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Photon Correlation Spectroscopy (PCS) was used to study the dynamics and struc-
ture of Tetrahymena telomeric sequence d(5'-TGGGGT-3')y. Two different modes
were observed, corresponding to the following structures: intermolecular
(tetramolecular) G-quadruplex and intramolecular (monomeric) G-guartet. Experi-
mental values of translational diffusion coefficients Dy were uhtained for each struc-
tural form. The value of Dy for the mnnumnr equals to 1.4 % 10° (cm .fl],whlle for the
tetramolecular structure, to 0.8 % lﬂ (em J's] The relative weight concentrations of
these two forms were analyzed versus the concentration of NaCl varied from 10 mM to
500 mM. The values of experimentally determined diffusion coefficients were com-
pared with those calculated assuming the “bead model” and with the atomic coordi-
nates from the NMR and X-ray crystallographic data. For both structures the experi-
mental and calculated values of Do were in reasonable agreement. In the entire NaCl
concentration range studied, the contribution of the relative weight concentration of

the monomeric telomere form changed from 85% for 10 mM NaCl to 60% for 500 mM
NaCl.

Telomeres, the specialized DNA structures
located at the end of eukaryotic chromo-
somes, consist of small, tandemly repeated
DNA sequences [1-3]. Telomeres vary little in
sequence (e.g., TTGGGG in Tetrahymene, TT-
AGGG in human) but significantly in length

(< 50 base pairs in Euplotes $0 > 100 kilobase
pairs in mice). They are known to form spe-
cific four-stranded helical conformations: the
intermolecular (tetramolecular) G-quadrup-
lex (which we will call a “tetramer”) and
intramolecular (monomeric) G-guartet
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(which we will call a “monomer”) stabilized by
cyclic hydrogen bonds between four guanines
[4-6].

Telomeres play an essential role in mainte-
nance of eukaryotic chromosome within a cell
by specifically binding to structural proteins.
These proteins cap the ends of linear chromo-
somes, preventing nucleolytic degradation,
end-to-end fusion, irregular recombination,
and other events that are normally lethal to
the cell. Chromosomal ends progressively
shorten with each replication cycle, a process
that seems to be linked to the limited
proliferative ability of normal somatic cells.
The loss of the telomeric tandem eventually
leads to the cell death [5, 6].

Synthetic DNA oligonucleotides containing
a number of copies of the G-rich telomeric se-
quences have the potential to form intra-
molecularly folded-back G-quadruplex in solu-
tion (Fig. 1a) [7]. Guanine-rich oligonucleo-
tides can also intermolecularly associate and
form a four-stranded helical structure in solu-
tion, here called the “tetramer”, in which each
strand has an identical conformation — a par-
allel, right-handed helix, with all nucleotides
in the anti configuration (Fig. 1b) [7]. Twice
repeated 3'-terminal G-strand forms a folded-
back hairpin that dimerizes to create an anti-
parallel Gquartet structure in which the nu-
cleotides are alternately syn and anti along
each strand [7].

The conformation of G-DNA has been inves-
tigated by X-ray crystallography [8], chemical
footprinting, strand mixing and crosslinking
methods [9], as well as various spectroscopic
techniques [10-13]. The formation of four-
stranded helical structures has been con-
firmed for short model oligonucleotides in so-
lution and in the erystalline state [14, 15]. The
(G-quartet consists of four guanines in a
square planar array stabilized by eyclic hydro-
gen bondings, each guanine acts as both the
donor and acceptor for two hydrogen bonds.
The cavity in the G-quartet plays the role of a
coordination site for monovalent cations.
Each monovalent ion is coordinated by eight

guanine Ofoxygen atoms from the tetrad
planes above and below it. For such divalent
cations as: Sr2+, Mn2+, Ca2+, Zn2+, the mecha-
nism of ion binding is different so other struc-
tures are assumed ([16], M, Bolten, M. Nier-
mann & W. Eimer, to be published). Analysis
of the number and location of the manganese
binding sites in G-DNA in the presence and ab-
sence of thrombin, implies that the location of
the binding sites of divalent cations is the nar-
row groove in these quadruplexes [17].

In this paper we have shown, using PCS,
that both the singlestranded monomer and
four-stranded tetramer telomeric structures
coexist in a broad range of NaCl concentra-
tion from 10 to 500 mM. The relative concen-
tration of the tetramer increases with increas-
ing salt concentration.

MATERIALS AND METHODS

The sample of d(5'-TGGGGT-3")4 to be stud-
ied was synthesized using the cyanoethyl-
phosphoramide method by The Midland Cer-
tified Reagent Company of Midland (Texas,
U.S.A.). The sample was purified by means of
HPLC and was typically 90-95% pure. For the
DLS measurement, samples were dissolved in
10 mM Tris/HCl pH 7.3 buffer, the final so-
dium concentrations were adjusted by dialy-
gis. The dialyzed samples were filtered
through a Millipore 0.22 um pore size filter.
The light source was an argon-ion laser oper-
ating in the single mode at A = 488 nm with an
output power of 480 mW. The vertically polar-
ized component of scattered light was ana-
lyzed by an ALV-5000 digital correlator.

RESULTS AND DISCUSSION

The values of the translational diffusion co-
efficients for both single stranded monomer
and four-stranded tetramer telomeric struc-
tures were calculated assuming the “bead
model” [18-19], (E. Sadlik, J. Gapinski,
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a)

b)

Figure 1. Schematic representation of the G-DNA
that can be adopted by telomeric G-strand se-
quences: a) monomer intramolecular folded-back
G-quartet (monomer); b) intermolecular (tetra-
molecular) G-quadruplex (only one of the four
units is shown).

A. Patkowski, A new method of constructing a
bead model of biological macromolecules;
submitted to Biophys. .JJ.) in which the real
structure of a molecule is approximated by a
set of beads, whose hydrodynamic properties
can be numerically estimated. We used the
atomie coordinates of the monomer structure
obtained by means of NMR [15] (Brookhaven
Protein Data Bank, accession number 186d).

The tetramer telomeric structure was assem-
bled manually by means of the computer pro-
gram HyperChem from the fragments of iden-
tical structure formed by multiple
d(5"-TGGGGT-3") units [8] (PDB accession
number 352d). The calculated values of Dt
from the hydrodynamic calculations are: for
monomer: Dr = 1.46 X 10-6 c¢m2/s, for
tetramer: DT = 0.8 X 10-6 cm2/s. Experi-
mentally measured values of D7 are 1.4 X 106
(¢cm2/s) for the monomer and 0.8 x 106 (cm2/
g) for the tetramer,

Photon correlation spectroscopy (PCS) was
used to study the dynamics of Tetrahymena
telomeric sequence d(5"-TGGGGT-3')4 in solu-
tion. Two modes were observed in the mea-
sured correlation function: the first one was
assigned to the folded back single stranded
monomer and the second one to the four
stranded tetramer (Fig. 1 a, b). The transla-
tional diffusion coefficients corresponding to
both modes were studied as a function of the
telomere and NaCl concentration. As follows
from Fig. 2, the dependence of both diffusion
coefficients on the telomere concentration is
week. The experimental values of the trans-
lational diffusion coefficients for both forms
extrapolated to zero telomere concentration
are in a reasonable agreement with the calcu-
lated values. The diffusion coefficients of both
telomeric forms are plotted versus NaCl con-
centration in Fig. 3 at a constant telomere
concentration of about 3 mg/ml. The salt con-
centration dependence of these values is also
weak. Thus, an unambiguous assignment of
each of the two modes of the measured corre-
lation function to one of the telomeric strue-
tures is possible at any telomere and salt con-
centration in the range studied.

The relative contributions (amplitudes) of
the components corresponding to the two
telomere forms: Amono and Atetra in the mea-
sured correlation functions were estimated
from double exponential fits. The amplitude
of the process in the correlation function is A
o Iy o ¢ My, where I; is the scattered light in-
tensity related to a given process and My is
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Figure 2. The measured translational diffusion co-
efficient of the two conformations of the telomere
versus the telomere concentration, at 10 mM
NaCl,

Symbols: M, monomer; X, tetramer.

the molecular weight of the molecule. Since
M, (monomer) = V4 My, (tetramer), the rela-
tive weight concentrations (normalized to
one) were calculated as emono = Amono/(Amona
+ 1/4 Atetra) and ctetra = 14 Atetra/(Amono + /4
Atetra).

Relative concentrations of both telomeric
forms are shown in Fig. 4, which implies that
the monomer form of the telomere is the dom-
inant conformation in the entire NaCl concen-
tration range of 10-500 mM. With increasing
NaCl concentration the relative weight con-
centration of the monomer decreases from
85% to 60%.

CONCLUSIONS

Photon correlation spectroscopy was used to
identify the d(5-TGGGGT-3')4 telomere con-
formations present in solution for NaCl con-
centrations from 10 to 500 mM and to deter-
mine their relative weight concentrations. On
the basis of a comparison between the diffu-
sion coefficients measured and calculated as-
suming the bead model, the two confor-
mational forms were assigned as the single-
stranded monomer and the four-stranded
tetramer. The single-stranded monomer pre-
vails at all concentrations with relative weight

NaCl concentration [mM)]

Figure 3. The measured translational diffusion co-
efficient for the two conformations of the
telomere versus NaCl concentration at a constant
telomere concentration of 3 mg/ml.

Symbols: B, monomer; X, tetramer

concentration changing from more than 85%
at low salt to about 60% at high salt.

In the previous NMR studies [15] performed
on d(T2G4)4 telomere at 100 mM NaCl and for
a much higher telomere concentration it was
assumed that the entire sample was in the
monomer form. It is not clear to which extent
the presence of the tetrameric form of the
telomere influences the proposed atomic
structure of the monomer. Multiconforma-
tional electrophoretic pattern has been previ-
ously observed in solutions of a similar
telomere: d{G4T2 G4T2 G4T2 G4) in the pres-
ence of Na*, K*, and Sr2+ ions [16]. This may
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Figure 4. Relative concentrations of the monomer
(M) and tetramer (%) telomeric forms.

Telomere concentration i constant and equals about
3 mg/ml



Vol. 46

Structural polymorphism of telomeres 613

indicate that in the tetramer formation from
the monomer some intermediate conforma-
tional forms are involved. In our study we
have not observed these intermediate forms
and we cannot say anything about the mecha-
nism of tetramer formation yet.
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