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United States

Abstract

SRA stem-loop-interacting RNA-binding protein (SLIRP) is a versatile protein that can interact 

with the stem-loop structure in RNA and with G quadruplex DNA. By using a quantitative 

proteomic experiment, we found that SLIRP interacts with the majority of the human helicase 

proteome. We also found that these interactions facilitate 2′-O-methylation of a number of 

nucleosides in rRNA and promote protein translation. Hence, we uncovered a novel function of 

SLIRP protein and offered novel mechanistic insights into its function as a RNA chaperone and 

into the regulation of 2′-O-methylation of rRNA.

The SRA stem-loop-interacting RNA-binding protein (SLIRP) was initially discovered as a 

protein that can interact with a functional substructure of SRA (STR7) and repress nuclear 

receptor transactivation.1 Endogenous SLIRP is localized mainly in the mitochondria,1 

where it plays an indispensable role in maintaining mitochondria-localized mRNA 

transcripts encoding for proteins involved in oxidative phosphorylation.2 In addition, our 

recent quantitative proteomic experiment revealed that SLIRP can bind directly with G 

quadruplex (G4) DNA in vitro and binds with guanine-rich regions in chromatin that can 

potentially fold into G4 structures.3

SLIRP forms a complex with leucine-rich pentatricopeptide repeat-containing protein 

(LRPPRC) and protects the latter from degradation.4,5 The SLIRP-LRPPRC complex 

promotes the polyadenylation and coordination of translation of mitochondrial mRNA.6,7 

The protein complex was recently found to bind throughout the mitochondrial transcriptome, 

especially the mRNAs, and act as a global RNA chaperone that stabilizes RNA structures to 

allow for exposure of the regions of RNA that are necessary for stabilization, 

polyadenylation, and translation.8

Herein, we set out to explore novel functions of SLIRP by characterizing systematically the 

interaction proteome of SILRP. We utilized a quantitative proteomic method, relying on 

stable isotope labeling by amino acid in cell culture (SILAC), to characterize, at the 
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proteome-wide level, the SLIRP-binding proteins. Toward this goal, we used our previously 

reported CRISPR-engineered HEK293T cells which carry 3 × FLAG and 2 × Strept tags 

fused to the C-terminus of endogenous SLIRP protein (SLIRP-TAPTAG cells).3 To remove 

experimental bias, we performed SILAC experiments with both forward and reverse 

labelings (Figure 1).

The liquid chromatography-tandem mass spectrometry (LCMS/MS) results revealed 279 

proteins showing binding preference toward SLIRP, with SILAC ratios being ≥2 (Table S1 

and Figure 1b). Gene ontology (GO) function analysis revealed the enrichment of helicases 

and those proteins that function in RNA binding and rRNA binding (Figure 1c and Figure 

S1). In addition, our proteomic data confirmed a previously reported interaction partner of 

SLIRP, i.e., LRPPRC, with an average SILAC ratio of 46.7 (Figure S2 and Table S1).

To explore further the degree to which the SLIRP interacts with helicase proteins, we 

employed a previously reported SILAC coupled with LC-PRM (PRM: parallel reaction 

monitoring) method,9 which allows for the quantitative assessment of 121 distinct human 

helicases, to monitor systematically the binding between SLIRP and helicase proteins. Our 

results revealed that, among the 121 distinct human helicases monitored, 78 could be 

detected in the SLIRP pull-down experiment. Strikingly, 70 out of the 78 helicases were 

enriched by at least 2-fold with the SLIRP pull-down relative to the control (Figure 2, Figure 

S3 and Table S2). In this vein, our quantitative proteomic data unveiled ≥10-fold 

enrichments of DDX17 and DDX21 in the SLIRP pull-down sample relative to the control 

pull-down (Figure 3a,b).

DDX17, DDX21 and NOP58 were previously shown to function in rRNA processing.10–14 

We also validated the interactions between SLIRP and DDX17/DDX21/NOP58 by pull-

down followed by Western blot analyses (Figure 3c,d). In addition, treatment with RNase A 

led to diminished interactions between SLIRP and the three proteins, indicating that the 

SLIRP-DDX17/DDX21/NOP58 interactions are RNA-dependent (Figure 3c). The reciprocal 

experiment using Flag-tagged DDX17/DDX21 further confirmed their interactions with 

SLIRP in cells (Figure 3d).

DDX21 was found to participate in 2′-O-methylation of rRNA.11,12 Along this line, we 

found that Box C/D RNP proteins (e.g., NOP58, NOP56 and FBL), which are involved with 

2′-O-methylation of rRNA,13,14 are also enriched in the pull-down experiment (Figure S1 

and Table S1). Hence, we next asked whether SLIRP also modulates the 2′-O-methylation 

of rRNA. To this end, we monitored site-specific 2′-O-methylation in rRNA by real-time 

quantitative polymer-ase chain reaction (RT-qPCR), which is on the basis of the principle 

that 2′-O-methylation inhibits reverse transcription in the presence of low concentrations of 

dNTPs.11,15 The results showed that the levels of 2′-O-methylation at C3848, G4464, 

U4197 in 28S rRNA and U1805 in 18S rRNA were significantly diminished upon shRNA-

mediated knockdown of SLIRP, or upon knockdown of NOP58 or DDX21 (Figure 4). 

Nevertheless, the levels of 2′-O-methylation at C1703 in 18S rRNA and C4506 in 28S 

rRNA were not altered upon knockdown of SLIRP (Figure 4). In this vein, it is of note that 

knockdown of SLIRP or NOP58 did not affect each other’s expression (Figure S4).
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We also conducted RiboMethSeq analysis to assess the alterations in site-specific 2′-O-

methylation in rRNA after SLIRP knockdown.16,17 We found that the changes in 2′-O-

methylation obtained from RiboMethSeq were consistent with the aforementioned RT-qPCR 

results (Figure 4b and Figure S5). In addition, we measured, by using LC-MS/MS, the 

global levels of 2′-O-methylated nucleosides and pseudouridine in rRNA after knockdown 

of SLIRP (Figure S6). It turned out that there were no significant alterations in the levels of 

2′-O-methylated nucleosides or pseudouridine after knockdown of SLIRP (Figure S6). This 

is in agreement with the results obtained from RiboMethSeq analysis (Figure 4a and Figure 

S5), indicating that the SLIRP-mediated 2′-O-methylation is site-specific and is perhaps 

modulated by local secondary structure of rRNA (Figure S7).18 In this context, we also 

examined the locations of the sites with altered levels of 2′-O-methylation in the ribosome 

structure,18 and it turned out that the affected sites were localized throughout the ribosome 

structure, where some are localized close to critical regions such as the A-sites (28S A3697, 

28S U4197) and intersubunit bridge regions (18S U1804, 28S G2863) (Figure S7).

2′-O-Methylation of rRNA contributes to the assembly of functional ribosomes and 

regulates the efficiency of translation.14,19 We reason that the SLIRP-mediated 2′-O-

methylation of rRNA may also modulate the rate of translation. To test this, we monitored, 

by using a luciferase reporter assay, the translation rate after knockdown of SLIRP, NOP58 

or DDX21 (Figure 5). Our results revealed a significantly lower translation rate in HEK293T 

cells upon shRNA-mediated knockdown of SLIRP, NOP58 or DDX21 relative to cells 

treated with control shRNA, while the mRNA transcription of the reporter gene was not 

altered (Figure 5b and Figure S8), supporting that the SLIRP-mediated 2′-O-methylation of 

rRNA assumes important roles in translation regulation. In this regard, it is of note that the 

luciferase reporter assay only reveals cap-dependent translation, and it will be important to 

examine, in the future, if cap-independent translation is also influenced by knockdown of 

SLIRP.

Together, we characterized comprehensively, for the first time, the interaction proteome of 

SLIRP, and our proteomic data revealed a pronounced enrichment of helicase proteins as 

interaction partners of SLIRP. Our results provide plausible mechanistic insights into the 

recent observation that SLIRP, in conjunction with LRPPRC, serves as a RNA chaperone 

that modulates the secondary structure and stability of the entire mitochondrial 

transcriptome.8 In this respect, SLIRP may recruit RNA helicases to unwind and expose 

certain regions of mitochondrial RNA that are required for stabilization, polyadenylation and 

translation. Additionally, we uncovered a novel function of SLIRP in modulating translation 

by stimulating the 2′-O-methylation at several sites in rRNA through its binding with 

NOP58 and DDX21. SLIRP harbors a RNA recognition motif, which recognizes secondary 

structures in RNA.1 We speculate that SLIRP may also bind to structured regions of rRNA 

and recruit RNA helicase(s) to unwind these local structures and to facilitate 2′-O-

methylation in rRNA. This may explain why SLIRP only modulates the 2′-O-methylation of 

selected sites in rRNA. Therefore, our work also revealed a new molecular determinant for 

2′-O-methylation of rRNA.

Considering the recently discovered function of SLIRP in binding to G4 DNA,3 it can be 

envisaged that SLIRP may also help recruit helicase proteins to G4 DNA, thereby unwinding 
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G4 DNA structures for supporting normal DNA metabolism (e.g., DNA replication, 

transcription and repair).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Analysis of SLIRP-binding proteome. (a) A scheme depicting the procedures for the 

SILAC-based quantitative profiling of SLIRP-binding proteins. (b) A scatter plot showing 

the ratios obtained from forward and reverse SILAC labeling using shotgun proteomic 

analysis. (c) GO analysis of SLIRP-binding proteins.

Li et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2020 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
PRM-based targeted proteomic analysis of the helicase proteins that interact with SLIRP. 

Plotted are the ratios of levels of helicase proteins in SLIRP over control pull-down 

experiments.
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Figure 3. 
Interactions between SLIRP and DDX17/DDX21/NOP58. (a,b) Representative PRM traces 

showing the relative enrichment of DDX17 (a) or DDX21 (b) from anti-Flag pull-down 

experiments using lysates of SLIRP-TAPTAG and parental HEK293T cells. “F’ and ‘R” 

designate forward and reverse SILAC labeling experiments, respectively. The red and blue 

traces in (a) and (b) from forward SILAC experiment represent pull-down samples from 

SLIRP-TAPTAG and parental HEK293T cells, respectively. The opposite color scheme was 

used for the reverse SILAC experiment. (c) Western blot results showing Flag pull-down 

using lysates of SLIRP-TAPTAG cells and HEK293T cells with or without RNase A 

treatment. (d) Western blot results showing Flag pull-down in HEK293T cells transfected 

with or without DDX17-Flag or DDX21-Flag.
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Figure 4. 
SLIRP modulates 2′-O-methylation in rRNA. (a) Shown are the relative 2′-O-methylation 

levels at 6 sites on rRNA after shRNA-mediated knockdown of NOP58, DDX21, or SLIRP. 

(b) The mean RiboMethScore of individual sites on 18S and 28S rRNA obtained from 

RiboMethSeq analysis. Unpaired, two-tailed Student’s t-test was employed to determine the 

p values: *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, p > 0.05 (n = 3).
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Figure 5. 
SLIRP regulates translation efficiency. (a) A schematic diagram depicting the procedures for 

monitoring the translation efficiency using luciferase activity assay. (b) Relative luciferase 

activity in cells after shRNA-mediated knockdown of SLIRP, NOP58 or DDX21.
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