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Using a G-quadruplex bait, we identified the transcription co-
activator Subl as a G-quadruplex binding protein by
quantitative LC-MS/MS and demonstrated in vivo G-
quadruplex binding by ChIP. In vitro, Subl, and its human
homolog PC4, bind preferentially to G-quadruplexes. This
provides a possible mechanism by which G-quadruplexes can
influence gene transcription.

G-quadruplexes (G4) are highly stable four-stranded
nucleic acid structures, consisting of stacked planar guanine tetrads
held together through Hoogsteen hydrogen bonds 2. G4 structures
are known to be stabilized by large monovalent cations, preferably
potassium 3. G4-DNA structures were recently detected in cells 45,
Computational analysis showed that G4-DNA sequences are
predominantly located within telomeric regions and promoter regions
(within 1kb upstream of the transcription start site, TSS) 87, indicating
strongly that G4 structures have roles in the regulation of gene
expression. Recently, severa proteins have been found to bind tightly
to G4-DNA including the Pif1 helicase  human helicases XPB and
XPD ¢, and RNA helicase RHAU %°. Nucleolin 12 and SP1 3 bind
to G4-DNA and may regulate transcription from specific genes.
Genome-wide regulation of transcription by GADNA is supported by
transcription profiling in the presence of G4DNA binding
ligands!41>16,  Herein, we report that the yeast multifunctional,
chromatin associated protein Subl, and its human homolog PC4
preferentially bind to G4-DNA.

We performed affinity purification from sonicated
Saccharomyces cerevisiae whole cdll lysate by using a G4-DNA
sequence conjugated to biotin and bound to streptavidin Dynabeads
(Figure 1a, 1b). For comparison, we used an oligonucleotide
composed of 15 thymidine residues (sSDNA). The isolated proteins
were separated by SDS-PAGE followed by mass spectrometric
analysis. Spectral-count comparative proteomics 8 was applied to
establish the level of significance and enrichment of each protein
between two sets of affinity purified samples. Figure 1c shows a
representative MS/MS spectrum of a peptide originating from the
sample isolated by the G4-DNA pull-down. With peptide sequence

coverage of 52% (Table S1in ESIT), we identified the yeast
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Figurel. Identification of Subl asaG4-DNA binding protein. a)
DNA sequence of the biotin labelled G4-DNA bait and circular
dichroism spectrum of this sequence. The minimum near 240 nm
and the maximum near 260 nm suggest the formation of a parallel
G4-DNA. b) Diagram of affinity purification and experimental
strategies. ¢) Representative peptide MS/MS  spectrum
(m/z=804.92, z=2, RT=33.06, ppm=0.4) of Subl fromLC-MS/MS
analysis. d) Spectra counts representing Subl in LC-MS/MS
analysis, values are average * errors calculated from duplicate
experiments. Calculated P-value = 0.0001.

transcription co-activator Subl as one of the mgjor G4-DNA binding
proteins. Selectivity of Subl for G4-DNA was supported by 24 + 2
spectral countsin the G4-DNA affinity purified samples compared to
zero spectral counts in each of the ssDNA affinity purified samples
(Figure 1d). In addition, we identified G4p1l (also hamed as Arclp)
as a G4-DNA binding protein (Table S2 in ESIT). G4pl/Arclp has
been reported previousdy to have affinity for G4 nucleic acids'®,
demonstrating the reliability of our approach.
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Figure 2. Subl and PC4 bind to G4-DNA substrates more tightly
than to duplex DNA and ssDNA in vitro. @) SDS-PAGE of
purified recombinant Subl and PC4 proteins. b) Diagram of DNA
substrates. Sequences are listed in the experimental methods. c)
Recombinant Subl binding to DNA substrates. d) Recombinant
PC4 binding to DNA substrates. The Kq values (mean + standard
derivation) were determined by averaging the anisotropy datafrom
three experiments and fitting data to the quadratic equation.

Next, we over-expressed and purified recombinant Subl
protein from E. coli, and studied its binding affinity to different
conformations of DNA (Figure 2a, 2b). Subl bindsto G4-DNA very
tightly with a dissociation constant (Ka) value of 0.38 + 0.02 nM for
the winged G4-DNA, and 0.48 + 0.05 nM for the tailed G4-DNA
(Figure 2c¢). Binding to G4-DNA is around 20-fold tighter than
binding to the ssDNA (Kq value of 8.8 + 1.3 nM), and 40 fold tighter
than its binding affinity for the tailed duplex DNA (Kq value of 16.6
+ 3.0 nM). These results demonstrate that Subl preferentialy binds
to G4-DNA in vitro.

Subl is a suppressor of TFIIB mutations %°, and has strong
homology to the human multifunctional transcription positive co-
activator 4 (PC4) 2122, We overexpressed and purified recombinant
PCA4 protein from E. coli, and studied its binding to different forms of
DNA (Figure 2a, 2d). Wefound that PC4 bindsto G4-DNA with low-
nanomolar affinity (Ka valueof 2.1+ 0.4 nM for thewinged G4-DNA,
and Kq value of 1.4 + 0.3 nM for the tailed G4-DNA), which is about
5-9 fold tighter than its binding to the sSDNA (Kq value of 12.3+ 1.7
nM), and 8-12 fold tighter than its binding to the tailed duplex DNA
(Ka value of 16.8 + 2.8 nM). These results demonstrate that PC4, like
Subl, binds to G4-DNA preferentially over ssDNA and duplex DNA
invitro.
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Figure 3. Subl binding does not cause G4 unfolding. a) 3'Cy3-
5'Cy5 tailed G4-DNA is in a high FRET state when the G4 is
folded; upon unfolding, FRET decreases. b) Binding of 400 nM
Subl to 25 nM G4-DNA does not result in a FRET decrease. The
complementary oligonucleotide unfolds the G4-DNA, while the
non-complementary oligonucleotide does not. ¢) FRET remains
stable when the incubation time of Subl with the G4-DNA is
extended.

We then tested whether the binding of Subl unwinds a G4-
DNA substrate, by monitoring the FRET in a 3' Cy3-5'Cy5 tailed G4
DNA substrate (Figure 3a). As reported previoudy, the G4-DNA
structure can be disrupted by a complementary oligonucleotide %3,
observed by the decrease in FRET upon the addition of the
complementary oligonucleotide (Figure 3b). No changein FRET was
observed with a non-complementary oligonucleotide or Subl (Figure
3b), indicating that the G4-DNA remains stable upon Subl binding,
even with an extended incubation time (Figure 3c). Thisdemonstrates
that binding of Subl to G4-DNA does not destabilize the quadruplex.

Subl interacts with RNA polymerase |1 242 and 111 % and
plays an essential regulatory role in transcription initiation,
elongation, and mRNA 3'-end formation 242728, We therefore tested
whether Subl can bind to a G4 region on chromosomal DNA in vivo.
Examination of the genome-wide locdization data for Subl 26
suggests that the protein does not localize exclusively to G4-forming
sequences, consistent with its tight binding to ssDNA and dsDNA.
However, we identified severad Subl binding loci that contain
predicted G4-forming sequences'®. Onesuch regionisthe Y DR544C
locus near the telomeric region in the yeast Chromosome IV (Figure
4a, 4b). A yeast cell line expressing protein A-tagged Subl (SUB1-
TAP) was used to perform quantitative PCR of chromatin immuno-
precipitated (ChlP) DNA for comparison with untagged BY 4741 cells
(contral). SUB1-TAP yielded a two-fold enrichment within 200 bp
of the G4-region at the Y DR544C |ocus (Figure 4c), demonstrating
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Figure 4. Subl preferentially bindsto G4-DNA invivo. a) DNA
sequence of a G4 region in the yeast YDR544C locus. The lower
case “g” isthe position “zero” for measuring relative distance of
the gPCR regions in this locus. b) Diagram of YDR544C locus
and gPCR analysisregions. Therelative positionsof DNA labelled
as J, K, L, M, and N are located upstream 2kb, upstream 1kb,
upstream 200bp, downstream 500bp, and downstream 1.1kb
respectively. ¢) gPCR analysis of ChIP-DNA samples from TAP-
tagged (SUB1-TAP) and BY 4741 (control) cells. Data (mean +
standard derivation) were obtained from triplicate experiments. d)
The oligonucleotide from panel a folds into G-quadruplex
structures in vitro in the presence of KCI. The peaks at both 260
nm and 290 nm suggest that either a mixture of paralel and
antiparallel G4 forms or the structure is a hybrid G4 conformation.

that Subl preferentially binds to this region in vivo. A synthetic
oligonucleotide identica to the sequence of this region (Figure 4a)
was found to form a G4 DNA structurein vitro in the presence of KCl
(Figure 4d). These results suggest that Subl can bind to endogenous
G-quadruplexesin vivo.

In conclusion, we have shown that yeast Subl and itshuman
homolog PC4 preferentialy bind to G4 DNA in vitro. Binding of
Subl to G4 DNA does not destabilizethe G4 DNA structure. By using
atargeted genome |localization experiment, we also demonstrated that
Subl can bind to a G4 DNA sequence in vivo. Both Subl and PC4
are globa modulators of RNA polymerasell and 111 transcription with
important roles in transcription initiation, elongation and termination
17, In addition, each protein is highly abundant and multifunctional
with proposed roles in DNA repair %°, replication %, and chromatin
condensation 3%, By defining G-quadruplexes as key genomic targets
of these factors, our data provides a protein-based mechanism by
which G4-DNA structures can broadly influence regulation of gene
transcription and other DNA metabolic processes.
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