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Abstract

Ribosome-inactivating proteins, a family of highly cytotoxic proteins, interfere with protein 

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

of eukaryotic ribosomal RNA. Besides being biological warfare agents, certain RIPs have been 

promoted as potential therapeutic tools. Monitoring their deglycosylation activity and its inhibition 

in real time has remained, however, elusive. Herein, we describe the enzymatic preparation 

and utility of consensus RIP hairpin substrates in which specific G residues, neighboring 

the depurination site, are surgically replaced with tzG and thG, fluorescent G analogs. By 

strategically modifying key positions with responsive fluorescent surrogate nucleotides, RIP-

mediated depurination can be monitored in real-time by steady state fluorescence spectroscopy. 

Subtle differences observed in preferential depurination sites provide insight into the RNA folding 

as well as RIPs’ substrate recognition features.

Graphical Abstract

A real-time monitoring assay for RIP-mediated depurination: Ribosome-inactivating proteins 

(RIPs) interfere with protein synthesis by depurinating a specific adenosine residue within α-

sarcin/ricin loop. By strategically modifying key position with responsive fluorescent nucleosides 

such as tzG, depurination by RIPs is monitored in real-time by fluorescence. The method provides 

insight into the RNA folding as well as RIPs’ recognition features.
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Ribosome-inactivating proteins (RIPs), a family of highly toxic enzymes,[1] are broadly 

distributed among plants,[2] fungi[3] and bacteria[4] and have even been recently found 

in insects.[5] Their major catalytic depurinating activity leads to removal of a specific 

adenine from the α-sarcin-ricin loop,[6] a highly conserved ribosomal RNA domain, causing 

irreversible inhibition of protein synthesis.[7] While lethal to mammalian cells, RIPs can 

also display antiviral features[8] and can inhibit animal and plant viruses such as HIV-1,[9] 

poliovirus[10] and Tobacco etch virus.[11] RIP-conjugated toxins have also been developed 

as potential antitumor agents.[12,13] Their unique and surgically directed cellular activity, 

as well as potency and potential utility as biowarfare agents, have therefore attracted 

considerable interest over the years,[14] aiming particularly at the development of effective 

strategies for real time activity monitoring and detection.[15]

Prior studies have utilized Enzyme-linked immunosorbent assay (ELISA),[16] immuno-

PCR[17] and mass spectrometry to assess RIP activity.[18] Most methods, however, require 

termination of the depurination reaction by either inactivating the enzyme or denaturating 

the RNA substrate. As such, these methods are not amenable to readily measure activity and 

its potential inhibition in real-time.

More than a decade ago we reported a fluorescence-based depurination-monitoring approach 

relying on thU, an isomorphic responsive uridine analogue.[19] Incorporating this emissive 

U surrogate into an RNA oligonucleotide, complementary to the highly conserved α-sarcin-

ricin loop, allowed us to simultaneously quench the RIP-mediated depurination reaction and 
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generate a fluorescent signal proportional to the reaction progress via enhanced emission 

(relying on the different emission intensity of thU•A vs. thU•AP, due to their distinct 

microenvironments).[19] While powerful, this approach still fell short of the ultimate goal 

of monitoring RIP action in real time. The introduction of our highly isomorphic emissive 

RNA alphabets thN and tzN, based on thieno[3,4-d]pyrimidine[20] and isothiazolo[4,3-

d]pyrimidine cores,[21] respectively, has made this previously unattainable task possible.

As C-nucleosides, the adenosine surrogates thA and tzA cannot replace the susceptible 

adenosine within the RNA substrate.[22] We hypothesized, however, that by placing the 

emissive and responsive thG or tzG either 5’ or 3’ to A15, the depurinatable residue within 

the RNA substrate (Figure 1), activity would be maintained and fluorescence changes 

may be observed due to the environmental perturbations induced upon RIP-mediated 

generation of an abasic site. Inspecting the reported structures of the consensus RNA 

construct,[23] we hypothesized, however, that incorporation of fluorescent G surrogates 3’ to 

the depurination site (i.e., at position 16), is likely to translate to a larger fluorescence signal 

upon depurination due to perturbation of the apparent A15/G16 stacking.[22] We further 

anticipated the tzG-containing RNA substrates to perform better than their thG counterparts 

due to the elevated isomorphicity of the former. Herein, we disclose the enzymatic synthesis 

of thG- and tzG-containing α-sarcin-ricin hairpin substrate RNAs and their RIP-mediated 

depurination reactions. We demonstrate that the emissive RNA substrates can be utilized to 

monitor enzymatic depurination in real-time. We critically assess the differences between 

the RNA substrates containing tzG or thG and compare the reaction kinetics and site 

preferences to that of a native RNA substrate.

The singly substituted RNA hairpin substrates R1a (Y=tzG), R1b (Y=thG) and R2a (Z=tzG), 

containing the emissive guanosine surrogates at position G16(Y)/G14(Z) of the native 

substrate R1 (Figure 1), were synthesized through tzG/thG-initiated transcription, followed 

by phosphorylation and ligation, using a general protocol we disclosed in 2017 (Figure 

2a).[24] The T7 promoter and corresponding DNA template oligomers were annealed and 

transcribed in the presence of excess tzG or thG (as the free nucleosides) and natural NTPs 

(Figure 2b). The tzG/thG-containing transcripts 1a/1b and unmodified native transcripts 1 
were separated on a denaturing PAGE (Figure 2c, Figure S3, respectively). UV illumination 

(365 nm) visualized the desired and truncated RNA transcripts, which were analyzed by 

MALDI-TOF mass spectrometry (Figure 2c, 2d, Figure S2). Following a kinase-mediated 

5’-phosphorylation and a T4 ligase-mediated ligation, the desired site specifically labeled 

fluorescent RNA constructs were separated by PAGE (Figure S3, Figure S5) and the isolated 

oligomers were subjected to MALDI and ESI mass spectrometry analyses (Figures S7-S14). 

To confirm the presence of intact tzG or thG and determine the ratio of each nucleoside, 

the RNA constructs were digested by S1 Nuclease, dephosphorylated and HPLC analyzed 

(Figure S15). The ratio of rC, rU, rA, rG, rtzG/rthG was 9.0:3.4:7.1:8.2:1 for tzG modified 

strand R1a, and 11.2:4.5:9.2:7.7:1 for thG modified strand R1b, respectively (rtzG/rthG was 

set as a reference value for calculation). The results were in reasonably good agreement with 

the expected theoretical ratio in R1a/R1b (rC, rU, rA, rG, rtzG/rthG is 9:3:7:9:1).

To categorically assess the viability of the modified RNAs as RIP substrates, the native 

and tzG/thG modified RNA substrates (R1 and R1a/R1b, respectively) were subjected to 
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enzymatic depurination.[19] The hairpin RNA substrates, spiked with a trace amount of 

the corresponding 32P-labeled RNAs, were thermally denatured and refolded in a 30 mM 

Tris-HCl buffer. Depurination reactions with saporin as a representative RIP were carried 

out at 37 °C. Small aliquots of the reaction mixtures were treated with aniline-acetate buffer 

(pH 4.5) at given time intervals (to induce strand cleavage at the abasic sites)[25] and were 

resolved by PAGE (Figure 3a, 3b, 3c). T1 digestion and alkaline hydrolysis lanes reveal 

the sequence and assist in determining the cleavage site (Figure 3a, 3b, 3c: Lane T, A). As 

we previously demonstrated,[24] RNase T1, which is an N7-dependent ribonuclease, clearly 

shows the absence of a native G residue (and essentially a footprint) at the modification site 

(Figure 3b).

As seen in Figure 3, saporin largely depurinates the A15 residue in the native and tzG 

modified substrates (R1 and R1a, respectively, Figure 3a, 3c) suggesting tzG enables 

similar folding for R1a compared to R1 and does not interfere with RIP activity. In 

contrast, the thG substrate (R1b) is predominately depurinated at A9, which appears to 

only be minimally/equally depurinated in the substrate R1/R1a (Figure 3b). Additionally, 

a similar depurination pattern was also observed for the emissive substrate R2a which is 

modified with tzG at position 14 (Figure S17) indicating that tzG14 maintains similar folding 

compared to native R1 substrate and does not interfere with saporin’s recognition features. 

Additionally, longer reaction times were needed to completely consume R1a as well as R2a 
when compared to substrates R1 and R1b (Figure 3d, S17). To quantify the observations, 

the apparent kinetic rate constants kapp, obtained by fitting pseudo-first order curves to the 

integrated PAGE bands plotted against time, were 2.14 × 10−3, 0.48 × 10−3 and 1.81 × 10−3 

s−1 for substrate R1, R1a, and R1b respectively.

The observations reported above suggest a small perturbation in R1a when compared to 

the native substrate R1. As seen in the crystal structure of a bound cyclic tetranucleotide 

analogue of the RNA GAGA tetraloop, in which the susceptible adenosine has been replaced 

by 9-DA, a transition state analog (Figure 4a),[26] a cluster of aromatic residues including 

the RNA and two conserved tyrosine residues (Tyr73, Tyr123) forms. This unique cluster 

is further stabilized by an extensive hydrogen bonding network, which likely contributes to 

the depurination reaction. Substituting G16 for tzG in R1a might thus subtly perturb this 

intricate assembly, potentially lowering the population of catalytically active conformations, 

thus leading to its slightly slower depurination rate.

Intriguingly, when compared with R1 and R1a, the thG-containing R1b hairpin substrate 

showed a different reactivity pattern, with depurination predominantly at A9 rather than A15 

(Figure 3b). This suggests that thG’s lower isomorphicity and G “mimicry”, when compared 

to tzG, particularly the lack of the basic N in the “N7” position, likely impacts the RNA 

substrate folding and recognition and thus the saporin-mediated depurination. As seen in 

the structure of the GAGA tetraloop (Figure 4b), the 2’-OH of G14 H-bonds to N7 of G16 

(the residue replaced by either tzG or thG in the modified hairpin RNA strands R1a and 

R1b, respectively).[23] This missing attractive H bonding in the thG-containing hairpin RNA, 

coupled to the potentially repulsive OH•••HC interaction, might impact the substrate folding, 

leading to non-specific depurination that has previously been proposed.[27]
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Having established the viability of R1a and R1b as RIP substrates, their photophysical 

response upon enzymatic depurination with saporin was monitored by steady-state 

fluorescence spectroscopy under the same reaction conditions as for the radiolabeled 

constructs. Emission spectra were recorded at given time intervals as shown in Figure 5. 

For the tzG substrate R1a, a noticeable decrease in fluorescence intensity was observed 

in the first 5 minutes, which was followed by steady increase as the reaction progressed. 

In contrast, a continuous fluorescence signal decrease was observed for the thG modified 

substrate R1b upon exposure to saporin (Figure 5b). As anticipated, while a noticeable 

fluorescence decrease was observed for R2a in the first 5 minutes (likely reflecting folding/

binding) there was no significant fluorescence intensity change following the reaction 

progress (Figure S18).

To aid in interpreting these observations and to confirm that the fluorescence-monitored 

data represents the same molecular event as visualized using the corresponding radiolabeled 

substrates, the data sets were normalized and depicted on the same graph (Figure 5c, 5d). 

The apparent kinetic rate constants kapp, obtained by fitting pseudo-first order curves to the 

integrated area of each spectrum plotted against time, yielded values of 0.51 × 10−3 and 

1.60 × 10−3 s−1 for substrate R1a, and R1b respectively (Figure 5c, 5d, Table 1). Notably, 

the apparent reaction rates generated by fluorescence for both R1a and R1b were in good 

agreement with the values extracted from the reactions visualized with the 32P-labeled 

substrates (Table 1), indicating the two techniques reflect the same molecular process and 

suggesting that fluorescence can indeed facilitate real-time monitoring of RIP-mediated 

RNA depurination.

Interpreting the specific fluorescence signal changes is, as always, more challenging 

as the trends observed reflect the collective influence of dynamically interacting and 

not necessarily orthogonal microenvironmental perturbations. For R1a, a rapid drop in 

fluorescence was followed by a slow steady increase, which nicely correlated with the 

reaction kinetics as determined by the radiolabeled substrate. The early fluorescence drop 

observed for R1a likely reflects a substrate/enzyme binding event, which alters the folding 

and likely places the emissive nucleobase in a desolvated pocket (Figure 4a). Since the 

adenine at A15 stacks upon tzG at the G16 position (Figure 4b), its clipping generates a 

solvated and likely more polar void, which based upon the established photophysics of 
tzG should lead to higher emission quantum yield and a slight bathochromic shift,[20] as 

observed.

For R1b, which predominantly depurinates at A9, a decrease in fluorescence is seen. Since 
thG16 is not adjacent to the main depurination site, its photophysical change likely reflects a 

global conformational change of the depurinated RNA product. Since the A9–A21 pair lies 

between the Watson-Crick stem and the cross-strand stack (Figure 4c),[23] the lost hydrogen 

bond upon depurination of A9 disrupts this non-canonical pair, which likely results in partial 

collapse of the GAGA tetraloop. This thus alters the microenvironment of thG16 and its 

dynamics, leading to a change in its fluorescence.[28]

R2a, containing a tzG residue at position 14, undergoes enzymatic depurination (as 

independently established using PAGE, Figure S17). This, however, is not translated to 
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fluorescence changes that follow the reaction kinetics beyond the initial drop, attributed 

to binding and refolding. Inspection of the structure shown in Figure 4b suggests that 

depurination of A15 is expected to be less environmentally perturbing (as it remains partially 

sandwiched between G16 and A17) when compared to the alteration of the stacked A15/G16 

pair as in R1a, as hypothesized.

In summary, thG and tzG, highly isomorphic fluorescent nucleoside surrogates, are found 

to be accepted by several enzymes including T7 polymerase, T4 kinase and T4 ligase, 

allowing one to easily fabricate singly-substituted emissive RNA constructs. To advance 

the long sought-after direct monitoring of RNA depurination, we applied this protocol 

for the enzymatic preparation of consensus RIP hairpin substrates in which specific G 

residues, neighboring the depurination site, have been strategically replaced with these 

two emissive G surrogates. We demonstrated these enzymatic depurination reactions 

could indeed be monitored in real-time by steady state fluorescence spectroscopy. This 

unprecedented observation stands in contrast to other reported RIP-detecting methods, 

which all include either stepwise or time-consuming indirect processes (e.g., PCR-based 

techniques,[29] RNA/DNA probe hybridization,[19,30,31] aptamer-based,[32] enzyme-coupled 

assays,[15,33] mass spectrometry,[34] electrochemistry,[35] etc.). Monitoring a specific 

biochemical transformation associated with such RNA toxins (i.e., depurination), regardless 

of the protein immunological fingerprint, thus facilitates pathways for real-time detection of 

such cytotoxins and the fabrication of inhibitor discovery tools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
RIP-mediated depurination of A15 in the α-sarcin/ricin loop RNA substrate yields an abasic 

site. R1, R1a, R1b, R2a are the native, tzG16, thG16, and tzG14 modified hairpin substrates, 

respectively. R = D-ribose
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Figure 2. 
a) Enzymatic pathways to singly modified hairpin RNAs via transcription, phosphorylation 

and ligation, replacing a single native guanosine with thG or tzG. See reference 24 for details 

of the general approach. b) Transcription reactions in the presence of natural NTPs using the 

T7 promotor and template shown, with or without tzG/thG. c) PAGE analysis of transcription 

reactions using 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 transcript 1a (arrow 1a) and transcript 1 (arrow 1). UV: UV shadowing 

upon illumination at 254 nm; PL: photoluminescence upon excitation at 365 nm; d) MALDI 

MS of transcript 1a.
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Figure 3. 
Saporin-mediated depurination of native and tzG/thG-modified RNA substrates (R1 and 

R1a/R1b, respectively) spiked with the corresponding 32P-labeled constructs and resolved 

by 20% PAGE. All reactions were carried out in Tris buffer (30 mM, pH 6.0), NaCl (25 mM) 

and MgCl2 (2 mM) at 37 °C. All lanes were treated with aniline-acetate buffer (pH 4.5) at 

the indicated time intervals. Lanes T and A correspond to RNase T1 digestion and alkaline 

hydrolysis ladder, respectively. The bands labeled by rectangles in a, b and c, indicate the 

modified site with native G, thG, and tzG at G16 position, respectively. a) Depurination 

reaction of R1. b) Depurination reaction of R1b. The missing band from lane T of R1b 
indicated a footprint at position G16, which is replaced by thG. c) Depurination reaction of 

R1a at given time point. d) Kinetic profiles of saporin-mediated depurination reactions of 
32P-5’-labeled R1 (Green), R1a (Blue) and R1b (Red). Reactions were done in triplicates 

and a representative gel is shown per experiment. Error bars indicate SD.
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Figure 4. 
a) Aromatic–aromatic interactions in saporin’s active site when bound to a cyclic 

tetranucleotide analogue of the RNA GAGA tetraloop, in which the susceptible adenosine 

has been replaced by 9-DA, a transition state analogue, illustrating the interaction between 

the latter and two tyrosine residues (PDB ID code 3HIW).[26] Nucleosides are shown in 

yellow and the amino acid side chains are shown in cyan. Inset: the structure of 9-DA. 

Generic numbering is shown as absolute numbering changes between species; A15 = A4324 

in the rat 28S rRNA numbering. b) X-ray structure of the α-sarcin-ricin loop highlighting 

the GAGA tetraloop and its aromatic–aromatic interactions. c) X-ray structure of the α-

sarcin-ricin loop highlighting A9–A21 and adjacent base pairs in the stem (PDB ID code 

430D for b,c).[23] Images generated using MOE.
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Figure 5. 
Top: Saporin-mediated depurination reaction of substrate R1a and R1b monitored by 

fluorescence as function of reaction time (RT), respectively. a) Emission spectra of 

depurination reaction of tzG substrate R1a. Excitation wavelength was 351 nm. Inset: 

Emission from 420 to 480 nm b) Emission spectra of depurination reaction of thG substrate 

R1b. Excitation wavelength was 351 nm. Inset: Emission from 420 to 480 nm. The area 

of each spectrum was integrated and plotted vs. time to yield the kinetics of the enzymatic 

reaction (c,d). c) Fractional depurination of R1a by saporin at various time points monitored 

by fluorescence (red) and 32P radiolabeling (blue). d) Fractional depurination of R1b by 

saporin at various time points monitored by fluorescence (red) and 32P radiolabeling (blue). 

Assays were done in triplicates. Error bars indicate SD.
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Table 1.

Reaction rate constants for saporin mediated depurination.

32P-labeling
[a]

Fluorescence
[b]

R1 R1a R1b R1a R1b

k app 
[c] 2.14 ± 0.07 0.48 ± 0.02 1.81± 0.06 0.51 ± 0.02 1.60 ± 0.08

t 1/2 
[d] 3.24 ± 0.10 14.4 ± 0.5 3.84 ± 0.14 13.9 ± 0.5 4.36 ± 0.24

R 2 0.998 0.996 0.998 0.994 0.994

[a]
Reaction rate constants were obtained by depurination reaction of 32P-5’-labeled substrate R1, R1a and R1b.

[b]
Reaction rate constants were obtained by measuring fluorescence change.

[c]
kapp is the pseudo-first-order rate constant [x10−3 s−1].

[d]
t1/2 is half-life [x102 s]. Data are presented as mean ± SD.
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