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The G-rich Pu39 region of the P1 promoter of the oncogene
BCL-2, an apoptosis regulator, can fold into multiple G-quadru-
plex (G4) structures. Bcl2-2345 and Bcl2-1245 are two major G4
species forming with high thermal stability and distinct topolo-
gies in the Pu39 region, but their folding/unfolding kinetics
have not yet been investigated. Here, we used magnetic tweezers
to measure the mechanical stability and the folding/unfolding
kinetics of the Bcl2-2345 and Bcl2-1245 G4 structures. We
report that the hybrid-stranded Bcl2-2345 G4 had a lower
mechanical stability than the parallel-stranded Bcl2-1245 G4.
We observed that the Bcl2-2345 G4 is a kinetically favored
structure, whereas the Bcl2-1245 G4, with a slow unfolding rate,
may function as a kinetic barrier for transcription. We also deter-
mined that in addition to the Bcl2-2345 and Bcl2-1245 G4s, other
stable DNA secondary structures, such as a hybrid-stranded Bcl2-
1234 G4, can also form in the Pu39 sequence. The characterization
of the folding/unfolding kinetics of specific G4s reported here
sheds light on the participation of G4s during gene transcription
and provides information for designing G4-targeting small mole-
cules that could modulate BCL-2 gene expression.

The human B-cell CLL/lymphoma 2 (BCL-2) gene encodes a
mitochondrial membrane protein, which plays an essential role
in the inhibition of apoptosis in cells. Overexpression of BCL-2
is closely related to a large number of cancers (1–3). Increased
BCL-2 expression is also related to resistance to chemotherapy
and �-ray therapy (4). The human BCL-2 gene has two promot-
ers, P1 and P2. P1 is a GC-rich promoter that is responsible for
the majority of the BCL-2 gene expression. A 39-bp GC-rich
sequence (Pu39), located 58 –19 bp upstream of the P1 pro-
moter, can form four-stranded DNA structures called G-qua-
druplexes (G4s)2 (5). G4s that are formed in the promoter
region act as molecular switches that control BCL-2 transcrip-
tion (5, 6). Deletion of the Pu39 region increases the promoter

activity by 2.1-fold compared with the full-length WT pro-
moter (7). Stabilization of the BCL-2 G4s by small molecules
reduces the expression of BCL-2 and leads to apoptosis in
HL-60 cells, which is promising for cancer therapeutics (8).

The Pu39 sequence of BCL-2 contains six guanine tracts (3–5
consecutive guanines) and has the potential to form multiple
G4 structures with 15 possible combinations from these differ-
ent G-tracts (Fig. 1A and Table S1). The first G4 solution struc-
ture solved for the Pu39 sequence was the Bcl2-2345 G4 (also
named Bcl2-Mid4), which involved the middle four consecu-
tive runs of G-tracts 2, 3, 4, and 5 (Fig. 1B) (5, 9). The Bcl2-2345
G4 is a hybrid-stranded G4 structure in which three strands are
oriented in one direction and the fourth strand is oriented in
the opposite direction (5, 9). Later, dimethyl sulfate (DMS)
footprinting experiments indicated that the G4s from the full-
length Pu39 sequence formed in K� involved the G-tracts 1, 2,
4, and 5 and was named Bcl2-1245 G4 (10). Bcl2-1245 G4 is a
parallel-stranded structure in which the four strands are ori-
ented in the same direction (Fig. 1B) (10). DMS footprinting
studies showed that G-tracts 1, 2, 3, 4, and 5 were protected
from chemical cleavage due to the formation of G4 structures.
Thus, the Bcl2-2345 and Bcl2-1245 G4s are likely to be two
major G4 species formed in the Pu39 sequence (5, 10, 11). The
presence of different DNA secondary structures in the BCL-2
promoter region may be necessary for the precise regulation of
gene transcription, as each DNA secondary structure can be
recognized by various transcription factors (7, 12). Different
topologies, such as hybrid and parallel-stranded topologies of
the Bcl2-2345 and Bcl2-1245 G4 structures, provided structural
differences for being recognized by transcription factors and
for designing drugs targeting a specific G4 structure (13). In
addition, both the Bcl2-2345 and Bcl2-1245 G4s contain a long
middle loop, 7 and 13 nt in length, respectively, which provides
another region for specific recognition. A recent study showed
that a 7-mer peptide nucleic acid (PNA) that binds to the 7-nt
loop region of Bcl2-2345 increased the formation of Bcl2-2345
G4 and reduced the expression of the BCL-2 gene in cancer
cells, which indicates that the Bcl2-2345 G4 structure is a
potent target for modulating BCL-2 gene expression (14).

To understand the biological roles of promoter G4s, the
characterization of the stability and folding/unfolding kinetics
of different G4 species is necessary. Both Bcl2-2345 and Bcl2-
1245 G4s demonstrate high thermodynamic stability in which
the melting temperatures of Bcl2-2345 and Bcl2-1245 G4s in
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�100 mM K� solution were determined to be �75 and �71 °C,
respectively (9, 10). However, the kinetics of the Bcl2-2345 and
Bcl2-1245 G4s remain unclear because G4 structures with dis-
tinct folding/unfolding kinetics may have similar melting tem-
peratures. The folding/unfolding kinetics of G4s determine the
possible participation of G4s during transcription and are also
crucial for designing small molecules targeting Bcl2-2345 and
Bcl2-1245 G4s.

Single-molecule force spectroscopy technologies, such as
atomic force spectroscopy, optical tweezers, and magnetic
tweezers, have emerged as a powerful tool to explore the
mechanical stability and folding/unfolding kinetics of biomol-
ecule structures, including G4s (15–17). A previous single-mol-
ecule force spectroscopy study reported multiple unfolding
force peaks of the Pu39 sequence, which suggested the forma-
tion of multiple stable DNA secondary structures (18). It is
unclear whether these structures correspond to Bcl2-2345 and
Bcl2-1245 G4s or other stable G-rich secondary structures. The
respective folding/unfolding kinetics of these two G4s have not
yet been investigated, which impairs our understanding of how
Bcl2-2345 and Bcl2-1245 G4 structures play roles in the tran-
scriptional regulation of the BCL-2 gene. Here, we studied the
folding/unfolding kinetics of these two major G4s in the Pu39
region based on the mechanical manipulation of a single-
stranded DNA (ssDNA)2 that contains sequences correspond-
ing to Bcl2-2345 and Bcl2-1245 G4s. By comparing with the
data obtained from the Pu39 sequence, we also probed the
potential existence of other stable G4 structures.

Results

The formation of G4s from DNA sequences used in our
experiments was confirmed by CD experiments in 100 mM K�

solution. We first focused on Bcl2-2345 and Bcl2-1245 G4s, as
previous DMS footprinting experiments suggested that these
two G4s are the major species in the Pu39 sequence (5, 10). Fig.
1C shows that the CD spectrum of the Bcl2-1245 sequence has

a minimum at �240 nm and a maximum at �260 nm, which
indicates the formation of parallel-stranded G4 structures. The
small positive peak at �290 nm of Bcl2-2345 indicates the for-
mation of a mixed parallel/antiparallel-stranded G4 structure,
which agrees with previous studies (9, 10). The CD spectrum of
the Pu39 sequence is similar to the Bcl2-2345, suggesting that
mixed secondary structures are formed in this sequence.

Fig. 2A shows the experimental design for the single-mole-
cule magnetic tweezers study for BCL-2 G4s (19). A single-
stranded G4-forming DNA sequence spanned between two
duplex DNA handles is tethered between a coverslip and a
streptavidin-coated paramagnetic bead. The extension change
of the tethered DNA molecule is measured based on the change
in the bead height, which was analyzed using the diffraction
pattern of the bead recorded by a CCD camera (20, 21).

To obtain the unfolding kinetics, we used the force-ramp
measurements, where the force increased linearly with time (i.e.
constant loading rate) by changing the magnet– bead distance
through a programmed trajectory (19, 21). Due to the slow fold-
ing/unfolding transition of the Bcl2 G4s, constant force mea-
surements were not used (17, 22). Fig. 2B shows typical force–
bead height curves of the Bcl2-2345 sequence, and these curves
were obtained by repeating the stretching cycles in the presence
of 100 mM KCl. The DNA molecule was held at a low force of 1
pN for 90 s to allow refolding, and then the force was increased
to �60 pN at a loading rate of 2 pN/s for the Bcl2-2345
sequence. The unfolding transition of the G4 was observed
from a sudden extension jump in the bead height curve (indi-
cated by an arrow in Fig. 2B), and the unfolding force was mea-
sured at the transition. After reaching �60 pN, the force was
jumped to 1 pN to allow the refolding of the G4s. After refold-
ing, the procedure was repeated.
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Figure 1. A, the sequences of the WT Pu39 region and the truncated mutants
Bcl2-2345, Bcl2-1245, and Bcl2-1234. The six G-tracts with three or more gua-
nines are underlined and numbered using Roman numerals. B, schematic struc-
tures of Bcl2-2345 and Bcl2-1245 G4s according to previous NMR studies (9,
10). The 13-nt middle loop of the Bcl2-1245 G4 is shown in blue. C, CD spectra
of the Pu39, Bcl2-1245, and Bcl2-2345 sequence measured in 100 mM KCl at
room temperature.
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Figure 2. A, schematic of the G4 DNA and the magnetic tweezers measure-
ment. The G4-forming ssDNA is sandwiched between two dsDNA handles
(489 and 601 bp). B, typical force-bead height curves of the Bcl2-2345
sequence in repeating stretching cycles in 100 mM KCl. The curves are shifted
along the bead height axis for visual clarity. The G4 unfolding results in a
sudden bead height jump (black arrows). C and D, unfolding force histograms
for the Bcl2-2345 G4 in 100 mM KCl (C) and 150 mM KCl (D). E, unfolding step
size histogram of the Bcl2-2345 G4 in 100 mM KCl (dotted line) and 150 mM KCl
(solid line). Data were fitted by a single Gaussian equation. F, the time evolu-
tion of the folding probability pfold(t) of the Bcl2-2345 sequence in 100 mM KCl
(open circles) and in 150 mM KCl (solid circles).
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Fig. 2 (C and D) shows the unfolding force distribution of the
Bcl2-2345 G4 obtained by repeating the force-ramp cycles in
100 mM KCl (n � 352) and 150 mM KCl (n � 167), respectively.
At each condition, the data were obtained from more than 10
independent tethers. The unfolding force distribution of the
Bcl2-2345 G4 shows a single peak at 21 � 7 pN (average � S.D.)
in 100 mM KCl and at 19 � 5 pN in 150 mM KCl. The unfolding
rate of the Bcl2-2345 G4 was obtained by fitting the unfolding
force distribution (Fig. 2, C and D) with Bell’s model as follows,

p� f � �
ku

r
exp ��xuf

kBT
�

kBT ku

�xur �1 � exp ��xuf

kBT ��� (Eq. 1)

where r represents the loading rate, ku is the zero-force unfold-
ing rate, �xu is the transition distance from the folded state to
the transition state, kB is the Boltzmann constant, and T is the
absolute temperature. The best-fitting parameters for the Bcl2-
2345 G4 were ku � (1.2 � 0.4) 	 10
2 s
1 and �xu � 0.6 � 0.1
nm in 100 mM KCl and ku � (1.0 � 0.4) 	 10
2 s
1 and �xu �
0.7 � 0.1 nm in 150 mM KCl (average � S.E.). The unfolding
step size distribution of Bcl2-2345 revealed a single peak at 23 �
3 nt in 100 mM KCl (dotted line) and 23 � 2 nt in 150 mM KCl
(solid line) (average � S.D.), which is consistent with the num-
ber of nucleotides in the Bcl2-2345 G4 structure (Fig. 2E) (9,
10). Both unfolding forces and unfolding step sizes of Bcl2-2345
showed similar distributions in 100 and 150 mM KCl, suggest-
ing that the potassium concentration has only minor effects on
the unfolding kinetics of Bcl2-2345.

The refolding kinetics of the G4s were quantified based on
measuring the time evolution of the refolding probability. More
specifically, the G4s were first mechanically unfolded in the
aforementioned force-ramping procedure. The force was sub-
sequently jumped to 1 pN and was held at this force for various
holding time intervals (t). If a G4 unfolding step was observed, it
indicated that G4 was folded at 1 pN before the force was
increased. Repeating the procedure N times, we obtained the
probability of refolding of the G4 over the holding time t at 1 pN
by pfold(t) � M/N, where M is the number of cycles in which the
G4 refolded. As shown in Fig. 2F, Bcl2-2345 pfold(t) data were
fitted with a single-exponential function as follows: pfold(t) �
pst(1 
 e
kt). Here, pst is the steady-state folding probability at 1
pN, and kf is the folding rate. Using this approach, the values of
pst and kf were determined to be �84% and 0.028 � 0.005 s
1 in
100 mM KCl and �70% and 0.011 � 0.003 s
1 in 150 mM KCl.
These results suggested that the folding rate and folding prob-
ability of the Bcl2-2345 G4 decreased when the potassium con-
centration increased.

We next analyzed the unfolding and refolding kinetics of
Bcl2-1245 G4 using the same force-ramp methods (Fig. 3,
A–D). Due to the low refolding probability in 100 mM KCl (pfold
�10% at 300 s; see Fig. 3D, open circle), we used 150 mM KCl,
which showed a higher folding probability (pfold �27% at 300 s)
than in 100 mM KCl but was still at a physiologically relevant
potassium concentration (23). A total of 170 unfolding events
were measured from more than 10 independent DNA tethers.
The unfolding force distribution of the Bcl2-1245 G4 shows a
single peak at 55 � 6 pN (average � S.D.). The best-fitting
parameters for the Bcl2-1245 G4 were ku � (1.7 � 0.9) 	 10
7

s
1 and �xu � 0.93 � 0.04 nm (average � S.E.) (Fig. 3B). The

unfolding step size distribution also revealed a single peak at
30 � 2 nt in 150 mM KCl (average � S.D.), which is consistent
with the number of nucleotides in the Bcl2-1245 G4 sequence
(Fig. 3C). We also measured the average unfolding force and
unfolding step size of Bcl2-1245 in 100 mM KCl, and the values
of 47 � 7 pN and 27 � 7 nt (n � 12 from more than 7 beads),
respectively, were similar to those measured in 150 mM KCl.
Based on the time evolution of the refolding probability of Bcl2-
1245 G4, the steady-state folding probability pst and the folding
rate kf were determined to be �33% and 0.005 � 0.001 s
1 for
Bcl2-1245 in 150 mM KCl (Fig. 3D).

The �33% of the steady-state folding probability of Bcl2-
1245 G4 cannot be explained based on the reversible unfolding
of Bcl2-1245 at 1 pN, as the unfolding rate was much lower than
the folding rate. Based on the drastically different unfolding and
refolding rates at 1 pN, one would expect �100% of the steady-
state folding probability. To explain this unexpectedly low
steady-state folding probability, we reasoned that after force-
jumping to 1 pN, the unfolded ssDNA could refold into some
metastable intermediate secondary structures, which prevents
the formation of G4 over our experimental timescale for refold-
ing (several minutes). To test this possibility, we compared the CD
spectra of the Bcl2-1245 G4 prepared using fast in situ refolding
induced by suddenly adding 150 mM KCl and thermal annealing by
reducing the temperature gradually over several hours. The CD
spectra (Fig. 3E) of the DNA sample prepared using a fast in situ
refolding protocol at room temperature showed a lower peak at
260 nm than that prepared using a thermal annealing protocol,
indicating that fewer G4 structures were formed by a fast in situ
refolding protocol. Measuring the equilibrium folding probability
of the Bcl2-1245 sequence may require a timescale longer than 10
min, which was difficult to achieve in repeating stretching cycles.
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Figure 3. A, typical force– bead height curves of the Bcl2-1245 sequence in
repeating stretching cycles in 150 mM KCl. The curves are shifted along the
bead height axis for visual clarity. G4 unfolding results in a sudden bead height
jump (black arrows). B, unfolding force histogram of the Bcl2-1245 G4. Data were
fitted by Bell’s model equation (solid line). C, unfolding step size histogram of the
Bcl2-1245 G4. Data were fitted by a single-peak Gaussian equation (solid line) with
a peak value of 30�3 nt. D, the time evolution of the folding probability pfold(t) of
Bcl2-1245 sequence in 100 mM KCl (open circle) and in 150 mM KCl (solid circles). E,
CD spectra of Bcl2-1245 DNA prepared by thermal annealing in 150 mM KCl (solid
blue circles), in situ refolding after adding 150 mM KCl for 1 min (open black circles),
and 10 min (open gray circles) at room temperature.
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This result supports our explanation of the low steady-state fold-
ing probability of the Bcl2-1245 G4.

It has been known that the WT Pu39 sequence can form
multiple G4 structures, including Bcl2-2345 and Bcl2-1245
G4s, using different combinations of the G-tracts. To obtain
new insights into the G-rich structures formed in the Pu39
sequence, we measured the distributions of unfolding forces
and step sizes of the stable DNA secondary structures formed
on the Pu39 sequence using the same force-ramp experiments
at 2 pN/s in 100 mM KCl buffer (Fig. 4, A and B). The results
show a broad distribution of unfolding forces and step sizes,
which is consistent with a previous single-molecule force spec-
troscopy study (18). The broad distribution of unfolding forces
and step sizes suggest that multiple stable DNA secondary
structures form in the Pu39 sequence.

Assuming that the Bcl2-2345 and Bcl2-1245 G4s are the only
two types of G4s that can be formed in the Pu39 sequence, we
find that a two-species model with unfolding force peaks at 21
pN (Bcl2-2345) and 54 pN (Bcl2-1245) was unable to fit the
experimental data obtained for the Pu39 sequence. The peak
value of the Bcl2-1245 G4 was the average unfolding force of
Bcl2-1245 G4 (54 � 8 pN, n � 15) measured using the same
conditions as the Pu39 sequence at 100 mM KCl and 2 pN/s
loading rates. To explain the data, we used a three-species
model that contained the contributions from Bcl2-2345, Bcl2-
1245 G4s, and an unknown species to fit the data. Treating
the relative abundance of the three species as well as the peak
and variance of the unknown species as free parameters, the
experimentally measured unfolding force distribution can be
explained (black curve in Fig. 4A). Based on the areas occupied
by these species, their fractions of occurrence were estimated to
be 14% for Bcl2-2345 G4 unfolded at 21 � 7 pN, 60% for the
unknown species unfolded at 31 � 6 pN, and 2% for Bcl2-1245

G4 unfolded at 54 � 5 pN. Notably, the unknown species occu-
pies more than half of the occurrence.

Fig. 4B shows the distribution of the number of released
nucleotides during unfolding, which were fitted using a double-
Gaussian model; one peaked at 23 � 3 nt and the other peaked
at 30 � 2 nt, occupying 64 and 12%, respectively. It is expected
that the unfolding of Bcl2-2345 G4 should release �23 nt; how-
ever, based on the unfolding force distribution, the occurrence
probability for the Bcl2-2345 G4 is �14%. Therefore, 50% of the
fraction that released �23 nt belongs to an unknown species.
Based on the same calculation, 10% of the fraction that released
�30 nt was from another unknown species. This result suggests
that multiple unknown species formed in the Pu39 sequence.
Fig. 4C shows that the pfold(t) of the Pu39 sequence reached a
steady-state folding probability of 76% within 60 s with an
apparent folding rate of 0.06 � 0.03 s
1.

To identify the major unknown species occupying 50% of the
fraction, we also measured the CD spectra of other truncated
mutants, including all of the possible combinations of the four
G-tracts in the Pu39 sequence in 100 mM KCl (Table S1 and Fig.
S1). Our results show that, in addition to Bcl2-1356 and Bcl2-
2356 (Table S1), 11 other truncated mutants also form G4
structures at room temperature (20 –23 °C) (Fig. S1). By list-
ing the sequences in the order of length (number of nucleo-
tides) (Table S1), we found that within the 11 mutants, only
Bcl2-1234 and Bcl2-3456 have lengths smaller than 30 nt and
consist of the length of major unknown species (�23 nt, �50%
of the fraction). Our CD spectra show that both Bcl2-1234 and
Bcl2-3456 sequences form hybrid-stranded G4 structures (Fig.
S1). Using the same force-ramp experiments, we characterized
the Bcl2-1234 and Bcl2-3456 G4s. The unfolding force distri-
bution of Bcl2-1234 (Fig. 4D) showed a single peak at 27 � 9 pN,
which was similar to that of the unknown species (31 � 6 pN).
By fitting the data using Bell’s model (Equation 1), we obtained
ku � (0.9 � 0.4) 	 10
2 s
1 and �xu � 0.5 � 0.1 nm. The
unfolding step size distribution of Bcl2-1234 (Fig. 4D) revealed
a single peak at 21 � 2 nt, which was also consistent with the
unknown species in the Pu39 sequence. The involvement of
G-tracts 1, 2, 3, and 4 also agrees well with previous DMS foot-
printing results (5, 10). Fig. 4F shows that the pfold(t) of Bcl2-
1234 reached a steady-state folding probability of 35% within
100 s with an apparent folding rate of 0.014 � 0.005 s
1. The
refolding probability of Bcl2-3456 was extremely low (� 3% at
300 s, n � 97), suggesting that Bcl2-3456 is unlikely to be the
major unknown species.

Discussion

In summary, we analyzed the folding/unfolding kinetics of
Bcl2-2345, Bcl2-1245, and Bcl2-1234 G4s forming at the Pu39
region of the P1 promoter of the oncogene BCL-2. We showed
that the hybrid-stranded Bcl2-2345 G4 is a kinetically favored
structure with a faster folding and unfolding rates. In contrast,
the parallel-stranded Bcl2-1245 G4 has much slower folding
and unfolding rates. In addition to the previously reported
Bcl2-2345 and Bcl2-1245 G4s, our results strongly suggested
the existence of other stable secondary structures formed on
the Pu39 sequence. We showed that a hybrid-stranded Bcl2-
1234 G4 occupied 50% of the unfolding force and unfolding
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step size distribution of the Pu39 sequence. Together with pre-
vious DMS footprinting results (5, 10, 11), our results suggested
that Bcl2-1234, Bcl2-2345, and Bcl2-1245 are likely to be three
major G4 structures that co-exist and are interchangeable in
the Pu39 region.

The unfolding rates of the hybrid-stranded Bcl2-2345 and
Bcl2-1234 G4s are on the order of 10
2 s
1, which is similar to
the hybrid-stranded telomeric G4 (22). The unfolding rate of
Bcl2-1245 is on the order of 10
7 s
1, which is similar to the
parallel-stranded Myc2345 G4 (24). The similar unfolding rates
of different sequences with the same quadruplex topology sug-
gest that the unfolding rates of G4s may be related to the quad-
ruplex topology. To understand how the G4 topology deter-
mines the unfolding kinetics of intramolecular G4s, further
single-molecule force spectroscopy and structural studies on
various G4-forming sequences are still needed.

Despite the low occurrence probability, the parallel-stranded
Bcl2-1245 G4 has the slowest unfolding rate compared with
other structures formed in the Pu39 sequence. Such a slow
unfolding rate is potentially important for suppressing tran-
scription. Interestingly, a broad class of promoter G4-forming
sequences containing two G3NG3 motifs (three guanines
linked with a single nucleotide loop) and different lengths of the
middle loop, such as the promoter of oncogenes VEGF (25, 26),
HIF-1� (27), and c-KIT (28, 29), have been shown to prefer
to form parallel-stranded G4 structures (30). These parallel-
stranded G4 structures likely share a common feature of the
ultra-slow unfolding rate for transcription suppression.

In addition, we also found that the unfolding force distribu-
tion of Bcl2-2345 and Bcl2-1245 G4s was insensitive to the
potassium concentration in the range of 100 –150 mM, but the
folding rates and the folding probability of Bcl2-2345 and Bcl2-
1245 sequences showed significant differences in 100 and 150
mM KCl. A lower folding probability was observed for the
hybrid-stranded Bcl2-2345 G4 in 150 mM than in 100 mM KCl,
whereas the parallel-stranded Bcl2-1245 G4 showed a higher
folding probability in 150 mM than in 100 mM KCl. These
results suggested that the potassium concentration may have
different effects on the folding rates of G4s with different
topologies.

Experimental procedures

Oligonucleotides and DNA preparation

Oligonucleotides for single-molecule experiments were pur-
chased from Integrated DNA Technologies (Coralville, IA)
and Sangon Biotech (Shanghai, China). The 5�-thiol–labeled
489-bp and 5�-biotin–labeled 601-bp dsDNA handles were pre-
pared by PCR using TaKaRa Ex Taq Polymerase (Takara,
Beijing, China) and �-phage DNA as the template (Thermo
Scientific). PCR products were purified by a Universal DNA
Purification Kit (TIANGEN Biotech, Beijing, China) and
digested with the restriction enzyme BstXI (Thermo Scientific).
The G4-forming oligonucleotides were annealed with two
flanking sequences and ligated with two dsDNA handles. The
ligated DNA products were purified by gel extraction using a
TIANgel Midi Purification Kit (TIANGEN Biotech).

CD spectroscopy

Oligonucleotides for CD experiments were purchased from
Sangon Biotech. Oligonucleotides, at a final concentration of 10
�M, were suspended in 10 mM Tris-HCl, pH 8.0, buffer with 100
or 150 mM KCl. The DNA samples were heated at 95 °C for 5
min followed by a slow cooling process to room temperature
over several hours. The CD spectra were collected on a Jasco-
810 spectropolarimeter using five scans from 220 to 320 nm at
room temperature of 20 –23 °C. A quartz cell with a 1-mm opti-
cal path length was used. A buffer baseline was collected in the
same quartz cell and was subtracted from the sample spectra.

Single-molecule magnetic tweezers experiments

A flow chamber was constructed on a (3-aminopropyl)
triethoxysilane–modified coverslip (Sigma-Aldrich, Shanghai
China). The thiol-labeled DNA construct was covalently attached
to the amine group of the (3-aminopropyl)triethoxysilane–
modified coverslip via a Sulfo-SMCC cross-linker (Thermo Scien-
tific). The flow chamber was blocked with BSA solution (10 mg/ml
BSA (Sigma-Aldrich), 1 mM 2-mercaptoethanol, 1	 PBS buffer,
pH 7.4). The 2.8-�m-diameter streptavidin-coated paramagnetic
beads (Dynal M280, Thermo Fisher Scientific) were introduced to
attach to the biotin-labeled 5�-end of the DNA construct. Mag-
netic tweezers experiments were carried out at room temperature
of 20–23 °C in a 10 mM Tris-HCl, pH 8.0, buffer with 100 mM KCl.
The 2 pN/s loading rate was used for Bcl2-2345, Pu39, and Bcl2-
1234 sequences. Due to the low folding probability of Bcl2-1245 in
the 100 mM KCl buffer (lower than 10% at 300 s), a higher 150 mM

KCl concentration and 0.2 pN/s loading rate were used for the
Bcl2-1245 unfolding force and folding probability measurements.
A slow loading rate can ensure that unfolding would occur at
forces below 60 pN, thus avoiding interference from the DNA
overstretching transitions of the dsDNA handles that typically
occur at 60 pN (31). The magnetic tweezers were controlled by
the LabVIEW program (National Instruments).

Unfolding step size calculation

The unfolding step size determination was based on a noise-
beating step detection algorithm as described in our previous
study (22). The step sizes in nanometers were converted to the
number of nucleotides released based on the force– extension
curves for ssDNA described by Cocco et al. (32),

xssDNA � h� a1 In �f/f1�

1 � a3e � �f/f2� � a2 �
f

f3
� (Eq. 2)

with the following parameters: h � 0.34 nm, a1 � 0.21, a2 �
0.34, f1 � 0.0037 pN, f2 � 2.9 pN, f3 � 8000 pN, and a3 � 2.1
ln([K�]/0.0025)/ln(0.15/0.0025) 
 0.1, where [K�] is the salt
concentration.
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