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We report the first G-quadruplex structure formed in the promoter region of the human bcl-2. Bcl-2
is a potent oncoprotein that functions as an inhibitor of cell apoptosis and has been found to be
aberrantly overexpressed in a wide range of human tumors. A highly GC-rich region upstream of the
P1 promoter plays an important role in the regulation of the transcriptional activity of the bcl-2
oncogene. The purine-rich strand of this region contains multiple runs of guanines and can form three
distinct intramolecular G-quadruplexes in K*-containing solution. Of these, the G-quadruplex
formed within the middle four consecutive guanine runs has been shown to be the most stable G-
quadruplex structure, while it is also a mixture of loop isomers. This predominate G-quadruplex
structure formed in this region was studied by NMR. Our results demonstrate a novel folding of a
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unique intramolecular G-quadruplex structure with mixed parallel/antiparallel G-strands. This G-
quadruplex structure contains three G-tetrads connected with a single-nucleotide double-chain-
reversal side loop and two lateral loops. The three-nucleotide CGC loop in the bcl-2 promoter
sequence forms a lateral loop, as opposed to a double-chain-reversal side loop observed in a similar
sequence in the c-MY C promoter, which appears to largely determine the overall folding of the bcl-2
G-quadruplex. Furthermore, both the bcl-2 and c-MY C promoter sequences contain the GsNG3
sequence motif, which forms a stable double-chain-reversal, parallel-stranded structural motif. This
predominant bcl-2 G-quadruplex represents an attractive novel target for the design of new anticancer
drugs that specifically modulate bcl-2 gene expression.

Bcl-2 (B-cell CLL/lymphoma 2) is a potent oncoprotein that plays an essential role in cell
survival and functions as an inhibitor of cell apoptosis. 1 The bel-2 proto-oncogene was first
discovered in human follicular lymphoma and has been mapped to chromosome 18q21 based
on a t(14;18) translocation to the immunoglobulin heavy chain (IgH) locus at 14932. 2 Bcl-2
has been found to be aberrantly overexpressed in a wide range of human tumors, including B-
cell and T- ceII lymphomas, breast, prostate, cervical, colorectal, sand non-small ceII lung
carcinomas.3 Elevation of bcl-2 level has also been associated with poor prognosis. 3 Thus the
bcl-2 transcriptional control has emerged as an attractive target for anticancer therapeutics.

The P1 promoter located 1386—1423 base pairs upstream of the translation start site is the major
transcriptional promoter for bcl- 2.4 This is a TATA-less, GC-rich promoter that contains
multiple transcriptional start sites. The 5-end of the P1 promoter, including a highly GC-rich
region, has been implicated in playing a major role in the regulation of bcl-2 transcription.4
This GC-rich element is a 39-base-pair sequence that is located 58 to 19 base pairs upstream
of the P1 promoter. Deletion or mutation of thls element has been shown to increase promoter
activity by 2.1-fold and 2.6-fold, respectlvely This 39-mer guanine-rich strand (bcl2Pu39)
contains six runs of guanines, with one run of five guanines, two runs of four guanines each,
and three runs of three guanines each (Figure 1A). This G-rich strand bcl2Pu39 can forma
mixture of three distinct intramolecular G-quadruplexes in K*-containing solution.® The G-
quadruplex formed on the middle four consecutive runs of guanines (bcl2MidG4Pu23, Figure
1A) has been shown to be the most stable and is suggested to be the major G-quadruplex
structure formed in the bcl-2 promoter region.5 Furthermore, the bcl2MidG4Pu23 contains a
run of five guanines that gives rise to the possibility of three different loop isomers (Figure
1A), which can each be isolated by specific dual G-to-T mutations. Of the three loop isomers,
the G15T/G16T dual mutant was the most stable as shown by NMR (Figure S1). The formation
of this major G-quadruplex structure was also confirmed by biochemical studies. DMS
footprinting data show pronounced cleavage at the G15 and G16 in potassium solution,
indicating that these two guanlnes are not involved in the formation of the major G-quadruplex
under physiological conditions.® Polymerase stop assays show that the major G-quadruplex is
formed with 15,16-G-to-T mutant sequence, which is markedly more stable than the minor G-
quadruplex formed with 15,19-G-to-T mutant sequence while 18,19-G-to-T mutant sequence
does not form a stable G-quadruplex (Figure 1A) Thus a 23-mer DNA oligomer containing
the middle four G-runs with G15T/G16T dual mutations (bcl2MidG4Pu23-G15T/G16T) was
prepared and used for our NMR structural analysis of this major G-quadruplex formed in the
bcl-2 promoter (Figure 1A). Our results demonstrate a novel folding of a unique
intramolecular G-quadruplex structure with mixed parallel/antiparallel G-strands. This G-
quadruplex structure contains three G-tetrads connected with a single-nucleotide double-chain-
reversal side loop and two lateral loops. The first three-nucleotide CGC loop in the bcl-2
promoter sequence forms a lateral loop, as opposed to a double-chain-reversal side loop
observed in a similar sequence in the c-MY C promoter, and appears to largely determine the
overall folding of the bcl-2 G-quadruplex. Possible rules governing various folding patterns of
intramolecular G-quadruplexes are also implicated by this study.
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The 1D NMR spectrum of the wild-type 23mer bcl-2 promoter sequence bcl2MidG4Pu23 in
potassium solution (Figure 1B top) shows a broad envelope with some fine lines, indicating
the presence of a dynamic equilibrium of multiple conformers. The imino protons at 10-12
ppm indicate the formation of G-quadruplex structures.” The 1D NMR spectrum of the 15,16-
G-toT mutant sequence bcl2MidG4Pu23-G15T/G16T for the major G-quadruplex structure
formed in the bcl-2 promoter shows much improved line width and better resolution in
potassium solution (Figure 1B, bottom). The well-resolved imino proton resonances located
between 10.5-12 ppm clearly indicate the formation of a stable G-quadruplex structure. The
melting temperature of this G-quadruplex (~75 °C) is independent of the concentration,
indicating the formation of a monomeric structure (data not shown). The sharpest linewidths
of ~5 Hz for the imino resonances of this intramolecular G-quadruplex are observed around
20 °C. The sharp spectral line widths are also indicative of the presence of a monomeric
structure. The presence of a unimolecular structure was confirmed by the EMSA experiment
as well.5 The CD spectra of the wide-type and the mutant 23mers are very similar (Figure 2).

Twelve imino peaks are present in the 10.5-12 ppm region (Figure 1B), indicating that all
twelve guanines of the four consecutive guanine runs of the bcl2MidG4Pu23-G15T/G16T are
involved in the intramolecular monomeric G-quadruplex formation, and that this G-quadruplex
structure contains three G-tetrads. The imino and base aromatic H8 protons of 12 guanine
residues were unambiguously assigned by the site-specific low-concentration (6%)
incorporation of 1, 2, 7-1°N, 2-13C-labeled guanine nucleoside at each guanine position of the
sequence.6’8 The guanine imino H1 proton resonance has one-bond coupling to N1, and the
guanine base aromatic H8 proton resonance has two-bond coupling to N7. Both H1 and H8
protons of the site-specific labeled guanine are readily detected by 1D 1°N-filtered experiments.
The assignment of each imino proton of the twelve guanines involved in the three G-tetrads is
shown in Figure 3A. The assignment of each guanine aromatic H8 proton is shown in Figure
S2.

The assignment of the imino and base H8 protons of guanines leads to the direct determination
of the folding topology of this bcl-2 G-quadruplex structure. The glycosidic torsion angles of
the twelve G-quadruplex guanines are defined as indicated by the intraresidue H8-H1’ NOE
intensities® (Figure S3) and are shown in Figure 3B bottom. In a G-tetrad plane with the
Hoogsteen H-bond network, the imino proton NH1 of each guanine is in close spatial vicinity
to the NH1s of the two adjacent guanines, and to the base H8 of one of the adjacent guanines
(Figure 3B top). The through-space NOE connectivities of guanine H1-H1 and H1-H8
determine the arrangement and topology of a G-tetrad plane. Three G-tetrad planes, G3-G7-
G19-G23, G2-G8-G18-G22, and G1-G9-G17-G21, were determined based on the NOE
connectivities (Figure 3C). For example, the G3H1/G7H1, G7TH1/G19H1, G19H1/G23H]1,
G23H1/G3H1 (GH1/GH1); and G3H1/G7H8, G7TH1/G19H8, G19H1/G23H8, and G23H1/
G3H8 (GH1/GH8) NOE interactions (Figure 3C) define a tetrad plane of G3-G7-G19-G23
(Figure 3B bottom). The G-quadruplex alignment is further defined based on the inter-tetrad
NOE connections from residues that position far apart in the DNA sequence. For example, the
strong NOE interactions of G2H1/G9H1, G8H1/G17H1, G18H1/G21H1, and G22H1/G1H1
connect the middle and bottom G-tetrad planes, as well as reflecting the reversed nucleotide
glycosidic torsion angles related with the middle and bottom G-tetrads (Figure 3C Figure S3).
The G3H1/G8H1, G7TH1/G18H1, G19H1/G22H1, and G23H1/G2H1 NOEs connect the top
and middle G-tetrad planes and reflect the right-handed twist of the DNA backbone. From
these data, the folding topology of the bcl2MidG4Pu23-G15T/G16T G-tetrads is determined,
as shown in Figure 3B bottom. This G-quadruplex contains mixed parallel/antiparallel G-
strands, with the first, third and fourth G-strands being parallel with each other, and the second
G-strand being antiparallel with the rest of the strands. The first three G-strands (from 5’-end)
are linked with two lateral loops (CGC and AGGAATT), while the third and fourth G-strands
are linked with a single nucleotide, double-chain-reversal side loop (C). This bcl-2 G-
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quadruplex has a similar G-tetrad arrangement, but a different loop arrangement, as compared
to that of the Tetrahymena Telomeric (Tet-Tel) sequence (Table 1).9

It is significant to note that the bcl-2 G-quadruplex represents another well-defined DNA G-
quadruplex formation, in addition to c-MYC, in the promoter regions of human proto-
oncogenes. In comparison with the recent(ly determined parallel-stranded G-quadruplex
structures formed in the c-MYC promoter 10 (Table 1 Figure S4), the third loops of both G-
quadruplexes adopt single-nucleotide (nt) double-chain-reversal side loops, with residue C in
bcl-2 and T in c-MYC, respectively; whereas the first and second loops adopt different
conformations in the two G-quadruplex structures. In fact, one of the G-quadruplexes formed
in the c-MYC promoter [c-MYC(b)] exhibits some degree of sequence similarity to the bcl-2
G-quadruplex (Table 1), both of which contain an extended second loop (7-nt in bcl-2 and 6-
nt in c-MYC(b)). However, the first loop of bcl-2 is a three-nt loop (CGC) and adopts a lateral
loop conformation, while the first loop of c-MYC(b) is asingle-nt loop (A) and adopts a double-
chain-reversal side loop conformation10 (Figure S4). Consequently, the extended second loop
of bcl-2 forms a lateral loop conformation, while that of c-MY C forms a double-chain-reversal
loop. Therefore it appears that the first three-nucleotide lateral loop determines the overall
folding of the bcl-2 G-quadruplex, namely the mixed parallel/antiparallel-stranded G-
quadruplex, as opposed to the parallel-stranded c-MYC G-quadruplex. Furthermore, it is
interesting to note that both the bcl-2 and c-MYC promoter sequences contain the same
GGGNGGG sequence motif, which forms a stable double-chain-reversal parallel-stranded
structural motif. Indeed, the promoter regions of VEGF and HIF-1a also contain the same
sequence motif (Table 1), and are suggested to form parallel-stranded G—qua\druplexes.10 In
addition, the third double-nt loop (TT) in the Tet-Tel sequence (Table 1) forms the only double-
chain-reversal side loop in the Tet-Tel G—quadruplex.9 Thus it appears that the single- or
double-nucleotide sized loops are more favored for the formation of the double-chain-reversal
side loop. The detailed NMR solution structure determination of this predominant G-
quadruplex in the bcl-2 promoter will be published in a separate full paper.

In summary, our study demonstrates the formation of a unique intramolecular G-quadruplex
structure in the promoter region of the human bcl-2 gene. Our NMR results define a novel
folding pattern of this predominate G-quadruplex in the bcl-2 promoter, which adopts a mixed
parallel/antiparallel-stranded G-quadruplex structure. This major G-quadruplex in the bcl-2
promoter represents an attractive target for the design of new anticancer drugs that specifically
target this secondary structure and modulate bcl-2 gene expression. Furthermore, the bcl-2 G-
quadruplex has a different folding pattern as compared to the c-MYC G-quadruplex, albeit
with some degree of sequence similarity. It thus appears that different G-quadruplex structures
will form based on different promoter sequences, making such regions attractive targets for
pathway-specific drug design.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) The promoter sequence of the bcl-2 gene and its modifications. The top sequence is the
wild-type bcl-2 39-mer sequence. The six G-runs are underlined and numbered using Roman
numerals. Bcl2MidG4Pu23 represents the 23mer sequence containing the middle four
consecutive runs of guanines, which forms the most stable G-quadruplex structure.
Bcl2MidG4Pu23-G15T/G16T represents the mutant 23mer with 15,16-G-to-T mutations. (B)
Imino and aromatic regions of 1D 1H NMR spectra of bcl2MidG4Pu23 (upper) and
bcl2MidG4Pu23-G15T/G16T (lower), at 7 °C, 20 mM K-phosphate, 40 mM KClI, pH 7.0.
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CD spectra of bcl2MidG4Pu23 (WT) and bcl2MidG4Pu23-G15T/G16T (M1) in the absence
and presence of 100 mM KCI.
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Figure 3.

(A) Imino proton assignments of bcl2MidG4Pu23-G15T/G16T using 1D 1°N-filtered
experiments on site-specific labeled oligonucleotides. The imino proton of G1 isassigned using
elimination method, in combination with the exchangeable-proton 2D-NOESY (see Figure
3C). (B) (Top) A G-tetrad with H1-H1 and H1-H8 connectivity pattern detectable in NOESY
experiments. (Bottom) Schematic drawing of the folding topology of the bcl2MidG4Pu23-
G15T/G16T G-quadruplex. Red boxes represent guanines with anti configuration, and blue
boxes represent guanines with syn configuration. (C) H1-H8 region (top) and H1-H1 region
(bottom) of 2D-NOESY spectrum of bcl2MidG4Pu23-G15T/G16T in H,O at 25 °C. Red boxes
represent intra-tetrad connectivity, green boxes represent inter-tetrad connectivity, and blue
boxes represent sequential connectivity.
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