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Abstract Alkaline folates self-associate in aqueous solu-

tions to form columnar lyotropic phases. Such phases are

made by quadruplexes, which are supramolecular helicoidal

structures formed by a stacked array of folate tetramers. High-

pressure synchrotron X-ray diffraction is used to analyze

alkaline folate quadruplex stability and energetics. Diffrac-

tion data show that both inter-helical lateral and tetramer

stacking distances decrease as a function of pressure. Lateral

and axial quadruplex compressibilities and force constants

have been derived and strong correlation between the strength

of tetramer stacking and pressure effects demonstrated. In

particular, quadruplex rigidity increases by changing Na? to

K? and by adding excess KCl, as a consequence of increased

stacking interactions and quadruplex elongation.

Keywords Quadruplex � Compressibility �
High-pressure X-ray diffraction

Introduction

Hierarchical, self-organized structures are frequently

observed in biology: initiated at nano scales, they exhibit

important properties at macro scale, providing key func-

tions to biological systems (Buehler 2010). In many cases,

biological aggregates show an helicoidal organization,

which manifests in characteristic physical phenomena.

Indeed, helix-specific interactions, elasticity, counter-ion

sensitivity, and lyotropic polymorphism have been detected

in many biological molecular helices, which consist of one

or several interwoven helical chains of atoms, but have

been also detected in more complex supramolecular heli-

ces, which are formed upon self-assembly of small mole-

cules. For instance, guanosine quadruplexes, which mimic

the structure of chromosome telomeres, microtubules and

actin filaments in the cytoskeleton, and some viral particles

such as tobacco mosaic virus belong to this class (Korny-

shev et al. 2007).

The study of these singular properties in supramolecular

helices requires the analysis of the fundamental links

between self-structural organizations and properties at

multiple scales, from nano to macro (Mariani et al. 2009).

Among others, strength and robustness are properties of

fundamental importance to biological materials, and are

crucial to provide functional properties to living systems

and to inspire synthetic and biomimetic materials (Buehler

2010). In particular, strength is defined as the maximum

force (or pressure) a material can withstand before break-

ing, while robustness can be associated to the ability of a

material to tolerate flaws and defects in its structural

makeup while maintaining its ability to provide function-

ality (Buehler 2010). In this paper, high-pressure syn-

chrotron X-ray diffraction is used to analyze mechanical

properties of quadruplexes obtained by hierarchical self-

assembling of alkaline folates, hence to investigate their

strength and robustness.

Quadruplex structures have been observed in guanosine-

rich single-stranded sequences of DNA [such as in
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Via Brecce Bianche, Ancona 60131, Italy

e-mail: mariani@univpm.it

123

Eur Biophys J (2011) 40:1225–1235

DOI 10.1007/s00249-011-0717-0



telomeres and other parts of the genome, especially in

promoters (Lane et al. 2008; Qin and Hurley 2008)] and in

guanosine phosphate and short oligo-guanosine phosphate

systems (e.g., guanosine 50-monophosphate, Gp, deoxy-

guanosine 50-monophosphate, d(Gp), and oligo-guanosines

such as dGpG and dGpGpG) (Gottarelli et al. 1996). In

aqueous solution, the self-assembling of guanosine phos-

phates is hierarchical (Mariani et al. 2009, 2010). In dilute

conditions, the process starts with the formation of tetra-

meric disks made by four Hoogsteen hydrogen-bonded

guanine residues. By increasing the guanosine concentra-

tion, and in the presence of nucleating monovalent cations,

tetramers stack vertically each on the top of the other at a

typical distance of about 3.3 Å (i.e., the same distance

existing between stacked base pairs in DNA) and rotated

with respect to each other by about 30�. Four-stranded

supramolecular helices, named quadruplexes, then result.

Despite the absence of covalent bonds along the strand,

quadruplexes are rather stable, mainly because cations,

which are sandwiched in the inner cavity between two

subsequent tetramers, strongly interact with the O6 ketone

groups of eight guanines (four by one tetramer and four by

the successive one). By further increasing the concentra-

tion, pronounced excluded-volume effects and intermo-

lecular interactions bring about the orientational ordering

of the quadruplexes. Indeed, cholesteric (Ch) and hexago-

nal (H) columnar phases occur at higher concentrations.

Concerning structural properties, it was observed that

the length of the quadruplexes strongly depends on stack-

ing interactions (Mariani et al. 2009, 2010; Franz et al.

1994) and that preferential hydration effects occur during

swelling (i.e., the lateral and end-to-end axial inter-helix

distances do not change uniformly) (Amaral et al. 1992;

Ausili et al. 2004). Moreover, osmotic stress measurements

showed that lateral forces dominating at short helix sepa-

rations (less than few angstroms) are hydrational and that a

balance between medium-range attraction, which induces

the self-assembly, and short-range repulsion, which pre-

vents the contact between quadruplexes, is implied

(Mariani and Saturni 1996; Mariani et al. 1998).

Similarly to guanine, the pterinic heterocyclic ring of the

folate molecule, which is a water-soluble B vitamin that

occurs naturally in food, shows the same multiple pattern

of H-bond donor and acceptor groups. Accordingly, cir-

cular dichroism, NMR, and X-ray scattering measurements

demonstrated that alkaline folates in water form quadru-

plexes, following a very similar self-assembling scheme

(see Fig. 1) (Ciuchi et al. 1994; Gottarelli et al. 1996).

Indeed, folate monomers associate into tetramers

(approximately 15.5 Å radius) that stack on top of each

other, forming helices with four equally spaced strands

(Ciuchi et al. 1994). As observed for guanosine phosphate,

quadruplex properties and phase behavior were determined

to strongly depend on the alkaline ion involved in the

process. For instance, considerable differences were

detected for Na2 folate in pure water and in 1 M NaCl (or

KCl) solution (Ciuchi et al. 1994). In pure water, tetramer-

tetramer interactions were weak. Indeed, tetramer stacking

distances were observed to be strongly influenced by

sample composition and temperature: at 30�, the stacking

distance increases from about 3.35 to 3.45 Å when the

folate weight concentration decreases from 60 to 30%.

Fig. 1 Self-assembling process:

a folate molecule;

b arrangement of the folate

tetramer; c and c0 top and lateral

views of an octamer, formed by

two stacked folate tetramers.

The cation is located between

the two tetramers; d lateral view

of a quadruplex, formed by

stacking of discrete cation-

bound tetramers (folate lateral

chains have been omitted for

clarity)
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Accordingly, the length of the quadruplexes were depen-

dent on the two parameters (in the same concentration

range and at the same temperature, the derived quadruplex

length decreases from 100 to 15 Å), and only a hexagonal

phase was found in the temperature-concentration phase

diagram (see Fig. 2, panel a). In 1 M NaCl (or KCl), tet-

ramer-tetramer interactions were stronger, so that, inde-

pendently of concentration and temperature, a constant

tetramer stacking distance of 3.37 Å and the formation of

rather stable, 80 Å-long quadruplexes were detected. As a

consequence, in addition to the hexagonal phase, a chole-

steric columnar phase was observed in the phase diagram

(see Fig. 2, panel b) (Ciuchi et al. 1994). Note that the

formation of the cholesteric phase (left-handed) is a clear

confirmation that the folate quadruplex surface is chiral:

the tetramers do not pile up in register, but are continuously

rotated one with respect to the other, to generate a supra-

molecular helix similar to the one observed in homogu-

anylic oligonucleotides (Proni et al. 2000). However, in the

absence of high-resolution structural data, quantitative

information on the chirality of the folate quadruplexes

cannot be derived.

Structural properties, stability, and energetic of biolog-

ical systems can be investigated by high-pressure X-ray

diffraction (Winter 2002; Spinozzi et al. 2007; Ortore et al.

2009; Rivalain et al. 2010). The recent analysis on quad-

ruplexes formed by guanosine 50-monophosphate in water

showed a lateral inter-helix compressibility that was

unusually negative (Ausili et al. 2004), which enforces the

original hypothesis that in columnar phases water separates

into two regions and suggests that redistribution of water

inside the sample occurs during compression. Quadruplex

stacking elastic constants were also derived: at fixed ionic

strength, a unique elastic constant was detected, while at

constant concentration, the fitted elastic constant values

confirmed that KCl increases the stacking rigidity. Quad-

ruplex strength appeared then strongly related to stacking

stabilization induced by counter-ions.

As stacking interactions are definitely very different and

certainly controlled by hydration and counter-ions, the

structural, mechanical, and energetic properties of folate

quadruplexes have been investigated by high-pressure

X-ray diffraction: here, the results obtained by considering

Na? and K? folate acid salts in the presence and absence of

excess K? ions will be presented.

Materials and methods

Alkaline folates in the form of disodium and dipotassium

salts were prepared by neutralization of folic acid (dihy-

drate, from Sigma) with sodium hydroxide and potassium

hydroxide, respectively. Hydrated samples were prepared

by mixing the alkaline folates with the required quantities

of freshly bidistilled water or aqueous 1 M KCl solution, if

requested. Mixtures were left for at least 2 days at 25�C to

avoid inhomogeneity. Final folate weight percent concen-

trations c ranged from 35 to 75%. Note that from nominal

composition, the folate volume fraction cv can be deter-

mined using cv = c/(c ? (100 - c)(mwat /mfol)), where mwat

and mfol are the specific volumes of water and folic acid,

respectively. For high-pressure data, volume concentra-

tions were corrected by considering the pressure depen-

dence of densities, as reported in Ausili et al. (2004).

Diffraction experiments were performed at the SAXS

beam-line at ELETTRA Synchrotron (Trieste, Italy) at the

wavelength k = 1.54 Å and in the scattering vector Q-

range between 0.035 and 0:70 Å
�1ðQ ¼ ð4p sinhÞ=k; where

2h is the scattering angle). An additional wide-angle X-ray

scattering detector was used to measure diffraction patterns

in the Q-range from 1.4 to 3:8 Å
�1

. A pressure cell

with diamond windows, which allow the measurement of

HI

(a)

I HCh

(b)

Fig. 2 Na2 folate and Na2 folate in 1 M NaCl phase diagrams

(redrawn from Ciuchi et al. 1994)
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diffraction patterns at hydrostatic pressures up to 3 kbar,

was used (Pressl et al. 1997). Particular attention was

applied for checking radiation damage and equilibrium

conditions. Measurements were repeated several times at

the same constant pressure to account for constant position

and intensity of Bragg peaks. Accordingly, samples were

gently compressed at a rate of 0.5–2 bar s-1 to ensure the

onset of equilibrium conditions.

Diffraction patterns were collected at 25�C. Note that no

water loss was detected before the hydrated mixtures were

mounted into the pressure cell. Moreover, after the X-ray

scattering experiments, the water composition of each

sample was checked again by gravimetric analysis. The

difference between the nominal concentration and the one

measured after the pressure cycle was detected to be in the

limit of the experimental errors.

Results and discussion

High-pressure X-ray diffraction experiments were per-

formed on K2 and Na2 folate samples prepared in water at

different hydration conditions and on K2 folate prepared at

different hydrations in 1 M KCl solution. A few X-ray

diffraction patterns are reported in Fig. 3.

As a first result, it can be observed that pressure induces

small, but continuous variations in the position of the

Bragg peaks (which move towards higher Q-values). In

nearly every case, the spacing ratios of the narrow peaks

detected in the low-angle diffraction region index to a two-

dimensional hexagonal lattice and indicate that the struc-

ture is hexagonal. From the peak position, Qh,k, the unit

cell dimension, a (i.e., the inter-axial distance between the

quadruplexes), can be obtained by using (Luzzati 1968):

a ¼ ð4p=
ffiffiffi

3
p
Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 � hk
p

Qh;k
ð1Þ

Instead, X-ray diffraction profiles obtained from low-con-

centration samples of K2 folate in 1 M KCl are charac-

terized by a low-angle broad band, which confirms the

presence of a cholesteric phase (see Fig. 2). Moreover, the

cholesteric phase has been detected also in low-concen-

tration K2 folate samples, but in equilibrium with the

hexagonal phase. In such cases, the hexagonal phase dis-

appears as a function of pressure.

Wide-angle diffraction profiles give experimental evi-

dence on the columnar nature of the phase. Indeed, a nar-

row band is observed in all investigated samples in the

wide-angle diffraction region at about Q ¼ ð2p=3:3Þ Å�1
;

according to previous works (Franz et al. 1994; Amaral

et al. 1992), this reflection is related to the vertical stacking

of tetramers inside the quadruplexes. From the peak posi-

tion, the distance between the stacked tetramers, b, can be

obtained. No extra low-angle peaks were observed in the

(a) (b) (c)

Fig. 3 X-ray diffraction results

obtained at different

concentrations (as reported in

the frames) and as a function of

pressure (from 1 to 2,000 bar).

Left column: low-angle profiles

referring to Na2 folate. Central
column: X-ray diffraction

profiles referring to K2 folate.

Top frames, low-angle profiles

observed at two different

concentrations; low frames,

enlargement of the low-angle

region, to accentuate the

pressure effect. Right column:

X-ray diffraction profiles

referring to K2 folate prepared

in 1 M KCl solution. Top
frames, low-angle profiles

observed at two different

concentrations; low frames,

enlargement of the

corresponding high-angle

regions, to evidence the pressure

effect
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diffraction patterns, indicating the absence of smectic-like

order. As expected, in fact, no long-range column-column

correlation of the tetramer position exists, as the rods may

freely translate in a direction perpendicular to the two-

dimensional hexagonal cell.

Some quantitative results are reported in Fig. 4, where

the inter-helical distance between the quadruplexes and the

tetramer stacking distance are reported as a function of

pressure. As general results, at all concentrations and for all

considered samples (Na2 folate, K2 folate and K2 folate in 1

M KCl), inter-helical and stacking distances decrease

rather linearly under compression. Pressure dependence

appears to be related to sample concentration and compo-

sition. In particular, because of the presence of the chole-

steric phase, unit cells extend in a larger range in K2 folate

prepared both in pure water and in 1 M KCl. In addition,

while in pure water the distance between stacked tetramers

increases as a function of water content, in excess KCl the

stacking distance does not change with hydration, con-

firming that excess counter-ions induce stronger tetramer

interactions (Ciuchi et al. 1994).

Lateral and axial compressibilities. A linear fit to the

unit cell parameters has been used to calculate the pressure

dependence of stacking and inter-helical distances and the

corresponding 1D, axial, and 2D, lateral compressibilities,

b1D and b2D, respectively:

b1D ¼ �1=bðdb=dPÞ and b2D ¼ �1=rðdr=dPÞ ð2Þ

being r ¼ a2
ffiffiffi

3
p

=2:
Compressibility data obtained for the different samples

are reported in Fig. 5: in all cases both lateral and axial

compressibilities are positive, and increase with increasing

water concentration. Furthermore, while compressibilities

for the two folate salts are almost identical, the presence

of excess KCl appears to strongly reduce both pressure

and concentration dependence. It should be noticed that

direct lipid hexagonal phases, such as in dodecyl-tri-

methyl-ammonium cloride and lyso-oleoyl-phosphatidyl

choline systems, show very similar b2D value and pressure

dependence (Paccamiccio et al. 2006, Pisani et al. 2003),

but remarkable differences exist from the compressibilities

previously obtained from quadruplexes formed by gua-

nosine 50-monophosphate (Ausili et al. 2004). Indeed,

guanosine hexagonal phases show negative b2D values

(e.g., inter-helical distances increase as a function of

pressure).

c

c

(a) (b)

Fig. 4 Pressure dependence of

the lateral inter-helix (a) and

tetramer stacking (b) distances

for the different investigated

samples. Concentrations are

indicated in the graph; in the

case of partial overlapping, the

arrow shows the increasing

concentration. Lines are linear

fit to the data
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Three-dimensional unit cell decomposition. High-pres-

sure X-ray diffraction experiments on quadruplexes formed

by alkaline folates show that both inter-helical lateral and

tetramer stacking distances decrease as a function of

pressure. From these data, axial and lateral compressibili-

ties have been calculated, as shown in Fig. 5. Both are

positive, but lateral compressibilities converge to very low

values for increasing concentration.

Before entering into the force analysis, one point should

be discussed. In fact, previous results demonstrated that the

quadruplex length depends on counter-ions and on the

presence of excess salt (Mariani et al. 2009, 2010; Ausili

et al. 2004). Indeed, because of the formation of finite but

longer quadruplexes, a cholesteric phase is observed in K2

folate as well as in K2 folate in 1 M KCl. It is obvious that

this fact should reflect on compressibility values. Accord-

ing to the packing model reported in Fig. 6, L/C values

(L=C ¼ a2ð
ffiffiffi

3
p

=2Þcv=ðpR2Þ) have been calculated as a

function of pressure. Because the complement of the L/C

ratio essentially gives the fraction of water in the axial

direction (the unity ratio indicates infinitely long rods), the

comparison of data reported in Fig. 7 confirms that only

small differences occur between K2 and Na2 folates,

whereas longer quadruplexes form in the presence of

excess salt. Moreover, L/C data show that the fraction of

water in the axial direction slightly increases during com-

pression, suggesting that a change in the local sample

composition occurs, with a redistribution of water from the

lateral to the axial region.

Further information can be derived considering a series

of volume-per-tetramer parameters. Indeed, the average

length of a quadruplex can be written as L = nb, where n is

the average number of stacked tetramers (see Fig. 6).

Accordingly, the 3D unit cell volume-per-tetramer, V=n ¼
a2ð

ffiffiffi

3
p

=2ÞC=n; can be decomposed and written as the sum

of terms corresponding to the volume of one tetramer,

Vfol,4, to the volume of water located in the lateral region

around each tetramer, Vw,lat, and to the volume of water

situated in the axial region, normalized to n tetramers,

Vw,ax:

V=n ¼ Vfol;4 þ Vw;lat þ Vw;ax ¼ pR2b=cv

Vfol;4 ¼ pR2b ð3Þ

Vw;lat ¼ a2bð
ffiffiffi

3
p

=2Þ � pR2b ð4Þ

Vw;ax ¼ V=n� a2bð
ffiffiffi

3
p

=2Þ ð5Þ

Since V/n can be easily derived, unit cell decomposition

leads to results reported in Fig. 8 as a function of pressure.

It can be observed that while the V/n values are quite

(a) (b)

Fig. 5 Pressure dependence of

2D lateral (b2D) and 1D axial

(b1D) compressibilities as

obtained for the different

investigated samples.

Concentrations and symbols as

in Fig. 4. Lines are guides for

the eye
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similar, strong differences occur in the water distribution

inside the cell. The comparison proves that excess salt

induces a strong increase of the volume of water in the

lateral region, at the expense of the corresponding volume

in the axial region. Similar effects differentiate K2 folate to

Na2 folate results, even if variations are very small and

more evident in the more hydrated samples. The changes

occurring during compression in the local sample compo-

sition via redistribution of water from the lateral to the

axial region are then confirmed: indeed, the volume of

water per tetramer in the lateral region shows a negative

dependence on pressure, while Vw,ax increases during

compression.

It should be noticed that water redistribution from the

axial to the lateral interhelical region was suggested to

occur in the guanosine 50-monophosphate system during

compression. According to the present results, it appears

evident that the relative amount of water in the axial and

lateral regions (see Fig. 6) is controlled by the balance

between repulsive and attractive inter-helix lateral forces, a

balance dependent on pressure in different ways. It has

been reported that pressure induces volume reduction in

DNA by determining better base stacking (in particular, of

the bases located at the ends of the helices, which are

expected to be less stable) (Balny et al. 2002). As the

behavior is opposite to the situation observed in most

biological systems [where increased hydrostatic pressure

Fig. 6 Model for the hexagonal packing of finite quadruplexes: the

rod-like particles of constant cross-sectional radius R = 15.5 Å

(Ciuchi et al. 1994) and average length L are packed in a 3D

hexagonal cell. a is the lateral inter-helical distance and C is the

average distance between the rod centers in the axial direction,

normal to the 2D hexagonal cell plane

Fig. 7 Pressure dependence of the L/C ratio, calculated at two

different concentrations for the different investigated samples.

Symbols as in Fig. 4; c values are indicated in the graph

Fig. 8 Pressure dependence of volume-per-tetramer parameters (tet-

ramer volume, Vfol,4, volume of water in the lateral region around

each tetramer, Vw,lat, and volume of water in the axial region, Vw,ax),

derived at two different concentrations (c = 35%, lower graph;

c = 65%, upper graph) for the different investigated samples.

Symbols as in Fig. 4
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leads to dissociation (Silva et al. 1996), mainly because

bound water has a slightly higher density than bulk water

and then a system under compression tries to create more

surface], it has been argued that water close to the DNA

bases should have slightly lower density (Balny et al.

2002) or that the more suitable stacking is associated with

an increased electrostriction of water due to counter-ion

release (Prehoda and Markley 1996). Closer (and better)

base stacking is clearly induced by pressure in the folate

samples here investigated (see Fig. 4), but it was also

detected in the guanosine 50-monophosphate system (Ausili

et al. 2004): the correlated negative volume changes can

have different origins, but it is evident that according to the

hydration force scheme (Mariani et al. 1998; Kornyshev

and Leikin 1998) any change in distribution of charges and

bound counter-ions on the helix surface will affect the

balance between repulsive and attractive lateral forces

(Kornyshev et al. 2007). A net inter-helix attraction

(repulsion) could result because of favorable (unfavorable)

surface charge distribution patterns determined by closer

tetramer stacking. In the folate system, attraction is induced

by pressure, and the distance between quadruplexes

decreases on compression; accordingly, water redistribu-

tion from the lateral to the axial region occurs. In the

guanosine 50-monophosphate system, where stacking for-

ces are stronger, repulsion is increased by pressure, so that

under compression the lateral distance increases, and water

redistribution in the opposite direction takes place (Ausili

et al. 2004).

Force constant analysis. According to unit cell decom-

position, the force-per-unit length between nearest quad-

ruplex pairs, the interaction of which is taken to be

pairwise additive, f(a), can be derived by using (Rau et al.

1984):

f ðaÞ ¼ Pa=
ffiffiffi

3
p

ð6Þ

The forces between quadruplexes, as derived from data

reported in Fig. 4, are shown in Fig. 9. At large interaxial

distances (>35�40 Å for DNA molecules), force

magnitudes and slopes are expected to mainly arise from

fluctuation-enhanced electrostatic repulsion (Israelachvili

1994). In the case of parallel cylindrical particles, as linear

polyelectrolyte molecules in solution, the force can be

approximated by (Rau et al. 1984; Israelachvili 1994):

FelðaÞ ¼ F0

e�a=kD

ffiffiffiffiffiffiffiffiffiffi

a=kD

p ð7Þ

where the force coefficient F0 is independent of the axis-to-

axis distance a, and kD is the Debye length.

Due to the strong dependence on torsional fluctuations

and inherent torsional flexibility of the unlinked stacks of

tetramers, no helix-specific interactions are expected

beyond 5�10 Å surface separation in folate quadruplexes

(Kornyshev et al. 2007), and none have been in fact

observed in guanosine-phosphate quadruplexes (Mariani

and Saturni 1996). Therefore, forces derived by Eq. 6

should agree with the Poisson-Boltzmann theory for

homogeneously charged cylinders over the whole range of

distances examined, and Eq. 7 can be used to derive lateral

force parameters.

Fitting curves by Eq. 7 are superposed to experimental

points in Fig. 9. Since fitting parameters resulted practi-

cally independently of concentration, average values are

Fig. 9 Pressure dependence of force-per-unit length between nearest

quadruplexes. Top frame, Na2 folate; central frame, K2 folate; lower

frame, K2 folate in 1 M KCl solution. Lines are best-fit curves

obtained using Eq. 7. Concentrations are indicated in the graphs

1232 Eur Biophys J (2011) 40:1225–1235
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reported in Table 1. It can be observed that final results on

the different samples are very similar and that an excess

salt does not produce a relevant reduction of the magnitude

of the Debye length. Considering the observed increase in

L/C and the changes in the volume-per-tetramer parame-

ters, it can be suggested that extra potassium is mainly

involved in the elongation of quadruplexes and does not

modify the properties of the aqueous medium. On the other

hand, the small changes in the force coefficient F0 could

indicates that helix surface properties (as charge or

potential) are changing.

The cell decomposition approach also applies in the

derivation of the quadruplex axial elastic constant. Indeed,

the energetic cost per tetramer associated with the iso-

thermal compression can be calculated by numerical inte-

gration of the external pressure P over the volume of one

tetramer Vfol,4. By definition,

DG� ¼ �N A

Z

PdVfol;4 ð8Þ

where N A is Avogadro’s number and DG� is the change in

free energy per mole of folate tetramers during helix

compression. DG� values for the different investigated

samples are shown in Fig. 10, as a function of stacking

distance (which in turn depends on pressure). Noticeable is

the considerable dependence on sample composition (water

content and kind and amount of counter-ion) of the DG�

changes (indeed, free-energy changes include the work for

transferring water molecules from the lateral to the axial

inter-helix regions, and thus should depend on the L/C

parameter). Moreover, the DG� magnitude appears very

close to the strength of the van der Waals interactions

(about 103 J mol-1; note that hydrogen bonds lie between

10 9 103 and 40 9 103 J mol-1).

In a first approximation, the observed changes in free

energy can be expected to originate mainly from inter-

actions between adjacent base tetramers; the first term in

the DG� expansion should be related to the stacking

distance. As previously considered (Ausili et al. 2004),

the classical form of the elastic energy of a spring can be

then used to describe the macroscopic cost to compress

the quadruplex:

DG�e ¼
N A

2
kðb� b0Þ2 ð9Þ where k is the elastic constant. Best-fit curves obtained

using Eq. 9 are superposed to experimental data in Fig. 10,

while fitting parameters are reported in Fig. 11. Describing

the compression work only in terms of stacking elasticity is

certainly a crude simplification, but a few comments can be

reported. Concerning b0, the large increase of the equilib-

rium stacking repeat distance on hydration suggests that

interactions between piled tetramers are unusually weak

(and Na \ K). However, the more constant b0 values

observed in KCl solution indicate that excess salt induces

Table 1 Lateral force fitting results

System F0 (nN/nm) kDðÅÞ

Na2-fol (7.4 ± 0.5) 9 103 6.1 ± 0.6

K2-fol (8.8 ± 0.6) 9 103 5.9 ± 0.8

K2-fol/KCl (6.1 ± 0.5) 9 103 6.7 ± 0.5

Fig. 10 Changes in the free energy per tetramer, DG�; during

quadruplex compression. Top frame, Na2 folate; central frame, K2

folate; lower frame, K2 folate in 1 M KCl solution. Lines are best-fit

curves obtained using Eq. 9. Concentrations are indicated by the

arrows
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stronger tetramer interactions. Taking into account the

L/C behavior, it can be concluded that stronger tetramer

interactions are reflected in stronger aggregation, and then

in the formation of longer quadruplexes.

The strength of tetramer stacking interactions is also

reflected in the elastic constants. Indeed, the fitted k values

are significantly lower than those observed in the guano-

sine 50-monophosphate/water system [385 nN nm-1, in Gp

in pure water, c from 70 to 90% and 469 nN nm-1 Gp in 2

M KCl, c = 70% (Ausili et al. 2004)], in which stacking

interactions are undoubtedly strong (Mariani et al. 2009).

Because of the weak stacking interactions, k values are

very sensitive to sample composition. On one side,

hydration makes stacking interactions weaker, softening

the quadruplexes. On the other, the used counter-ions,

which are known to be essential for the stability of the

supramolecular aggregates by enhancing base-stacking

interactions, modify the dependency. As already suggested

by phase diagrams (Fig. 2), Na? ions do not provide a

sufficient strong aggregation, so that quadruplexes are

relatively short and rather soft. The situation slightly

changes for K2 folate: the stronger tetramer interactions

determined by K? ions increase the quadruplex length (see

L/C ratios) and rigidity, which is reflected in the observed

hardening. Accordingly, the addition of excess salt in

solution induces the appearance of a cholesteric phase (see

Fig. 2). On the basis of the approach developed by Taylor

and Herzfeld (1993), a stable nematic phase intervening

between the isotropic and the hexagonal phases can be

found when finite rigid aggregates are on average suffi-

ciently elongated. The obtained elastic constants (which

show values very similar to those observed in Gp) confirm

that excess KCl determines sufficiently strong aggregation

and the rigidity required for the appearance of cholesteric

phase.

Conclusions

Quadruplexes made by alkaline folates have been investi-

gated by high-pressure X-ray diffraction. In folate quad-

ruplexes, tetramer-tetramer interactions are definitively

weak, so that subtle effects due to different alkaline ions

can be easily monitored. Structural data show that both

inter-helical lateral and tetramer stacking distances

decrease as a function of pressure. Results have been

analyzed in terms of lateral and axial quadruplex com-

pressibilities and force constants, evidencing a strong

correlation between the strength of tetramer stacking and

pressure effects. In particular, the analysis of the measured

free energy changes during compression demonstrated that

quadruplex rigidity increases by changing Na? to K? and

by adding excess KCl, as a consequence of increased

stacking interactions and quadruplex elongation. Stronger

tetramer interactions may be attributed to a specific inter-

action of K? ions, which probably have the right size to

keep together the stacked tetrameric planes. Subsequent

effects are the observed constancy of tetramer stacking

distance and of the aggregate length with concentration and

pressure and the increased rigidity.

In conclusion, this work shows that an appropriate

understanding of relationships between self-structural

organizations and properties at multiple scales can be

obtained by analyzing few mechanical and thermodynamic

parameters when pressure and concentration vary. Such an

approach can then provide information to living systems

and to inspire synthetic and biomimetic materials, as could

happen in setting the best strategy to stabilize natural

quadruplex structures at 30 single-stranded telomeric

overhangs and then to block telomerase from lengthening

the telomere, which has been demonstrated to be a prom-

ising approach to cancer therapy (Tahara et al. 2006), or in

the synthesis of long and stable nanowires formed for

instance by guanine (Changenet-Barret et al. 2010) or

folate tetrads.

Fig. 11 Elastic energy fitting parameters. Symbols as in Fig. 4. Lines
are guides for the eye
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