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/Abstract: Multiple G-tracts within the promoter region of energy of formation at ambient temperatures. Its stability\

the c-myc oncogene may fold into various G-quadruplexes
with the recruitment of different tracts and guanosine resi-
dues for the G-core assembly. Thermodynamic profiles for
the folding of wild-type and representative truncated as well
as mutated sequences were extracted by comprehensive
DSC experiments. The unique G-quadruplex involving con-
secutive G-tracts II-V with formation of two one-nucleotide
and one central two-nucleotide propeller loop, previously
proposed to be the biologically most relevant species, was
found to be the most stable fold in terms of its Gibbs free

derives from its short propeller loops but also from the fa-
vorable type of loop residues. Whereas quadruplex folds
with long propeller loops are significantly disfavored, a
snap-back loop structure formed by incorporating a 3'-termi-
nal guanosine into the empty position of a tetrad seems
highly competitive based on its thermodynamic stability.
However, its destabilization by extending the 3'-terminus
questions the significance of such a species under in vivo
conditions.

/

Introduction

Guanine(G)-rich sequences have the propensity to fold into
non-canonical tetra-stranded structures called G-quadruplexes
(G4s). These are formed by stacking of planar hydrogen-
bonded guanine quartets in the presence of cations like Na™
or K* that stabilize the stacked quartet arrangement by their
coordination within the central cavity of the G-core. Due to an
overrepresentation of potential quadruplex-forming sequences
in promoter regions of various proto-oncogenes like c-myc, c-
kit, or Bcl-2, G4 structures within a cellular environment are
considered attractive targets for novel therapeutics. Thus, the
c-myc oncogene codes for a protein that may act as both tran-
scriptional activator and repressor, being involved in the regu-
lation of various genes linked to proliferation and growth
arrest.! Because overexpression of c-myc was found to be as-
sociated with a wide range of human cancers,>¥ its complex
transcriptional regulation employing multiple promoters has
been the subject of intense research over the past three de-
cades. As a result, the so-called nuclease hypersensitivity ele-
ment lll; (NHE lll;), a 27 base pair sequence located upstream
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of the P1 promoter, was identified as a major control element
of c-myc expression."* Notably, double-stranded NHE I, was
found to be in equilibrium with a non-canonical quadruplex
formed after duplex unwinding by intrastrand folding of its
purine-rich noncoding strand.”’ Two different G-quadruplex
structures for the single-stranded NHE lIl, were identified and
characterized based on DMS footprinting experiments.” Fol-
lowing initial assignments to an antiparallel basket and a chair
topology, compelling evidence of their folding into three-lay-
ered parallel quadruplexes with three propeller loops came
from subsequent NMR studies on truncated and mutated se-
quences.®

With its six guanine tracts composed of two to four consec-
utive G residues, the wild-type 27mer MYC single strand may
fold into multiple G-quadruplex structures with various loop
architectures depending on the set of G-tracts recruited to
form the G-quadruplex core (Table 1). Site-directed mutagene-
sis together with polymerase stop and luciferase reporter
assays in the absence and presence of the G-quadruplex bind-
ing porphyrin TMPyP4 pointed to G-tracts II-V as being in-
volved in a biologically relevant G4 repressor element whose
formation decreases c-myc expression at the RNA as well as
the protein level.”* Because the first G-tract was suggested to
not be engaged in the transcriptional gene regulation, subse-
quent structural studies mostly focused on truncated sequen-
ces only involving the four central G-tracts of MYC as models
of the physiologically active G-quadruplex (Figure 1A)."" As a
consequence of two stretches comprising four guanines, their
folding into a parallel three-layered G-quadruplex allows for
the formation of four different loop isomers."'? However, a
quadruplex with two one-nucleotide (1-nt) and a central 2-nt
propeller loop was suggested to predominate in buffer solu-
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Table 1. Sequence for the wild-type MYC G-rich strand of NHE IIl; and for
sequence variants. G-tracts |I-VI are underlined and G substitutions are
marked in italics.

Name Sequence

MYC TGGGGAGGGTGGGGAGGGTGGGGAAGG 27mer
MYC-A5,6 TTGGGGAGGGTGGGGAGGGTT 21mer
MYC-A3,6 TTGGGGAGGGTTTTAAGGGTGGGGAAT 27mer
MYC-A2,6 TTGGGGATTTTAGGGAGGGTGGGGAAT 27mer
MYC-A1,6 TGAGGGTGGGGAGGGTGGGGAA 22mer
MYC-A1,6 TTGGGTGGGGAGGGTGGGGTT 21mer
MYC-A1,6[1.2.1] TGAGGGTGGGTAGGGTGGGTAA 22mer
MYC-A1,6[2.1.2] TGAGGGTTGGGAGGGTTGGGAA 22mer
MYC-A1[1.3.1] TGAGGGTGGTGAGGGTGGGGAAGG 24mer
MYCyrA1[1.1.1] TGAGGGTGG T GGGTGGGGAAGG 22mer
MYC-A1[1.3.1]T TGAGGGTGGTGAGGGTGGGGAAGGT 25mer
MYC-A1[1.3.1]TT TGAGGGTGGTGAGGGTGGGGAAGGTT 26mer

5 5

Figure 1. Schematic representation of a parallel (A) and fold-back quadru-
plex (B); grey and red rectangles denote G residues in anti and syn confor-
mation, respectively.

tion.®! Even adding more diversity, expansion of the truncated
sequence to also include the 3'-terminal G,-tract VI of the wild-
type MYC resulted in a different major G-quadruplex species
that features a snap-back loop and allows the 3'-terminal gua-
nine base to fill an empty guanine position within the 3'-tetrad
(Figure 1B).'¥

Due to the importance of the G-quadruplex structures
formed by NHE-IIl; for understanding c-myc expression and for
a rational design of drugs targeting the MYC sequence, various
efforts have been directed towards identifying and characteriz-
ing the physiologically most relevant quadruplex species.""
However, major quadruplexes formed under in vivo conditions
will not only depend on their intrinsic thermodynamic stability
but also on their folding kinetics and on the differential bind-
ing of multiple transcription factors like NM23-H2 or nucleo-
[in.">'® Such a complex situation requires an individual assess-
ment of binding processes, G4 folding kinetics as well as G4
thermodynamic stability. Previous studies have evaluated G4
thermodynamics within a controlled in vitro environment by
the determination of melting temperatures and also by van 't
Hoff analyses based on a two-state transition, yet rigorous and
systematic investigations on MYC-derived sequences are large-
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ly missing. We here report on a detailed thermodynamic profil-
ing of an extensive set of putative MYC quadruplex folds by
microcalorimetric methods to allow for a model-free extraction
of thermodynamic parameters. The present studies not only
focus on specific loop isomers of a single fold but also on G-
quadruplex structures with the recruitment of different sets of
G-stretches. Although insufficient to fully describe G4 popula-
tions within the cellular environment, such a comprehensive
thermodynamic profiling will add to our understanding of
major G4 structures formed in vivo. On the other hand, know-
ing the folding thermodynamics of individual MYC sequences
in detail gives valuable information on the impact of loop se-
quence, loop positioning, and loop length on the G4 stability
of parallel quadruplexes in general.

Results and Discussion
NHE lll, sequence variants

For a detailed evaluation of quadruplex stabilities, various G-
rich sequences derived from the purine-rich 27mer NHE Il
single strand termed MYC were employed (Table 1). Excluding
its GG 3'-terminus, the MYC sequence features five G-tracts
with potential folding into five different G4 species depending
on the G-tracts forming the G-quadruplex core. In addition,
one of the guanines at either the 5- or 3™-end of a G,-tract is
excluded from a G-column in a three-layered quadruplex.
Given three G,-tracts in MYC, this gives rise to 22 or 2* loop iso-
mers for the five quadruplexes depending on their folding
with participation of two or all three MYC G,-tracts, respective-
ly. Disregarding the terminal G,-tract VI and assuming exclusive
formation of all-parallel G-quadruplexes it can easily be seen
that there are 28 possible species of three-layered G4s.

Introducing mutations within G tracts constitutes a conven-
ient strategy to block formation of otherwise competing G4
structures. Thus, selective G—T/A substitutions may restrict
folding into quadruplexes with only one defined set of G-col-
umns or even provide for exclusive folding into a single loop
isomer. However, to serve as good mimics of the wild-type
fold, trapped mutants are required to not noticeably affect the
structure and thermodynamic stability when compared to the
corresponding wild-type sequence. In fact, due to their posi-
tion within loop regions base substitutions are suggested to
only have a small impact on the G4 structure, but some blur-
ring in stability should be considered when discussing se-
quences structurally trapped through mutations and trunca-
tions (see below).!"7~'?

The selection of truncated and/or substituted sequences is
based on representatives that cover a wide range of structural
diversity to provide for extensive information on structure-sta-
bility relationships. For the sake of simplicity and consistency,
sequences are named according to the G-tracts not involved in
tetrad formation (i.e., tract | and VI in MYC-A1,6) and in keep-
ing with the number of nucleotides within the propeller loops
(i.e., two 1-nt and a central 2-nt propeller loop in MYC-
A1,6[1.2.1]). Sequence variants of MYC, that is, MYC-
A1,6[1.2.11,77 MYC-A1[1.3.11,"¥ and MYC-A3,6%” previously
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characterized in detail by solution NMR have been preferred
over related sequences. Both MYC-A1,6[1.2.1] (PDB ID 1XAV)
and MYC-A3,6 (PDB ID 6NEB) fold into a single quadruplex of
parallel topology (Figure 1A) but differ in the length of their
central loop, with MYC-A3,6 exclusively forming a 1.6.1 loop
isomer. On the other hand, by also recruiting the terminal G,-
tract and incorporating the 3'-G residue into an empty position
of the 3'-tetrad, MYC-A1[1.3.1] (PDB ID 2A5P) features an inter-
rupted G-column and a diagonal 4-nt snap-back loop bridging
the 3'-outer tetrad (Figure 1B).

Probing the G-quadruplex topology by their CD signatures

For assessing quadruplex thermal stabilities and driving forces
of G4 folding, differential scanning calorimetric measurements

(DSC) were performed.”" In order to lower high melting tem-
peratures for obtaining well-defined post-transitional baselines
in the accessible temperature range as required for the extrac-
tion of reliable transition enthalpies, samples were dissolved in
a low-salt buffer with 10 mm potassium ions. Therefore, G4
folding was initially tested by a comparison of CD spectra ac-
quired in both 10 mm and 120 mm K* buffers (Figure 2). CD
spectra of all sequences in potassium buffer feature negative
and positive amplitudes at about 243 and 263 nm, typical of
parallel quadruplexes with exclusive homopolar tetrad stack-
ing. Whereas a broad low-intensity shoulder between 280 and
300 nm distinguishes the snap-back loop quadruplexes MYC-
A1[1.3.1] and MYC,~A1[1.1.1] with the involvement of G-tract
VI from the regular parallel species with uninterrupted G-tracts,
a negative dip at 290 nm is noticeable in particular for MYC-
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Figure 2. CD spectra of MYC sequence variants (5 um) at 293 K in phosphate buffer, pH 7, with 10 mm (red) and 120 mm K" (black).
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A5,6, MYC-A1,6, and MYC-A1,6. Importantly, except for minor
variations in amplitude, CD signatures were conserved at the
different salt concentrations with no apparent change in G4
topology.

Probing the structural polymorphism of MYC variants

'H NMR spectra of all MYC-derived sequences were acquired to
evaluate their folding and to test for structural heterogeneities
under the solution conditions employed (Figures 3 and S1). Fo-
cusing on the Hoogsteen imino proton spectral region be-
tween 10.5 and 12.0 ppm, 12 resonances are generally expect-
ed for a single quadruplex with three G-tetrad layers, corre-
sponding to 3x4 hydrogen-bonded guanine bases. Whereas
the parent full-length MYC sequence shows extensive poly-
morphism with multiple G4 species as suggested by its crowd-
ed imino proton spectral region, the spectra of some mutated

MYC

sequences are in line with a single fold without noticeable ad-
ditional species. These include not only MYC-A1,6[1.2.1],""
MYC-A1,6[2.1.2], MYC-A1[1.3.11," and MYC,~A1[1.1.1],%% but
also MYC-A3,6 with the formation of a single 1.6.1 loop
isomer.”” Other sequences exhibit coexistence of different
folds, however, a major species populated by >80% predomi-
nates over a minor species in most cases.

A straightforward comparison and interpretation of thermo-
dynamic parameters for G4 formation is affected by the
coexistence of multiple topologies with equilibria possibly
changed by outer conditions. However, other serious problems
for any thermodynamic analysis may also result from se-
quences that partially form stable higher-order G4 structures in
vitro depending on sequence, ion concentration, but also on
the particular annealing procedure, as has been reported re-
cently."?2% Thus, the polymorphic MYC sequence was shown
to have a strong tendency for intermolecular aggregation and

W
MYC-A1,6[2.1.2]JUM J\MM JL
MYC-A1[1.3.1] MW\_JLJ\/L_JUJL*

T

e
12.0 1.5

T

_—
11.0 105 ppm

Figure 3. Imino proton NMR spectral region of MYC sequence variants (0.2 mm) at 298 K in 10 mm potassium phosphate buffer, pH 7.
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with multimeric structures only melting at very high tempera-
tures the formed fraction of higher-order species may remain
unnoticed in G4 denaturation studies. Although thermal stabili-
ties as measured by melting temperatures remain unaffected,
enthalpies and entropies of unfolding may consequently be
too low and compromise an acceptable accuracy.

To assess the potential formation of multimeric structures
we also performed non-denaturing polyacrylamide gel electro-
phoresis for all sequences following annealing in a 10 mm po-
tassium phosphate buffer used for NMR and DSC studies. Most
of the sequences exhibit either a single or strongly predomi-
nating monomer band under the low-salt conditions, differing
in migration according to their number of residues (Figure S2).
Yet, additional slower migrating bands for MYC-A5,6 and in
particular for MYC-A1,6 and MYC-A1,6 comprising about 30%

34 MYC

Cp/ keal-mol-1K-t
bars g
Cp/ keal-mol-1K-t
. an

0

of the total in-lane intensity hint at putative dimer formation
for these mutant sequences. However, with no significant in-
tensity of broadened signals in the '"H NMR spectra with their
flat baseline (Figure 3), larger high-melting G4 associates like
G-wire species can mostly be excluded for the latter sequences
but may gain in relevance with buffers of higher ionic
strength.

Thermodynamic profiling of quadruplex formation by DSC

Representative examples of DSC melting profiles are shown in
Figure 4. It should be noted that for some of the samples heat-
ing above 100°C resulted in a gradual decrease of signal
heights in subsequent heating cycles apparently due to partial
heat-induced damage of the DNA. Therefore, only those ther-
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Figure 4. DSC thermograms for melting of MYC sequence variants in phosphate buffer, pH 7, in the presence of 10 mm K™. Fitted curves based on a non-

two-state model with AH°_, # AH°,, are shown in red.
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Table 2. DSC-derived thermodynamic parameters for G4 folding.”

Sequence T, [°C1® AH°_,, [kcalmol")®! AS°(T.) [calmol 'K~ '] AG®,; [kcal mol 19! AG®3;, [kcalmol '@
MYC 67.7+£0.5 —5224+15 —1533+44 —73+0.2 —4.7+0.2
MYC-A5,6 65.3+0.2 —304+0.7 —89.7+2.1 —4.1+£0.1 —25+0.1
MYC-A3,6 49.9+0.0 —324+14 —100.2+4.3 —3.0+£0.1 —1.3+£0.1
MYC-A3,6 70.6+0.1 —40.6+2.1 —118.2+6.0 —6.0+£0.3 —4.0+0.2
MYC-A3,6" 41.7+0.3 —194+1.8 —61.5+5.9 —13+£0.1 —0.3+0.1
MYC-A2,6 51.8+0.1 —39.94+0.9 —1229+29 —3.9+0.1 —1.8+£0.1
MYC-A1,6 74.7+0.2 —48.94+0.2 —140.6+04 —7.7+0.1 —53+0.1
MYC-A1,6 744+0.1 —40.2+04 —115.7+£1.0 —6.3+0.1 —4.3+0.1
MYC-A1,6[1.2.1] 73.5+0.1 —50.5+0.6 —1457+1.8 —7.8+£0.1 —53+0.1
MYC-A1,6[1.2.11¢ 91.0+0.1 —65.5+1.6 —180.0+£4.2 —12.7+0.3 —9.7+£0.3
MYC-A1,6[1.2.117 59.0+0.3 —37.943.2 —1143+9.6 —44+0.3 —25+0.2
MYC-A1,6[2.1.2] 60.7+£0.2 —39.3+09 —117.8+£2.9 —4.8+0.1 —2.8+0.1
MYC-A1[1.3.1] 69.8+£0.1 —51.2+1.0 —149.6£3.0 —7.4+0.2 —4.9+0.1
MYC-A1[1.3.1]9 61.6+04 —402+25 —12004+7.7 —50403 —3.0£0.1
MYChrA1[1.1.1] 81.0+£0.2 —425+1.8 —120.1+£5.1 —73+£0.3 —52+0.2
MYC-A1[1.3.1]T 56.5+0.3 —493+1.9 —149.5+£5.7 —55+0.2 —29+0.1
MYC-AT[13.1]TT 51.94+0.1 —31.9+0.6 —98.2+1.8 —3.1+£0.1 —1.5+0.1
[al In 10 mm K™ phosphate. [b] Average value from three independent measurements. [c] Calculated at T,, from the relationship AS°=AH°_,/T,,. [d] Calcu-
lated from the relationship AG°=AH°—TAS® and AC,°=0. [e] In 120 mm K" buffer. [f] In 120 mm Na* buffer.

mograms were used for evaluating the thermodynamics of
folding that were reproducible with insignificant signal loss in
a following scan.

All sequences feature monophasic transitions, albeit with dif-
ferent widths. Their symmetric profiles give no obvious indica-
tion of superimposed independent melting events. Of note,
melting temperatures given by the maxima of the DSC curves
agree within £2°C with previously reported values from CD
melting experiments under the same buffer conditions for
MYC-A1,6[1.2.1] and MYC,rA1[1.1.11°% as well as from a sepa-
rate CD-based T,, determination for MYC-A1,6[1.2.1] (data not
shown). After proper baseline corrections, calorimetric enthal-
pies AH°., of G4 folding were obtained by integration of the
melting transition. Likewise, ensuring equilibrium conditions
during thermal denaturation, molar entropies AS° at the melt-
ing temperature were calculated using standard thermody-
namic relationships. These also enabled determination of the
Gibbs free energy AG® at any reference temperature T from
AH® and AS° when changes in molar heat capacities AC,° are
close to zero.”"*! In fact, although quadruplex folding is ex-
pected to be associated with a AC,°#0, changes are generally
too small to warrant their reliable extraction from the thermo-
grams in case of the G4 transitions.'"”? Average values from
three independent measurements on different samples are
summarized in Table 2. Here, only model-free calorimetric tran-
sition enthalpies AH°., and entropies AS°., are included be-
cause many of the sequences employed may fold into multiple
quadruplex species. Consequently, observed ratios between
calorimetric and van 't Hoff enthalpies determined based on a
two-state approximation will hardly yield direct information on
(un)folding intermediates and/or cooperative units.

Dependence on concentration and type of cations

Due to the high thermal stability of some quadruplexes and
the need for a defined post-transitional baseline for proper
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baseline corrections, G4 melting was shifted to lower tempera-
tures by using a low-salt buffer with 10 mm potassium phos-
phate, pH 7. To probe differential effects of cation concentra-
tion on thermodynamic profiles of the parallel quadruplexes,
two representative G-rich sequences, namely MYC-A1,6[1.2.1]
and MYC-A3,6, each forming a well-defined quadruplex species
were also characterized in a high-salt buffer with 120 mm po-
tassium phosphate, pH 7 (Table 2, Figure S3). The significant
rise in their thermal stability with a AT,, of about 20°C can be
attributed to a higher ionic strength of the buffer solution but
also to the specific uptake of K™ ions upon G4 folding, being
coordinated within the central G4 cavity as a prerequisite for
quadruplex stabilization. From a thermodynamic perspective,
an elevated potassium ion concentration results in a more exo-
thermic folding of the parallel quadruplex, yet is accompanied
by a higher entropic penalty. This points to stronger intramo-
lecular interactions and a higher rigidity similar to observations
reported for a DNA four-way junction lacking more specific
cation binding.”® Because the AH° contribution to the Gibbs
free energy predominates even at higher temperatures, the
overall thermodynamic stability of the quadruplexes will
always increase in the accessible temperature range at higher
K* concentrations. On the other hand, relative stabilities
among quadruplexes are anticipated to not be affected by
changing K* concentrations. It should be noted, however, that
in addition to slower kinetics of (un)folding, absolute differen-
ces in enthalpies and Gibbs free energies between G4 species
will generally show a gradual decrease with a lowered K* con-
centration."” Thus, AAG°,; between MYC-A1,6[1.2.1] and
MYC-A3,6 amounts to —6.7 kcalmol™" in 120 mm potassium
phosphate buffer but only to —4.8 kcalmol™" in 10 mm phos-
phate.

A better stabilization of guanine quadruplexes with K™ com-
pared to Na™ ions was shown to almost equally depend on de-
solvation and the size of the alkali metal cation.”” To also test
the impact of substituting potassium for sodium ions on the
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thermodynamic profile of G4 folding, additional DSC thermo-
grams were acquired for MYC-A1,6[1.2.1], MYC-A1[1.3.1] and
MYC-A3,6. Apparently, replacing potassium by sodium ions de-
stabilizes the parallel quadruplexes by lowering exothermicities
of folding with only partial compensation through a reduced
entropic penalty in close analogy to decreasing K* concentra-
tions. On the other hand, destabilization of parallel but selec-
tive stabilization of antiparallel conformations has been report-
ed by Na*.”¥ Whereas both MYC-A1,6[1.2.1] and MYC-A1[1.3.1]
maintain a parallel topology irrespective of metal cation, sub-
stituting potassium for sodium ions leads to (partial) refolding
of the less stable MYC-A3,6 to an antiparallel or (34 1) hybrid-
type G4 as apparent from the typical CD signature (Figure S4).
Clearly, this prohibits a direct comparison of cation impact on
the thermodynamic profile of the latter and sets limits to
changes in solution conditions.

G4 variants with different G-tracts for G-core assembly

To characterize the thermodynamics of G4 folding for the MYC
sequence when recruiting a different set of G-tracts, individual
tracts were either truncated if located at the termini or blocked
by G—T/A substitutions, forcing them to loop out between
adjacent G-columns. In the present study, G-tracts |, II, lll, or V
were individually blocked in addition to truncating the MYC 3'-
terminus with its G,-tract VI to give MYC-A1,6, MYC-A2,6, MYC-
A3,6, and MYC-A5,6. Based on previous observations that addi-
tion of the two-nucleotide GG 3’-terminus will result in refold-
ing of a MYC-A1 parallel quadruplex into a quadruplex with an
interrupted G-tract and a snap-back loop with positioning of
the 3'-terminal G into the empty position of the outer G-core
(Figure 1B), folding of a sequence MYC-A1(1.3.1) was also char-
acterized in more detail. Because all of these MYC-derived se-
quences carry G, tracts, they are expected to fold into different
loop isomers through register shifts."” It should be noted,
however, that a single G—A/T substitution within a central G-
tract of MYC-A2,6 and MYC-A1(1.3.1) was introduced for better
comparison, reducing the number of available folding path-
ways.

Before discussing thermodynamic stabilities, it is instructive
to look at the imino proton spectral region of the various se-
quences mimicking MYC G-tract isomers. Notably, imino reso-
nances for most folds suggest a rather homogenous G4 popu-
lation with only small amounts of coexisting species (Figure 3).
As reported previously, MYC-A3,6 and MYC-A1(1.3.1) form a
single 1.6.1 parallel and a 1.3.1 snap-back loop quadruplex, re-
spectively. For MYC-A1,6 and MYC-A2,6 the major quadruplex
coexists with some minor G4 species populated to ~20%. In-
spection of the major imino resonances of parent MYC-A1,6
and comparison with the previously assigned resonances of
MYC-A1,6[1.2.1] with its two additional G—T substitutions at
the central intervening and 3’-overhang sequences reveals
their identical fold in line with corresponding thermodynamic
stabilities and profiles (Table 2). Together with the favored fold
of MYC-A3,6 and MYC-A1(1.3.1), it can thus be assumed that
G, tracts at 5'- and 3'-termini strongly favor loop isomers that
shift the excessive G to the overhang rather than to an internal
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propeller loop. Accordingly, the observed predominant G4 for
MYC-A2,6 likely constitutes the 6-1-1 loop isomer. On the other
hand, MYC-A5,6 exhibits a more significant heterogeneity with
an imino proton spectral region apparently composed of at
least two major quadruplex folds.

Gibbs free energies of the five quadruplexes differing in the
identity of their G-columns vary considerably by 4 kcalmol™" at
310K in a 10 mm K™ buffer, and differences tend to even in-
crease at 293 K. MYC-A1,6 and MYC-A1[1.3.1] fold into the
most stable G4 structures, not only being close in their Gibbs
free energies but also in their enthalpic and entropic contribu-
tions. On the other hand, MYC-A2,6 and especially MYC-A3,6
with their single long loop reveal a rather low stability
(Figure 5). Clearly, the latter two folds suffer from a long pro-
peller loop known to generally compromise quadruplex stabili-
ty. Whereas longer lateral loops have previously found to
confer more exothermic heat to G4 folding through additional
loop interactions and the uptake of counterions and water,””
this does not apply to the present propeller loops. Thus, both
MYC-A2,6 and MYC-A3,6 exhibit a less negative molar transi-
tion enthalpy AH°,, but also a lowered entropic penalty upon
folding when compared to the most stable MYC-A1,6 and
MYC-A1[1.3.1]. Noticeably, quadruplexes derived from MYC-
A5,6 share a rather similar sequence with MYC-A1,6 but have a
significantly more positive Gibbs free energy by about 3 kcal
mol~" when compared to the latter (see below). Also, both fa-
vorable enthalpy and unfavorable entropy of folding are con-
spicuously smaller for MYC-A5,6 that was suggested to not be
involved in the biologically relevant MYC quadruplex.

Snap-back loop quadruplexes

Based on its thermodynamic stability and also suggested by
previous NMR studies,"® the snap-back loop quadruplex en-
compassing the 3'-terminal GG-tract may effectively compete
with a regular parallel quadruplex in case of the full-length
MYC sequence. Consequently, such snap-back loop quadru-
plexes have been targeted by various ligands with sometimes
promising binding affinities."*?23” To get more insight into the
impact of additional modifications on the stability of the snap-
back loop structure, we shortened its two-tetrad bridging cen-
tral propeller loop by deletion of two nucleotides to give
MYC,rA1[1.1.1] or added one and two additional 3’-terminal T
residues in MYC-A1[1.3.1]T and MYC-A1[1.3.1]TT, respectively.
With a T, of 81°C, MYC,A1[1.1.1] shows the highest thermal
stability of all quadruplexes, elevated by 6 and 11°C compared
to MYC-A1,6 and MYC-A1[1.3.1] with its longer two-tetrad
bridging central propeller loop. As anticipated, shorter loops
enhance G4 stability also in the case of the snap-back loop
structure. However, with different enthalpic and entropic con-
tributions to folding the considerable thermostability of the
MYC,rA1[1.1.1] quadruplex does not translate into the highest
thermodynamic stability at ambient temperatures. In fact,
MYC-A1,6 features the most negative AG° of —7.7 and
—5.3 kcalmol™" among the G-tract variants at 10 mm K™ and
293 and 310 K, respectively.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Gibbs free energy of quadruplex formation involving different G-tracts for MYC-derived sequences at 310 K. G-tracts |-VI are color-coded.

MYC-A1[1.3.1] shows a more exothermic folding but a
higher entropic penalty when compared to the MYCg-
A1[1.1.1] mutant with its 1-nt central loop. Apparently, loop
residues in this case may participate in additional hydrogen
bond or stacking interactions, resulting in a more favorable en-
thalpic but unfavorable entropic contribution.”>*" Given negli-
gible heat capacity effects (see above), the latter will generally
result in a decreased thermal stability due to the strong tem-
perature dependence of the TAS® term in the Gibbs-Helmholtz
equation.

Because the terminal 3'-G fills an empty position to partici-
pate in the outer G-tetrad of the snap-back loop structure, its
compatibility with a 3’-extension seems critical for its forma-
tion within the nuclear hypersensitivity element llll;. NMR
structural studies have already shown that such an extended
sequence preserves the same G4 topology with the 3’-added
nucleotide pointing away from the quadruplex G-core."™ In
line with the latter report, MYC-A1[1.3.1]T shares a similar
imino proton spectral region with MYC-A1[1.3.1] and MYC,
A1[1.1.1] albeit with small amounts of a minor species, indicat-
ing the formation of a major snap-back loop quadruplex even
within an extended sequence context (Figure 3). However, sta-
bilities seem to be compromised with a Gibbs free energy of
G4 folding declining to —2.9 kcalmol™" at 310 K. Such destabi-
lizing effects associated with an enhanced formation of other
competitive species are even more pronounced for MYC-
AT1[1.3.1]TT with a 2-nucleotide 3'-TT addition (Figure 3 and
Table 2). Therefore, when solely based on thermodynamics
these results raise doubts with respect to the relevance of
such snap-back loop structures under in vivo conditions.
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G-register isomers

The two loop isomers MYC-A1,6[1.2.1] and MYC-A1,6[2.1.2] re-
cruit the same four G-tracts of MYC but incorporate different
Gs of the two G, tracts into their G-quadruplex core. If block-
ing T substitutions are removed, a dynamic exchange between
such G-register isomers can occur through a sliding mecha-
nism without complete refolding, entropically stabilizing the
folded state.''¥ Only looking at the individual isomers, MYC-
A1,6[1.2.1] has a melting temperature higher by 13°C as com-
pared to MYC-A1,6[2.1.2]. This is expected based on the longer
loop lengths of the latter with their known destabilizing effects
in parallel G4s. Also, a higher stability of MYC-A1,6[1.2.1] is as-
sociated with a more favorable enthalpy of folding by about
—11 kcalmol™" that is only partially counteracted by a larger
entropic penalty to give a AAG® of ~—2.5 kcalmol™" at 310 K.
It should be noted that differences in AH® of —7 and —16 kcal
mol™" between MYC-A1,6[1.2.11 and MYC-A1,6[2.1.2] in buffer
solutions containing 7.5 and 20 mm K* have independently
been determined previously based on a two-state transi-
tion."”'¥ This is in good agreement with the present data con-
sidering larger differences upon increasing K™ concentrations
(see above and ref. [18]).

Impact of overhang and loop sequences

As a result of using MYC sequences adopting well-defined
NMR-derived quadruplex structures with appropriate G—T/A
substitutions combined with efforts to add flanking residues
for preventing G4 aggregation,®” mutual comparison of ther-
modynamic parameters among native and mutated sequences
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is often hampered by altered overhang and loop residues.
Clearly, a negligible or only small impact of G mutations in
trapped quadruplex structures constitutes a key assumption
when assessing the thermodynamics of different G4 folds.
Whereas moderate changes in quadruplex melting tempera-
tures have been reported for T/A substitutions in loops of MYC
sequences,”"® only minor thermodynamic perturbations were
suggested for thymidine and 2’-deoxyinosine substitutions
based on a global thermodynamic analysis."” Indeed, due to
MYC-A1,6 predominantly folding into the MYC-A1,6[1.2.1] top-
ology with a central 2-nt loop as shown by NMR (see above),
the mostly identical thermodynamic parameters determined
for folding of these two sequences confirm that the dual G—T
mutations in MYC-A1,6[1.2.1] have only a negligible impact on
the thermodynamics of G4 formation (Table 2).

Based on these findings, significant differences in the ther-
modynamic profiles of MYC-A1,6 and MYC-A5,6 are unexpect-
ed. Both sequences feature four consecutive G-tracts G;-G,-G;-
G, for MYC-A1,6 and G,-G;-G,-G; for MYC-A5,6 separated by
single T or A nucleotides. Consequently, formation of a most
favored MYC-A5,6[1.2.1] fold of similar stability to MYC-
A1,6[1.2.1] may be anticipated. Apparently, the different over-
hang and/or loop residues must exert more significant effects
on G4 stability for these two G-tract variants. To search for the
origin of the different thermodynamic stabilities, we substitut-
ed MYC-A1,6 in its overhang to form MYC;-A1,6 with TT flank-
ing residues preceding and following the 5’ and 3’ G-tract and
to become a pseudo-inverted MYC-A5,6 sequence with A—T
exchange in the loops. Interestingly, these changes had no
effect on the G4 melting temperature but lowered the exo-
thermic heat of folding by nearly 9 kcalmol™' counteracted by
a smaller amount of entropy losses. Overall, the amount of
Gibbs free energy decreased by 1 kcalmol™ at 310 K. Such ef-
fects are easily rationalized by overhang sequences involved in
specific interactions to act as stabilizing terminal caps of quad-
ruplexes."®'® However, a large part of the observed AAG;;,
difference of 2.8 kcalmol™' between MYC-A1,6 and MYC-A5,6
and of the accompanied decrease in melting temperature by
10°C must be attributed to the different loop residues (T-GA-T
versus A-TG-A when only assuming 1.2.1 loop isomers)."®
These results emphasize that depending on the particular
structural context overhang sequences and loop nucleotides
may have more significant effects on the thermodynamics of
folding. Also, only comparing melting temperatures may be
misleading in not revealing significant changes in enthalpic
and entropic contributions that determine relative stabilities at
ambient temperatures.

Conclusions

The MYC sequence with its multiple G-tracts may fold into vari-
ous quadruplexes with potential relevance under physiological
conditions. Whereas melting temperatures are convenient pa-
rameters for probing their thermodynamic stability, T, values
are not directly linked to free enthalpies of G4 formation at a
given temperature, requiring information on enthalpic and en-
tropic contributions to the (un)folding event. Also, a thermody-
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namic characterization based on a van 't Hoff analysis of melt-
ing profiles is strictly based on a two-state transition. This
limits an evaluation of folding processes proceeding through
intermediates or to unresolved transitions of a sequence with
different coexisting quadruplex folds. To overcome these re-
strictions, a rigorous thermodynamic analysis using microca-
lorimetry is required to allow for a model-free extraction of pa-
rameters.

With more than four consecutive G-tracts in the MYC se-
quence, those quadruplexes with a looped-out internal tract
are highly unfavorable unless specifically stabilized by potential
interactions with ligands or proteins. On the other hand, two
quadruplexes with a very similar sequence context, MYC-A1,6
and MYC-A5,6, considerably differ in their thermodynamic sta-
bility. MYC-A1,6, proposed to fold into the physiologically most
relevant G4 and also being the most stable G4 species, draws
its energetic benefits to a large extent from its favorable loop
composition when compared to MYC-A5,6. Thus, recruiting ex-
cessive G-tracts in case of oxidative lesions may circumvent
deleterious effects on G-quadruplex formation but is expected
to yield a less stable alternative fold. Also, competition by a
snap-back loop quadruplex involving the 3'-terminal GG tract
VI must be met with caution. Although as stable as MYC-A1,6
when truncated, an extended 3’-end will allow, yet destabilize
this particular topology.

The presented comprehensive thermodynamic profiling
forms a solid basis for rationalizing stabilities of coexisting G4
structures that together with additional modulating interac-
tions are expected to determine relevant populations within
the cellular environment. Studying quadruplex structures and
their relative populations in vivo remains a challenge but may
be possible by the use of NMR in conjunction with stable iso-
tope labeling. Also, detailed insights into the thermodynamics
of different quadruplex folds will further contribute to our un-
derstanding of G4 stabilities in general and aid in the predic-
tion of major folding topologies in sequences with multiple G-
runs.

Experimental Section
Materials and sample preparation

DNA oligonucleotides were purchased from TIB MOLBIOL (Berlin,
Germany) and further purified by ethanol precipitation. Concentra-
tions were determined spectrophotometrically by measuring ab-
sorbances in an H,O solution at 80 °C with molar extinction coeffi-
cients calculated by a nearest neighbor model.”*** Prior to mea-
surements, oligonucleotide solutions with concentrations as used
for the subsequent experiments were annealed by heating to 85°C
for 5 min followed by slow cooling to room temperature and stor-
age in a refrigerator overnight. For the experiments both a low-salt
buffer (10 mm potassium phosphate, pH 7) and a high-salt buffer
(20 mm potassium phosphate, 100 mm KCI, pH 7) was used.

Circular dichroism (CD)

Spectra were acquired with a Jasco J-810 spectropolarimeter
equipped with a thermoelectrically controlled cell holder. Measure-
ments were performed with 1-cm quartz cuvettes at 293 K on
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5 um quadruplex in either a low-salt or high-salt buffer. Spectra
were recorded with a bandwidth of 1 nm, a response time of 1-
2's, and a scanning speed of 50 nmmin~' and finally blank-correct-
ed.

NMR spectroscopy

NMR spectra were acquired on a Bruker Avance 600 MHz spec-
trometer equipped with an inverse 'H/"*C/">°N/'F quadruple reso-
nance cryoprobehead and z-field gradients. Quadruplexes were
dissolved in a low-salt buffer with 10 mm potassium phosphate,
pH 7.0. For solvent suppression on the samples in 90% H,0/10%
D,0 a WATERGATE with w5 element was employed. Data were pro-
cessed using Topspin 4.0.6. Proton chemical shifts were referenced
relative to TSP.

Differential scanning calorimetry (DSC)

DSC measurements were performed on a VP-DSC (Malvern Instru-
ments, Great Britain) with 50 um oligonucleotide in a 10 mm potas-
sium phosphate buffer, pH 7, unless otherwise stated. Samples
were heated from 20 to 100-110°C with a scan rate of 0.5°Cmin".
Equilibrium conditions were confirmed by a single experiment
with a scan rate of 0.25°Cmin', yielding a thermogram superim-
posable on the thermogram obtained with twice the scan rate. A
buffer versus buffer scan was subtracted from the sample scan and
cubic baselines were constructed for each transition. Melting tem-
peratures T,, and calorimetric enthalpies AH°., corresponding to
the maximum of the DSC peak and the area under the heat capaci-
ty versus temperature curve were obtained from the baseline-cor-
rected profiles. DSC curves were fitted with a non-two-state model
as implemented in the DSC analysis software. Here, the tempera-
ture dependence of the ratio of unfolded and folded population as
given by the shape of the DSC thermogram is described by the
van 't Hoff relationship with AH°,,# AH°.,. Changes in heat capaci-
ty AC,° are too small for their reliable determination and were set
to zero, consistent with negligible heat capacity effects upon quad-
ruplex folding.”"’ Reported thermodynamic parameters are average
values with corresponding standard deviations from at least three
independent experiments.

Acknowledgements
This research was supported by the Deutsche Forschungsge-

meinschaft (INST 292/138-1). Open access funding enabled and
organized by Projekt DEAL.

Conflict of interest
The authors declare no conflict of interest.

Keywords: calorimetry -
thermodynamics

c-myc - G-quadruplexes -

[1] L. M. Facchini, L. Z. Penn, FASEB J. 1998, 12, 633-651.

[2

[10]

[l

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]
[27]

[28]

[29]

[30]
31]

[32]
[33]
[34]

S. Pelengaris, B. Rudolph, T. Littlewood, Curr. Opin. Genet. Dev. 2000, 10,
100-105.

K. B. Marcu, S.A. Bossone, A.J. Patel, Annu. Rev. Biochem. 1992, 61,
809-858.

T. L. Davis, A.B. Firulli, A.J. Kinniburgh, Proc. Natl. Acad. Sci. USA 1989,
86, 9682 -9686.

S. J. Berberich, E. H. Postel, Oncogene 1995, 10, 2343 -2347.

T. Simonsson, M. Kubista, P. Pecinka, Nucleic Acids Res. 1998, 26, 1167 -
1172.

A. Siddiqui-Jain, C. L. Grand, D.J. Bearss, L. H. Hurley, Proc. Natl. Acad.
Sci. USA 2002, 99, 11593 -11598.

A.T. Phan, Y.S. Modi, D.J. Patel, . Am. Chem. Soc. 2004, 126, 8710-
8716.

C.L. Grand, H. Han, R.M. Mufoz, S. Weitman, D.D. Von Hoff, L. H.
Hurley, D. J. Bearss, Mol. Cancer Ther. 2002, 1, 565-573.

A. Ambrus, D. Chen, J. Dai, R. A. Jones, D. Yang, Biochemistry 2005, 44,
2048 -2058.

J. Seenisamy, E. M. Rezler, T. J. Powell, D. Tye, V. Gokhale, C.S. Joshi, A.
Siddiqui-Jain, L. H. Hurley, J. Am. Chem. Soc. 2004, 126, 8702 -8709.
T-M. Ou, Y-J. Lu, C. Zhang, Z.-S. Huang, X.-D. Wang, J.-H. Tan, Y. Chen,
D.-L. Ma, K--Y. Wong, J.C-O. Tang, A. Sun-Chi Chan, L-Q. Gu, J. Med.
Chem. 2007, 50, 1465 -1474.

A.T. Phan, V. Kuryavyi, H.Y. Gaw, D.J. Patel, Nat. Chem. Biol. 2005, 1,
167-173.

H.T. Le, M. C. Miller, R. Buscaglia, W. L. Dean, P. A. Holt, J. B. Chaires, J. O.
Trent, Org. Biomol. Chem. 2012, 10, 9393 -9404.

J. T. Gruin, C. Hennecker, D.-P. Klotzner, R. W. Harkness, |. Bessi, A. Heckel,
A. K. Mittermaier, H. Schwalbe, J. Am. Chem. Soc. 2020, 142, 264-273.
P. Sengupta, A. Bhattacharya, G. Sa, T. Das, S. Chatterjee, Biochemistry
2019, 58, 1975-1991.

E. Hatzakis, K. Okamoto, D. Yang, Biochemistry 2010, 49, 9152-9160.
R.l. Mathad, E. Hatzakis, J. Dai, D. Yang, Nucleic Acids Res. 2011, 39,
9023-9033.

R. W. Harkness, A.K. Mittermaier, Nucleic Acids Res. 2016, 44, 3481-
3494,

J. Dickerhoff, B. Onel, L. Chen, Y. Chen, D. Yang, ACS Omega 2019, 4,
2533-2539.

B. Pagano, A. Randazzo, I. Fotticchia, E. Novellino, L. Petraccone, C.
Giancola, Methods 2013, 64, 43-51.

L. Schnarr, J. Jana, P. Preckwinkel, K. Weisz, J. Phys. Chem. B 2020, 124,
2778-2787.

N. Smargiasso, F. Rosu, W. Hsia, P. Colson, E.S. Baker, M. T. Bowers, E.
De Pauw, V. Gabelica, J. Am. Chem. Soc. 2008, 130, 10208 -10216.

V. Rauser, E. Weinhold, ChemBioChem 2020, 21, 2445 - 2448.

A.N. Lane, J. B. Chaires, R.D. Gray, J. O. Trent, Nucleic Acids Res. 2008,
36, 5482-5515.

C.E. Carr, L. A. Marky, J. Am. Chem. Soc. 2017, 139, 14443 —14455.

F. Zaccaria, G. Paragi, C. Fonseca Guerra, Phys. Chem. Chem. Phys. 2016,
18, 20895 -20904.

T. Fujii, P. Podbevsek, J. Plavec, N. Sugimoto, J. Inorg. Biochem. 2017,
166, 190-198.

C. M. Olsen, H.-T. Lee, L. A. Marky, J. Phys. Chem. B 2009, 113, 2587 -
2595.

A. Tawani, S. K. Mishra, A. Kumar, Sci. Rep. 2017, 7, 1-13.

C. M. Olsen, W.H. Gmeiner, L. A. Marky, J. Phys. Chem. B 2006, 110,
6962 -6969.

N. Q. Do, A. T. Phan, Chem. Eur. J. 2012, 18, 14752-14759.

M. M. Warshaw, I. Tinoco, J. Mol. Biol. 1966, 20, 29-38.

M. J. Cavaluzzi, P. N. Borer, Nucleic Acids Res. 2004, 32, e13.

Manuscript received: June 22, 2020
Revised manuscript received: July 31, 2020

Accepted manuscript online: August 5, 2020

Version of record online: November 19, 2020

Chem. Eur. J. 2020, 26, 17242 - 17251 www.chemeurj.org

17251

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1096/fasebj.12.9.633
https://doi.org/10.1096/fasebj.12.9.633
https://doi.org/10.1096/fasebj.12.9.633
https://doi.org/10.1016/S0959-437X(99)00046-5
https://doi.org/10.1016/S0959-437X(99)00046-5
https://doi.org/10.1016/S0959-437X(99)00046-5
https://doi.org/10.1016/S0959-437X(99)00046-5
https://doi.org/10.1146/annurev.bi.61.070192.004113
https://doi.org/10.1146/annurev.bi.61.070192.004113
https://doi.org/10.1146/annurev.bi.61.070192.004113
https://doi.org/10.1146/annurev.bi.61.070192.004113
https://doi.org/10.1073/pnas.86.24.9682
https://doi.org/10.1073/pnas.86.24.9682
https://doi.org/10.1073/pnas.86.24.9682
https://doi.org/10.1073/pnas.86.24.9682
https://doi.org/10.1093/nar/26.5.1167
https://doi.org/10.1093/nar/26.5.1167
https://doi.org/10.1093/nar/26.5.1167
https://doi.org/10.1073/pnas.182256799
https://doi.org/10.1073/pnas.182256799
https://doi.org/10.1073/pnas.182256799
https://doi.org/10.1073/pnas.182256799
https://doi.org/10.1021/ja048805k
https://doi.org/10.1021/ja048805k
https://doi.org/10.1021/ja048805k
https://doi.org/10.1021/bi048242p
https://doi.org/10.1021/bi048242p
https://doi.org/10.1021/bi048242p
https://doi.org/10.1021/bi048242p
https://doi.org/10.1021/ja040022b
https://doi.org/10.1021/ja040022b
https://doi.org/10.1021/ja040022b
https://doi.org/10.1021/jm0610088
https://doi.org/10.1021/jm0610088
https://doi.org/10.1021/jm0610088
https://doi.org/10.1021/jm0610088
https://doi.org/10.1038/nchembio723
https://doi.org/10.1038/nchembio723
https://doi.org/10.1038/nchembio723
https://doi.org/10.1038/nchembio723
https://doi.org/10.1039/c2ob26504d
https://doi.org/10.1039/c2ob26504d
https://doi.org/10.1039/c2ob26504d
https://doi.org/10.1021/jacs.9b10367
https://doi.org/10.1021/jacs.9b10367
https://doi.org/10.1021/jacs.9b10367
https://doi.org/10.1021/acs.biochem.9b00030
https://doi.org/10.1021/acs.biochem.9b00030
https://doi.org/10.1021/acs.biochem.9b00030
https://doi.org/10.1021/acs.biochem.9b00030
https://doi.org/10.1021/bi100946g
https://doi.org/10.1021/bi100946g
https://doi.org/10.1021/bi100946g
https://doi.org/10.1093/nar/gkr612
https://doi.org/10.1093/nar/gkr612
https://doi.org/10.1093/nar/gkr612
https://doi.org/10.1093/nar/gkr612
https://doi.org/10.1093/nar/gkw190
https://doi.org/10.1093/nar/gkw190
https://doi.org/10.1093/nar/gkw190
https://doi.org/10.1021/acsomega.8b03580
https://doi.org/10.1021/acsomega.8b03580
https://doi.org/10.1021/acsomega.8b03580
https://doi.org/10.1021/acsomega.8b03580
https://doi.org/10.1016/j.ymeth.2013.02.018
https://doi.org/10.1016/j.ymeth.2013.02.018
https://doi.org/10.1016/j.ymeth.2013.02.018
https://doi.org/10.1021/acs.jpcb.0c00700
https://doi.org/10.1021/acs.jpcb.0c00700
https://doi.org/10.1021/acs.jpcb.0c00700
https://doi.org/10.1021/acs.jpcb.0c00700
https://doi.org/10.1021/ja801535e
https://doi.org/10.1021/ja801535e
https://doi.org/10.1021/ja801535e
https://doi.org/10.1002/cbic.202000159
https://doi.org/10.1002/cbic.202000159
https://doi.org/10.1002/cbic.202000159
https://doi.org/10.1093/nar/gkn517
https://doi.org/10.1093/nar/gkn517
https://doi.org/10.1093/nar/gkn517
https://doi.org/10.1093/nar/gkn517
https://doi.org/10.1021/jacs.7b06429
https://doi.org/10.1021/jacs.7b06429
https://doi.org/10.1021/jacs.7b06429
https://doi.org/10.1039/C6CP01030J
https://doi.org/10.1039/C6CP01030J
https://doi.org/10.1039/C6CP01030J
https://doi.org/10.1039/C6CP01030J
https://doi.org/10.1016/j.jinorgbio.2016.09.001
https://doi.org/10.1016/j.jinorgbio.2016.09.001
https://doi.org/10.1016/j.jinorgbio.2016.09.001
https://doi.org/10.1016/j.jinorgbio.2016.09.001
https://doi.org/10.1021/jp806853n
https://doi.org/10.1021/jp806853n
https://doi.org/10.1021/jp806853n
https://doi.org/10.1021/jp0574697
https://doi.org/10.1021/jp0574697
https://doi.org/10.1021/jp0574697
https://doi.org/10.1021/jp0574697
https://doi.org/10.1002/chem.201103295
https://doi.org/10.1002/chem.201103295
https://doi.org/10.1002/chem.201103295
https://doi.org/10.1016/0022-2836(66)90115-X
https://doi.org/10.1016/0022-2836(66)90115-X
https://doi.org/10.1016/0022-2836(66)90115-X
https://doi.org/10.1093/nar/gnh015
http://www.chemeurj.org

