UC Riverside
UC Riverside Previously Published Works

Title
Identification of SLIRP as a G Quadruplex-Binding Protein.

Permalink
https://escholarship.org/uc/item/72k5910b0

Journal
Journal of the American Chemical Society, 139(36)

Authors
Williams, Preston
Li, Lin

Dong, Xiaoli

Etall

Publication Date
2017-09-13

DOI
10.1021/jacs.7b07563

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/72k5910b
https://escholarship.org/uc/item/72k5910b#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2018 September 13.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2017 September 13; 139(36): 12426-12429. doi:10.1021/jacs.7b07563.

Identification of SLIRP as a G Quadruplex-Binding Protein

Preston WilliamsT, Lin LiT, Xiaoli Dong, and Yinsheng Wang*iP
Department of Chemistry, University of California Riverside, Riverside, California 92521-0403,
United States

Abstract

The guanine quadruplex (G4) structure in DNA is a secondary structure motif that plays important
roles in DNA replication, transcriptional regulation, and maintenance of genomic stability. Here,
we employed a quantitative mass spectrometry-based approach to profile the interaction proteomes
of three well-defined G4 structures derived from the human telomere and the promoters of cMYC
and ¢K/T genes. We identified SLIRP as a novel G4-interacting protein. We also demonstrated
that the protein could bind directly with G4 DNA with Kj values in the low nanomolar range and
revealed that the robust binding of the protein toward G4 DNA requires its RRM domain. We
further assessed, by using CRISPR-Cas9-introduced affinity tag and ChIP-Seq analysis, the
genome-wide occupancy of SLIRP, and showed that the protein binds preferentially to G-rich
DNA sequences that can fold into G4 structures. Together, our results uncovered a novel cellular
protein that can interact directly with G4 DNA, which underscored the complex regulatory
networks involved in G4 biology.

The DNA guanine quadruplexes (G4) are stable four-stranded, noncanonical structures that
can form in regions of the genome with high guanine content.12 Although G4 folding
patterns are highly diverse, the structural foundation of all G4s comprises multiple G-tetrads
stacked upon one another (Figure 1).12 A G-tetrad is a square planar structure of four
guanines that interact with each other through Hoogsteen hydrogen bonding and are further
stabilized by a monovalent cation, primarily K*, located at the center of the four guanines
(Figure 1a).1:2 Although the /n vitro formation of G4 structure has been known for decades,
only recently have its formation and involvement in important biological processes in cells
been demonstrated.1-3

Computational analysis using the consensus G4 sequence motif of
G3+N1-7G3+N1_7G3+N1_7G34 revealed >300 000 motifs in the human genome with potential
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to fold into G4 structures,* and a newly described search algorithm estimated the number of
putative G4-forming sequences to be 2—10-fold larger than what was initially predicted.®
Interestingly, G4 motifs are not evenly distributed throughout the genome, where direct
visualization of these motifs with immunofluorescence microscopy using a G4-specific
antibody identified many G4-forming hotspots in human cells.® Furthermore, Hansel-
Hertsch et al.” uncovered, by using a G4-chromatin immunoprecipitation-sequencing (ChlP-
seq) approach, approximately 10 000 G4 structures in the human chromatin with high
enrichment in many loci of important biological relevance and regulatory functions,
including more than 2000 gene promoters and the human telomeres.

Understanding fully the implications of G4 structures in the biological functions of nucleic
acids, particularly the roles of G4 structures in gene regulation and human diseases, requires
the investigation about how these structures are recognized by cellular proteins. Indeed,
many proteins, including, among others, nucleolin, hnRNP A1, hnRNP A2, PARP1, Rifl
and SUB1, were shown to bind to G4 structure.8-13

Quantitative proteomics-based interaction screening constitutes a powerful and unbiased
approach for uncovering cellular proteins that can bind to modified DNA.1415 Here, we
employed stable isotope labeling by amino acid in cell culture (SILAC)6-based quantitative
proteomic method to discover novel G4-binding proteins. To this end, we used three 5'-
biotin-labeled G4 probes derived from the G-rich sequences of the human telomere and the
promoters of cK/7and cMYC genes that were previously shown to adopt well-defined G4
folding /n vitro as baits for pulling down G4-binding proteins.17-19 We also obtained the
corresponding probes where two guanine residues crucial for G4 folding and stability were
mutated to thymine or adenine residues, and used these probes as control baits (Table S1).
The proper folding of the G4-containing probes was confirmed by circular dichroism (CD)
spectroscopy analysis (Figure S1). In this vein, the sequences derived from the promoters of
the cK/T and cMYC genes yield maximum and minimum CD signals at around 260 and 240
nm, respectively (Figure S1), which are characteristic of parallel G4 folding topology.2? The
sequence arising from human telomere (hTel26) displayed maximum CD signals at 270 and
290 nm, which exhibit hydrid-type G4 folding with mixed parallel and antiparallel strands
(Figure S1).17 In contrast, the three mutated control sequences did not display CD signals
that manifest G4 folding (Figure S1). To minimize nonspecific protein-beads interactions,
we also inserted six thymidine residues between the sequence of interest and the biotin tag
(Table S1).

To achieve metabolic labeling of the nuclear proteome, we cultured HeLa cells separately in
light or heavy medium, and isolated the nuclear proteins from these cells. Equal amounts of
nuclear proteins from the light- and heavy-labeled cells were passed through streptavidin
columns that were immobilized with biotin-conjugated G4 DNA and the corresponding
mutated sequence, respectively (Figure 1c), which was designated as the forward SILAC
experiment. To remove experimental bias, we also conducted reverse SILAC experiment
(see Experimental Section).

After incubation with the nuclear protein lysate, the DNA-conjugated beads were washed to
remove nonspecific proteins, and the bound proteins were eluted from the beads, digested
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with trypsin, and subjected to LC-MS/MS analysis. The LC-MS/ MS results revealed that
SLIRP could bind specifically to all three G4 probes, with the SILAC protein ratios being
2.73+1.10,2.71 £ 0.70, and 3.90 £ 1.25 for G4 sequences derived from ¢K/T, cMYC, and
hTel26 over their corresponding mutant probes, respectively. Representative LC-MS results
for a tryptic peptide derived from SLIRP, SINQPVAFVR, are shown in Figure 2, which
clearly showed the stronger binding of SLIRP to the three G4 sequences than the
corresponding mutant probes in both forward and reverse SILAC experiments (MS/MS
shown in Figure S2). The selective binding of SLIRP toward G4 DNA was also supported by
another tryptic peptide derived from SLIRP, i.e., GLGWVQFSSEEGLR (Figure S3).

Considering that the above quantitative proteomics-based interaction screening may also
yield proteins that can bind indirectly to G4 DNA via protein—protein interactions, we
decided to examine whether SLIRP can bind directly with G4 DNA. To this end, we purified
full-length recombinant SLIRP (Figure S4) and measured its binding affinities with G4 DNA
and the corresponding mutant DNA using fluorescence anisotropy (the sequences for the
fluorescently labeled probes are listed in Table S2). Our results revealed that SLIRP
exhibited robust binding to all three G4 foldings with the Ky values for the G4 motifs
derived from the promoters of the cA/YCand cK/T genes and the human telomere being 98,
59, and 56 nM, respectively (Figure 3 and Table S3). In line with our proteomic data, the
corresponding mutant probes incapable of folding into G4 structures displayed markedly
lower binding affinities toward SLIRP, as reflected by the Ky values of 255, 612, and 372
nM, respectively (Figure 3 and Table S3). These results, therefore, demonstrated that SLIRP
can bind directly and strongly to all three G4 folding structures. We also observed, from CD
measurements, that the presence of SLIRP does not alter the folding of the G4 structures
(Figure S5).

SLIRP was initially discovered to be an RNA-binding protein that interacts directly with the
STR7 substructure of steroid receptor RNA activator (SRA).2122 Similar as other G4-
binding proteins (e.g., hnRNP A1, hnRNP A2, and nucleolin), SLIRP possesses an RNA
recognition motif (RRM) (Figure S6 shows the sequence alignment for the RRMs derived
from these proteins). In addition, Leu62, Arg24, and Arg25 on the RNA binding surface of
the RRM of SLIRP were found to be directly involved in this binding, and mutations of
these residues to alanines (i.e., the L62A and R24A/R25A mutants) led to pronouncedly
decreased interaction between SLIRP and its RNA target.2! Thus, we next asked whether the
interaction between SLIRP and G4 DNA is also modulated by these amino acid residues in
the RRM. Our results showed that the L62A mutation or R24A/R25A double mutations led
to significant diminutions in binding affinities toward all three G4 sequences, which result in
loss of selectively of the two mutant forms of proteins toward G4 DNA over ssDNA, except
that some selectivity was still observed for the L62A mutant toward the cK/7 G4 over the
corresponding ssSDNA probe (Figure 3, Figure S7, and Table S3). These findings support that
the intact RRM domain of SLIRP is required for its recognition of G4 DNA. For
comparison, we also measured SLIRP’s binding affinity toward truncated STR7 RNA by
using fluorescence anisotropy, and it turned out that the binding affinity of the wild-type
SLIRP toward the STR7 RNA (with a Kj value of 590 nM) was markedly lower than that
toward the G4 motifs (Table S3 and Figure S8).
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Having demonstrated the strong and selective binding of SLIRP toward the three distinct G4
folding structures /n vitro, we next asked whether the protein also binds to G4 sequences in
cells by assessing the genome-wide occupancy of SLIRP with ChIP-Seq analysis (Figure 4).
To this end, we employed CRISPR-Cas9 genome-editing method to introduce a tandem
affinity tag (3 x FLAG, 2 x Strept) to the C-terminus of endogenous SLIRP protein in
HEK?293T cells, where the successful introduction of the tandem affinity tag was confirmed
using Western blot analysis (Figure 4). We then immunoprecipitated endogenous SLIRP and
its associated genomic DNA using anti-FLAG M2 beads, and subjected the resulting DNA
fragments to next-generation sequencing analysis. Bioinformatic analysis of the sequencing
data revealed that many of the fragments pulled down with the tagged SLIRP protein are
rich in guanine residues with potential in folding into G4 structures. In particular, we found
that 13% and 66% of the total peaks contained the sequence motifs of

GGGN,GGGN GGGN,GGG and GGN,GGN,GGN GG, respectively (Figure 4).
Moreover, the ChIP-Seq data clearly revealed strong peaks for SLIRP in binding toward
telomeres in a number of chromosomes (Figure S9 and Table S4). This result, therefore,
demonstrated that SLIRP can recognize G4 DNA structures in human cells. It is worth
noting that, different from /n vitro binding results, our ChlP-Seq data did not reveal the
occupancy of SLIRP to the promoter regions of ¢K/T or cMYC gene. This difference could
be attributed to the fact that the /n vitro binding assay was conducted using the G-rich
sequence in the absence of the complementary strand, whereas the folding of G-rich strands
into G4 structures in HEK293T cells may be inhibited by the presence of the complementary
strands (i.e., through duplex formation).

There are several novel findings in the present study. First, we employed a quantitative
proteomic method and uncovered SLIRP as a novel cellular protein that can recognize
multiple G4 structures, and this approach allowed for rapid and unbiased identification of
SLIRP as a novel G4-binding protein without a priori knowledge. Second, our work also
suggested novel functions of SLIRP. As noted above, SLIRP was initially shown to directly
interact with the STR7 substructure in SRA and this interaction involves its RRM.21 Here
we found that mutations of important residues in the RNA-binding surface of RRM, i.e.,
L62A or R24A/R25A, which were previously found to reduce the binding of the protein to
the STRY substructure,?! led to greatly diminished binding toward G4 structures. In
addition, the binding affinities toward G4 DNA are much greater than that toward the STR7
substructure. Hence, our results suggest that the function of SLIRP may extend far beyond
its recognition of STR7 substructure in SRA. More recently, SLIRP was found to form a
complex with LRPPRC, which mediates the stability of mitochondrial mMRNA.23-25
Interestingly, mitochondrial DNA was recently shown to fold into G4 structures,28
suggesting that SLIRP’s capability in binding G4 DNA may also contribute, in part, to the
protein’s function in mitochondria. Although the primary characterized functions of SLIRP
are within the scope of mitochondrial biology, not much is known about its role in the
nucleus, where the protein also resides.2: Our ChIP-Seq data revealed that SLIRP binds
preferentially to G-rich regions of chromosomal DNA with the potential in folding into G4
structures. Thus, we uncovered a potential new role of SLIRP in the nucleus where it
specifically recognizes G4 DNA. With G4 DNA being intimately involved with many
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biological functions,:3 SLIRP may play a role in many biological processes including
transcription and replication.

In summary, we identified, for the first time, SLIRP as a novel G4-binding protein by using
an unbiased quantitative proteomic method. We further demonstrated that SLIRP protein can
interact directly and selectively with G4 DNA with high affinity /n vitro, and that the protein
preferentially binds to G-rich sequences that can fold into G4 structures in cells. Considering
that G-rich sequences in RNA can also fold into G4 structures,?’ it will be important to
assess the interaction between SLIRP and G4 structures in RNA in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
G-quadruplex structures and the experimental procedures for the identification of novel G-

guadruplex-binding proteins. Shown are the G-tetrad structure (a), parallel and antiparallel
G-quadruplex foldings (b), and SILAC-based interaction screening for the identification of
G quadruplex-binding proteins (c). The ‘B’ in red circle indicates 5’-biotin labeling.
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ESI-MS revealed the preferential binding of SLIRP to G4 structures derived from the
promoters of ¢cK/T (a) and cMYC (b) genes as well as the human telomere (c). Shown are
the ESI-MS for the [M + 2H]?* ions of light and heavy arginine-containing peptide
SINQPVAFVR with monoisotopic /m/z values of ~565.8 and 568.8, respectively.
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Fluorescence anisotropy for measuring the Ky values for the binding of wild-type and
mutant SLIRP proteins toward G4 structures derived from the promoters of ¢K/7and cMYC
genes as well as the human telomere (black symbols and curves in panles a—c) and the
corresponding mutated sequences that cannot fold into G4 structures (red symbols and
curves in panels a—c). The quantification data in panels d—f represent the mean + SD of
results obtained from three separate measurements. **, p< 0.01; ***, p<0.001. The p
values were calculated using two-tailed, unpaired Student’s £test.
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Figure 4.
CRISPR-Cas9-based integration of tandem affinity tag (3 x FLAG, 2 x Strept) to

endogenous SLIRP and ChIP-Seq for monitoring the genome-wide occupancy of SLIRP. (a)
Design of a CRISPR construct for targeting the endogenous locus of SL/RP gene. (b)
Western blot revealed the successful incorporation of tandem affinity tag to SLIRP protein in
clone 21. (c) Representative data to show the SLIRP peaks on a region of chromosome 4
from two biological replicates and the corresponding ChiP-Seq data obtained from IgG
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control. (d) Sequence motif identified from ChIP-Seq reads. (e) Distributions of G4-folding
motifs obtained from ChlIP-Seq analysis.
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