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Abstract

The pseudokinase-endoribonuclease RNase L plays important roles in antiviral innate immunity 

and is also implicated in many other cellular activities. Inhibition of RNase L showed therapeutic 

potential for Aicardi-Goutières syndrome (AGS). Thus, RNase L is a promising drug target. In this 

study, using an enzyme assay and NMR screening, we discovered 13 inhibitory fragments against 

RNase L. Co-crystal structures of RNase L in complex with two fragments were determined, and 

both fragments bind to the ATP-binding pocket of the pseudokinase domain. Myricetin, vitexin 

and hyperoside, three natural products sharing similar scaffolds with the fragment AC40357, 

demonstrated potent inhibitory activity in vitro. In addition, myricetin has promising cellular 

inhibitory activity. A co-crystal structure of RNase L with myricetin provided a structural basis 

for inhibitor design by allosterically modulating its rnase activity. Our findings demonstrate that 

fragment screening can lead to the discovery of natural product inhibitors of RNase L.

INTRODUCTION

RNase L exerts its important function in interferon (IFN)-induced antiviral innate immunity 

through cleaving viral and cellular single stranded RNA (ssRNA).1–5 RNase L is a 

pseudokinase-endoribonuclease comprised of three domains6, 7: an N-terminal ankyrin-

repeat (ANK) domain involved in 2-5A (2’-5’ linked oligoadenylate, a second messenger) 

binding, a pseudokinase (PK) domain participating RNase L dimerization and a C-terminal 

ribonuclease (RNase) domain that cleaves substrate RNA (Figure 1). Once a viral infection 

is detected, cells produce type I IFNs that induce expression of oligoadenylate synthetases 

(OASs) through the JAK-STAT signaling cascade.8 OASs 1-3 are then activated by viral 
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double-stranded RNA (dsRNA) to synthesize 2-5A from ATP.9 2-5A and ATP bind 

to inactive monomeric RNase L and promote the formation of an intertwined dimeric 

conformation with active enzyme activity. 6, 7, 10, 11 Finally, active RNase L exerts antiviral 

activity by cleaving viral and cellular ssRNAs to eliminate viral components and inhibit 

cellular and viral protein synthesis.

In addition to its antiviral roles, RNase L has also been reported to be involved in 

apoptosis 12, IFN-β production13, autophagy14 and antibacterial effects.15, 16 A recent study 

also indicated that reduced adenosine deaminase (ADAR1) activity causes the activation 

of the OAS-RNase L pathway, which induced cell death.17 ADAR1 destabilizes dsRNA 

through deamination of adenosines, producing inosines in double stranded (dsRNA), which 

in turn decreases the activation of OAS.17, 18 Aicardi-Goutiéres syndrome (AGS) is a 

childhood neurodevelopmental and autoimmune inflammatory disease that lacks an effective 

treatment.19 Knockout of RNase L can rescue cells with ADAR1 mutations,17 suggesting 

that targeting RNase L with small molecule inhibitors may be a potential therapy for AGS 

cases caused by ADAR1 mutations. In fact, an RNase L inhibitor, the compound valoneic 

acid dilactone (VAL), has been shown to attenuate apoptosis caused by the loss of ADAR1 

activity.20

Oncolytic viruses (OVs) are being used as anticancer therapy.21 Many factors hinder the 

efficacy of OVs, one of which is the inhibition of viral replication by the OAS signaling 

pathway. A study showed that inhibition of RNase L activity with sunitinib improves 

the anti-tumor effect of the Vesicular Stomatitis Virus (VSV).22 Therefore, inhibition of 

RNase L can potentially enhance oncolytic viral therapy.22 Furthermore, RNase L has a 

pro-inflammatory function23 and was suggested to be involved in cardiac acute ischemic 

injury.24 Therefore, RNase L inhibitors may also be useful as an anti-inflammatory or 

cardioprotective agents.

As described above, small molecule inhibitors of RNase L possess high therapeutic 

potential. However, the development of effective inhibitors for RNase L is still at an early 

stage. It has been reported that RNase L can be inhibited by sunitinib with an IC50 in 

the micromolar range in vitro.25 However, the relatively weak potency of sunitinib against 

RNase L compared with its primary targets VEGFR and PDFGR, limits its usefulness as a 

drug candidate for RNase L inhibition. In a recent study, VAL showed nanomolar inhibition 

activity on RNase L in vitro.20 Nevertheless, the EC50 of VAL for RNase L in intact cells 

was in the micromolar range. Therefore, there is an urgent and unmet need to develop 

effective novel inhibitors against RNase L to explore its functions in cellular activities and 

potentially to treat diseases in which RNase L activity is excessive or detrimental.

Our recent co-crystal structure showed that sunitinib allosterically inhibits RNase L activity 

by binding to the ATP pocket of the PK domain,26 which inspired us to design potent 

inhibitory compounds of RNase L starting from promising fragments.

In this study, we carried out a Fragment Based Drug Discovery (FBDD) campaign against 

RNase L and identified inhibitors using enzymatic and Saturation Transfer Difference-

Nuclear Magnetic Resonance (STD-NMR) assays. From our screen, fragments of several 
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novel chemotypes were identified. Co-crystal structures of RNase L with fragments show 

that two fragments bind to the ATP pocket of the PK domain. Because myricetin, vitexin 

and hyperoside share a similar scaffold with the fragment AC40357, the in vitro and in 
cyto inhibitory activities of these three compounds were further investigated. A co-crystal 

structure of RNase L with myricetin was determined and provided insights for future 

inhibitor optimization against RNase L.

RESULTS

Identification of active fragments against RNase L.

To discover small molecular inhibitors for RNase L, a commercial fragment library 

consisting of 840 core fragments was screened against human RNase L (H-RNase L) using 

a well-established FRET based enzyme assay (Figure 1 and 2).20, 26, 27 This sensitive assay 

has been used to characterize compounds which are able to modulate the RNA substrate 

cleavage activity of RNase L.20, 28 In the initial screen against H-RNase L, 31 fragments 

at 3 mM displayed inhibition rates over 50% and were selected for further validation 

(3.7% hit rate) (Figure 2B). Subsequently, we attempted to solve the co-crystal structures of 

H-RNase L with fragment hits. However, the expression and crystallization of H-RNase L 

requires considerable time, effort and expense.7 Because of the high sequence and structural 

similarities between human and porcine RNase L,6, 7 porcine RNase L (P-RNase L) has 

been previously used to explore the inhibition mechanism by sunitinib in a recent study.26 

Therefore, these 31 hits were further evaluated for their inhibitory effects and binding 

abilities on P-RNase L using enzyme assays and STD-NMR spectroscopy, respectively 

(Figure 2A).

Twelve of 31 fragments showed inhibitory effect on P-RNase L at 3 mM (Supporting 

Information Figure S1). Sequence and structural differences between H- and P-RNase L 

may explain why the remaining 19 fragments did not inhibit P-RNase L. Ligand-based 

STD-NMR, a simple and reliable method for ligand screening and characterization of 

protein binding with no limits on the size of the protein,29, 30 has been previously 

employed to confirm direct binding of VAL to RNase L.20 We observed that five fragments 

produced positive signals in STD-NMR (Figure 2C). Among these five fragments, four 

showed inhibitory activity against both H- and P-RNase L, and one fragment, AC40357, 

inhibited only H-RNase L (Figure 2 and Supporting Information Figure S1). However, 

AC40357 is able to bind to P-RNase L with a positive STD-NMR peak (Figure 2C 

and Supporting Information Table S1). Thus, these five fragment hits were selected for 

subsequent structural studies: KM05073, BTB10184, AC39661, AC40357 and RF03759 

(Figure 2C and Supporting Information Figure S1).

In parallel, the half maximal inhibitory concentration (IC50) of these fragments was 

determined for both H- and P-RNase L (Supporting Information Table S1). The ligand 

efficiencies (LE) of seven fragments are greater than 0.3 on both H- and P-RNase L. All 13 

fragments displayed IC50 values in the high micromolar to low millimolar range (100 - 3000 

μM).
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Structures of P-RNase L in complex with fragments.

To elucidate the mechanistic details of the inhibition of RNase L by fragments, the P-RNase 

L apo crystals were soaked with each of the above 5 fragments. The co-crystal structures 

of RNase L with fragment (AC40357 or KM05073) were solved at a resolution of 2.6 Å 

in the P212121 space group with a homodimer in each asymmetric unit (Figure 3, Figure 

S2 and Table 1). The fragment omit maps were shown in Supporting Information Figure 

S3A and S3B). In each structure, the fragment resides in the ATP-binding pocket of the 

PK domain (Figure 3 and Figure S2), as was previously shown for sunitinib.26 Although 

AC40357 and KM05073 occupy the same ATP pocket, these two fragments have different 

interaction modes with RNase L. AC40357 forms direct hydrogen bonds with the side 

chain of D500 and the backbone NH of C435 (Figure 3B and Supporting Information 

Figure S3D). The hydroxyl group of AC40357 also forms water-bridged hydrogen bonds 

with residues E402 and D500. In addition, AC40357 forms hydrophobic interactions with 

surrounding amino acids I369, A370, V416, L432, A433, L434, and L489. As shown in 

Supporting Information Figure S3B, the chlorine (Cl) atom of KM05073 forms a halogen 

bond with the backbone carbonyl oxygen of C435 in the hinge region of PK. The carbonyl 

and methyl-sulfinyl oxygens of KM07053 form three water-mediated hydrogen bonds with 

residues E402, A433, and D500, respectively. KM05073 additionally forms an H-π stacking 

interaction with L489 (Supporting Information Figure S3C). Nonspecific van der Waals 

interactions are formed between KM05073 and I369, A370, L432, A433, L434 and L489. 

Residues C435, E402 and D500, which form polar interactions with these two fragments, 

are conserved in H- and P-RNase L sequences (Supporting Information Figure S4). Similar 

to our previous study,26 these two fragments targeting the PK domain of RNase L could 

allosterically modulate the ribonuclease activity of RNase L.

Myricetin and hyperoside, derivatives of AC40357, showed potent inhibitory effects on 
RNase L.

AC40357 showed a low millimolar IC50 against H-RNase L and it has a similar para-

hydroxyl benzoyl scaffold with flavonoid compounds (Figure 4A). In a previous study, 

it has been reported that some flavonoid compounds can inhibit H-RNase L.25 Thus, we 

measured the RNase L inhibitory activity of four previously unreported flavonoids which 

contained the major part of the scaffold of fragment AC40357 (shown in blue) (Figure 

4A–C and Supporting Information Table S2). Two of these four compounds (myricetin and 

hyperoside) inhibited both H- and P-RNase L in vitro. Hyperoside is 200-fold more potent 

than myricetin against H-RNase L (Figure 4B and 4C). In particular, hyperoside showed an 

IC50 value of 1.63 μM, which resulted in a 1500-fold increase of potency compared with the 

parent fragment AC40357 against H-RNase L (Supporting Information Table S1 and Figure 

4C). Of the other two flavonoids, phloretin inhibited H-RNase L, while liquiritin did not 

(Supporting Information Table 2).

Furthermore, six myricetin natural product derivatives were tested for their potency against 

both H- and P-RNase L (supporting information Figure S5). Among these compounds, 

vitexin showed in vitro inhibitory activities of 109 μM and 190 μM against P- and H-RNase 

L, respectively. This potency is similar to myricetin but other compounds were inactive. 

Although the chemical structure of morin is highly similar to myricetin, it is not active 
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against RNase L highlighting the importance of positions of the hydroxy groups on C2-

phenyl ring.

Three different concentrations of RNA substrate (50 nM, 100 nM and 200 nM) were used 

to confirm that the inhibition by hyperoside is not an artifact (Supporting Information Figure 

S6).

Ligand based STD-NMR was used to establish that the binding of myricetin or hyperoside 

to RNase L occurred in either the presence or absence of 2-5A and/or ATP/MgCl2. The 

STD-NMR spectra showed that myricetin or hyperoside directly interacts with monomeric 

RNase L in the absence of 2-5A (Figure 4D and 4H). It is known that 2-5A binds to the 

ANK domain with picomolar affinity,31 and induces the dimerization of RNase L. In the 

samples with 2-5A in molar excess to RNase L, myricetin and hyperoside also showed 

positive STD signal, which indicates that they can bind to the RNase L dimer (Figure 

4E and 4I). Upon the addition of ATP/MgCl2 or the mixture of 2-5A and ATP/MgCl2, in 

molar excess to RNase L, the STD experiments remained positive indicating the binding of 

compounds to RNase L (Figure 4F, 4G, 4J and 4K). The STD-NMR tests also showed that 

vitexin directly binds to P-RNase L (supporting information Figure S7).

Crystal Structure of P-RNase L with myricetin.

To understand the mechanism by which myricetin inhibits RNase L, and to aid future 

inhibitor design efforts, we obtained crystal structure of P-RNase L with myricetin. The 

structure is a dimeric RNase L, and the statistics are shown in Table 1. The omit Fo - Fc 

density map of myricetin before refinement are shown in Supporting Information Figure 

S8A. Myricetin, like AC40357, bound to the ATP-binding pocket of each PK domain 

with a similar binding pose to AC40357 (Figure 5A and 5C). Figure 5B showed polar 

interactions of myricetin with RNase L and the 2Fo - Fc electron density map of myricetin 

contoured at 1.5 σ. Myricetin formed one hydrogen bond with the side chain of D500 in 

the DFD (Asp-Phe-Asp) motif and two hydrogen bonds with the side chain of E441 in the 

C-lobe of the PK domain. In addition, myricetin also formed three hydrogen bonds with 

the main-chain of A433 and C435 in the hinge region of the PK domain. By comparing 

the RNase L/myricetin structure with the RNase L/AMP-PNP structure (PDB 4O1P), the 

chromen-4-one group of myricetin occupies the position of the adenine group of AMP-PNP, 

which is similar to sunitinib (PDB 6M11)26 (Supporting Information Figure S8B). Same as 

AC40357, the binding of myricetin also caused a slight swing of the side chain of D500 

in comparation with the structure of AMP-PNP bound RNase L (PDB 4O1P)6 (Supporting 

Information Figure S8C).

In comparison with available co-structures of myricetin in other kinases, such as inositol 

polyphosphate multikinase (IPMK),32 serine/threonine-protein kinase pim-1 (PIM1)33 and 

phosphoinositide 3-kinase (PI3K),34 the orientation of myricetin in RNase L is the same as 

in IPMK (Figure 5D). In both of these two structures, the 3,5,7-trihydroxy-4H-chromen-4-

one moiety of myricetin makes hydrogen bonds with respective hinge regions and the 

benzene-1,2,3-triol group form polar interactions with the C-lobe of PK. Different from 

the above two kinases, the position of myricetin in PIM1 rotated approximately 40 degrees 

compared with in RNase L (Figure 5E). Compared with the orientation of myricetin in 
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RNase L, myricetin in PI3K showed a flipped orientation such that its keto group is now 

pointing away from the hinge region (Figure 5F).

Hyperoside is a potent inhibitor of H- and P-RNase L

Ligand based STD-NMR confirmed the binding of hyperoside to P-RNase L (Figure 4H 

and 4I). However, our attempts at determining the co-crystal structure of RNase L with 

hyperoside were not successful. In supporting information Figure S5, it was shown that 

hyperoside binding did not compete with RNA substrate. Then we investigated if hyperoside 

would compete with 2-5A binding in the ANK domain. The IC50 of hyperoside against H- 

and P-RNase L were determined under three different concentrations of 2-5A (1, 5 and 20 

nM) (Figure 6A and 6B). The results showed that 2-5A does not seem to have an effect on 

the binding of hyperoside to either H- or P-RNase L (Figure 6A and 6B). Next, the effect of 

hyperoside on 2-5A induced RNase L dimerization and oligomerization was tested using in 
vitro cross-linking assay. In Figure 6C, it was shown that 40 μM hyperoside did not suppress 

the dimerization induced by 2-5A at concentrations up to 2 μM; supporting information 

Figure S9A, shows a lack of suppression of dimerization in a hyperoside concentration 

gradient. Our previous study showed mutants K164E and R353E reduced the binding of 

2-5A to P-RNase L and partially impaired its enzyme activity 6. Thus, we compared the 

inhibitory activity of hyperoside on wild type (wt-) P-RNase L to its mutants K164E and 

R353E. Hyperoside displayed similar potency against wt-RNase L to these two mutants 

(supporting information Figure S9B, wt-RNase L IC50 = 0.90 μM, K164E IC50 = 1.02 μM, 

R353E IC50 = 0.65 μM). Together, these studies clearly showed that hyperoside inhibits 

RNase L independently on 2-5A binding.

Because sunitinib can destabilize the RNase L dimer in solution state,26 we performed 

Dynamic Light Scattering (DLS) experiments for P-RNase L in presence of hyperoside. 

Even though a slight decrease of the radius of RNase L dimer was observed for hyperoside 

(Figure 6D), there was no effect of hyperoside on dimerization in response to 2-5A as 

determined by protein-protein crosslinking with Dimethyl Suberimidate (DMS) (Figure 

6C and Supporting Information Figure S9A). Therefore, we speculate that the inhibitory 

mechanism of hyperoside may be different from sunitinib.

The inhibition effect of compounds against H-RNase L in intact cells

To evaluate and compare the potency of valoneic acid dilactone (VAL), hyperoside, 

myricetin and vitexin against RNase L at the cellular level, we determined effects of these 

inhibitors on RNase L mediated rRNA cleavage in the human lung cancer cell line A549. 

Cells were pre-incubated with inhibitors for four hours, and then transfected for two hours 

with purified trimeric 2-5A (p35’A2’p5’A2’p5’A) to activate RNase L in the cells. RNase 

L activity was detected by monitoring highly specific and characteristic cleavages of rRNA 

in intact ribosomes.35 The RNase L inhibitor, VAL, inhibited RNase L activity at 10 to 30 

μM (Figure 7A, compare lane 2 to lanes 7&11). Inhibition was complete at 30 μM of VAL. 

Myricetin showed identical inhibitory activity to that of VAL (Figure 7A, compare lanes 

7&9, and 11&13). However, hyperoside and vitexin did not show any inhibitory activity 

against RNase L in intact cells (Figure 7, see lanes 16&18). Possible factors which may 
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hinder hyperoside and vitexin inhibition function at the cellular level include protein binding 

specificity, metabolic stability, membrane permeability and efflux characteristics.

To rule out effects of the inhibitors on RNase L stability, western blotting was done (Figure 

7B). Cells incubated in presence or absence of 100 μM of the inhibitors for four hours 

were then transfected with trimeric 2-5A (20 μM) for an additional two hours. No apparent 

degradation of RNase L in response to the inhibitors was observed. These finding show that 

VAL and myricetin are equally potent inhibitors of RNase L when added to intact cells, and 

that the inhibition is not caused by proteolysis of RNase L.

DISCUSSION AND CONCLUSIONS

RNase L participates in the regulation of various cellular activities in human cells.5 Studies 

have shown that targeted inhibition of RNase L activity has therapeutic potential for some 

diseases, such as AGS,17, 20 and for the promotion of oncolytic viral therapy.22 To date, only 

a few small molecule inhibitors have been reported to inhibit RNase L. Therefore, there is a 

need to develop novel inhibitors of RNase L to further evaluate their therapeutic potential in 

certain pathological conditions.

Myricetin, vitexin and hyperoside are flavonoids which belong to polyphenolic compounds. 

Myricetin is commonly found in different plant-based dietary agents, such as berries, fruits, 

vegetables, walnuts, red wine and teas.36 Vitexin is an active component in traditional 

Chinese medicine and usually found in many medicinal plants.37 Hyperoside is often 

isolated from various medicinal plants, for example Hypericum perforatum38 and Crataegus 
davisii.39 Many pharmacological studies reported that myricetin, vitexin and hyperoside 

can be used in anti-inflammatory responses, cardioprotective, antiviral and anti-tumor 

treatments.36, 37, 40 Myricetin has also been reported as an inhibitor against multiple kinases 

implicated in tumorigenesis.41 Furthermore, hyperoside was identified as an effective 

inhibitor of human Cytochrome P450 2D6 (CYP2D6) with an IC50 of 1.2 μM.42

Our co-crystal structure showed myricetin allosterically inhibited RNase L activity by 

binding to the ATP pocket, which is similar to sunitinib as characterized in our previous 

study.26 In the protein data bank (PDB), no co-crystal structures of hyperoside with any 

proteins was available up to June, 2021 and thus far we have been unable to determine the 

co-crystal structure of RNase L with hyperoside. The mechanism of action for hyperoside 

remains mysterious. The STD-NMR results showed that hyperoside could directly bind to 

both monomeric and dimeric RNase L with or without the presence of 2-5A. Furthermore, 

DLS experiments indicated that hyperoside did not affect the radius of particle of 2-5A 

induced RNase L dimer in solution state. Taken together, these results suggest that 

hyperoside may exert an allosteric regulation by a new mechanism distinct and different 

from that of sunitinib or myricetin. The detailed mechanism of how hyperoside inhibits 

RNase L activity will need to be elucidated in depth through crystallographic structure 

studies in the future, which may help develop potent inhibitors of RNase L.

Although myricetin only inhibits RNase L with sub-micromolar activity in the in vitro assay 

while hyperoside has a single-digit micromolar IC50 against RNase L, myricetin shows 
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stronger inhibitory activity than hyperoside in intact cells. This may be explained by the 

differences in their molecular size and cell permeabilities. Also, myricetin was about 20-fold 

more active against H-RNase L when added to intact cells than it was in vitro (compare 

Figures 4C & 7A). These results suggest that a metabolite of myricetin may have a greater 

inhibitory activity against RNase L than myricetin itself. Future studies aimed at identifying 

the active metabolite of myricetin could lead to a better understanding of the mode of RNase 

L inhibition in cells, while also informing SAR efforts aimed at generating more potent 

inhibitors.

Several co-crystal structures of RNase L in complex with sunitinib and its analogs (PDB: 

6M11, 6M12, 6M13)26 have been reported and a mechanism of destabilization of active 

RNase L dimer has been previously proposed. Together with the above-mentioned co-crystal 

structures, our new co-crystal structures of RNase L with myricetin and two fragments 

provided structural basis for further structure-activity relationship studies for these allosteric 

inhibitors targeting the ATP-binding pocket of RNase L.

Two recent studies showed that myricetin and its derivatives could effectively inhibit the 

SARS-CoV-2 3CL protease in vitro43, 44 and with micromolar in cyto potency.44 It has been 

suggested that myricetin derivatives could possess better selectivity for their target proteins 

as compared with myricetin.44 Therefore, the co-crystal structure of RNase L in complex 

with myricetin, or with myricetin metabolites, could help with the design of more potent and 

selective inhibitors for RNase L.

In this study, a few low affinity compounds show differential inhibitory activities against H- 

or P-RNase L, such as AC40357 and phloretin, this may be caused by protein instability and 

compound solubility. However, the corresponding high affinity compounds, e.g. myricetin 

and hyperoside, have shown consistent inhibition against both H- and P-RNase L.

The similar chemical scaffold between myricetin (and hyperoside) and the fragment 

AC40357 led us to identify three novel flavonoid inhibitors for RNase L. Similarly, natural 

product-derived fragments have been successfully applied to the development of p38a MAP 

kinase and phosphatase inhibitors.45 Therefore, our study provides another example that 

small molecule fragments derived from natural products can serve in FBDD as starting 

points for further drug optimization.

EXPERIMENTAL SECTION

Expression plasmid and preparation of proteins

The vector pGEX-2T-H-RNase L was used for the expression of full-length H-RNase L 

(residues 1-741) as previously reported.26 The plasmids containing full-length and truncated 

P-RNase L protein constructs (residues 1-743 for biochemical assay, residues 21-732 for 

structural and NMR experiments) were previously described.6, 26 The P-RNase L mutations, 

K164E and R353E, were constructed using a QuikChange site-directed mutagenesis kit and 

all plasmids are verified by sequencing.
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Proteins including H-RNase L, P-RNase L and truncated P-RNase L21-732 were expressed 

and purified as described.26 Briefly, the plasmids were transformed into E. coli BL21 

(DE3) (CAT#: EC1003, Weidi Biotech) and then the cell colonies were picked and 

grown in TB medium at 37 °C. When the bacterial density OD600 reached 0.8, 0.4 

mM of isopropyl-β-D-1-thiogalactopyranoside (IPTG, CAT# IB0168, Sangon Biotech) 

was added to induce protein expression. After induction for 16-18 hours at 18 °C, the 

bacterial cells were centrifuged. The collected cell pellets were re-suspended in lysis 

buffer and lysed by sonication and the recombinant proteins were subsequently purified 

with affinity chromatography using Glutathione Sepharose™ 4B. The eluted proteins were 

further purified by size exclusion chromatography using a HiLoad 16/600 Superdex 200 

column (CAT# 28-9893-35, GE Healthcare). The proteins were analyzed by SDS-PAGE and 

Coomassie brilliant blue staining. H-RNase L in buffer A (30 mM HEPES pH 7.8, 100 mM 

NaCl, 5 mM DTT, 2 mM MgCl2, and 10% glycerol) was used for biochemical enzyme 

assays. P-RNase L and P-RNase L21-732 in buffer B (30 mM HEPES pH 7.8, 100 mM 

NaCl, 5 mM DTT, and 2 mM MgCl2) were used for biochemical assay, NMR, and X-ray 

crystallography experiments.

Trimeric 2-5A (p35’A2’p5’A2’p5’A) was enzymatically synthesized, HPLC purified, 

lyophilized and dissolved in water as described previously.46

Biochemical activity assays

A convenient and sensitive fluorescence resonance energy transfer (FRET) based assay was 

used to determine RNase L activity (Figure 1),27 which is briefly described as follows. The 

FRET RNA probe is a 5’-FAM and 3’-BHQ-1 -labeled 36-nucleotide substrate (5’ FAM-

UUA-UCA-AAU-UCU-UAU-UUG-CCC-CAU-UUU-UUU-GGU-UUA-BHQ-1 3’, Takara 

Inc.) derived from respiratory syncytial virus genomic RNA. This probe containing 

multiplicity of cleavage sites (UU or UA)47, 48 for RNase L which was highly susceptible 

to cleavage by RNase L. RNase L activator 2-5A (2’-5’pA3; > 95% purity) was synthesized 

by ChemGenes (MA, USA). Recombinant RNase L was incubated with 2-5A (0.5 nM) and 

the FRET probe (100 nM) in cleavage buffer (25 mM Tris-HCl, pH 7.4, 100 mM KCl, 

10 mM MgCl2, and 2.5 mM DTT). Samples were then incubated for 60 min at 22 °C. 

The fluorescence signal was measured by excitation at 480 nm and emission at 535 nm 

with a 2104 EnVision Multilabel Plate Reader (PerkinElmer) at three-minute intervals. Each 

experiment was performed in triplicate and graphs were plotted using GraphPad Prism.

Screening of inhibitory fragments against RNase L

A Maybridge Ro3 Diversity Fragment Library, consisting of 840 compounds, was screened 

for inhibitory fragments against H-RNase L using a FRET-based RNase L activity assay (see 

above method). The screening was performed on 384-well black plates. Reaction mixtures 

contained 10 nM H-RNase L, 100 nM FRET RNA probe, 0.5 nM 2-5A, and 3.0 mM 

fragments in a buffer with 25 mM Tris pH 7.4, 100 mM KCl, 10 mM MgCl2 and 2.5 mM 

DTT in a final volume of 40 μL per well. Then, each fragment from a 200 mM stock in 

d6-DMSO was added, mixed, and incubated at room temperature for 30 min. Sunitinib (100 

μM), which was reported as a H-RNase L inhibitor,25, 26 was used as a positive control 
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in every screening plate. The fluorescence signal was measured using a 2104 EnVision 

Multilabel Plate Reader (PerkinElmer).

The half maximal inhibitory concentration (IC50) determination for compounds

The IC50 of fragments and flavonoid derivatives was measured by incubating at different 

concentrations of compounds with proteins in 25 mM Tris pH 7.4, 100 mM KCl, 10 mM 

MgCl2, 2.5 mM DTT and 0.5 nM 2-5A for 10 min on ice. FRET RNA probe was then added 

into the above mixture with a final concentration of 10 nM H-RNase L or 2.5 nM P-RNase 

L for 1 h at room temperature. Each experiment was performed in triplicate and graphs were 

plotted using GraphPad Prism. All compounds in this study are from commercial sources 

and analyzed by HPLC, their purities were > 95%.

Compounds binding validation using Nuclear Magnetic Resonance (NMR)

The positive hits against H-RNase L were prepared in cocktails containing three or four 

fragments (400 μM each) without overlapping chemical shifts, which were then incubated 

with 10 μM of protein (P-RNase L21-732) in solution containing 20 mM sodium phosphate, 

100 mM NaCl, 2 mM DTT, pH 7.5 and 5% d6-DMSO. Positive hits in the cocktail were 

tested again using STD. STD-NMR spectra were acquired on a Bruker Avance III-600 MHz 

spectrometer equipped with a cryogenically cooled probe (Bruker Biospin, Germany) at 25 

°C. The saturation time was set at 2 s.

Soaking of P-RNase L crystals with compounds

Purified P-RNase L21-732 was concentrated to 10-12 mg/mL with buffer (30 mM HEPES, 

100 mM NaCl, 5 mM DTT, 2 mM MgCl2, pH 7.8). Apo crystals were grown in 24-well 

hanging-drop plates in the reservoir solution: 100 mM Tris-HCl, pH 7.0 - 8.0, 150 mM 

(NH4)2SO4, and 16-20% PEG4000. The crystal was grown at 20 °C in a 2 μL protein sample 

with an equal volume of reservoir solution. Then the crystals were soaked in drops with 

compounds at 20-50 mM final concentration with ~10% DMSO overnight at 20 °C. Crystals 

were cryo-protected using the corresponding reservoir solution plus 25% ethylene glycol 

and were flash-frozen in liquid N2.

X-ray data collection and structure solution and refinement

The diffraction data from crystals soaked with compounds were collected at the BL17U1 

beamline of the Shanghai Synchrotron Radiation Facility or an in-house light source Rigaku 

MicroMax-007 HF and indexed, integrated, and scaled using XDS.49 The structure was 

solved by molecular replacement using the PHASER program,50 with a dimeric structure of 

RNase L (PDB ID: 6M11) in which sunitinib and 2-5A were removed as the search model. 

Structure refinement was performed using the CCP4 suite refmac551 or PHENIX.52 The 

fragment, 2-5A and water molecules were manually fitted into the initial Fo-Fc maps using 

the Coot graphics program.53 The MolProbity was used to evaluated structural models.54 

All structure figures were prepared using PyMOL.55 Detailed statistics of the crystal 

diffraction data and refinement are shown in Table 1. Co-crystal structures of P-RNase 

L/AC40357 (7DTS), P-RNase L/KM05073 (7DSY) and P-RNase L/myricetin (7ELW) have 

been deposited in PDB.
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RNase L oligomerization assay

Dimethyl Suberimidate (DMS) based cross-linking was used to detect 2-5A-induced RNase 

L dimerization and oligomerization.11, 28 Purified full-length P-RNase L (30 μL, 0.8 μM) 

was supplemented with 5 mM MgCl2 and incubated with or without hyperoside for 15 min 

on ice. Next, 2-5A was added to the mixture, and the mixture was further incubated for 

15 min on ice. One microliter of 120 mg/mL DMS in 0.4 M triethanolamine hydrochloride 

(pH 8.5) was added to the mixture, and the mixture was then incubated at room temperature 

for 1 h and denatured by adding 5× loading buffer (250 mM Tris-HCl, pH 6.8, 0.2% 

bromophenol blue, 1% β-mercaptoethanol, 10% SDS, 50% glycerol) and heated at 95°C for 

5 min. Samples were then separated by SDS-PAGE with a gradient gel (4-12%), which were 

subsequently stained with Coomassie blue G-250. The gels were finally photographed by 

ChemiDoc MP Imaging System (Biorad).

The particle size of dimeric RNase L was measured by Dynamic light scattering

A DynaPro NanoStar instrument (Wyatt Technology Corporation) was used to perform light 

scattering experiments at 25 °C. P-RNase L21-732 (5 μM in SEC buffer) was incubated with 

or without hyperoside (200 μM) for 10 min on ice. The mixture was further incubated with 

10 μM 2-5A for 10 min on ice. All samples were centrifuged (15,000 × g for 10 min, 4 °C) 

and were tested with five replicates (20 scans/replicate). GraphPad Prism was used to plot 

the figure.

Determination of RNase L inhibition by compounds in intact cells

A549 cells were seeded in 24-well plates and cultured in RPMI media with 10% FBS for 

16 hours. Cell were then incubated without or with 3, 10, 30 and 100 μM inhibitors in fresh 

media for four hours. The cells were next transfected with 20 μM of 2’-5’p3A3 (trimeric 

2-5A) with lipofectamine 2000, in the continued presence of the inhibitors, and cultured for 

an additional two hours before isolation of total RNA. The RNA was isolated with EZ-10 

Spin Columns Total RNA minipreps Super kit (BIO BASIC). Total RNA was separated on 

RNA chips with an Agilent Bioanalyzer 2000. Protein extracts were made from identically 

treated cells with non-idet P40 lysis buffer.56 Western blots were probed with monoclonal 

antibody against H-RNase L11 and antibody against beta-actin (Sigma-Aldrich).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AGS Aicardi-Goutières syndrome

IFN interferon

ANK ankyrin-repeat domain

PK pseudokinase

JAK-STAT Janus kinase (JAK)-signal transducer of activators of transcription 

(STAT) pathway

ADAR1 adenosine deaminase 1

ssRNA single-stranded RNA

dsRNA double-stranded RNA

OAS oligoadenylate synthetase

OVs oncolytic viruses

VSV vesicular stomatitis virus

FBDD fragment-based drug discovery

VEGFR vascular endothelial growth factor receptor

PDFGR platelet-derived growth factor receptor

STD-NMR saturation transfer difference-nuclear magnetic resonance

FRET fluorescence resonance energy transfer

VAL valoneic acid dilactone

LE ligand efficiencies

IPMK inositol polyphosphate multikinase

PIM1 Serine/threonine-protein kinase pim-1

PI3K phosphoinositide 3-kinase

DLS dynamic light scattering

DMS Dimethyl Suberimidate

PDB Protein Data Bank

CYP2D6 Cytochrome P450 2D6
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Figure 1. 
Diagram of RNase L activation and the FRET screening assay. The binding of 2-5A to the 

ANK domain and the binding of ATP to the PK domain co-operatively induce an active 

dimer conformation from inactive monomers. Activated RNase L cleaves viral and cellular 

ssRNA. In the FRET assay, an RNA substrate was labeled with a fluorophore (FAM) and a 

quencher (BHQ1) at its 5’ and 3’ termini, respectively. Upon substrate cleavage by RNase L, 

the fluorescence signal of FAM is detected, with excitation at 485 nm and emission at 535 

nm. Active fragments were selected for next-stage validation.
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Figure 2. 
Screening cascade against RNase L using biochemical and STD-NMR assays. (A) A 

fragment library was first screened on H-RNase L. Thirty-one positive hits were further 

tested for potency and binding against the P-RNase L, because it is prone to crystallization. 

Venn diagram showed the numbers of fragment hits identified at each stage. (B) The 

screening of a fragment library of 840 compounds against H-RNase L using an in vitro 

FRET-based assay. Five green dots represent the STD-positive fragments identified in (C). 

(C) STD-NMR binding analysis of P-RNase L21-732 (N21732) and fragments. The top 

spectrum is the 1H-NMR of P-RNase L (10 μM) in mixture with each fragment hit (400 

μM), while the bottom spectrum is the STD-NMR of the same sample. The chemical 

structures of fragments are shown.
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Figure 3. 
Co-crystal structure of the dimeric P-RNase L in complex with the fragment AC40357. (A) 

The dimer structure of P-RNase L in complex with 2-5A and AC40357. AC40357 bind to 

the PK domain in both protomers. (B) Stick model of AC40357 in P-RNase L, where the 

2Fo-Fc density map of AC40357 is shown as blue mesh and contoured at 1 σ. Hydrogen 

bonds are shown as dotted black lines, and water molecules as red spheres. (C) The surface 

model AC40357 in P-RNase L.

Tang et al. Page 19

J Med Chem. Author manuscript; available in PMC 2023 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Myricetin and hyperoside exhibited potent inhibitory effects on both H- and P-RNase L. (A) 

Chemical structures of AC40357, myricetin and hyperoside. The blue scaffold is the same in 

these three compounds. (B, C) The potency of compounds against both H- and P-RNase L. 

(D-K) The STD-NMR showed the binding of myricetin and hyperoside to P-RNase L, in the 

presence of the indicated concentrations of protein, 2-5A and ATP/MgCl2.
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Figure 5. 
The co-crystal structure of P-RNase L with myricetin (MYC). (A) The three-dimensional 

structure of 2-5A and myricetin bound to the P-RNase L dimer. (B) The stick model of 

myricetin in the ATP-binding pocket in P-RNase L. The electron density map (2Fo-Fc) of 

myricetin in blue mesh and contoured at 1.5 σ. Hydrogen bonds were shown in dotted black 

lines. The C- and N-lobes of PK domain of P-RNase L are in yellow and pink, respectively; 

the hinge region is in cyan and myricetin is shown as a green stick model with oxygen 

atoms in red. (C) The same pose was taken by AC40357 and myricetin in the ATP-binding 

pocket of P-RNase L. (D-F) Comparison of the relative orientations of myricetin in different 

kinases. Myricetin (green) in the PK domain of P-RNase L was superimposed onto the 

following kinases: IPMK ((D), PDB 6M88), PIM1 ((E), PDB 2O63), and PI3K ((F), PDB 

1E90), where myricetin is shown in slate blue. Black dotted lines represent hydrogen bond 

interactions. Residues in the C-lobe, N-lobe and hinge region are in yellow, pink and cyan, 

respectively. MYC: myricetin.
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Figure 6. 
Hyperoside is an inhibitor of H- and P-RNase L. (A and B) 2-5A does not affect the 

potency of hyperoside against P- or H-RNase L. IC50 values represent the mean ± 

SEM of three inhibition profiles. (C) Hyperoside did not affect 2-5A induced RNase 

L oligomerization. (D) Hyperoside had a minimal effect on 2-5A-induced P-RNase L 

dimerization as determined by DLS.
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Figure 7. 
VAL and myricetin, but not hyperoside or vitexin, inhibit RNase L when added to intact 

A549 cells. (A) The cells were cultured in the presence of inhibitors for four hours 

as indicated. Subsequently, cells were transfected with 20 μM of trimeric 2-5A for two 

hours. Total RNA was isolated and separated on RNA chips (Agilent) to monitor RNase L 

dependent rRNA cleavage products (arrows). Positions of 28S and 18S rRNA are indicated. 

(−) untreated cells, (VA) valoneic acid dilactone; H (hyperoside), M (myricetin); VX 

(vitexin). (B) Western blot for RNase L and beta-actin in identically treated cells (with 

100 μM of inhibitors). The experiment was done twice with identical results.

Tang et al. Page 23

J Med Chem. Author manuscript; available in PMC 2023 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tang et al. Page 24

Table 1.

Crystallographic data collection and refinement statistics for the complex structures of porcine-RNase L and 

compounds

P-RNase L-AC40357 P-RNase L-KM05073 P-RNase L-Myricetin

PDB ID 7DTS 7DSY 7ELW

Data collection

Space group P212121 P212121 P212121

Cell dimensions

a, b, c (Å) 59.01 111.28 264.09 59.32 111.05 262.83 59.61 111.93 264.93

α, β, γ (°) 90 90 90 90 90 90 90 90 90

Wavelength (Å) 0.9792 0.9792 1.54

Resolution range (Å) 30.36 - 2.63 (2.724 - 2.63) 31.5 - 2.65 (2.746 - 2.651) 22.92 - 3.55 (3.676 - 3.55)

Rsym or Rmerge 0.08199 (1.297) 0.06505 (0.9465) 0.1096 (0.249)

I / s (I) 15.02 (1.45) 16.18 (1.27) 13.03 (5.84)

Completeness (%) 99.52 (99.94) 99.55 (98.60) 99.30 (99.86)

Refinement

Resolution (Å) 2.63 2.65 3.55

No. reflections 52595 (5182) 51275 (4987) 22127 (2166)

Rwork / Rfree 0.192 / 0.271 0.199/0.270 0.241/0.280

No. atoms 10992 10986 10909

Protein residues 1352 1348 1351

Water 98 113 0

Favored (%) 95.13 95.79 96.17

Allowed (%) 4.65 3.98 3.75

Outlier (%) 0.22 0.23 0.08

Average B-factors 99.39 103.09 72.17

Bond lengths (Å) 0.011 0.010 0.002

Bond angles (°) 1.63 1.56 0.44
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