentration of concentrated RNA was determined by UV 

absorption at 260 nm. The mass of the ligation product was characterized by MALDI. 

 

5.2.4 5’ - 32P phosphorylation 

Native RNA, modified tzG and thG strand were dephosphorylated by calf intestinal alkaline 

phosphatase (CIP). The 26 pmol RNA was added in dephosphorylation buffer (6 μL 10X) followed 

by adding 2 μL CIP and the reaction was incubated at 37 ℃ for 2 h in a total volume of 60 μL. 

The mixture was extracted by 60 μL phenol: chloroform: isoamyl alcohol (25:24:1) solution three 

times followed by 3x 60 μL chloroform washed. All aqueous was collected and precipitated with 

20 μL ammonium acetate (10 M), 5 μL glycoblue and 400 μL 200 proof ethanol in dry ice bath for 

1 h. The blue pellet was obtained through centrifugation (14000 cpm 20 min) and removal of 

supernatant. Then the blue pellet was washed by 200 μL 75% ethanol and dried in the speed vac 

for 5-10 mins and dissolved in 38 μL water. And the phosphorylation reaction was performed by 

adding kinase buffer (5 μL, 10X), γ-32P ATP (5 μL), DTT (1 μL), and T4 polynucleotide kinase (1 

μL) and was heated to 37 ℃ for 2 h. The same ethanol precipitation conditions (10 μL ammonium 

acetate (10 M), 2 μL glycoblue and 200 μL 200 proof ethanol) were applied to purification. The 

dried pellet was dissolved in 50 μL gel loading buffer and further purified by 20 % preparative 

Urea-Page gel. The targeted band was located by phosphor image and excised, extracted in 0.5M 
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ammonium acetate solution overnight. The gel was removed through centrifugation and further 

purification was run through Sep-Pak C18 column. All hot stock solution was stored in -20 ℃. 

 

5.3. Saporin catalyzed depurination reaction 

 

5.3.1 Gel electrophoresis method 

The 1 μM cold RNA and a trace amount of corresponding labeled RNA were hybridized 

into the hairpin structure in 30 mM Tris-HCl reaction buffer (pH 6.0, 25 mM NaCl, 2 mM MgCl2). 

The mixture was heated to 75 ℃ for 3 mins and slowly cooled down to room temperature. And 

the mixture was incubated in crushed ice for 15 mins and placed at room temperature for 10 min. 

Then the mixture was prewarmed up at 37 ℃ for 5 min before adding the 1.5 μM Saporin. The 

reaction was processed at 37 ℃. Aliquots (5 μL) mixture was added into 10 μL aniline-acetate 

buffer (pH 4.5, 1 M) at scheduled time intervals. After all time points were taken, the product was 

incubated at 37 ℃ for 10 min in the dark and evaporated to dryness in Speed Vac. The product 

was dissolved into 10 μL gel loading buffer before loaded onto 20 % preparative Urea-

Polyacrylamide gel. The gel result was analyzed by phosphorimager. 

 

5.3.2 RNase T1 digestion 

Each modified RNA strand 2.5 μM was mixed with a trace amount of corresponding 

labeled RNA. The 2 μg/ μL yeast RNA was added. The sample was incubated in 25 mM CEU 

buffer (25 mM citric acid buffer, 1 mM EDTA, 7 M urea, pH 5.0) at 50 ℃ for 3 min followed by 

adding 5 U T1 RNase. The reaction was incubated in a total volume of 10 μL at room temperature 

for 20 min and was quenched by ethanol precipitation. The blue pellet was washed by 70% EtOH 
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three times and was dissolved in 10 μL gel loading buffer before loaded onto 20% preparative 

Urea-polyacrylamide gel. And the bands and gel results were obtained and analyzed by 

phosphorimager 

 

5.3.3 Alkaline Digestion 

Each modified RNA strand 1 μM and a trace amount of labeled RNA strand was incubated 

in alkaline digestion buffer (25mM sodium carbonate, 1 mM EDTA, pH 9.2) in a total volume of 

15 μL at 90 ℃ for 15 min. The blue pellet was obtained through ethanol precipitation and was 

washed by 70% EtOH. The pellet was dissolved in 10 μL gel loading buffer after evaporated to 

dryness in Speed Vac. And the sample was loaded onto 20% 7M urea polyacrylamide gel. All 

results and corresponding bands were analyzed by phosphorimager. 

 

5.3.4 Fluorescent Method 

Each modified 1 μM RNA strand (G16 tzG, G16 thG) in 30 mM Tris-HCl reaction buffer 

(pH 6.0, 25 mM NaCl, 2 mM MgCl2. The mixture was heated to 75 ℃ for 3 mins and slowly 

cooled down to room temperature. And the mixture was incubated in crushed ice for 15 mins and 

placed at room temperature for 10 min. Then the mixture was prewarmed up at 37 ℃ for 5 min. 

The reaction was initiated by adding 1.5 μM Saporin in a total volume of 125 μL. All wavelength 

emission signals (360nm-650nm) were obtained at excitation wavelength 351nm, excitation slit 

width 5 nm, emission slit width 5 nm at each time interval.  

 

5.4. RNA characterization 
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5.4.1 S1 Digestion and HPLC trace 

All the modified RNA strands (1.5 nmol) was dephosphorylated before S1 digestion. The 

S1 digestion was carried out in S1 reaction buffer (1x, Promega) with 1.5nmol RNA strands and 

S1 nuclease at 37 ℃ for 2 hours in a total volume of 50 μL. The sample was concentrated to the 

volume of 30 μL. The ratio of each single nucleosides was obtained through HPLC Agilent 1200 

series system with reverse C18 column and water: acetonitrile solvent system. All stock HPLC 

solvents were added 0.1% formic acid (v/v) into MilliQ water and HPLC grade acetonitrile and 

then filtered through Millipore type GNWP 0.2 μm filters. Each injection was subject to the 0.5 

ml/min flow rate and the gradient of 0-12% acetonitrile in 24 min. The temperature was controlled 

at 25.00 ±	0.10	℃	 . The canonical nucleosides were analyzed at  wavelength 260 nm. The 

fluorescent nucleoside tzG and thG were analyzed at wavelength 330 nm and 321 nm, respectively. 

 

Appendix 

 

PAGE urea gels 

 

Figure A1. Pathway of synthesizing the donor of R1a and R1b strand by transcription and 
phosphorylation. 

R1a: tzG 3'-d-ATT ATG CTG AGT GAT ATC TCC TTG GCG TGG G -5'Template R1a/R1b
T7 promoter 5’-d-TAA TAC GAC TCA CTA TAG-3’

T7 RNA polymerase tzG/thG, NTPs

Transcription

R1a 5’-tzGAG GAA CCG CAC CC -3’

R1b 5’-thGAG GAA CCG CAC CC -3’

T4  kinase ATP

5’-ptzGAG GAA CCG CAC CC -3’

R1b 5’-pthGAG GAA CCG CAC CC -3’

R1a

Phosphorylation
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Figure A2. Transcription reactions of template with or without DMSO. Lane 1: Transcription with 
non-methylation template in DMSO. Lane 2: Transcription with template where the last two 
nucleosides are C2 methylated at 5’ in water. Lane 3 Transcription with template where the last 
two nucleosides are C2 methylated at 5’ in DMSO. White arrow indicates the targeted product. 
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Figure A3. Transcription reaction with or without excessive thG. a) Gel electrophoresis of 
transcription in the presence of T7 promoter, template and 2 mM NTPs with or without 10 mM 
thG. Lane 1 and 1’: native transcription without thG. Lane 2 and 2’: transcription with 10 mM thG. 
White arrows indicated the expected product initiated with thG and GTP. UV shadowing result was 
obtained at 254 nm and the photoluminescence (PL) result was obtained at 302 nm. b) MALDI 
characterization of strand 2b labeled by a white arrow. c) The sequence of each band in the gel.  

 

 

Figure A4. Phosphorylation reactions of R1a/R1b donor. For the tzG strand, Lane 1: 
phosphorylated product. Lane 2: starting material (trancription product initiated with tzG). For the 
thG strand, Lane 1: starting material (trancription product initiated with thG). Lane 2: 
phosphorylated product  
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Figure A5. Pathway of synthesizing R1a and R1b strand by ligation 

 

 

 
Figure A6. Splinted ligation reactions of R1a and R1b. For R1a, Lane 1: phosphorylated donor of 
R1a. Lane 2: Acceptor. Lane 3: splint. Lane 4: ligation reaction. For R1b, Lane 1: splint. Lane 2: 
Acceptor. Lane 3: phosphorylated donor of R1b. Lane 4: ligation reaction 

 

Figure A7. Design and sequence of splint, donor, acceptor 

  

A

X

G
A

A

A

G

 G C A  C C C

 C G U G G G

C

3'

5'

A

AGU
C

Acceptor

Donor

U

G

C
C

5’-pXAG GAA CCG CAC CC -3’5'-GGG UGC UCA GUA CGA-OH-3’
Phosphorilated DonorAcceptor

T4 Ligase
 Splint

R1a: X= tzG
R1b: X= thG

5’-GGG UGC UCA GUA CGA XAG GAA CCG CAC CC-3’

Ligation

3’-CCC ACG AGT CAT GCT CTC CTT GGC GTG GG-5’

Donor (phosphorylated)

Splint

Product

5’-pXAG GAA CCG CAC CC-3’

5’-GGG UGC UCA GUA CGA-OH-3’Acceptor

X= tzG or thG
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RNA characterization 

 

Figure A8. MALDI-TOF mass spectrum of the donor of R1a strand initiated with native GTP. 
The expected molar mass was 4706.73 Da and the observed molar mass was 4706.20 Da. 
Characterized by MALDI-TOF mass spectrometer in negative ion mode with VoyagerTM 

BiospectrometryTM Workstation software. All the experimental data was analyzed via Data 
Explorer version 4.0.0.0. THAP matrix was prepared in 1:1 water and ACN containing 20g/L 
2,4,6-trihydroxyacetophenone (THAP) and 4 g/L diammonium hydrogencitrate dibasic. 
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Figure A9. MALDI-TOF mass spectrum of the donor of R1a strand initiated with tzG. The 
expected molar mass was 4483.84 Da and the observed molar mass was 4481.68 Da. Characterized 
by MALDI-TOF mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM 
Workstation software. All the experimental data was analyzed via Data Explorer version 4.0.0.0. 
THAP matrix was prepared in 1:1 water and ACN containing 20g/L 2,4,6-trihydroxyacetophenone 
(THAP) and 4 g/L diammonium hydrogencitrate dibasic.  
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Figure A10. MALDI-TOF mass spectrum of the phosphorylated donor of R1a strand. The 
expected molar mass was 4563.84 Da and the observed molar mass was 4562.40 Da. Characterized 
by MALDI-TOF mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM 
Workstation software. All the experimental data was analyzed via Data Explorer version 4.0.0.0. 
THAP matrix was prepared in 1:1 water and ACN containing 20g/L 2,4,6-trihydroxyacetophenone 
(THAP) and 4 g/L diammonium hydrogencitrate dibasic.  
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Figure A11. MALDI-TOF mass spectrum of R1a strand (tzG strand). The expected molar mass 
was 9616.41 Da and the observed molar mass was 9621.41 Da. Characterized by MALDI-TOF 
mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM Workstation software. 
All the experimental data was analyzed via Data Explorer version 4.0.0.0. 3-HPA matrix was 
prepared in 1:1 water and ACN containing 45.4 g/L 3-Hydroxypicolinic acid (3-HPA) and 10 g/L 
diammonium hydrogencitrate dibasic.  
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Figure A12. MALDI-TOF mass spectrum of the donor of R1b strand initiated with thG. The 
expected molar mass was 4482.84 Da and the observed molar mass was 4481.80 Da. Characterized 
by MALDI-TOF mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM 
Workstation software. All the experimental data was analyzed via Data Explorer version 4.0.0.0. 
THAP matrix was prepared in 1:1 water and ACN containing 20g/L 2,4,6-trihydroxyacetophenone 
(THAP) and 4 g/L diammonium hydrogencitrate dibasic.  
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Figure A13. MALDI-TOF mass spectrum of the phosphorylated donor of R1b strand. The 
expected molar mass was 4562.84 Da and the observed molar mass was 4559.55 Da. Characterized 
by MALDI-TOF mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM 
Workstation software. All the experimental data was analyzed via Data Explorer version 4.0.0.0. 
THAP matrix was prepared in 1:1 water and ACN containing 20g/L 2,4,6-trihydroxyacetophenone 
(THAP) and 4 g/L diammonium hydrogencitrate dibasic.  
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Figure A14. MALDI-TOF mass spectrum of R1b strand (thG strand). The expected molar mass 
was 9615.41 Da and the observed molar mass was 9613.18 Da. Characterized by MALDI-TOF 
mass spectrometer in negative ion mode with VoyagerTM BiospectrometryTM Workstation software. 
All the experimental data was analyzed via Data Explorer version 4.0.0.0. 3-HPA matrix was 
prepared in 1:1 water and ACN containing 45.4 g/L 3-Hydroxypicolinic acid (3-HPA) and 10 g/L 
diammonium hydrogencitrate dibasic.  
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Figure A15. ESI-TOF mass spectrum of R1a strand (tzG strand). The expected molar mass was 
9616.41 Da and the observed molar mass was 9616.05 Da. Characterized by ESI-TOF mass 
spectrometer in negative ion mode. The raw ESI-MS m/z data were deconvoluted. 
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Figure A16. ESI-TOF mass spectrum of R1b strand (thG strand). The expected molar mass was 
9615.41 Da and the observed molar mass was 9615.13 Da. Characterized by ESI-TOF mass 
spectrometer in negative ion mode. The raw ESI-MS m/z data were deconvoluted. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure A17. X-ray crystallography structure of GAGA tetraloop 
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