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ABSTRACT: A DNA G-quadruplex (G4) formed at the
oncogene ¢-MYC promoter region functions as a gene
silencer. Due to its high stability at physiological K*
concentrations, its thermodynamics and kinetic properties
have not been characterized in physiological solution
conditions. In this work, we investigated the unfolding and
folding transitions of single c-MYC G4 and several of its
truncated or point mutants at 100 mM KCI concentration
under mechanical force. We found that the wild type could
fold into multiple species, and the major specie has a slow
unfolding rate of (1.4 + 1.0) X 107° s'. The force-
dependent thermodynamics and kinetic properties of the
major specie were obtained by studying a truncated
mutant, Myc2345, that contains the G-tracts 2, 3, 4, and S.
As the ¢MYC G4 is a prototype of many other
intermolecular parallel-stranded G4’s, our results provide
important insights into the stability of a broad class of
promoter G4’s which also play a role in transcription
regulation and are potential anticancer targets.

Guanine—rich DNA sequences (G»3N,Gs3N,G53N,Gs3)
containing four or more G tracts (Gs;, more than three
guanines) and loop regions (N,, typically 1—7 nucleotides)
have the potential to form four-stranded G-quadruplex (G4)
structures, which are stabilized by Hoogsteen H-bonds and
central cations such as K* or Na'.! G4 structures have drawn
increasing attention, as the potential G4-forming sequences are
widespread in the human genome, including the human
telomere region, and in the promoter regions of numerous
genes including many oncogenes.”

The ¢-MYC G4 formed on the 27-bp purine-rich sequence,
also known as nuclease hypersensitivity element III; (NHE
II1,), is located at 142—115 bp upstream from the P1 promoter
of c-MYC gene.> The c-MYC gene encodes a 65 kDa nuclear
phosphoro-protein (transcription factor), which is a central
regulator of cell growth, proliferation, differentiation, and
apoptosis.” Overexpression of the c-MYC gene is related to
various cancers.” The c-MYC G4 formed on NHE III; region
acts as a transcription repressor and controls about 75—85% of

c-MYC transcription.3’6
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The ¢-MYC G4 is highly stable and can remain in folded
conformations near the boiling temperature in physiological K*
concentrations of ~100 mM. Destabilizing the ¢-MYC G4 by
replacing a single guanine with adenine (G17A) can resume the
transcription.7 In addition, small ligands stabilizing the c-MYC
G4 have been shown to downregulate the expression of the c-
MYC gene in lymphoma cell line, offering promise for cancer
therapeutics.” Thus, characterizing the stability of c-MYC G4 is
important for understanding its transcriptional regulation
mechanism and for designing anticancer drugs.

The stability of G4 has been studied using UV, CD, and
NMR spectroscopy during changing temperatures.8 However,
due to its high stability in physiological K" concentration, the
melting transition of c-MYC G4 cannot reach completion even
at boiling temperature,” thus causing uncertainty in melting
temperature measurements. In addition, the folding/unfolding
kinetics of c-MYC G4 in physiological relevant buffer condition
has not been characterized yet.

In this report, using an in-house-made magnetic tweezers,'!
we investigated the stability of c-MYC G4 formed on the wild-
type (wt) sequence Pu27, which contains five G-tracts, two
truncated mutants Myc234S and Mycl245, each containing a
subset of four G-tracts, and a single guanine replacement
mutant Pu27-G17A (Figure 1A). Single-strand Pu27 sequence
has been shown able to fold into at least two types of G4
structures in 100 mM K* solution.” Dimethyl sulfate (DMS)
footprinting analysis has suggested that the major form involves
the G-tracts 2, 3, 4, and 5 and the minor form involves G-tracts
1, 2, 4, and 5. The G4 structures formed on the mutants
Myc2345 and Myc124S (the numbers indicate the number of
G-tracts involved) are both parallel structures with all strands
oriented in the same direction and the glycosidic bonds all anti.
The only structural difference between Myc1245 G4 and
Myc2345 G4 is that the former has a longer middle loop than
that of the latter'? (Figure 1B). Despite their structural
similarity, they have markedly different stability with 15 degrees
higher T, measured for Myc2345 G4 than for Myc1245 G4 in
9 mM KCL'**

Our CD spectra of the structures formed on all the
sequences show a minimum at 235 nm and a maximum at
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Figure 1. c-MYC G4 DNA sequences, structures and CD spectra. (A)
The NHE III; G-rich strand of the c-MYC gene and its mutants: Pu27,
the 27-nt wild-type sequence; Myc2345, a truncated mutant
containing G-tracts 2, 3, 4, and 5; Mycl24S, the G-tract 3 is
substituted by four T; and Pu27-G17A, a substitution mutant with a
single G-to-A mutation on the G-tract 4. (B) Schematic structures of
Myc2345 and Myc1245 according to previous NMR studies.'> (C)
Left, CD spectra of Pu27 (red), Myc234S (green), Myc124S (blue),
and Pu27-G17A (cyan) DNA in 100 mM KCl at 25 °C. Right, CD
melting curves of Pu27 (red), Myc234S (green), Myc124S (blue), and
Pu27-G17A (cyan) measured in 20 mM KCL

260 nm, which indicates formation of parallel-stranded G4
structures (Figure 1C).* The G4 structures remain folded even
at 95 °C in the presence of 100 mM KCl (100 mM KC, 10
mM Tris-HCl, pH 8.0). In lower KCI concentration of 20 mM,
the CD melting curves show that Pu27 G4 and Myc2345 G4
have a similar T, of 70 °C, which is about 15 degrees higher
than the T,, obtained for Myc1245 G4 and Pu27-G17A G4 (see
SI, “Circular dichroism spectroscopy”, Figure S1).

In our single-molecule manipulation experiments, a single-
stranded ¢-MYC G4-forming sequence spanned between two
dsDNA handles is tethered between a coverslip and a
strepatavidin coated paramagnetic bead (Dynabeads M-280)
(Figure 2A). The change in the average end-to-end distance of
the construct (i.e., the extension) is measured at nanometer
resolution based on the diffraction pattern of the bead image
(see SI, “Materials and methods”, for further details).'"'

Figure 2B shows typical force—extension curves obtained by
a force-increase scan at loading rate r = 0.2 pN/s followed by a
force-decrease scan at r = —0.2 pN/s (SI, “Force—extension
curves”, Figure S2). The force-increase curve (cyan) is below
the force-decrease curve (gray) in the force range of 10—48 pN.
We chose such a low loading rate to ensure that unfolding
would occur at forces below 60 pN, to avoid interference from
the DNA overstretching transitions of the dsDNA handles that
typically occur at >60 pN.'* The extension jump at ~48 pN in
the force-increase curve indicates an unfolding transition of the
G4 (SI, “Specific control of G4 unfolding signal”, Figure S3).
After each force-scan cycle, the DNA molecule was held at a
low force of ~1 pN for 30 s to allow refolding. Successful
refolding was indicated by the unfolding step in the subsequent
force-increase scan.

The unfolding force distribution py,4(f) could be obtained
by recording the forces at which unfolding occurred. Figure 2C
shows pyneia(f) of wt Pu27 for a total of 161 unfolding events
obtained from more than 20 independent DNA molecules. It
revealed two apparent force peaks centered at ~22 and ~50
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Figure 2. Unfolding force distributions (A) Schematic of the magnetic
tweezers measurement. The G4 ssDNA sequences are flanked between
two dsDNA handles (1449bp and 601 bp) and are tethered between a
paramagnetic bead and coverslip. (B) Typical force extension curves
(force-increase scan, cyan; force-decrease scan, gray).The black and
blue showed the smoothed data. G4 unfolding results in a sudden
extension jump (red arrow) in the force-increase curve. (C—F)
Unfolding force histograms for the Pu27 (C), mutants Myc2345 (D),
Myc124S (E), and Pu27-G17A (F).

pN, respectively, which is consistent with the existence of
multiple G4 structures of Pu27 reported in previous gel
electrophoresis analysis’ and NMR measurements.'** The
higher unfolding force specie is the major form, occupying
~80% of the total population.

The unfolding force distribution was analyzed by Bell’s
model which describes the force-dependent unfolding rate as

ky(f) = ky exp(Axf/kyT) (1)

where kg is the Bolzman constant, T is absolute temperature, k>
is the zero force unfolding rate, and Ax, is the transition
distance to the transition state. It predicts an unfolding force
distribution with a single force peak p2h () as

Axf kBka[ (Axuf
exp —— + ——| 1 —exp

{ kT Ax,r kT (2)
where r is the loading rate.'> The two parameters k) and Ax,
were treated as fitting parameters in our comparison.

The unfolding force of Pu27 shows two peaks. Best fitting to
the measured p,,,14(f) with combination of two unfolding force
species apﬂiljlor( H+1- a)pgﬁgor( f), we determined Ax,; = 0.8
+ 0.1 nm and &, = (1.4 + 1.0) X 107 s™" (average + standard
error) for the major specie, and Ax,, = 0.8 + 0.1 nm and k2, =
(12 £ 0.3) x 107 s7" for the minor specie, as well as the
fraction of the major form a, ~78%.

The measured pynea(f) for Myc234S G4 shows a single-
peaked unfolding force distribution (Figure 2D). Best-fitting to

eq 2 determined best-fitting parameters as kI = (2.6 + 0.6) X
107%s7" and Ax, = 0.77 + 0.02 nm. It has been known that this

0
Bell k_

punfold(f) = :
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mutant can form four isoforms with small difference in loop
regions.'>* The single-peaked p,iq(f) indicates that either one
isoform predominates the folding or these isoforms have similar
mechanical stability. The pyoa(f) of Myc2345S G4 nearly
overlaps with that of the major specie of Pu27 G4. However,
our detailed unfolding step analysis revealed that the Myc2345
unfolding step size is slightly shorter (~2 nm) than that of the
wt Pu27 (SI, Figure S4), implying that in addition to the core G
tracts 2, 3, 4, and , the G tract 1 and the last 2 G nucleotides
may also participate in the folded structures. pya(f) of
Myc124S and Pu27-G17A show widespread unfolding forces,
suggesting that these mutants can form a variety of folded
structures with similar probabilities. Due to the spread nature of
their unfolding forces, we did not attempt to fit the data with
Bell’s model.

We next sought to determine the refolding probability p,4(t)
as a function of time. To obtain pg,4(t) at a constant force, we
used a force-jump procedure, in which force was switched
between a higher value of ~54 pN to mechanically unfold the
G4 and a lower value of ~1 pN for G4 refolding (Figure 3A).
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Figure 3. Unfolding and folding kinetics. (A) Force-jump experiments.
Force jumping between 1 and 54 pN. G4 folding at 1 pN was detected
from the unfolding step (red arrow) in the subsequent 54 pN holding.
(B) The time evolutions of the folding probability of wt Pu27 (red),
Myc234S (green), Myc124S (blue), and Pu27-G17A (cyan). Each data
point was obtained from more than 80 times of force-jump cycles
using three independent DNA tethers. (C) The time evolutions of the
folding probability p;,q(t) of Myc234S at 1, S, and 7 pN. (D) Force
dependent folding rates k; of Myc234S estimated from fitting of pg,4(t)
and the unfolding rates k, estimated from the lifetime analysis of G4
held at 48—54 pN. The dashed line is Bell's model predicted curve
using parameters kS ~ 2.6 X 107 s and Ax, ~ 0.77 nm determined
from the unfolding force distribution under constant loading rate.
Error bars in (B) and (C) indicate standard errors.

In our instrument, it took <0.3 s for jumping from one force
value to another. G4 unfolding at 54 pN was indicated by a 9 +
2 nm stepwise extension increase (Figure 3A, red arrows and
inset), and successful refolding occurred at 1 pN during the
holding time ¢ is indicated by an unfolding step at 54 pN after a
subsequent force jumping. Repeating such force-jump cycles N
times at a certain holding time ¢ at 1 pN, we were able to obtain
Pioa(t) = M/N, where M is the number of observed successful
folding events.The measured folding probability showed strong
dependence on KCI concentration supporting the formation of
G4 structures (SI, “Effects of K* on Myc2345 G4 formation”,
Figure SS).

2426

Proa(t) obtained for Pu27 and three mutants are shown in
Figure 3B. The folding rate at 1 pN, k(f = 1pN) of each
construct was obtained by fitting to pgq(t) with exponential
functions (Figure 3B). The fitted values for Pu27, Myc234S,
and Myc124S are similar, ranging 0.06—0.1 s™". Pu27-G17A has
the slowest folding rate of 0.02 s™". It should be noted that this
method can only detect mechanically stable structures. Less
stable structures were likely unfolded during ~0.3 s force-
jumping, as a result that their unfolding might not be observed
at ~54 pN. For all constructs, pg4(t) reaches a steady state
within 120 s, with saturation values of ~71%, ~93%, ~69%, and
~38% for Pu27, Myc2345, Mycl245, and Pu27-Gl7A,
respectively. The near one saturation folding probability of
Myc234S5 indicates that Myc234S mainly forms mechanically
stable G4 that can be detected at high force with less than 7%
potential weak species that were missed. The ~71% of the
saturate folding probability of Pu27 indicates that ~29% Pu27
structures are mechanically weak, which could be intermediate
states or less stable G4 forms. We also analyzed folding
probability in constant loading rate (2 pN/s) measurements
after 1 pN folding for 30 s. The results obtained for Myc2345
are similar in both assays; while about 19% weak species for
Pu27 were missed in force-jump assay. Similar mechanism can
explain the ~69% saturation folding probabilities for Myc1245
and ~38% for Pu27-G17A. An alternative explanation is that
there is a ~29% equilibrium probability of reversible unfolding
occurred at 1 pN force for Pu27. However, given its slow
unfolding rate (Figure 2), we reason that this is an unlikely
scenario. The significant decrease of the folding probability of
Pu27-G17A to ~38%, indicating that “G” base located in the G
tract 4 is crucial for c-MYC G4 folding into mechanically stable
form.

Using a similar force-jump approach with varying lower
forces for refolding and higher forces for unfolding, we were
able to obtain the force-dependent folding and unfolding rates.
We focused our measurements on the Myc2345 G4 since the
G-tracts 2, 3, 4, and S have been suggested to be involved in the
major form of the wt Pu27 G4. Fitting the data of piyy>*(t)
measured at three different forces (Figure 3C) by exponential
function, we obtained the corresponding folding rates kg(f) at 1,
5, and 7 pN as 0.069, 0.035, and 0.012 s™*, respectively.

The force-dependent folding rates, which are governed by
the Arrhenius law, were derived based on the force responses of
folded G4 and unfolded ssDNA (SI, “Force-dependent folding
rate”) and plotted in Figure 3D (red line). Note that the
nonlinear dependence of k; on f in semilog scale is a generic
outcome from the flexible polymer elasticity of ssDNA. The
single free parameter k{ = 0.1 s™' was determined by matching
the predicted ki(f) curve with the data measured at the three
force values. We also note that Bell's model (eq 1) is not
suitable for describing the force-dependent folding kinetics,
because Ax{(f) can no longer be approximated as a constant
due to distinct force—extension curves between the flexible
ssDNA and the rigid nearly folded transition state.

The force dependent unfolding rates k,(f) can be obtained
by applying the Bell's model (eq 1) using the parameters k> ~
2.6 X 10° s7! and x, ~ 0.77 nm determined from fitting the
unfolding force distribution in Figure 2D. The Bell's model is
applicable because the transition state is a nearly folded rigid
structure with similar size to the natively folded G4 which is
indicated by the small unfolding transition distance. The
validity of the predicted k,(f) was further tested by comparing

it with directly measured unfolding rates (ie., the reciprocal of
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average lifetime of G4 measured at four large constant forces
(48—54 pN) obtained in force-jump experiments). As shown in
Figure 3D, the predicted curve (dashed line) based on the
kinetics parameters determined in Figure 2D directly matched
the unfolding rate data obtained in constant force unfolding
experiments (dots) without needs for any parameter adjusting.

The force-dependent free energy difference between
unfolded and folded Myc2345 G4 was determined by AG(J)
—ksT In(k,(f)/k(f)), from which the zero force value was
calculated to be ~10.5 kzT (~6.2 kcal/mol), similar to the
value reported from previous biochemical bulk measurements
(~7.6 kcal/mol).” It should be noted that the attachment to a
bead and dsDNA handles may alter the folding/unfolding
kinetics of G4'® thus causing potential difference between
single-molecule and bulk measurements.

In summary, we have shown that the wt c-MYC promoter
Pu27 sequence can form multiple G4’s, and the major form has
an extremely slow unfolding rate in the order of 107 s™" at zero
force, which is several orders of magnitude slower than that of
telomeric G4 (in the order of 107>—107> s™') obtained by
similar mechanical unfolding.'® The slow unfolding rates may
give the c-MYC G4 an advantage to perform its gene-silencing
function through acting as a kinetic barrier to transcription.

The ¢-MYC G4 sequence belongs to a more broad class of
G4 forming sequences marked by the motif G;NG; found in
many other human oncogene promoter regions which have also
been shown to preferentially form parallel-stranded G4
structures, such as VEGF, HIF-1q, c-KIT, RET, and PDGF-
A" Thus, our measurements of c-MYC G4 may provide a
generic understanding of the stability of a broad class of
parallel-stranded G4 and insights into their transcriptional
inhibition functions. Finally, the formation of promoter G4 is in
competition with formation of double-stranded duplex, which
may be further regulated by the level of DNA supercoiling'®
and protein binding. Further studies in the presence of
complementary strand and superhelicity condition are still
required to fully underdtand the G4 stability and regulation in

vivo.
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