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ABSTRACT

Polyethylene glycols (PEGs) are widely used to
perturb the conformations of nucleic acids, includ-
ing G-quadruplexes. The mechanism by which
PEG alters G-quadruplex conformation is poorly
understood. We describe here studies designed to
determine how PEG and other co-solutes affect the
conformation of the human telomeric quadruplex.
Osmotic stress studies using acetonitrile and ethyl-
ene glycol show that conversion of the ‘hybrid’ con-
formation to an all-parallel ‘propeller’ conformation
is accompanied by the release of about 17 water
molecules per quadruplex and is energetically un-
favorable in pure aqueous solutions. Sedimentation
velocity experiments show that the propeller form is
hydrodynamically larger than hybrid forms, ruling
out a crowding mechanism for the conversion by
PEG. PEGs do not alter water activity sufficiently
to perturb quadruplex hydration by osmotic stress.
PEG titration experiments are most consistent with
a conformational selection mechanism in which
PEG binds more strongly to the propeller conform-
ation, and binding is coupled to the conformational
transition between forms. Molecular dynamics
simulations show that PEG binding to the propeller
form is sterically feasible and energetically favor-
able. We conclude that PEG does not act by
crowding and is a poor mimic of the intranuclear
environment, keeping open the question of the
physiologically relevant quadruplex conformation.

INTRODUCTION

The highly conserved repetitive DNA sequence 50-d(TTA
GGG)n is found within the telomeres of all human
chromosomes (1). Hundreds of copies of the sequence
are found in the telomere, predominantly in duplex
form, but with �200 nt as a single-stranded 30 overhang

(2). This overhang is an unusual example of a functional
single-stranded element within the human genome. In the
presence of monovalent cations, at least four repeats of
the TTAGGG sequence can fold into quadruplex struc-
tures comprising stacked G-quartets having a variety of
loop topologies (3–7). A designed quadruplex-specific
ligand, 360 A, binds preferentially to terminal regions of
chromosomes in both normal and tumor cells (8), support-
ing the hypothesis that quadruplex ligands can induce or
stabilize quadruplex structures within telomeres of human
cells. Studies using a structure-specific antibody show that
G-quadruplex formation at specific locations in the
genome, including telomeres, may be modulated during
cell-cycle progression in human cells (9). The extensive
literature on the chemistry and biology of human
telomere DNA has been recently reviewed (10).

The telomeric TTAGGG repeat sequence can fold into
numerous quadruplex structures depending on the cations
present and on nucleotide additions to the ends of the
sequence. In Na+-containing solutions, an anti-parallel
basket conformation was identified by nuclear magnetic
resonance (NMR) (11). This structure features three
stacked G-quartets, two lateral loops and one diagonal
loop. In K+-containing crystals, a novel parallel-
stranded ‘propeller’ structure was observed (12), featuring
all-parallel strand segments and three stacked G-quartets
linked by three chain-reversal ‘side’ loops. A variety of
chemical and biophysical approaches has revealed that
the propeller structure is not the predominant form in
K+-containing solutions (13–17). Subsequently, two
types of anti-parallel ‘hybrid’ or ‘3+1’ forms were
determined by NMR (18–21). These structures feature
three stacked G-quartets, two lateral loops and one side
loop, where the location of the side loops differs in forms 1
and 2. Recently, an anti-parallel basket form with only
two stacked G-quartets was identified in K+ solution by
NMR (22). Which of these structures exist in the cell
(if any) is of great interest and a matter of some debate.

Quadruplex structures are dependent on solution
conditions. Addition of small molecule co-solvents or
macromolecular co-solutes is commonly used to per-
turb conformational equilibria. There are four main
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mechanisms by which additives can influence conform-
ation, namely, macromolecular crowding (which acts on
shape and size differences), osmotic stress (which acts by
hydration differences), differential binding (general solv-
ation effects) and by general electrostatics (e.g. dielectric
effect on ionic activities). The propeller quadruplex con-
formation was found to form in solution under
dehydrating conditions (23,24), in high concentrations of
polyethylene glycol (PEG) (14,23,25), and in a non-
aqueous high-viscosity deep eutectic solvent (26). The
cell and its compartments are certainly crowded, with
macromolecules occupying �30% of the total volume in
eukaryotes (27,28). The resultant excluded volume effects
can drastically influence biochemical reactions by driving
equilibria in the direction of species with the minimal
volume (29–33). Efforts to mimic the intracellular envir-
onment of quadruplexes have relied on solute crowding
reagents, typically PEGs of various molecular weights
(MWs).

Hydration is a fundamentally important aspect of bio-
chemical reactions, as hydration significantly impacts
macromolecule stability and conformation (34,35), and
water is an active participant in many biochemical reac-
tions (34,36,37). However, the properties of the aqueous
environment in the cell are a matter of some debate
(34,37). The structure of water in the cell is inhomogen-
eous: the hydration layers around macromolecules differ
from bulk water, and ‘free’ water also differs in some
properties, including viscosity and diffusion coefficients.
Processes such as macromolecular folding that involve dif-
ferentially hydrated conformations depend on the activity
of the water such that a reduction in water activity favors
the less hydrated species (35). However, the exact water
activity throughout the cell is poorly defined (38).

Crowding and hydration effects on reactions are
distinct phenomena with different underlying physical
principles, although an experimental separation of the
effects can be complicated (38). Experimental studies of
hydration using osmotic stress (36,39) or of macromolecu-
lar crowding (40,41) both rely on the addition of neutral
co-solutes intended primarily to alter either water activity
or excluded volume, respectively. Because any co-solute
affects both of these solution properties to variable
degrees, separating the dominant influence poses a chal-
lenge. Typically, water activity is changed by the addition
of small neutral organic compounds [e.g. alcohols, sugars,
ethylene glycol (EG)], whereas excluded volume is altered
by addition of large polymers (e.g. PEGs, dextrans,
proteins). In both approaches, it is essential that the
added solutes are inert and do not interact with either
reactants or products of the reaction under study. By con-
vention, properly designed hydration or crowding studies
typically use a number of different solutes to show that
any observed effects are independent of the chemical
properties of the individual solute additives (42).

One early example studied hydration and crowding
effects on the stability of DNA triplex and duplex struc-
tures (42). The small osmolytes EG, glycerol, acetamide
and sucrose were found to exert similar quantitative
effects, decreasing water activity and destabilizing both
duplex and triplex DNA. The results showed that the

helical forms are more hydrated than the denatured
single strands. In contrast, addition of the volume-
excluding polymers PEG 400, 1000, 3400 and 10 000
stabilized both duplex and triplex DNA. Quantitative
analysis of a large set of thermal denaturation data
demonstrated that the effects of the polymers could be
correlated with geometric models for excluded volume,
and that their effects were due primarily to crowding. In
this case, hydration changes and crowding effects could be
clearly separated.
In contrast to DNA duplexes and triplexes, decreased

water activity stabilizes quadruplexes and increases their
melting temperature (24,40,43–45). This indicates that
folded quadruplexes are less hydrated than their
unfolded single strands, and that water is released on
folding. Initial quantitative estimates using PEG suggest
13–18 water molecules per G-quartet are released on
folding (44,46). Decreased water activity also drives a con-
formational transition of the human telomeric quadruplex
in potassium solutions from a hybrid to a propeller form
(23,24), indicating that these particular quadruplex con-
formations differ in their hydration.
Recent investigations have focused on the ability to

perturb a variety of quadruplex equilibria through the
addition of co-solvents. PEG 200 facilitates the folding
of the sequence 5’ G3(T2AG3)3 into an anti-parallel form
in the absence of cation (47,48). In addition, PEG drives
the formation of a quadruplex from an initial duplex
formed by (TTAGGG)4 and its complementary strand
(49,50). Both of these cases are potentially consistent
with a crowding mechanism, which demands that the
reaction be driven in the direction that reduces the total
excluded volume of the system, yielding more compact
species. In these cases, the starting reactants (single
strand, duplex) have larger hydrodynamic volumes than
the final folded quadruplex product.
PEG has been reported to drive a transition between the

anti-parallel hybrid and all-parallel propeller conform-
ations of the human telomere sequence. This was first
reported qualitatively in an attempt to rationalize why
the solution structure differed from the structure
observed in crystals (14). More detailed studies followed
(25,48,51), including the determination of a high-reso-
lution structure by NMR (23). In none of these cases
were the contributions from hydration and crowding
clearly separated and quantitatively accounted for. A
puzzling aspect of these studies is why crowding should
drive the transition of the more compact folded hybrid
form to the hydrodynamically larger propeller form (24)
because this violates the fundamental basis of macromol-
ecular crowding. Other crowding agents that also have
minimal effects on water activity, including BSA, Ficoll
70 and Ficoll 400 did not drive the hybrid to parallel
quadruplex transition (24,51,52) nor was the propeller
conformation observed by circular dichroism (CD) or
NMR in a Xenopus laevis egg extract, which represents
perhaps the best mimic of the crowded intracellular envir-
onment currently available (52,53). For a true crowding
mechanism, the perturbation of the equilibrium should be
independent of the chemical nature of the crowding agent.
Macromolecular crowding therefore is an unlikely
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mechanism by which PEG alters quadruplex conform-
ation, and additional studies are needed to understand
how it acts.
The use of PEG in macromolecular crowding studies

has been discouraged (32). A strict demand on a
crowding reagent is that it is inert, with no binding to
either the reactants or products of the reaction under
study. Several studies have shown that the stabilization
of protein by PEG cannot be described quantitatively in
terms of excluded volume alone, but rather that there is an
attractive interaction between PEG and non-polar or
hydrophobic side chains on the protein surfaces (32).
These attractive interactions make quantitative analysis
of crowding effects difficult and compromise the use of
PEG in crowding experiments. Further, PEG behaves
like a weak organic solvent, and not simply as an inert
volume excluder (54). For these reasons, it has been sug-
gested PEG be avoided for crowding studies (55).
Crowding studies using PEG have been used to support

the existence of a parallel conformation for telomeric
DNA in vivo and to argue that it is the most relevant
conformation to serve as a target for drug discovery
(23,25,56). To assess these claims, it is important to under-
stand the underlying mechanism by which PEG alters
quadruplex conformation, and in particular to separate
and quantify the contributions of hydration and
crowding. An analytical strategy for the separation of
preferential interactions and excluded volume effects was
recently described (57). The analysis requires a study of
the effects of a full series of monomeric to polymeric EGs
on the ‘m-value’, the derivative of the observed free energy
change for the reaction with respect to solute concentra-
tion. Such a systematic approach has not been previously
used to study quadruplex structure and stability. The
goals of this work are to evaluate the contributions of
hydration, crowding or other interactions on the conform-
ational transition between the hybrid and propeller forms
and to understand the mechanism by which PEG influ-
ences the transition. Our results will show that PEG is
not acting as a macromolecular crowding agent, making
suppositions about the conformation of the quadruplex in
the cell based on studies using PEG suspect.

MATERIALS AND METHODS

Oligodeoxynucleotides and co-solvent preparation

The 22-nt human telomeric G-quadruplex forming oligo-
deoxynucleotide 50-d(AGGG(TTAGGG)3) was purchased
from Integrated DNA Technologies (Coralville, IA).
DNA was purchased on a 10-mmol scale with standard
desalting. All DNA is quality checked by commercial
sources by the use of either MALDI-TOF or Electrospray
Ionization mass spectrometry. All purchased DNA was
used without further purification. Before use, DNAs
were diluted into folding buffer [10mM tetrabuty-
lammonium phosphate, 1mM EDTA acid (pH 7.0)] to a
stock concentration of 1mM and stored at 4�C. This
folding buffer is designed to prevent structure formation
before the addition of cation. Acetonitrile and all PEGs
were purchased from Sigma at the highest available grade.

PEGs arrived as either a solid or premade 100% (w/v) or
50% (w/v) solutions. Acetonitrile and premade PEG so-
lutions were used without further purification. Solutions
of 50% (w/v) PEGs were prepared by dilution of 125 g
PEG into 250ml of total volume using purified water. In
some cases, gentle heating was required to aid in
dissolving the PEG before dilution to final volume.
Molar concentrations were calculated for all PEG solu-
tions, and densities were used to normalize all solutions
to percentage (v/v) for pipette mixing of solutions. We
observed that addition of PEG may decrease the pH of
solutions. Control CD experiments established that these
slight pH changes have no significant effect on quadruplex
structures.

CD and absorbance spectroscopies

Simultaneous CD and absorbance (Abs) spectra were col-
lected using a Jasco J-815 spectropolarimeter equipped
with a Peltier temperature controller. CD/Abs spectra
were collected from 220 to 340 nm with 1 nm steps and
standard sensitivity while maintained at a constant 20�C.
Scan rate was set to 200 nm/min with a 2-s integration
time. A total of four scans were collected and averaged.
Before each scan, blank spectra were collected using the
corresponding solvent conditions without the addition of
DNA. For direct comparison of all collected CD spectra,
scans were normalized to delta epsilon (�e) through the
use of Equation (1), where y� is the observed CD in
millidegrees at wavelength �, M is DNA strand concen-
tration in molar and L is pathlength in cm. Normalization
was done using Microsoft Excel software, and all plots
were constructed using Origin 7.0 software.

�e� ¼ ��= 32982 �M � Lð Þ ð1Þ

Co-solvent titrations

Isothermal co-solvent titrations were conducted using 18
individually prepared samples over a co-solvent range of
0–42.5% (v/v) measured at a constant temperature
of 20�C. DNA samples were prepared to a final volume
of 2ml by mixing of DNA, premade co-solvents, 10�
concentrated buffer components and purified water to a
final buffer concentration of 25mM KCl, 10mM
tetrabutylammonium phosphate, 1mM EDTA (pH 7.0)
(25mM KCl-folding buffer) with 0–42.5% (v/v) co-
solvent. Co-solvents were added based on volume
through manual pipetting. Samples were prepared at
4 mM strand concentration and annealed by placing in 1
l of boiling water for 20min followed by reduction of heat
to room temperature and slow cooling. Samples were
allowed to cool slowly in the water bath overnight
before use. CD/Abs scans were collected on all individu-
ally prepared samples and on buffered co-solvent solu-
tions in the absence of DNA to ensure no significant
background was present. Data were exported for all titra-
tion points as millidegrees and normalized to �e using
Equation (1).
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Water activities

Water activities for all co-solvents were obtained from
published values (58–60). Whenever possible, water
activities were checked using a Vapro vapor pressure os-
mometer 5520 (Wescor Inc., Logan, UT). Published and
experimentally obtained values differed by at most 5% for
the instrumental range of 3200mmol/kg. Vapor pressures
were converted to water activities using Equation (2) (61),
where mOsm is the vapor pressure measured in mmol/kg,
aw is the water activity and M1 is the MW of water.

mOsm ¼ � 106ln �wð Þ
� �

=M1 ð2Þ

Analytical ultracentrifugation

AUC was carried out in a Beckman Coulter ProteomeLab
XL-A analytical ultracentrifuge (Beckman Coulter Inc.,
Brea, CA) at 20�C for 24 h at 50 000 rpm in standard
double sector cells. Data were analyzed using Sedfit (free
software: www.analyticalultracentrifugation.com) and
DCDT+ (version 2.3.2, John Philo, Thousand Oaks
CA). Values for S20,w obtained by the two analysis
methods agreed within 5% until 30% (v/v) PEG was
used, where DCDT+failed to yield a result owing to the
low value of the uncorrected sedimentation coefficient in
this high viscosity solution (62). Buffer density was
determined on a Mettler/Paar Calculating Density Meter
DMA 55A at 20�C, and buffer viscosity was determined
using an Anton Parr Automated Micro Viscometer
AMVn at 20�C. For the calculation of frictional ratios,
0.55ml/g was used for partial specific volume (63), and
0.3 g/g was assumed for the amount of water bound (64).

Molecular modeling

The propeller form of the human telomere (PDB entry
1KF1) and hybrid 1 form (PDB entry 2HY9) were used
to examine PEG 200 and 600 binding. The hybrid 1 form
was truncated to the same 22 bases as the parallel form
(2HY9-t). Four PEG 200 or 600 molecules were manually
docked to the groove regions of 1KF1 and in two separate
systems to the groove regions and quartet backbone of
2HY9-t. The PEG 200 and 600 molecule partial charges
were calculated using Antechamber and AM1-BCC
methods and parameters from the GAFF force field. An
explicitly solvated model with potassium counter ions
were generated with the parm99SB.dat Amber force field
using the following protocol: (i) two unsolvated potassium
ions were placed between the G-quartet tetrads for stabil-
ization; (ii) the system was solvated by the addition of a
rectangular box of TIP3P water at 15 Å; (iii) neutralizing
solvated potassium ions were added randomly around the
quadruplex:PEG 200 or 600 structure using Amber 11
leap rules for counter ions. The system was heated
slowly and equilibrated for 600 ps using the following
protocol: minimize water holding the DNA:PEG 200 or
600 (100 kcalmol�1 Å�1), minimize the complete system,
50 ps molecular dynamics (heating to 300K) holding the
DNA:PEG 200 or 600 fixed (100 kcalmol�1 Å�1), and (iv)
unrestrained molecular dynamics for 300 ns. Simulations
were performed in the isothermal isobaric ensemble

(P=1atm, T=300K). Periodic boundary conditions
and the Particle-Mesh-Ewald algorithm were used. A 2.0
fs time step was used with bonds involving hydrogen
atoms frozen using SHAKE. For the equilibration steps
and the production steps, molecular dynamics calculations
were carried out using AMBER 11 program sander and
the cuda version of pmemd, respectively.
The 50% (v/v) acetonitrile system was investigated

using the propeller form of the human telomere (PDB
entry 1KF1) with 4199 acetonitrile and 8398 TIP3P
water molecules using periodic box conditions. All atom
parameters for acetonitrile were used from the Manchester
Amber Parameter Database (http://www.pharmacy.man-
chester.ac.uk/bryce/amber#org). The 2HY9-t model was
solvated in rectangular box of TIP3P water at 15 Å. The
same protocol as aforementioned was used with restraints
only on the quadruplex DNA for 60 ns to allow for equi-
librium of the solvent mixture with production runs of
500 ns for the acetonitrile:water:propeller quadruplex
and 100 ns for the water:hybrid 1 quadruplex. The final
imaged snapshots of the production trajectories were used
for solvation shell analysis.

RESULTS AND DISCUSSION

Acetonitrile and EG cause a shift in quadruplex
conformation in potassium solutions through changes in
hydration

The conformational change of the 22-nt human telomeric
quadruplex (hTel22) in the presence of potassium was
monitored by changes in CD spectra over a range of 0–
42.5% (v/v) acetonitrile at 20�C (Figure 1A). In the
absence of acetonitrile, hTel22 showed a major peak
near 290 nm with a shoulder at 265 nm consistent with a
hybrid conformation (65). The addition of acetonitrile
caused a shift in its CD spectrum to a major peak near
265 nm and a shoulder at 290 nm consistent with forma-
tion of a parallel propeller conformation (65). CD spectra
were collected at intervals of 2.5% (v/v) acetonitrile and
were used to construct a data matrix representing the
spectral changes as a function of water activity. Changes
in CD intensity at 265 and 290 nm can be used to monitor
the appearance of the propeller form and the disappear-
ance of the starting hybrid quadruplex, respectively
(Figure 1B). Evaluation of the titration curves demon-
strates 50% conversion of the hTel22 is obtained at
ln(aw) of �0.12 (aw=0.886) with complete conversion
at �0.25 (aw=0.778) and lower. The observation that
decreased water activity favors the propeller form indi-
cates that it is less hydrated than the hybrid form.
Singular value decomposition (SVD) was applied to the

data matrix to evaluate the number of significant spectral
species involved in the quadruplex conformational transi-
tion (66). SVD results (Supplementary Figure S1) show
that only two significant spectral species were needed to
describe the data matrix, indicating that the reaction is
effectively two-state within the limitations of the informa-
tion content of CD spectra. The presence of only two sig-
nificant spectral species indicates that the conformational
change can be modeled as a simple equilibrium between
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two hydrated quadruplex conformations. Mechanism 1 is
a minimal reaction scheme that accounts for a shift in
conformation from the initial hybrid form (QHyb) to the
converted propeller form (QP) accompanied by a change
in hydration (�nw=x� y).

QHyb � H2O½ �x$ QP � H2O½ �y+ðx� yÞ H2O½ �

ðMechanism1Þ

The two-state reaction mechanism defines an apparent
equilibrium constant (Keq) that can be estimated at each
acetonitrile concentration by Equation (3),

Keq ¼ �= 1� �ð Þ ð3Þ

where y is the fraction of quadruplex converted. Equation
(4) was used to calculate y for each acetonitrile
concentration,

� ¼ ð�ei ��e0Þ=ð�ef ��e0Þ ð4Þ

where �e0 is the CD signal from the starting hybrid con-
formation, �eF is the signal from fully converted
quadruplex and �ei is the CD signal at the i-th acetonitrile
concentration. A linear dependence of �eF on acetonitrile
concentration was assumed to account for the slopes
evident in the ends of the titration curves in Figure 1B.
Plots were constructed of ln(Keq) against ln(aw)
(Figure 1C) to estimate the hydration change that
accompanies the conformational transition [Equation (5)].

�ln Kð Þ=�ln �wð Þ ¼ �nw ð5Þ

Data obtained for a second osmolyte, EG, which
has different chemical properties, are also included in
Figure 1C. The data for the two solutes are in excellent
agreement. Linear regression using the collective data in
Figure 1C yields the best-fit line ln(Keq)=�1.91
� 17.2ln(aw) providing an estimate of �nw=�17.2±0.8
from the slope with a 95% confidence interval of �18.7 to
�15.6 (36). The negative sign of the �nw demonstrates
that the conformational change of the hTel22 is
accompanied by a significant decrease in hydration, with
the release of �17 waters per quadruplex. The equilibrium
constant (Keq,0) for the conversion of the hybrid form to
the propeller form in pure water was determined from the
intercept at ln(aw)=0 to be 0.147 with a 95% confidence
interval of <0.112; 0.194>. This indicates that �14% of
the quadruplex exists as the propeller structure in the
absence of acetonitrile or EG. The free energy change
for the transition, �G25�C=�RTln(Keq,0), is
+1.1 kcalmol�1 at 25�C with a 95% confidence interval
of <1.0; 1.3>. This value indicates that the hybrid form
is thermodynamically favored, although a significant
amount of the propeller form exists in aqueous solution.

Figure 1. Conformational change of hTel22 driven by decreased water
activity in the presence of potassium at 20�C. (A) CD spectra obtained
as a function of acetonitrile concentration. Addition of acetonitrile
causes a shift in the CD spectrum from a major peak at 290 nm to a
major peak at 265 nm. (B) The conformational change of the
quadruplex monitored at 290 nm (circles) and 265 nm (solid squares)
as a function of the natural logarithm of the water activity. The 295 nm

Figure 1. Continued
signal monitors the loss of initial hybrid structure while the 265 nm
signal arises from the appearance of parallel quadruplex. (C) Data
for acetonitrile (black) and EG (red) plotted according to Equation
(5) for determination of Keq,0 and �nw. Global best-fit line (shown
in red) for acetonitrile and EG was determined to be
ln(Keq)=�1.91� 17.2ln(aw).
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More complex models that assumed multiple hybrid con-
formations were explored but offered no better fits to the
experimental CD data. These models required additional
fitting parameters, but yielded an estimate for the total
number of water molecules released in the hybrid-to-pro-
peller transition that was similar to the value obtained
using the simpler two-state model.

Our findings are consistent with previous studies that
have reported multiple quadruplex conformational forms
in solution, although none of these have provided quanti-
tative character of the equilibria. NMR studies of the two-
repeat telomere sequence d(TAGGGTTAGGGT) showed
that the bimolecular parallel and anti-parallel quadru-
plexes could coexist in K+ solutions, with the anti-
parallel form strongly favored at 20�C (67). A pulsed
EPR study concluded that the four-repeat unimolecular
human telomere quadruplex existed in solution as a
nearly 1:1 mixture of hybrid and propeller form (68).
Similarly, 125I radio probing experiments (13,69) suggested
that unimolecular basket, chair, hybrid and propeller con-
formations coexisted in K+solution. We caution that both
of these studies were done at extremely low temperatures
(�233.15�C for EPR and �80�C for the radioprobing)
that would surely perturb both folding and conform-
ational equilibria. Recent thermodynamic studies report
a heat capacity change of about �300 cal mol�1deg�1

for the folding of telomeric quadruplex, a value that indi-
cates cold denaturation would complicate any studies
done at extremely low temperatures (70). NMR evidence
(24,71) shows that the hTel22 sequence consists of two
major non-parallel species in aqueous solution.

Molecular dynamics simulations were performed to
examine the water release from the hydrated hybrid 1
form to the acetonitrile hydrated propeller form. The
hybrid 1 form had solvation shells at 4, 5 and 6 Å
comprising 369, 486 and 598 water molecules, respectively.

The acetonitrile hydrated propeller form had solvation
shells at 4, 5 and 6 Å comprising 342, 463 and 568 water
molecules and 68, 87 and 115 acetonitrile molecules, re-
spectively. Therefore, the �nw values at 4, 5 and 6 Å are
�27, �23 and �30, respectively. These values confirm that
the parallel form is less hydrated than the hybrid forms,
and the values are reasonably consistent with the
measured experimental value. The equilibrated molecular
dynamics simulation of the acetonitrile-hydrated propeller
form also indicates that there is no preferential binding of
acetonitrile to the quadruplex, as the acetonitrile compos-
ition of the solvation shells is 16–17% compared with 33%
for the bulk solvent composition.

Polyethyleneglycols do not alter quadruplex conformation
by osmotic stress

The conformational change of the hTel22 was studied by
isothermal titrations using a set of increasing MW glycols.
The series included EG, diethylene glycol (diEG),
triethylene glycol (triEG) and PEGs of MW 200, 400,
600, 1000, 1500, 3350, 8000 and 10 000. Titrations over
the range of 0–42.5 % (v/v) were monitored by CD. All
glycols were found to drive the conformational change
of the hTel22 to a parallel form. Analysis of spectral
changes by SVD showed that only two significant
spectral species were needed to describe the data matrix.
At the highest glycol concentration used, a CD spectrum
with a major peak at 265 nm and a shoulder at 290 nm is
observed (Figure 2A). Conversion of the quadruplex by
different MW glycols results in similar transition curves
(Figure 2B). The magnitude of CD changes was found to
be dependent on the MW, with EG, diEG and triEG
having lower values compared with the higher MW
PEGs. This difference in CD perhaps results from
binding interactions between the high MW PEGs and
the quadruplex. The high MW PEGs showed �e290 and

Figure 2. Isothermal titrations of hTel22 with a series of increasing MW PEGs. Colors correspond to EG (black), diEG (red), triEG (green), PEG
200 (blue), PEG 400 (cyan), PEG 600 (magenta), PEG 1000 (yellow), PEG 1500 (dark yellow), PEG 3350 (dark blue), PEG 8000 (purple, and PEG
10 000 (wine). (A) Comparison of hTel22 CD spectra obtained at the titration end point. These spectra demonstrate that all glycols cause conversion
to a parallel conformation. (B) CD titration curves for each glycol studied. Arrow indicates the direction of increasing MW.
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�e265 plateau regions of 28.6±2.5 and 274.0±21.9 M�1

cm�1, respectively.
For comparison with acetonitrile titrations, the reduc-

tion in water activity caused by the addition of different
MW PEGs was measured. The change in water activity
observed for the complete transition was found to
decrease with increasing PEG MW (Figure 3A). For
PEG 400 and larger, the transition midpoint is
ln(aw)&�0.02 (aw& 0.98), and the transition is
complete at ln(aw)&�0.05 (aw& 0.95). These values are
dramatically different from the values seen for acetonitrile
and EG and suggest that these PEGs are not greatly per-
turbing water activity and are not therefore acting by
osmotic stress and dehydration. This point is emphasized
in Supplementary Figure S2 that compares the effect of
acetonitrile to PEG 600. The effect of PEG 600 on the
transition is complete before the effect of acetonitrile has
barely begun. The two agents must act by different
underlying mechanisms.
EG behaves similarly to acetonitrile, as shown in

Figure 1C. Data for EG and acetonitrile superimpose
within experimental error, suggesting that both reagents
are acting by the same mechanism to perturb quadruplex
hydration. Both compounds yield estimates of �nw of
about �17. In contrast, if the data for PEG 400 and
greater (Figure 3A) are assumed to act by an osmotic
stress mechanism, estimates of �nw of about �1200 are
obtained. These estimates for the number of water mol-
ecules are unrealistically large and physically unreason-
able. Because a water molecule covers about 7–10 Å2

(72), a �nw value of �1200 suggests the loss of
&12 000 Å2 of solvent accessible surface on conversion
of the hybrid quadruplex to the propeller form.
However, as the folded quadruplexes have total solvent
accessible surface areas of 3500–4000 Å2 (24), this
number is absurd.

The conformational change induced by PEGs does not
occur through a molecular crowding mechanism:
evaluation of preferential interactions and excluded volume
effects

Record and coworkers recently proposed an analytical
method for separating hydration and excluded volume
effects on folding equilibria (57). The approach requires
data obtained for the concentration-dependent effects on
the reaction of interest using a complete series of solutes
differing in MW, from monomer to polymer. In our case,
we used EG through polymeric PEGs (Figures 3 and 4).
The effect of solutes is quantified through ‘m-values’, the
derivative of the observed free energy changes with respect
to solute concentration (Supplementary Figure S3). For
the case of duplex or hairpin DNA thermal denaturation,
Record and coworkers observed a dramatic effect of
solute MW on m-values, with a change in sign (from
negative to positive) from the monomer EG to the
higher MW PEGs. The dramatic difference was attributed
to the dominance of excluded volume effects (‘crowding’)
for the high MW PEGs on duplex denaturation. We
observe the opposite behavior for the quadruplex con-
formational change studied here.

Figure 3. (A) Transformed titration curves obtained from the primary
data shown in Figure 2B. (B) Change in the transition midpoint as a
function of the MW of PEG. (C) M-value plot (see text) for the con-
version of the hTel22 demonstrates an increase in magnitude suggesting
preferential interactions significantly contribute to the conversion of the
human telomeric G-quadruplex. M-value averages and standard devi-
ations were obtained from the analysis of multiple wavelengths. PEG
400 data were analyzed using the first half of the titration owing to
non-linearity at high PEG 400 concentrations.
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M-values were determined based on changes in the
Gibbs free energy owing to a shift in the quadruplex con-
formation with respect to increasing MW PEGs. M-value
plots quantify solute effects on a process through the de-
rivative of the standard Gibbs free energy change (�Gobs)
with respect to solute (m3) concentrations [Equation (6)]
(57).

m� value 	 ��Gobs=�m3 ð6Þ

Titration results for each MW PEG were transformed
to plots of �Gobs versus monomolar PEG concentration.
Monomolar concentration refers to the molar concentra-
tion of equivalent monomer subunits in solution and nor-
malizes the concentration with respect to the number of
repeating EG units (N3) to normalize for different MW.
The fraction of converted quadruplex was calculated using
Equation (4), where the i-th component now refers to the
i-th PEG concentration. The equilibrium constant was
estimated using Equation (3) and �G=�RTln(K)
calculated at 25�C. Linear regression of the Gibbs free
energy change against monomolar PEG concentration
results in a monomer m-value for each glycol studied
(Supplementary Figure S3). The resulting monomer m-
values were plotted against log(N3) to evaluate distinct
energy changes based on the MW of the PEG solution
(Figure 3C). The conversion of the hTel22 was found to
have monomer m-values that increase in magnitude with
the MW of the glycols. This behavior stands in sharp
contrast to what was observed by the Record laboratory
(57) for crowding effects on duplex stability, in which m-
values changed from negative to positive over the same
range of glycol MWs. Our data indicate that excluded
volume effects are minimal for the hTel22 conformational
transition driven by PEGs. Indeed, m-values are greater
for the larger PEGs than for the monomer EG, which
indicate enhanced preferential interactions with the
altered quadruplex conformation.

The propeller conformation is hydrodynamically larger
than hybrid forms and would not be favored by
macromolecular crowding

Heddi and Phan (23) determined that hTel22 adopts an
all-parallel ‘propeller’ conformation in PEG solutions that
is similar to the conformation originally solved by X-ray
crystallography (12). The proposed mechanism for the
conformational transition was molecular crowding,
which requires that a reaction be driven to more
compact states owing to a decrease in available volume
(32). For molecular crowding to exert an effect on the
hTel22 equilibrium, the propeller form must be more
compact than the hybrid conformation. HYDROPRO
software was used to calculate the hydrodynamic param-
eters of several hTel22 conformations based on their pub-
lished structures. Bead models were constructed, and the
parameters describing the size and shape of the structures
were calculated (Table 1). Evaluation of the hydro-
dynamic parameters demonstrates that the propeller
conformation is not the most compact of the available
solution conformations, having a larger Stokes’ radius
and radius of gyration than other known hTel22 con-
formations. These computed values were validated by
experimental sedimentation velocity studies (Table 2).
The data show S20,w values consistent with a hybrid
form in the absence of PEG and a propeller form at
high PEG concentrations. S20,w values were found to
decrease from 1.99 in the absence of PEG 600 to 1.69 in
30% (v/v) PEG 600. The S20,w values agree well with
the HYDROPRO calculations for the hybrid and pro-
peller conformations, respectively. The measured fric-
tional ratios show that with addition of PEG 600,
the hTel22 conformation shifts to a more elongated
structure (with the frictional ratio increasing from 1.01
to 1.19) assuming 0.3 g/g for the amount of water bound
(64). The higher frictional ratio indicates a larger

Figure 4. Conformational selection by differential binding of PEG to the propeller quadruplex. (A) Representative fit of titration data obtained
for PEG600 to Equation (7) (squares, 265 nm; circles, 290 nm). Optimized parameters were Keq,0=0.147, n=4 and KB=0.41±0.01 M for
the binding affinity of PEG 600. (B) Molecular dynamics shows PEG 600 interacts favorably with the planar G-tetrad faces of the propeller
structure.
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hydrodynamic volume in PEG, which is incompatible with
a molecular crowding mechanism.

Aggregation of the hTel22 does not occur on the addition
of PEG

PEG could exert a type of crowding effect if the hybrid-to-
propeller conformational transition were coupled to
aggregation of the propeller form. Crowding facilitates
aggregation if the volume of the aggregate is less than
the sum of the volumes of monomer units. If such aggre-
gation occurs during the conformational change, the PEG
titration curves should be dependent on DNA concentra-
tion. The results of PEG titrations conducted at 10-fold
higher hTel22 concentrations show identical behavior
compared with low DNA concentrations (Supplementary
Figure S4), indicating the conversion of the quadruplex is
independent of concentration in the range studied. Higher
quadruplex concentrations could not be evaluated owing
to potential self-aggregation of the human telomeric
quadruplex in the absence of PEG (73). Sedimentation
velocity experiments were conducted in solutions of 0,
10, 20 and 30% (v/v) PEG 600 and show no aggregation
on conversion of hTel22 (Supplementary Figure S5). It
was determined from AUC experiments that the
addition of PEG alters the hydrodynamic properties of
hTel22, but that no higher-order species were formed
(Table 2). The probability that observed changes in hydro-
dynamic behavior are due to nonideality introduced by
30% PEG is minimized by extrapolation of S20,w to zero
concentration (Table 2). These studies show that PEG
does not exert a crowding effect to produce an aggregated
quadruplex state with an altered conformation.

Differential binding of PEG can explain the hybrid to
propeller conformational change

If molecular crowding or coupled aggregation cannot
explain how PEGs alter the conformation of hTel22,
what mechanism can? Evaluation of water activities
clearly shows hydration is not a major determinant of
the conformational change using high MW PEG solu-
tions, and aggregation was not observed from AUC and
DNA concentration-dependent titrations. Investigation of
m-values indicated a mechanism where preferential inter-
actions between PEG and the quadruplex seemed to be a
strong driving force behind the conformational change.
Figure 4A show the titration of hTel22 with PEG 600.
The titration curve is sigmoidal, suggesting a cooperative
transition between the two quadruplex forms. Global
fitting of data for both wavelengths to a simple Hill
equation

�e ¼ �e0+ðð�emax ��e0Þ � ½PEG�
h=ðKh

d+½PEG�
h
ÞÞ

yields a Hill coefficient h=4.2±0.5 and dissociation
constant Kd=0.65±0.02. This value of the Hill coeffi-
cient confirms a highly cooperative process and indicates
that binding of greater than 4 PEG molecules is coupled to
the conformational transition. The Hill coefficient,
however, is a macroscopic parameter that does not
reflect a physically meaningful reaction scheme (74,75).
We therefore derived a more physically meaningful mech-
anistic model to analyze the data in Figure 4A.

Differential binding of PEG to the propeller form (QP)
compared with the hybrid form (QHyb) can account for the
action of PEGs. A plausible mechanism is that PEG
binding is coupled to the hybrid to propeller transition:

QHyb $ QP+nPEG$ QP

PEGn ðMechanism 2Þ

This mechanism requires an equilibrium between the
propeller and hybrid quadruplex conformations in the
absence of PEG (Keq,0), as already indicated by the aceto-
nitrile titrations described earlier in the text. Differential
binding of PEG to the propeller conformation shifts the
equilibrium to the preferred form, describing a conform-
ational selection mechanism (32). This model is a re-
stricted form of the classic Monod–Wyman–Changeux
model (76) and assumes that that the interaction of PEG
with hybrid conformations is negligible and that
microstates of hybrid bound by PEG are unpopulated
(See discussion in Supplementary Information).
Equation (7) is derived from the model and can be used
to fit PEG titration data as shown in Figure 4.

�e� ¼ �e0+
Keq,0ð�ef ��e0Þ

PEG½ �

KB
+1

� �n

Keq,0
PEG½ �

KB
+1

� �n
+1

: ð7Þ

Data are fit to an equilibrium constant between the
aqueous and PEG conformations in aqueous solution
(Keq,0), the moles of PEG bound (n) and a dissociation
constant for the binding of PEG to the propeller conform-
ation (KB). A global analysis of titration results from 265
and 290 nm was conducted to improved analysis but

Table 2. Hydrodynamic parameters determined from sedimentation

velocity experiments

PEG 600 %(v/v) S20,w (Svedbergs) Frictional ratio MW±SEa

0 1.99 1.013 7347±77
10 1.99 1.013 7110±79
20 1.93 1.044 7269±188
30 1.69 1.192 7214±220

aThe sedimentation coefficients were determined by extrapolation to
zero concentration using five concentrations of hTel22 in the range of
2.0–7.6 mM. The true MW assuming 2K+ bound of 7045 was used for
the calculation of frictional ratios assuming 0.3 g/g water bound.
MW±SE was determined from the analysis of five concentrations of
hTel22 for each concentrations of PEG using Sedfit software.

Table 1. Hydrodynamic properties of hTel22 conformers calculated

using HYDROPRO software

Stokes’ radius Radius of gyration S20,w
(10�7 cm) (10�7 cm) (Svedbergs)

propeller 1.602 1.322 1.744
hybrid 1 1.430 1.089 1.953
hybrid 2 1.515 1.172 1.843
basket 1.479 1.105 1.888
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required parameter constraints. The value of Keq,0 was
fixed at 0.147 based on the estimates obtained from
osmotic stress experiments (Figure 1C). Error analysis
using the method of Saroff (77) showed that the estimates
of parameters KB and n were highly correlated
(Supplementary Figure S6), and that only the lower limit
of the value of n� 2 can be defined. The number of bound
molecules must be at least 2 or greater to properly match
the sigmoidal nature of the titration. The Saroff analysis
and molecular modeling (see later in the text) indicates a
reasonable upper limit of 4. Model analysis results in an
estimated dissociation constant for PEG 600 of
KB=0.41±0.01M, with a fixed value of 4 PEG mol-
ecules bound per quadruplex (Figure 4A), as described
later in the text. The value of 4 PEG molecules is consist-
ent with fits to the Hill equation described earlier in the
text. The free energy of PEG binding can be estimated to
be �GPEG=�RTln(1/KB)&�0.5 kcal mol�1 at 25�C.

The conformational selection model describes a mech-
anism in which PEG binding is coupled to the hybrid to
propeller conformational transition with preferential
binding to the latter form. The differential binding of
PEG to the propeller conformation is a plausible driving
force for the conversion of the human telomeric
quadruplex. The energetic difference between the hybrid
forms and propeller conformation was determined by iso-
thermal titrations to be a modest +1.1 kcalmol�1. This
energetic difference between the hybrid and propeller con-
formations could be driven by a conformational selection
model, where the preferential binding of PEG to the pro-
peller conformation over the hybrid conformation shifts
the quadruplex solution population. The estimated
binding energy of �0.5 kcalmol�1 for each PEG 600
bound to the quadruplex illustrates that binding of three
or more molecules can overcome the energetic differences
between the two conformations.

The results of the analysis were used to initiate a mo-
lecular dynamics study on the ability of PEG to interact
with the propeller quadruplex conformation 1KF1 and the
hybrid 1 form 2HY9-t. PEG 200 and 600 were initially
placed in the side grooves of the propeller structure and
in the grooves and quartet backbone regions of 2HY9-t.
Simulations with the propeller quadruplex form show that
after initial minimization, both PEG 200 and 600 do not
remain in the groove regions, but that they relocate to
interact favorably with the planar region of the G-tetrad
faces (Figure 4B) with long lived (greater than 300 ns)
contact. In the hybrid 1 simulations, in contrast, both
PEG 200 and 600 relocate to the bulk solvent with only
transient interactions with the quadruplex over the 300 ns
production trajectory. These simulations show differential
binding interactions for PEG with the propeller and
hybrid forms, consistent with the assumed mechanism
described earlier in the text. As the preferred binding site
of the PEG molecules was the tetrad face, four PEG 200
and two PEG 600 could be accommodated in the
preferred site of the propeller quadruplex. This is consist-
ent with the lower limits of the binding stoichiometry
estimated earlier in the text and provides a rationalization
for the value of n given in Figure 4A. The interaction of
the PEG units with hydrophobic regions of the nucleic

acid structure is a similar to previously published protein
interactions with PEG (32). PEGs have been shown to
interact with hydrophobic amino acid residues. The po-
tential for this interaction with the exposed hydrophobic
G-tetrads rationalizes a conformational selection model,
where PEG units cause a shift in a conformation through
an exposed binding site on the propeller quadruplex.
Sedimentation velocity measurements have the poten-

tial to detect bound PEG. Unfortunately, there are too
many unknowns in the sedimentation velocity experiments
to unambiguously establish the extent of PEG binding. As
PEG 600 has a significantly larger partial specific volume
than quadruplex DNA, the partial specific volume of the
complex depends on binding stoichiometry. Increased
PEG binding would increase the MW of the complex
but decrease the buoyant density term in the Svedberg
equation (78). An additional unknown is the effect of
PEG binding on the frictional coefficients. The MWs
reported in Table 2 were calculated assuming no change
in partial specific volume. Thus, the reported MWs (Table
2) in the presence of PEG are not necessarily the true MW
of a potential hTel22-PEG complex, and without knowing
the exact stoichiometry of PEG binding and the shape of
the complex, the MW cannot be established.
It may be argued that we have not provided ‘direct’

evidence for PEG binding to the parallel quadruplex.
Characterization of weak interactions is notoriously diffi-
cult and presents a significant challenge to any analytical
approach (79). ‘Direct’ characterization of binding
requires distinguishing the physical properties of the free
and bound ligand forms within an equilibrium mixture.
For the data in Figure 4, this means that the properties
of &16 mM bound PEG (four equivalents of PEG bound
to the quadruplex at 4 mM) must be distinguished from the
properties of free PEG present at &0.7M. This amounts
to one part of 43 750, a task beyond the physical
capabilities of most available analytical tools. Our
analysis of the data in Figure 4 by fitting to a mathemat-
ical model derived from a physically meaningful reaction
mechanism follows an accepted strategy for characteriza-
tion of a binding equilibria (80). The agreement between
the model and experimental data fulfills the primary goal
of binding studies, which is to obtain an adequate thermo-
dynamic description of the reaction with evaluated param-
eters that can accurately predict the composition
dependence of the binding response under the experimen-
tal conditions. We have not only succeeded in that but
have, using molecular dynamics simulations, provided a
plausible structural basis for the conformational selection
model.

Explanatory power of the conformational selection
mechanism

A curious observation is that although addition of PEG
converts the hybrid to the parallel form in K+-containing
solutions, it does not alter the anti-parallel basket struc-
ture to the parallel form in Na+ solution (14,81). The
crowding mechanism cannot explain this observation, as
the basket and hybrid forms have similar hydrodynamic
volumes and ought to be driven by crowding to a similar
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extent. Furthermore, as these two forms are more compact
than the parallel structure, the crowding agents should
stabilize them to a similar extent (24). The conformational
selection model provides an explanation. We found that in
Na+solution, the free energy cost of converting the basket
to the hybrid form was an unfavorable +1.4 to
+2.4 kcalmol�1. As the energy cost of the hybrid to
parallel conformation change is �1.1 kcalmol�1, a free
energy cycle dictates that the energy cost of the basket
to parallel conversion in Na+ would be +2.5 to
+3.5 kcalmol�1 (82). Enough PEG would need to bind
to provide favorable free energy to overcome that higher
unfavorable cost of the conformational change, but the
amount needed (>6) is larger than the maximum
binding stoichiometry and is also incompatible with the
space available on the DNA surface. Our conformational
selection model can thus explain phenomenon the
crowding model cannot, demonstrating its utility and
power.

CONCLUSIONS

These results show that the conversion of the human
telomere hybrid quadruplex to a propeller form by PEG
cannot be adequately explained by ‘crowding’, by
excluded volume or by hydration changes resulting from
osmotic stress. The conversion instead most likely results
from differential PEG binding coupled to the conform-
ational transition between the two forms. Although the
binding affinity of PEG for the propeller conformation
is modest, it is sufficient to drive conformational selection
at high PEG concentrations. These results raise doubts
about claims based on studies using PEG that the propel-
ler conformation is the ‘physiologically relevant’ form
because it is favored under crowding conditions that
mimic the intracellular milieu. PEG is not ‘crowding’ in
this case but instead is acting by a different mechanism.

SUPPLEMENTARY DATA
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Supplementary Figures 1–6, Discussion of Equation 7
and Supplementary Reference [83].

FUNDING

The National Institutes of Health [CA35635], [GM077422]
and NCRR [5P20RR018733]; The James Graham Brown
Foundation; The Kentucky Challenge for Excellence.
Funding for open access charge: [CA35635 and
GM077422].

Conflict of interest statement. None declared.

REFERENCES

1. Moyzis,R.K., Buckingham,J.M., Cram,L.S., Dani,M.,
Deaven,L.L., Jones,M.D., Meyne,J., Ratliff,R.L. and Wu,J.R.
(1988) A highly conserved repetitive DNA sequence, (TTAGGG)n,
present at the telomeres of human chromosomes. Proc. Natl Acad.
Sci. USA, 85, 6622–6626.

2. Wright,W.E., Tesmer,V.M., Huffman,K.E., Levene,S.D. and
Shay,J.W. (1997) Normal human chromosomes have long G-rich
telomeric overhangs at one end. Genes Dev., 11, 2801–2809.

3. Burge,S., Parkinson,G.N., Hazel,P., Todd,A.K. and Neidle,S.
(2006) Quadruplex DNA: sequence, topology and structure.
Nucleic Acids Res., 34, 5402–5415.

4. Lane,A.N., Chaires,J.B., Gray,R.D. and Trent,J.O. (2008)
Stability and kinetics of G-quadruplex structures. Nucleic Acids
Res., 36, 5482–5515.

5. Patel,D.J., Phan,A.T. and Kuryavyi,V. (2007) Human telomere,
oncogenic promoter and 5’-UTR G-quadruplexes: diverse higher
order DNA and RNA targets for cancer therapeutics. Nucleic
Acids Res., 35, 7429–7455.

6. Phan,A.T. and Mergny,J.L. (2002) Human telomeric DNA: G-
quadruplex, i-motif and Watson-Crick double helix. Nucleic Acids
Res., 30, 4618–4625.

7. Yang,D. and Okamoto,K. (2010) Structural insights into G-
quadruplexes: towards new anticancer drugs. Future Med. Chem.,
2, 619–646.

8. Granotier,C., Pennarun,G., Riou,L., Hoffschir,F., Gauthier,L.R.,
De Cian,A., Gomez,D., Mandine,E., Riou,J.F., Mergny,J.L. et al.
(2005) Preferential binding of a G-quadruplex ligand to human
chromosome ends. Nucleic Acids Res., 33, 4182–4190.

9. Biffi,G., Tannahill,D., McCafferty,J. and Balasubramanian,S.
(2013) Quantitative visualization of DNA G-quadruplex structures
in human cells. Nat. Chem., 5, 182–186.

10. Xu,Y. (2011) Chemistry in human telomere biology: structure,
function and targeting of telomere DNA/RNA. Chem. Soc. Rev.,
40, 2719–2740.

11. Wang,Y. and Patel,D.J. (1993) Solution structure of the human
telomeric repeat d[AG3(T2AG3)3] G- tetraplex. Structure, 1,
263–282.

12. Parkinson,G.N., Lee,M.P. and Neidle,S. (2002) Crystal structure
of parallel quadruplexes from human telomeric DNA. Nature,
417, 876–880.

13. He,Y., Neumann,R.D. and Panyutin,I.G. (2004) Intramolecular
quadruplex conformation of human telomeric DNA assessed with
125I-radioprobing. Nucleic Acids Res., 32, 5359–5367.

14. Li,J., Correia,J.J., Wang,L., Trent,J.O. and Chaires,J.B. (2005)
Not so crystal clear: the structure of the human telomere G-
quadruplex in solution differs from that present in a crystal.
Nucleic Acids Res., 33, 4649–4659.

15. Qi,J. and Shafer,R.H. (2005) Covalent ligation studies on the
human telomere quadruplex. Nucleic Acids Res., 33, 3185–3192.

16. Redon,S., Bombard,S., Elizondo-Riojas,M.A. and Chottard,J.C.
(2003) Platinum cross-linking of adenines and guanines on the
quadruplex structures of the AG3(T2AG3)3 and (T2AG3)4
human telomere sequences in Na+ and K+ solutions. Nucleic
Acids Res., 31, 1605–1613.

17. Ying,L., Green,J.J., Li,H., Klenerman,D. and Balasubramanian,S.
(2003) Studies on the structure and dynamics of the human
telomeric G quadruplex by single-molecule fluorescence
resonance energy transfer. Proc. Natl Acad. Sci. USA, 100,
14629–14634.

18. Ambrus,A., Chen,D., Dai,J., Bialis,T., Jones,R.A. and Yang,D.
(2006) Human telomeric sequence forms a hybrid-type
intramolecular G-quadruplex structure with mixed parallel/
antiparallel strands in potassium solution. Nucleic Acids Res., 34,
2723–2735.

19. Luu,K.N., Phan,A.T., Kuryavyi,V., Lacroix,L. and Patel,D.J.
(2006) Structure of the human telomere in K+ solution: an
intramolecular (3+1) G-quadruplex scaffold. J. Am. Chem. Soc.,
128, 9963–9970.

20. Phan,A.T., Luu,K.N. and Patel,D.J. (2006) Different loop
arrangements of intramolecular human telomeric (3+1) G-
quadruplexes in K+ solution. Nucleic Acids Res., 34, 5715–5719.

21. Xu,Y., Noguchi,Y. and Sugiyama,H. (2006) The new models of
the human telomere d[AGGG(TTAGGG)3] in K+ solution.
Bioorg. Med. Chem., 14, 5584–5591.

22. Lim,K.W., Amrane,S., Bouaziz,S., Xu,W., Mu,Y., Patel,D.J.,
Luu,K.N. and Phan,A.T. (2009) Structure of the human telomere
in K+ solution: a stable basket-type G-quadruplex with only two
G-tetrad layers. J. Am. Chem. Soc., 131, 4301–4309.

7944 Nucleic Acids Research, 2013, Vol. 41, No. 16

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt440/-/DC1


23. Heddi,B. and Phan,A.T. (2011) Structure of human
telomeric DNA in crowded solution. J. Am. Chem. Soc., 133,
9824–9833.

24. Miller,M.C., Buscaglia,R., Chaires,J.B., Lane,A.N. and Trent,J.O.
(2010) Hydration Is a Major Determinant of the G-Quadruplex
Stability and Conformation of the Human Telomere 3’ Sequence
of d(AG(3)(TTAG(3))(3)). J. Am. Chem. Soc., 132, 17105–17107.

25. Xue,Y., Kan,Z.Y., Wang,Q., Yao,Y., Liu,J., Hao,Y.H. and
Tan,Z. (2007) Human telomeric DNA forms parallel-stranded
intramolecular G-quadruplex in K+ solution under molecular
crowding condition. J. Am. Chem. Soc., 129, 11185–11191.

26. Lannan,F.M., Mamajanov,I. and Hud,N.V. (2012) Human
telomere sequence DNA in water-free and high-viscosity solvents:
G-Quadruplex folding governed by Kramers rate theory. J. Am.
Chem. Soc., 134, 15324–15330.

27. Ellis,R.J. (2001) Macromolecular crowding: obvious but
underappreciated. Trends Biochem. Sci., 26, 597–604.

28. Ellis,R.J. (2001) Macromolecular crowding: an important but
neglected aspect of the intracellular environment. Curr. Opin.
Struct. Biol., 11, 114–119.

29. Hall,D. and Minton,A.P. (2003) Macromolecular crowding:
qualitative and semiquantitative successes, quantitative challenges.
Biochim. Biophys. Acta, 1649, 127–139.

30. Minton,A.P. (1993) Macromolecular crowding and molecular
recognition. J. Mol. Recognit., 6, 211–214.

31. Minton,A.P. (2006) Macromolecular crowding. Curr. Biol., 16,
R269–R271.

32. Zhou,H.X., Rivas,G. and Minton,A.P. (2008) Macromolecular
crowding and confinement: biochemical, biophysical, and potential
physiological consequences. Annu. Rev. Biophys., 37, 375–397.

33. Zimmerman,S.B. and Minton,A.P. (1993) Macromolecular
crowding: biochemical, biophysical, and physiological
consequences. Annu. Rev. Biophys. Biomol. Struct., 22, 27–65.

34. Ball,P. (2008) Water as an active constituent in cell biology.
Chem. Rev., 108, 74–108.

35. Parsegian,V.A. (2002) Protein-water interactions. Int. Rev. Cytol.,
215, 1–31.

36. Parsegian,V.A., Rand,R.P. and Rau,D.C. (1995) Macromolecules
and water: probing with osmotic stress. Methods Enzymol., 259,
43–94.

37. Chaplin,M. (2006) Do we underestimate the importance of water
in cell biology? Nat. Rev. Mol. Cell. Biol., 7, 861–866.

38. Lane,A.N. (2012) The stability of intramolecular DNA G-
quadruplexes compared with other macromolecules. Biochimie, 94,
277–286.

39. Rozners,E. (2010) Determination of nucleic acid hydration using
osmotic stress. Curr. Protoc. Nucleic Acid Chem., Chapter 7, Unit
7 14.

40. Miyoshi,D., Fujimoto,T. and Sugimoto,N. (2012) Molecular
crowding and hydration regulating of G-quadruplex formation.
Top. Curr. Chem., 330, 87–110.

41. Petraccone,L., Pagano,B. and Giancola,C. (2012) Studying the
effect of crowding and dehydration on DNA G-quadruplexes.
Methods, 57, 76–83.

42. Spink,C.H. and Chaires,J.B. (1999) Effects of hydration, ion
release, and excluded volume on the melting of triplex and duplex
DNA. Biochemistry, 38, 496–508.

43. Miyoshi,D., Karimata,H. and Sugimoto,N. (2007) Hydration
regulates the thermodynamic stability of DNA structures under
molecular crowding conditions. Nucleosides Nucleotides Nucleic
Acids, 26, 589–595.

44. Olsen,C.M., Gmeiner,W.H. and Marky,L.A. (2006) Unfolding of
G-quadruplexes: energetic, and ion and water contributions of G-
quartet stacking. J. Phys. Chem., 110, 6962–6969.

45. Smirnov,I.V. and Shafer,R.H. (2007) Electrostatics dominate
quadruplex stability. Biopolymers, 85, 91–101.

46. Miyoshi,D., Karimata,H. and Sugimoto,N. (2006) Hydration
regulates thermodynamics of G-quadruplex formation under

molecular crowding conditions. J. Am. Chem. Soc., 128,

7957–7963.
47. Kan,Z.Y., Yao,Y., Wang,P., Li,X.H., Hao,Y.H. and Tan,Z.

(2006) Molecular crowding induces telomere G-quadruplex

formation under salt-deficient conditions and enhances its

competition with duplex formation. Angew Chem. Int. Ed. Engl.,

45, 1629–1632.
48. Zhou,J., Wei,C., Jia,G., Wang,X., Tang,Q., Feng,Z. and Li,C.

(2008) The structural transition and compaction of human
telomeric G-quadruplex induced by excluded volume effect under
cation-deficient conditions. Biophys. Chem., 136, 124–127.

49. Kan,Z.Y., Lin,Y., Wang,F., Zhuang,X.Y., Zhao,Y., Pang,D.W.,
Hao,Y.H. and Tan,Z. (2007) G-quadruplex formation in human
telomeric (TTAGGG)4 sequence with complementary strand in
close vicinity under molecularly crowded condition. Nucleic Acids
Res., 35, 3646–3653.

50. Zhou,J., Wei,C., Jia,G., Wang,X., Feng,Z. and Li,C. (2009)
Human telomeric G-quadruplex formed from duplex under near
physiological conditions: spectroscopic evidence and kinetics.
Biochimie, 91, 1104–1111.

51. Petraccone,L., Malafronte,A., Amato,J. and Giancola,C. (2012)
G-quadruplexes from human telomeric DNA: how many
conformations in PEG containing solutions? J. Phys. Chem., 116,
2294–2305.

52. Hansel,R., Lohr,F., Foldynova-Trantirkova,S., Bamberg,E.,
Trantirek,L. and Dotsch,V. (2011) The parallel G-quadruplex
structure of vertebrate telomeric repeat sequences is not the
preferred folding topology under physiological conditions. Nucleic
Acids Res., 39, 5768–5775.

53. Hansel,R., Lohr,F., Trantirek,L. and Dotsch,V. (2013) High-
Resolution Insight into G-Overhang Architecture. J. Am. Chem.
Soc., 135, 2816–2824.

54. Hirano,A., Shiraki,K. and Arakawa,T. (2012) Polyethylene glycol
behaves like weak organic solvent. Biopolymers, 97, 117–122.

55. Elcock,A.H. (2010) Models of macromolecular crowding effects
and the need for quantitative comparisons with experiment. Curr.
Opin. Struct. Biol., 20, 196–206.

56. Neidle,S. and Parkinson,G.N. (2008) Quadruplex DNA crystal
structures and drug design. Biochimie, 90, 1184–1196.

57. Knowles,D.B., LaCroix,A.S., Deines,N.F., Shkel,I. and
Record,M.T. Jr (2011) Separation of preferential interaction and
excluded volume effects on DNA duplex and hairpin stability.
Proc. Natl Acad. Sci. USA, 108, 12699–12704.

58. Cohen,J.A. and Highsmith,S. (1997) An improved fit to Website
osmotic pressure data. Biophys. J., 73, 1689–1694.

59. French,H.T. (1987) Vapor-Pressures and Activity-Coefficients of
(Acetonitrile+Water) at 308.15-K. J. Chem. Thermodyn., 19,
1155–1161.

60. Ninni,L., Camargo,M.S. and Meirelles,A.J. (1999) Water activity
in poly(ethylene glycol) aqueous solutions. Thermochim. Acta,
328, 169–176.

61. Zhang,W., Capp,M.W., Bond,J.P., Anderson,C.F. and
Record,M.T. Jr (1996) Thermodynamic characterization of
interactions of native bovine serum albumin with highly excluded
(glycine betaine) and moderately accumulated (urea) solutes by a
novel application of vapor pressure osmometry. Biochemistry, 35,
10506–10516.

62. Garbett,N.C., Mekmaysy,C.S. and Chaires,J.B. (2010)
Sedimentation velocity ultracentrifugation analysis for
hydrodynamic characterization of G-quadruplex structures.
Methods Mol. Biol., 608, 97–120.

63. Hellman,L.M., Rodgers,D.W. and Fried,M.G. (2010)
Phenomenological partial-specific volumes for G-quadruplex
DNAs. Eur. Biophys. J., 39, 389–396.

64. Fernandes,M.X., Ortega,A., Lopez Martinez,M.C. and Garcia de
la Torre,J. (2002) Calculation of hydrodynamic properties of
small nucleic acids from their atomic structure. Nucleic Acids
Res., 30, 1782–1788.

65. Randazzo,A., Spada,G.P. and Silva,M.W. (2012) Circular
dichroism of quadruplex structures. Top. Curr. Chem., 330, 67–86.

66. Gray,R.D. and Chaires,J.B. (2011) Analysis of multidimensional
G-quadruplex melting curves. Curr. Protoc. Nucleic Acid Chem.,
Chapter 17, Unit17.14.

67. Phan,A.T. and Patel,D.J. (2003) Two-repeat human telomeric d(T
AGGGTTAGGGT) sequence forms interconverting parallel and
antiparallel G-quadruplexes in solution: distinct topologies,
thermodynamic properties, and folding/unfolding kinetics. J. Am.
Chem. Soc., 125, 15021–15027.

Nucleic Acids Research, 2013, Vol. 41, No. 16 7945



68. Singh,V., Azarkh,M., Exner,T.E., Hartig,J.S. and Drescher,M.
(2009) Human telomeric quadruplex conformations studied by
pulsed EPR. Angew Chem. Int. Ed. Engl., 48, 9728–9730.

69. Gaynutdinov,T.I., Neumann,R.D. and Panyutin,I.G. (2008)
Structural polymorphism of intramolecular quadruplex of human
telomeric DNA: effect of cations, quadruplex-binding drugs and
flanking sequences. Nucleic Acids Res., 36, 4079–4087.

70. Boncina,M., Lah,J., Prislan,I. and Vesnaver,G. (2012) Energetic
basis of human telomeric DNA folding into G-quadruplex
structures. J. Am. Chem. Soc., 134, 9657–9663.

71. Gray,R.D., Petraccone,L., Trent,J.O. and Chaires,J.B. (2010)
Characterization of a K+-induced conformational switch in a
human telomeric DNA oligonucleotide using 2-aminopurine
fluorescence. Biochemistry, 49, 179–194.

72. Colombo,M.F., Rau,D.C. and Parsegian,V.A. (1992) Protein
solvation in allosteric regulation: a water effect on hemoglobin.
Science, 256, 655–659.

73. Renciuk,D., Kejnovska,I., Skolakova,P., Bednarova,K.,
Motlova,J. and Vorlickova,M. (2009) Arrangements of human
telomere DNA quadruplex in physiologically relevant K+
solutions. Nucleic Acids Res., 37, 6625–6634.

74. Weiss,J.N. (1997) The Hill equation revisited: uses and misuses.
FASEB J., 11, 835–841.

75. Holt,J.M. and Ackers,G.K. (2009) The Hill coefficient: inadequate
resolution of cooperativity in human hemoglobin. Methods
Enzymol., 455, 193–212.

76. Monod,J., Wyman,J. and Changeux,J.P. (1965) On the nature
of allosteric transitions: a plausible model. J. Mol. Biol., 12,
88–118.

77. Saroff,H.A. (1989) Evaluation of uncertainties for parameters in
binding studies: the sum-of-squares profile and Monte Carlo
estimation. Anal. Biochem., 176, 161–169.

78. Reynolds,J.A. and Tanford,C. (1976) Determination of molecular
weight of the protein moiety in protein-detergent complexes
without direct knowledge of detergent binding. Proc. Natl Acad.
Sci. USA, 73, 4467–4470.

79. Williams,D.H. and Westwell,M.S. (1998) Aspects of weak
interactions. Chem. Soc. Rev., 27, 57–63.

80. Windsor,D.J. and Sawyer,W.H. (1995) Quantitative
Characterization of Ligand Binding. Wiley-Liss Inc., New York,
pp. 10–11.

81. Zhang,D.H., Fujimoto,T., Saxena,S., Yu,H.Q., Miyoshi,D. and
Sugimoto,N. (2010) Monomorphic RNA G-Quadruplex and
polymorphic DNA G-Quadruplex structures responding to
cellular environmental factors. Biochemistry, 49, 4554–4563.

82. Gray,R.D., Li,J. and Chaires,J.B. (2009) Energetics and kinetics
of a conformational switch in G-Quadruplex DNA. J. Phys.
Chem. B, 113, 2676–2683.

83. Eigen,M. (1967) In: Claesson,S. (ed.), Fast Reactions and Primary
Processes in Chemical Kinetics, Nobel Symposium No. 5.
Almqvist and Wiksell, Stockholm, p. 333.

7946 Nucleic Acids Research, 2013, Vol. 41, No. 16


