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ABSTRACT. Specific intra- and intermolecular quadruplex conformations of model G-DNA oligonucleotides
have been identified from their translational and rotational diffusion coefficients in aqueous solution. The
transport properties were determined by polarized and depolarized dynamic light scattering. A comparison
with hydrodynamic model calculations provides detailed information about the size and shape of the
molecules and allows one to distinguish between alternative intra- and intermolecular association. The
potential of this combination of methods to elucidate biomolecular structures in solution, to characterize
conformational changes, and follow intermolecular interaction processes due to a response to external
stimuli has been discussed.

Oligonucleotides that contain single or multiple guanine-
rich segments are known to form specific four-stranded
helical conformations in solution. This novel structural motif
was first related to the highly repetitive ends of chromo-
somes, known as telomeric DNA,(2), but was found later
in other naturally occurring stretches of DNA and RN&.(

The formation and stability of these novel DNA conforma-
tions are strongly dependent on the presence of monovalent
cations with an extraordinary selectivity for potassiudn (
4). Moreover, single strands with multiple guanine regions
can form intra- and/or intermolecular associates. It is well-
conceivable that this polymorphism together with the cation
specificity plays an important role in recognition and regu-
lation processes in biological systems. To understand the
switching mechanism between polymorphous structures, it
is essential to obtain detailed information about the struc-
ture and equilibrium properties of quadruplex forming oligo-
nucleotides under different environmental conditions (kind
of cation, ionic strength, etc.) in solution.

The formation and specific conformational characteristics
of G-DNA have been investigated by X-ray crystallography
(5), NMR-spectroscopyf) as well as by chemical probing
and other spectroscopic techniqu&. (First evidence for
the existence of a quadruplex conformation came from X-ray
crystallography on poly-G helice8)( The formation of four-
stranded helical structures has been confirmed for short
model oligonucleotides in solution and in crystalline state
(5, 6). As shown in Figure 1a, the basic structural motive of
these sequences is the G-quartet that consists of four guanine
bases in a square planar array, which are stabilized by aFiGURE1: (a) Molecular representation of a G-quartet; (b)) molecular
cyclic hydrogen-bonding pattern, where each guanine is bothrepreser;tahtlon of two SgaCkedfG'q”a”e.ts- ghe Carb‘?’;]y' O6-oxygen
the donor and acceptor of two hydrogen borsThe center g;c:irgs ic;]Stid:guanme ases form a twisted cage with a potassium
of the G-quartet is lined by four electronegative carbonyl
oxygens. This pocket is large enough to act as a coordinationwith the strong hydrogen-bonding interaction explain the
site for cations. The specific cation complexation together stability of the tetrameric arrangement. In G-DNA, mostly

: two to four of these guanine quartets are stacked to form
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The measurements have been performed over a wide range
‘ | of temperature and salt concentration. The primary aim of
I this work was to test the potential of these complementary
[ methods to characterize hydrodynamic properties, and hence,
Z S to identify and differentiate between alternative DNA qua-

I : druplex conformations in solution. For this reason, we have

selected three G-DNA model sequences where, as reference

\/ points, the conformation is known from X-ray crystal-
lography or from NMR spectroscopy for given environmental
conditions in solution.

/ ~ | 77|

a b c

FicurRe 2: Schematic representation of quadruplex structures with
different strand stoichiometries. (a) monomer intramolecular qua-
druplex; (b) dimer inter/intramolecular quadruplex through associa-

tion of two “hairpin” strands; (c) tetramer intermolecular quadruplex . . .
through association of four single strands. Materials. The oligonucleotides d[&,G,T].G (15-mer)

and d[T,G4T;] (8-mer) were purchased in lyophilized form
G-quartets, where the eight carbonyl O6-oxygen atoms of from OSWELL, and the 14-mer dpG,T]. was obtained
the guanine bases form a twisted cage (see Figure 1b). from MIDLAND. All samples were delivered free of salt
It is known that the formation of tetraplex structures and with a purity higher than 98%.

through intra- or intermolecular association depends on the  For the dynamic light scattering measurements, the mate-
DNA-concentration and the given temperatude §). But rial was dissolved in TE-buffer (10 mM Tris, 0.1 mM EDTA,
one of the most fascinating aspects of G-rich DNA is its pH 7.1). The final potassium concentration was adjusted by
highly specific interaction with mono- and divalent cations adding a concentrated aqueous solution of KCI. Every solu-
(7). A number of structural and thermodynamic studies on tion was filtered through Anotop 10 (plus) 0.@2n filters.
different G-DNA molecules reveal that cations induce and After filtration, the oligonucleotide concentration was con-
stabilize quadruplex formation in the order' k- Na“ > trolled by UV—vis spectroscopy.unolar extinction coef-

Li* > Rb* > Cs" for monovalent ions, and K> C&" > ficient (uM~1 cm) at 260 nm: 73.8 d[IG,T], 142.3
Mg?* for divalent cations. Some exceptions from this general d[G,T,G,T],G, and 131.8 d[IG4T]»).

sequence have been foun#i0( 11). With an increasing Depolarized Dynamic Light Scatteringhe depolarized

number of G-segments, different polymorphous arrangements, \nent of scattered light was measured in a standard
from intra- or intermolecular association can occur (see

. . o o~ depolarized dynamic light scattering experiment, which has
Figure 2). These conformations differ in strand stoichiometry, begn describgd in deteﬂl in2, 16). T?ne Iight source was a

G-quartet and loop geometry, or in the local conformation solid-state Nd:YAG laser (Coherent, Model DPSS-400)

of_lt_he Slégar res(ijdl;lesb_ logical rol q di dical operating in single mode at= 532 nm. The light scattered
0 understand the biological role and to predict medical i gy iy the VH geometry (vertical polarization of the

and technical applications of G-DNA, itis important to study i, qigent heam and horizontal polarization of the scattered
these systems under a wide variety of environmental condi- beam) was frequency analyzed by a piezo-driven Fabry

thns (temperature, S"’.“t c_oncentranon, etc.)lm solution. For Perot interferometer equipped with a set of confocal mirrors
this purpose, dynf’:\mlc light scattering (DLS}‘, a very with a free spectral range of 0.75 and 2 GHz, respectively.
powerful noninvasive tool which allows one to investigate s setyp allows the analysis of slow relaxation processes
the dynamics of macromolecular system®)( Although, o, the order of nanoseconds. The detection system consists

DLS does not approach the resoluti(_)n power of X-ray of an Hamamatsu photomultiplier tube (Model R464), an
crystallography or NMR spectroscopy, it provides valuable 5pTeG amplifier discriminator, and a WindowsPC based

complementary infor.mation gbout translational and rotatio.nal data acquisition unit (ISA-MCSII multichannel scaler card,
motion of particles in solution. These transport properties oy roRp |nstruments). A reference beam of unscattered
are highly sensitive to the size and shape of molecules and,; . \vas used to monitor the instrumental line width at the
qf course, to intermolecular interactions that lead to assoc'a'beginning and end of each interferometer scan. All data were
tion or ordered structure®), Hence, the overall molecular deconvoluted by an iterative methatb( 17). The rotational

dimensions of bjomolecules as well as conformgtional relaxation time was calculated form the half-width at half-
changes of proteins and DNA have been characterized byheight,r, of the spectra, fitted to a Lorentzian with

light scattering techniquesly, 13). The interpretation of
experimental results from DLS can be substantially refined 1
in combination with hydrodynamic model calculations, which T, = 2T QD
provide predictions for the transport coefficients based on r
detailed model structured4, 15).

We have applied these experimental and theoretical The correlation timer,, is related to the rotation diffusion
methods to investigate the specific conformational variability coefficients and hence to the hydrodynamic radius of the
of model oligonucleotides under physiological conditions. molecules according to

MATERIAL AND METHODS

! Abbreviations: NMR, nuclear magnetic resonance; poly-G, poly D = 1 (2)
guanylic acid; DLS, dynamic lights scattering; Tris, 2-amino-2- " 6T
(hydroxymethyl)-1,3-propanediol; EDTA, ethylene diamine tetra acetic
acid; SE, Stokes-Einstein; SED, Stokes-Einstein-Deb{&NP, 5-
guanosine monophosphate; PAGE, polyacrylamide gel electrophoresesand



12418 Biochemistry, Vol. 38, No. 38, 1999 Bolten et al.

R— KT |13 3) a computer program to generate arbitrary four-stranded
8mn,D, guadruplex structures from planar tetrameric units. Through
the use of HYPERCHEM, sodium ions were placed in a
Polarized Dynamic Light Scatteringranslation diffusion distance of 1.688 A to each phosphate group of the backbone
coefficients were measured by photon correlation spectros-to neutralized the negative charges.

copy O, 18, 19). The light source was an argon ion laser  Each oligonucleotide was placed into a water bath (SPC/
(Coherent, model INNOVA-90) operated with an output E) (26). Thereafter, each system was equilibrated using the
power between 200 and 600mW at= 488 nm. The ~ GROMOS87 molecular mechanics force fiek). The final
vertically polarized component of scattered light was ana- thickness of the hydration shell was chosen according to
lyzed by an ALV-5000 digital correlator with a fast card geometric considerations. To account for the limited access
extension. Translation diffusion coefficients were obtained of inner frictional elements to the solvent, an effective
using the standard data analysis program CONTIN (20). The hydrodynamic radius for each sphere was calculated that was
normalized field autocorrelation function is presented by  dependent on the accessible surface area of each individual
- bead to the solvent. We have used the model by Lee and
() = J; G(I') exp(-Tz)dr, Richards 27) to determine the solvent accessible surface area
(ASA), which is obtained by rolling a probe sphere over the
where G[7) is a distribution function of relaxation processes surface of the macromolecule, where the finite probe size
which is proportional to the-averaged size distribution of can be chosen in such a way to reflect the molecular
the scattering molecules. The average valug:aé related  dimensions of the solvent molecules (e.g., 1.4 A for water).
to the translational diffusion coefficient3; according to Details of the hydrodynamic model calculations can be found
_ ) in ref (16, 22).
I''=Dgq (4)

i ) RESULTS AND DISCUSSION
whereq is the absolute value of the scattering vectpr

4zn// sin(@/2)), with n the refractive index of the solution, We have investigated the potential of dynamic light
A the wavelength of scattered light, afithe scattering angle.  scattering techniques in combination with hydrodynamic
From the translational diffusion coefficiel, the hydro- model calculations to distinguish between different DNA
dynamic radius is calculated using the StokEistein conformations in solution. Three different oligonucleotides
equation were chosen as model compounds for polymorphous con-
K formations of G-DNA.
S T (5) (1) The 15-mer d[GGTTGGTGTGGTTGG], a 15 base
MoR long DNA fragment known as thrombin binding aptamer,

has been characterized by X-ray crystallography and NMR
spectroscopy28, 29). In the crystalline state as well as in

solution in the presence of KCI, the experimental results
mation, were calculated using the “bead” model for rigid indicate that the molecule forms an intramolecular quadru-

macromoleculesl, 21). The concept behind this theoreti- plex structure of almost spherical shape (Figure 2a).
cal model is that the detailed molecular structure of DNA- ~ (2) A 14-mer d[TTGGGGTTGGGGTT] where NMR data
conformers (or any rigid macromolecule) can be modeled oPtained from a 12-mer d[GGGGTTTTGGGEQ) with
by an assembly of spherical subunits. These frictional ele- 2" analogous sequence is compriséa & stem and a T
ments may either represent individual atoms, specific mo- |00P region, which provides evidence for a dimer inter/
lecular residues (e.g., the sugar moiety, the nucbobases!ntramo!ec_ular quadruplex'structure through association of
etc.) or arbitrary subunits, depending on the level of WO “hairpin” molecules (Figure 2b).
refinement. (3) An 8-mer d[TTGGGGTT], with a single guanine-rich
Each of these beads are considered as a source of locategion, where homologous oligonucleotides (which differ in
friction assigned with a frictional coefficient according to the number of thymine residues) are known to exist as
Stokes law intermolecular G-quartets in the presence of potassibim (
31) (Figure 2c).
The rotational motion of these oligonucleotides has been
3 , investigated by depolarized dynamic light scattering in
G =8mqr, and forrotation  gqueous solution in the presence of potassium ions. The
temperature-dependence of the rotational correlation times
is presented in a Stokeginstein-Debye (SED) plot ac-
cording to

Hydrodynamic Model CalculationsThe hydrodynamic
properties, namely, the rotational and translational diffusion
coefficients for the oligonucleotides of different confor-

G=6mn,r, for translation

where is the solvent viscosity and an effective radius
of the correspondingth spherical element.
We have developed a computer program to calculate the

rotational and translational diffusion coefficients for different vV
DNA conformers 16, 22). In general, this program is based T, = 1 _Yh % "o + 1, (6)
on the bead model procedure by Bloomfield and Garcia de 6D, kT

la Torre @3). The molecular input structures for the

hydrodynamic calculations were obtained using the program where D, is the rotation diffusion coefficientV, is the
HYPERCHEM @4) or from crystallographic data from the effective hydrodynamic volume, ang the viscosity of the
Brookhaven data bank$). Moreover, we have developed solvent.zo has been included in this empirical equation to
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Ficure 3: Stokes-Einstein-Debye plot of the rotational relaxation
times for various quadruplex structureS) 4-mer d[TTGGGGT-
TGGGGTTE; 1.38 mM in 45 mM KCI forming an intermolecular
quadruplex (see Figure 2bXQ} 8-mer d[TTGGGGTT]; 3.12 mM
in 48 mM NaCl as an intermolecular quadruplex (Figure 2@); (
15-mer d[GGTTGGTGTGGTTGG]; 1.48 mM in 53 mM KCI
forming a monomer intramolecular quadruplex (Figure 2a).

Table 1: Hydrodynamic Properties of the Model Quadruplex
Oligonucleotides

oligonucleotide  7,*°[ns] D°[107% cn?/s] Vi [nm?]
14-mer 4.71 1.48 19.03
8-mer 4.3 1.34 17.37
15-mer 2.48 1.8 10.02

take into account a nonzero intercept sometimes observe

in experimental studies3p).
First of all, for all three model compounds, we observed
a linear dependence afon /T with a zero intercept (Figure

3), indicating that the SED equation does represent the

experimental data. Although the 15-mer d[GGTTGGTGTG-
GTTGG] and the 14-mer d[TTGGGGTTGGGGTT] differ

in length only by one nucleobase, they exhibit significantly
different relaxation times, with the longer oligonucleotide
being much faster. This finding indicates that the two
compounds arrange in different conformations in solution
under similar conditions. The significantly shorter relaxation
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Ficure 4. Temperature dependence of the translational diffusion
coefficient of the aptamer d[GGTTGGTGTGGTTGA®) The
concentration of the oligonucleotide is 1.48 mM in 53 mM KCI.

Figure 4. According to the Stokeginstein equation (eq 5),
we observed a linear-dependence of the diffusion coefficient
D; on T/no up to 45°C. At higher temperatures, however,
the translational diffusion coefficient is significantly smaller
than expected from the StokeEinstein behavior at low
temperature. Fol > 45 °C, the nonlinear behavior dd,

with T/ indicates that the hydrodynamic volume increases
with temperature, suggesting that a conformational change
occurs.

To obtain detailed information about the size and shape

0of the oligonucleotide under the given solution conditions,

we have calculated the translational diffusion coefficients
and rotational relaxation times from hydrodynamic theory.
A comparison of model predictions and experimental data
for different DNA conformations of similar length, with our
depolarized dynamic light scattering results, is presented in
Figure 5 and Table 2. The rotational correlation times as
well as the measured translational diffusion coefficients of
the 15-mer are in best agreement with model predictions for
an intramolecular tetraplex conformation (see schematic
representation in Figure 2a). It becomes quite obvious from
Figure 5 that the formation of double-helical or “hairpin”

time of the 15-mer suggests that it exists in a more Cc,mp(,]lctstructures can be safely excluded in agueous solution in the
form than the 14-mer. For the 8-mer d[TTGGGGTT], we Presence of 53 mM KCl.

measured almost the same relaxation times as for the much The nucleotide sequence of the 15-mer d[GGTTGGT-
longer 14-mer, which led us to assume that the moleculesGTGGTTGG] is not self-complementary in any part of the
associate to higher ordered structures in the presence of KClmolecule, and hence, the oligonucleotide cannot form the

An overview of the hydrodynamic properties is given in
Table 1.

To further elucidate this conformational diversity of the
model oligonucleotides, we will compare the dynamic light
scattering results with experimentally determined diffusion
coefficients from oligonucleotides of known structure in
solution as well as with hydrodynamic model calculations.

15-mer d[GGTTGGTGTGGTTGG]n the presence of

typical Watson-Crick double-helical structure as well as it
is highly unlikely to exist in a “hairpin” conformation.
Nevertheless, to demonstrate the potential of the dynamic
light scattering techniques for a conformational analysis in
solution in general, we have compared the rotational relax-
ation times of the 15-mer with a 17 bases long oligonucle-
otide d[(CGYTTGTT(CG)] in a “hairpin” conformation and

a 16-bp duplex d[(ATCG)](AT)3] (see Figure 5). Fur-

potassium ions, the 15-mer exhibits an unusually short thermore, we have calculated the rotational correlation time
rotational relaxation time, considering its length. Comple- for an extended single-stranded structure of the same length
mentary, we have determined the translational diffusion as the 15-mer. It becomes clearly evident that the relax-
coefficient by photon-correlation spectroscopy. Results from ation behavior of the various conformational structures is
the temperature-dependent measurements are displayed imignificantly different and easily distinguishable by de-
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T [°C] unfolding of d[TTGGGG]} at 55 °C [1], while Balaguru-
moorthy et al. also reported a melting of tetraplex structures
from d[GsT(2-4G4] (in 70 mM NaCl) studies by CD and
molecular migration in nondenaturing gel electrophoresis
(33).

14-mer d[TTGGGGTTGGGGTT]This 14 base long
oligonucleotide contains two guanine-rich regions, which
enables the formation of a four-stranded intermolecular
tetraplex structure as well as a “hairpin” G-DNA conforma-
tion through association of two refolded strands as displayed
in Figure 2b. The temperature-dependence of the transport
properties of the model compound from polarized and
depolarized dynamic light scattering experiments are dis-
played in Figures 7 and 8.

As observed for the other oligonucleotides studied, the
rotational correlation times follow the StokeEinstein-
Debye equation within the temperature rang&C8=< T =<

) . . 66°C. Measurements have been performed for three different
Ficure 5: Temperature dependence of the rotational correlation DNA trati din th £ 16 and 45 mM
times of the ®) 15-mer d{GGTTGGTGTGGTTGG]; 1.48 mM in concentrations and in the presence ot 16 and 4> m

53 mM KCI. Comparison with experimentel data for a 17 KCI, respectively. All data are represented by a single master
nucleobases long “hairpin” conformation)d[(CGETTGTT(CG)] curve, indicating that within the experimental error no

ggrﬂnree;rsrse);rlegs{grl:/loifntt}ggxmmimﬁﬁtlél-rdha?[atull-llliQf;dcggri?g%nc?del concentration effects can be detected. The correlation times
calculations%or a single-stranpd-() structure withya Ier¥gth of 15 &€ S|gn|f|cant_ly slower than mea&_:ured for a 13 “base .pf“r
nucleobases and a 16 bp Wats@rick duplex (identical with ~ fragment that is known to form an intramolecular “hairpin
experimental data{) from ref 19). structure 14, 34). On the other hand, we have calculated
the transport coefficient for a G-DNA quadruplex, compris-
polarized dynamic light scattering. Because of th&1/ ing of four individual strands with a length of 14 bases. For
dependence of the rotational diffusion coefficient (see eq 3), this model structure the predicted rotational relaxation times
depolarized dynamic light scattering is superior to other are much longer than experimentally observed for the 14-
methods that measure the translational diffusion coefficient mer. Hence, the existence of both conformations can be
whereD; ~ 1/R (SE-equation; eq 5). excluded in agueous solution in the presence of potassium
In summary, considering the base sequence of the oligo-ions.
nucleotide, the 15-mer d[GGTTGGTGTGGTTGG] could The depolarized dynamic light scattering data are, how-
exist in an elongated or refolded (quadruplex) single-strandedever, in good agreement with hydrodynamic model calcula-
conformation in solution. The data in Figure 5 and Table 2 tions for a tetraplex structure that consists of four individual
strongly support the existence of an intramolecular quadru- strands, but only 8 bases in length (see Figure 7, 8, and the
plex conformation in the presence of KCI. schematic representation in Figure 2c). This model comes
8-mer d[TTGGGGTT]|The temperature-dependence of the very close to the conformation shown in Figure 2b and
rotational and translational motion of the 8-mer is displayed suggests that under the given salt conditions the 14-mer
in Figure 6. The oligonucleotide consists of a single guanine- d[TTGGGGTTGGGGTT] forms a “hairpin” quadruplex
rich region, and hence, can form a G-DNA conformation structure in agueous solution. This conclusion is substantiated
only through association of four individual strands in solution by the polarized light scattering experiments as shown in
(Figure 2c). Further longitudinal aggregation is prevented Figure 8. Again, the experimental translation diffusion
by the two thymine bases at both ends of the model coefficients are in best agreement with the hydrodynamic
compound. As shown in Figure 6 and Table 3, the experi- predictions for the 8-mer quadruplex structure.
mental data are in excellent agreement with hydrodynamic From a comparison of Figures 7 and 8, it becomes obvious
model calculations for an intermolecular tetraplex conforma- that the difference between the translational diffusion coef-
tion. From NMR measurements, the existence of a consider-ficients for the various model conformations is less distinctive
able amount of individual single-stranded structures at room than for the rotational correlation times (or equivalently
temperature can be safely excluded under the given saltrotational diffusion coefficients), making it more difficult
concentration 1). to differentiate between the individual conformations from
In the polarized dynamic light scattering measurements translational motion alone. As discussed above, the reorienta-
beyondT ~ 55 °C, however, we observed a significantly tion of molecules is more strongly dependent on their size
larger translational diffusion coefficient than expected from and shape, and Figures 3 and 7 clearly elucidate the higher
the low-temperature data. The deviation from the Stekes sensitivity of the depolarized dynamic light scattering experi-
Einstein behavior indicates a decrease in the hydrodynamicments.
volume that can be attributed to a melting and breaking up  While in 1.02 and 1.38 mM solutions the translation dif-
of the quadruplex structure at high temperature. Similar fusion coefficient is independent of concentration, we ob-
results have been obtained by dynamic light scattering served a largeb; for the highest oligonucleotide concentra-

70 60 5040 30 20

T T T 1 T .- T

T, [ns]

O 16 mer duplex
...... 15 mer single strand ]
A 17 mer hairpin
® 15 mer

0". i . 1 . 1 . 1 M T |
3 4 5
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experiments where Eimer and Dorftier observed the
melting of tetraplex structures of-&MP (9). Henderson et

tion studied. This effect is probably due to a concentration
dependence of the apparent translational diffusion coefficient

al. performed temperature-dependent PAGE, detecting anas measured in polarized dynamic light scattering and has
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Table 2: Comparison of Experimental and Calculated Hydrodynamic Properties for the Aptamer d[GGTTGGTGTGGTTGG]

exptl values hydrodynamic model calculations underlying conformations for
D°[1078 cn?/s] 720 [ns] 720 [ns] D°[1078 cn?/s] the model calculations
duplex 16-mer 1.14 11.7 11.8 1.18 Watsa@rick duplex
“hairpin” 17-mer 1.46 4.2 4.28 1.44 Watsegrick “hairpin”
15-mer 1.80 2.48 1.99 2.57 intramolecular quadruplex
6.0 1.63 open single strand
10.67 1.23 intermolecular quadruplex

Table 3: Comparison of Experimental and Calculated Hydrodynamic Properties for Intra- and Intermolecular Quadruplex Structures

exptl values model calculations
Dt20 DIZO
sequences [1076 cn¥/s] 729 [ns] 720 [ns] [1076 crm?/s] proposed structure
8-mer, 3.12 mM, 48 mM NaCl [16] 1.34 4.3 4.3 1.34 intermolecular quadruplex
14-mer, 1.38 mM, 45 mM KClI 1.48 471 4.3 1.34 dimer “hairpin” intermolecular quadruplex
15-mer, 1.48 mM, 53 mM KCI 1.80 2.48 1.99 2.57 intramolecular quadruplex
8 - T [°C]
O 8 mer exp. data points 7060 50 40 30 20 10 0
m 5 — fit exp. data 10 F (I 1 1 ™
c ) /o
—_ | e fit theo. data s e
o . 3 14 duplex-—/zf."4—14 tetramer quadruplex //
B 8 ra e -
2F /// l
6 | /'.I‘:' -1
0 . L " 1 R ) —_ /:{.‘ ol
0 2 44 6 i{{ A /‘48 tetramer quadruplex
sf ndT [10*PK] o L 7 8 2 |
e A e _
) 5F O 8 merexp. data points °© | £ > T
£ 4F 1) I _,,——”'/ ]
o sf oo
g 5L P o 13 hairpin
- i 0940 —e 1 I i )
a ‘[ 3 4 5 6 7
0 bee 1 " 1 L 1 N 1 s
° 2 4 ¢ 8 /T [10* PIK]
4
T, [10° K/P] FIGURE 7: Rotation correlation times of the 14-mer d[TTGGGGT-

FiIGURE 6: Temperature dependence of the rotational relaxation time TG.GGSTT] at di{fgren'\;%l\cl:,él\ Cof%intral\;ioga AT he saagscon&er&t(r:al\tion
and translation diffusion coefficient of the 8-me)( 3.12 mM in varies between 16 m £01.94 m ] and 45 m :
48 mM NaCl. The deviation from the SE behavior at high L()1.38 mM and ¢)1.02 mM DNA]. Comparison with experi-

temperature indicates a melting of the quadruplex structure. mental data from the 8-me©j, which forms an intermolecular
quadruplex structure. Hydrodynamic model calculations for a 14

. w .. bp Watson-Crick duplex (- -), a quadruplex structure-j com-
been observed for other short DNA-fragments in *hairpin” hosed of four single-strands (14 bases in length: see Figure 1c),

or double-helical conformatiori@). The rotational diffusion and a 13-mer d[CGCGTTGTTCGCG] Watse@rick “hairpin”
coefficient for the same oligonucleotides is known to be structure (identical with experimental datkg)).
concentration-independeri9).

Melting of the quadruplex structureszor all model size, which is manifested in an increase in the translational
compounds studied, we observed a deviatioBdfom the diffusion coefficient.
Stokes-Einstein equation at high temperature. The transla-  1he depolarized component of the scattering intensity is
tion diffusion coefficients of the 15-mer (Figure 4) and of Proportional to the square of the optical anisotropy=( o

the 14-mer (Figure 8) fall below the StokeBinstein  — o) of the particles 12), with
predictions at high temperature, while for the 8-mer, we ,
observed a significant increase Bf beyondT ~ 55 °C. lyy ~ (BN 9

This, for a momentary contradictory effect, can be explained

by the different melting behavior of the oligonucleotides. For oligonucleotides/j) is determined by the relative orien-
Both, the 15-mer and the 14-mer form compact quadruplex tation of the bases within the molecule. Eimer and Déifenu
conformations at low temperature in the presence of KCI (9) have observed that the formation of tetramer structures
by intramolecular refolding of the molecules (see Figure 2a from 5-GMP is accompanied by a dramatic increase in the
and 2 b). Melting leads to more elongated single-stranded depolarized intensity of scattered light, much stronger than
structures. Correspondingly, we observe a decrea®edne observed inyy. Accordingly, we can assume that the qua-
to an increase in the structural anisotropy of the molecules. druplex structures of the oligonucleotide reveal a much
On the other hand, because quadruplex formation of d[TTG- stronger depolarized scattering intensity than the single-
GGGTT], occurs by intermolecular interaction, dissociation stranded conformations of the same molecules. Therefore,
of the four-stranded 8-mer provides single-strands of smallerin the depolarized light scattering spectra the dynamics of
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Ficure 8: Stokes-Einstein plot of the translational diffusion
coefficient of the 14-mer at different DNA concentrations. The salt
concentration varies between 16 mM KCA)@.94 mM DNA] and

45 mM KCI [([O0)1.38 mM and ¥)1.02 mM DNA]. The full line
correspond to a linear regression of the experimental data of 1.38
mM and 1.02 mM DNA. Comparison with experimental data from
the 8-mer, which forms an intermolecular quadruplex structure.
Hydrodynamic model calculations for a quadruplex structure

composed of four single-strands (14 nucleobases in length; see

Figure 2¢), and a 13-mer d[CGCGTTGTTCGCG] Wats@rick
“hairpin” structure.
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FiIGUrRe 9: Temperature dependence of the depolarized integrated
scattering intensityl{,) of the 14-mer (1.94 mM) in 16 mM KCI.

50 60 70

the melted structures are masked (by the stronger scattering 11
of the quadruplex structures), and hence, the line broadening

is still dominated by the reorientational motion of the qua-
druplex structures. Nevertheless, as shown in Figure 9,

melting of these structures can be detected by a decrease of14-

the depolarized light scattering intensity in the spectra.

CONCLUSIONS

The transport properties of molecules, their translational
diffusion coefficient, and especially the rotational diffusion

coefficient are sensitive parameters to characterize the molec-

ular dimensions, and hence, the conformation of oligonucle-
otides in solution. For selected G-DNA model compounds,
we have demonstrated that a comparison of experimental
data from polarized and depolarized dynamic light scattering
with hydrodynamic model predictions allows one to distin-
guish between intra- and intermolecular quadruplex struc-

Bolten et al.

tures. At the same time, the formation of elongated single-
stranded or WatsoenCrick double-helical B-DNA confor-
mations could be ruled out under the given salt and DNA
concentration conditions. Presently, we are investigating the
potential of these techniques to characterize equilibrium
situations in mixtures of polymorphous G-DNA structures.
Dynamic light scattering has the advantage of being a
noninvasive method, providing information about the size
and shape of molecules under different environmental
conditions in solution. It is feasible to follow conformational
transitions that are induced by low molecular weight mes-
senger molecules or ions, changes in ion composition, salt
concentration, pH, or solvent composition. DLS, therefore,
furnishes valuable complementary information to high-reso-
lution X-ray crystallography and NMR-spectroscopy. In addi-
tion, it is a powerful tool to characterize intermolecular inter-
actions, such as DNADNA, DNA—RNA, and DNA—pro-
tein complexes that are essential for numerous biological
processes.
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