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ABSTRACT Turbidity measurements via absorbance monitoring at 320 nm were employed to obtain autocatalytic-like
kinetic profiles of K�-induced aggregate formation of d(XGG)4 and some related oligomers, where X � A, C, G, and T. At least
1 M KCl is needed to observe the turbidity-measurable aggregation at pH 8, and the relative propensity for aggregate
formation is shown to follow the order d(GGG)4 � d(AGG)4 � d(TGG)4 �� d(CGG)4. The presence of Mg2� greatly facilitates
and dramatically reduces the amount of K� required to initiate aggregation and significantly enhances the thermal stabilities
of the aggregates. Replacement of K� by Na� fails to induce a similar phenomenon. The �-type CD characteristics of
aggregates are strongly dependent on the sequence and ionic conditions. Despite their ease of aggregate formation,
oligomers with AGG trinucleotide repeats fail to exhibit �-CD formation. The propensity for aggregation is greatly affected by
the chain length, with oligomers of four repeats being most facile. Appending X base at the 3� end of d(GGXGGXGGXGG)
appears to provide a greater hindrance to aggregation than at the 5� end. Atomic force microscopic images support some
of these findings and reveal the morphologies of these aggregates. The presence of MgCl2 in solutions appears to
considerably elongate the K�-induced aggregates.

INTRODUCTION

Structural properties of G-rich DNA are of current intense
interest, as they may be intimately related to the telomeric
functions. Telomeres are specialized DNA-protein struc-
tures at the termini of chromosomes that have been shown
to be important for their stability and accurate replication
(Lumdblad and Szostak, 1989; Sandell and Zakian, 1993;
Blackburn, 1994). Telomeric DNAs consist of simple repet-
itive guanine-rich sequences, with the most common units
consisting of three or four guanine nucleotides. It has been
shown that these G-rich oligomers can form intermolecular
or intramolecular G-quadruplexes, depending on the chain
length and intervening non-G nucleotides, with strong de-
pendence on the monovalent cations such as K� and Na�

(Williamson, 1994). These tetraplexes are cyclic arrays of
four hydrogen-bonded guanine bases in which each base
acts as both donor and acceptor of two hydrogen bonds with
other guanines, and the pairing between bases is of the
Hoogsteen type. The interest in these structures has been
further stimulated by their possible relevance to the recom-
binational events at the immunoglobulin switching regions
(Sen and Gilbert, 1988). Effects of monovalent cations on
the G-quadruplex structural formation of telomeric DNA
sequences have been extensively studied in recent years.
Evidence suggests that K� is much more effective in sta-
bilizing G-quadruplex formation, possibly because of its

optimal size. The ion is found to be sandwiched between
two G-tetrads to form an octacoordinated complex with the
carbonyl groups of guanines. It was also found that for
contiguous guanine oligomers, the parallel strand orienta-
tion is thermodynamically more favorable than the antipa-
rallel orientation in the G-quadruplex formation (Sen and
Gilbert, 1988; Lu et al., 1993).

A rather interesting phenomenon, likely related to qua-
druplex structures, was uncovered earlier in our laboratory,
in which molar K� induces chiral aggregate formation in
d(CGG)4 (Chen, 1995). The kinetics of this transformation
are very slow at pH 8 but are greatly facilitated in acidic
conditions. The kinetic profiles resemble those of autocat-
alytic reacting systems, with characteristic induction peri-
ods followed by accelerative and leveling phases. Time-
dependent CD spectral characteristics indicate the formation
of parallel G-tetraplexes before the onset of aggregation. A
mechanism for the formation of a novel self-assembled
super quadruplex structure of dendrimer-type via interqua-
druplex C�C� base pairing was speculated on. Recently,
however, it was further found that d(TGG)4 can also be
induced to form aggregates by molar concentrations of K�,
despite the absence of �-CD formation (Chen, 1997). In
fact, it was found that d(TGG)4 is kinetically more facile in
forming aggregates than d(CGG)4 at pH 8, suggesting that
the presence of cytosine is not essential and is in fact
detrimental to aggregation. It was further found that the
presence of Mg2� greatly facilitates the aggregate formation
and results in the prominent appearance of an intense
�-type CD. In an effort to further elucidate the mechanism
for the observed self-assembly processes, systematic studies
are herein made with oligomers containing XGG trinucle-
otide repeats, where X � A, C, G, or T, under various chain
lengths and ionic conditions.
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Atomic force microscopy (AFM) has been used to char-
acterize structures of various biological macromolecules
and their interactions (Hansma and Hoh, 1994). In particu-
lar, AFM has recently been used to give direct evidence on
the formation of a novel DNA nanostructure termed the
G-wire (Marsh et al., 1995). Because the proposed mecha-
nisms and structures of the d(XGG)4 aggregates are closely
related to those of the G-wire, AFM images of these aggre-
gates will be of considerable interest. This paper reports
some of our findings on the kinetic and AFM measurements
of these systems. Results indicate that the propensity and
morphology of the K�-induced aggregation of d(XGG)n

depend strongly on the base sequence, the number of re-
peating units, the nature of terminal bases, and the ionic
conditions.

MATERIALS AND METHODS

Synthetic oligonucleotides were purchased from Research Genetics
(Huntsville, AL) and used without further purification. These oligomers
were purified by the vendor via reverse-phase oligonucleotide purification
cartridges and exhibited single-band electrophoretic mobilities in denatur-
ing polyacrylamide gel electrophoresis, with a stated purity of �95%.
Concentrations of oligomers (per nucleotide) were determined by measur-
ing absorbances at 260 nm after melting, with the use of extinction
coefficients obtained via nearest-neighbor approximation, using mono- and
dinucleotide values tabulated by Fasman (1975). Aggregation kinetic pro-
files were obtained by monitoring the time-dependent absorbance changes
at 320 nm and maintaining the temperature at 25°C. The reaction was
initiated by addition of the appropriate amount of oligomer stock to a
buffer solution containing the desired salt concentrations. Thermal dena-
turation experiments were carried out with 1-cm semimicro cells by mon-
itoring absorbances at appropriate wavelengths. A heating (or cooling) rate
of 0.5°C/min was maintained by the temperature controller accessory of a
Cary 1E spectrophotometric system. Circular dichroic (CD) spectra were
measured with a Jasco J-500A recording spectropolarimeter, using water-
jacketed cylindrical cells of 1 cm path length. All experiments were carried
out in 10 mM HEPPS (N-(2-hydroxyethyl)-piperazine-N�-propanesulfonic
acid) buffer solutions of pH 8 (adjusted by droplet additions of 1 M
NaOH).

DNA solutions (40 �M in nucleotide) used in AFM imaging were those
saved from the turbidity kinetic measurements. A volume of 5 �l was
deposited on a freshly cleaved mica substrate. The aggregates were allowed
to be adsorbed on the surface for �30 s before being washed with 200 ml
of distilled water in a container via rigorous hand agitation for �20 s and
dried overnight in a hood. Imaging was performed in tapping mode with an
oxide-sharpened Si3N4 tip at room temperature, using a nanoscope III
scanning probe microscope with an E-scanner (Digital Instruments). Im-
ages were captured under the following conditions: scan rate of 2.6 Hz;
drive frequency around 300 kHz; set point �3 V; an integral-to-propor-
tional gain ratio of 1:10; and 256 scan lines per image.

RESULTS

The nature of the X base strongly affects the
propensity of the K�-induced aggregate
formation of oligomers with XGG repeats

The kinetic profiles of aggregate formation via turbidity
monitoring at 320 nm for d(XGG)4 in the presence of 2 M
KCl are compared in Fig. 1 A. It is apparent that d(GGG)4

forms aggregates most readily, whereas d(CGG)4 fails to do

so in a time span of 15 h (900 min) at pH 8 and 25°C. The
kinetic profiles for d(AGG)4 and d(TGG)4 exhibit autoca-
lalytic-like behaviors, consisting of lag periods or induction
times (ti) of 48 and 45 min, which are followed by accel-
erative and leveling phases exhibiting characteristic half-
times (t1/2) of 99 and 118 min, respectively. No apparent lag
period (ti 	 1 min) appears to be evident for the aggregate
formation of d(GGG)4. The 320-nm absorbance decreases at
the long-time regions for d(GGG)4 and d(TGG)4 are likely
the consequence of slow sedimentation of larger aggregated
particulates. These results suggest that the kinetic propen-
sities for the K�-induced aggregation are strongly sequence
dependent and, at pH 8, appear to have the order
d(GGG)4 � d(TGG)4 � d(AGG)4 �� d(CGG)4, with
d(TGG)4 exhibiting the highest turbidity. It should be noted
in passing that 2 M Na� failed to induce the observed
aggregation phenomenon, and the K�-induced aggregation
of d(CGG)4 is greatly facilitated by a moderate solution
acidity (Chen, 1995).

Mg2� greatly facilitates the aggregate formation
and acts synergistically with K�.

Salt concentration-dependent studies led to the finding that
the K�-induced aggregation of d(XGG)4 requires more than
1 M KCl (not shown). Indeed, 1 M KCl failed to induce
aggregation of d(AGG)4 and d(TGG)4 in a time span of
15 h. It was found, however, that the presence of Mg2� in
the K�-containing solution can greatly facilitate the aggre-
gation processes. Aggregation kinetic profiles of d(XGG)4

in the presence of 1 M KCl and 16 mM MgCl2 are com-
pared in Fig. 1 B. The rates of aggregation are seen to be
much faster than those of 2 M KCl and result in much
higher turbidity (note the more than twofold scale change in
Fig. 1 B). Indeed, in the Mg2�-containing solution, a ti of
�1 min with t1/2 of 92 and 31 min were found for d(AGG)4

and d(TGG)4, respectively, and the former exhibits a higher
turbidity than the latter, in contrast to their behavior in 2 M
KCl. Even d(CGG)4, which exhibits no evidence of aggre-
gation in 2 M KCl, now shows a slow rise in turbidity in the
solution containing 1 M KCl and 16 mM MgCl2 with ti �
100 min. The ease of aggregate formation for d(GGG)4 is
further manifested by both ti and t1/2 being less than 1 min
in the Mg2�-containing solution.

The presence of Mg2� dramatically enhances the
thermal stabilities of the aggregates

Fig. 2 A compares the thermal melting profiles of aggregates
formed with 2 M KCl. The melting temperatures are seen to
be �55°C and do not appear to be strongly sequence de-
pendent. As can be seen in Fig. 2 B, the presence of Mg2�

greatly enhances the thermal stabilities of the aggregates.
The melting temperatures for aggregates of d(AGG)4 and
d(TGG)4 in the presence of 1 M KCl and 16 mM MgCl2 are
now �85°C. Interestingly, the turbidity of d(GGG)4 in-
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creases rather than decreases near this same temperature,
indicating additional aggregation, and with the disruption of
aggregates occurring at temperatures higher than 95°C. Re-
sults of the kinetic and melting experiments for d(XGG)4 in
the two ionic conditions studied are summarized in Table 1.

Chiroptical properties of the aggregates are
strongly sequence dependent, and d(AGG)4 fails
to exhibit �-CD characteristics, despite its ease
of aggregation

CD spectra of d(XGG)4 in two different solution conditions
are compared in Fig. 3. In 2 M KCl solutions (Fig. 3 A),

only d(GGG)4 exhibits an intense CD spectrum of �-type,
with a positive maximum at 260 nm, a shoulder near 285
nm, and a negative tail at longer wavelengths. Despite the
significant aggregate formation in 2 M KCl, as indicated by
turbidity measurements (see Fig. 1 A), d(TGG)4 fails to
exhibit �-CD spectral characteristics. In contrast, a huge
CD spectrum is induced for d(TGG)4 in the 1 M KCl/16
mM MgCl2 solution, resulting in positive double-hump
maxima near 270 and 295 nm and a positive long-wave-
length tail (see Fig. 3 B). A sizable �-CD was also observed
for d(CGG)4 with a maximum at 300 nm, a shoulder near
270 nm, and a positive long-wavelength tail. On the other
hand, the CD spectral characteristics of d(GGG)4 are very

FIGURE 1 Comparison of turbidity-
monitored aggregation kinetic profiles at
25°C for 40 �M (in nucleotides) of do-
decamers of the form d(XGG)4 in solutions
of pH 8 at two different ionic conditions.
(A) In the presence of 2.0 M KCl. (B) In the
presence of 1.0 M KCl and 16 mM MgCl2.
The solution was first heated to 95°C for 1
min, and the kinetic run started as soon as
the solution was cooled back to 25°C. The
data have not been corrected for baseline
drift or lamp instability because separate
experiments with buffer alone at different
salt concentrations have indicated a drift of
no more than 
0.001 absorbance units at
320 nm in a time span of 900 min.
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similar in the two solutions. It is also of interest to note that
d(AGG)4 fails to exhibit �-CD characteristics, despite its
considerable aggregate formation in the solution of 1 M
KCl/16 mM MgCl2.

The propensity for aggregation is greatly affected
by the chain length, with oligomers of four
repeating units being most facile

Aggregation kinetic profiles at 20°C for oligomers with
three, four, and five trinucleotide repeats are compared in
Fig. 4 for oligomers of AGG (A and B) and TGG (C and D)
repeats at two different solution conditions. In 2 M KCl
solutions, the ease of aggregation is seen to follow the order

d(AGG)4 � d(AGG)3 �� d(AGG)5 (Fig. 4 A). No evidence
of aggregate formation is apparent for d(AGG)5 in a time
span of 15 h, whereas ti of 180 and 25 min with t1/2 of �500
and 95 min are found for the three and four repeats, respec-
tively. Again, the facilitation due to the presence of Mg2� is
clearly seen in the much faster aggregation kinetics ob-
served in solutions containing 1 M KCl/16 mM MgCl2 (Fig.
4 B). Aside from ti 	 1 min and t1/2 � 83 min observed for
d(AGG)4, it is interesting to note that in contrast to the
absence of aggregation in 2 M KCl solution, d(AGG)5 now
exhibits a faster aggregation rate (ti � 48 min, t1/2 � 220
min) than that of d(AGG)3 (ti � 80 min, t1/2 � 500 min). In
contrast, no evidence of aggregation is apparent for both
d(TGG)3 and d(TGG)5, whereas d(TGG)4 exhibits aggrega-

FIGURE 2 Comparison of turbidity-moni-
tored thermal melting profiles of aggregates
formed by 40 �M (in nucleotides) of do-
decamers of the form d(XGG)4 in solutions of
pH 8 at two different ionic conditions. (A) In
the presence of 2.0 M KCl. (B) In the presence
of 1.0 M KCl and 16 mM MgCl2. Solutions
were allowed to stand for more than 2 days
and shaken before the melting run. A heating
rate of 0.5°C/min was maintained during the
experiment.
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tion in both solution conditions, but with greater facility in
the presence of Mg2� (compare Fig. 4, C and D), having ti
of 	 5 versus 60 min and t1/2 of 33 versus 209 min,
respectively. Results on the effects of chain lengths on the
aggregation kinetics are summarized in Table 2.

The nature and the location of the terminal bases
strongly affect the aggregation processes

The aggregation kinetic profiles for d(GGXGGXGGXGG)
and the related oligomers having X � A or T base attached
to one or both end(s) are compared in Fig. 5. It is apparent
that in the X � A series (left panels), d(GGAGGAGGAGG)
is the most facile in forming aggregates in 2 M KCl (ti 	 1
min, t1/2 � 17 min), which is followed by d(AGGAGGAG-
GAGG) (ti � 20 min, t1/2 � 95 min), an oligomer with dA
added at the 5� end. Appending dA at the 3� end or at both
terminals results in the absence of turbidity-measurable
aggregate formation in 2 M KCl solutions and time spans of
15 h (Fig. 5 A). These last two oligomers can, however,
readily form aggregates in solutions containing 1 M KCl/16
mM MgCl2, with the oligomer having both ends appended
by dA to be most resistant (see Fig. 5 B). The ease in
aggregation in this ionic condition is shown to follow the
order d(GGAGGAGGAGG) (ti 	 5 min, t1/2 � 21 min) �
d(AGGAGGAGGAGG) (ti 	 5 min, t1/2 � 83 min) �
d(GGAGGAGGAGGA) (ti � 10 min, t1/2 � 55 min) �
d(AGGAGGAGAGGA) (ti � 74 min, t1/2 � 257 min). For
the X � T series, d(GGTGGTGGTGG) and d(TGGTGGT-
GGTGG) are shown to readily form aggregates, with the
former being more facile in 2 M KCl (ti of 	5 versus 60
min and t1/2 of 95 versus 209 min), whereas the order
appears to be reversed in solutions containing 1 M KCl/16
mM MgCl2 (ti of 8 versus 	 5 min and t1/2 of 90 versus 33
min). Neither d(GGTGGTGGTGGT) nor d(TGGTGGTG-

GTGGT) exhibits aggregation phenomena in a time span of
15 h under both ionic conditions. It thus appears that ap-
pending X base at the 3� end of d(GGXGGXGGXGG)
provides a greater hindrance to aggregation than appending
X base at the 5� end. Results on the effects of terminal bases
on the aggregation kinetics are summarized in Table 3.

Scanning probe images of aggregates

AFM images of d(XGG)4 aggregates formed in two differ-
ent solution conditions are compared in Fig. 6. It is imme-
diately apparent that the images of turbidity-measurable
aggregates are of sufficient size and can easily be captured
by AFM. In the presence of 2 M KCl (left panels), d(GGG)4

(Fig. 6 D) exhibits the highest density of aggregates formed,
which is followed by d(AGG)4 (Fig. 6 B) and d(TGG)4 (Fig.
6 C), where d(CGG)4 (Fig. 6 A) is the lowest. Despite the
absence of turbidity at 320 nm (see Fig. 1 A), some forma-
tion of aggregates is clearly visible for d(CGG)4, albeit
smaller in both number and particle size. The particulate
size for the d(TGG)4 (Fig. 6 C) aggregates appears to be
somewhat larger than those of d(AGG)4 (Fig. 6 B), despite
their similar aggregation densities. This observation is con-
sistent with the significantly higher turbidity exhibited by
d(TGG)4 in 2 M KCl (see Fig. 1 A). In the presence of
MgCl2, the aggregates appear to be considerably elongated
(see Fig. 6 E–H), in agreement with the much higher tur-
bidities observed (compare Fig. 1, A and B). The signifi-
cantly higher aggregate density exhibited by d(AGG)4 than
d(TGG)4 (compare Fig. 6, F and G) appears to be consistent
with the higher turbidity observed for the former in this
solution (see Fig. 1 B). The considerably larger aggregates
formed in the presence of MgCl2, in terms of both widths
and lengths, are also quite striking for d(CGG)4 (compare
Fig. 6, A and E).

Chain-length-dependent morphologies of aggregates
formed in 1 M KCl/16 mM MgCl2 for d(XGG)n � 3–5, with
X � A (left panels) or T (right panels), are shown in Fig. 7.
As is apparent, the oligomers with four repeats (Fig. 7, B
and E) exhibit the highest aggregation densities, whereas
aggregates formed by oligomers with three (Fig. 7, A and D)
and five (Fig. 7, C and F) repeats are much less numerous.
These results are in conformity with those of turbidity
measurements indicating the very facile aggregate forma-
tion for oligomers with four repeating units (see Fig. 4, A
and D). It should also be noted in passing that the aggregates
of d(TGG)4 (Fig. 7 E) appear to be significantly elongated
when compared with those of d(AGG)4 (Fig. 7 B).

AFM images on aggregates formed by oligomers with
varying capping bases and in the presence of 1 M KCl/16
mM MgCl2 are shown in Fig. 8. Consistent with the pro-
pensities for facile aggregate formation of oligomers with
dG at both ends (Fig. 8, A and E) and dG at the 3� terminal
(Fig. 8, B and F), high aggregation densities are observed
for these oligomers. Except for the somewhat more elon-
gated features for the T-containing oligomers, no great

TABLE 1 Comparison of kinetic and melting parameters for
d(XGG)4 in two different ionic conditions

Oligomer
[K�]
(M)

[Mg2�]
(mM)

ti
(min)

�Amax

(t1/2, min)
tm

(°C)

d(AGG)4 2 48 0.0093 (99) 53
d(TGG)4 2 45 0.0361 (118) 57
d(GGG)4 2 	1 0.0132 (13) 53
d(CGG)4 2 * 53

d(AGG)4 1 16 1 0.0847 (92) 85
d(TGG)4 1 16 1 0.0589 (31) 87
d(GGG)4 1 16 	1 0.0467 (	1) �95
d(CGG)4 1 16 �100 [0.0112] —

Kinetic measurements were made at 25°C, and ti is the lag time or the
induction period before the onset of aggregation. �Amax is the maximum
absorbance change at 320 nm when the kinetic profile becomes asymptotic,
and t1/2 is the time required for reaching half of this maximum value.
Kinetic profiles for which asymptotes were not reached in a time span of
15 h are indicated by brackets, with the absorbance values at 900 min
enclosed. The kinetic trace for which no discernible aggregation occurs in
a time span of 15 h is designated by *. Thermal denaturation was monitored
at 320 nm.
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difference in aggregation density is found among them. On
the other hand, oligomers capped with dA or dT at the 3�
end (Fig. 8, C and G) exhibit shorter aggregates and much
lower aggregation density, whereas those with both ends
capped exhibit sparsely formed aggregates (Fig. 8, D and
H). The much greater hindrance of aggregate formation with
a dA or dT capped at the 3� end than with a dA or dT capped
at the 5� end is dramatically illustrated via comparison of
Fig. 8, B or F, versus Fig. 8, C or G, respectively.

Kinetics of aggregate formation were also investigated by
AFM, by taking images of the d(GGAGGAGGAGG) ag-
gregating solution at various times. Progressive increase in
the density of aggregates is clearly visible for images taken

1, 2, 4, and 8 h after the 2 M KCl addition (results not
shown).

DISCUSSION

Systematic aggregation studies with various oligomers of
XGG trinucleotide repeats under different ionic conditions
led to the following findings: 1) More than 1 M KCl is
needed to observe the turbidity-measurable aggregation for
these oligomers (40 �M in nucleotide and at 25°C), and
NaCl fails to induce a similar phenomenon. 2) Acting syn-
ergistically with K�, the presence of Mg2� greatly facili-
tates the aggregate formation and dramatically enhances the

FIGURE 3 Comparison of CD spectral
characteristics at room temperature for 40
�M of dodecamers of the form d(XGG)4 in
solutions of pH 8 at two different ionic con-
ditions. (A) In the presence of 2.0 M KCl.
(B) In the presence of 1.0 M KCl and 16 mM
MgCl2. Solutions were heated to 95°C and
cooled back to room temperature (with a
10-day wait) before the CD measurements.
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thermal stabilities of the aggregates formed. 3) The nature
of the X base strongly affects the propensity of the K�-
induced aggregate formation, and at pH 8 the observed
order appears to be d(GGG)4 � d(AGG)4 � d(TGG)4 ��

d(CGG)4, with CGG repeats greatly facilitated by moderate
acidities. 4) Chiroptical properties of the aggregates depend
strongly on the base sequence and ionic conditions of the
solution, e.g., d(TGG)4 exhibits intense �-CD characteris-
tics, distinct from those of d(GGG)4, in the presence but not
in the absence of Mg2�, whereas despite its relative ease of
aggregate formation, d(AGG)4 fails to exhibit �-CD char-
acteristics, even in the presence of Mg2�. 5) The propensity
for aggregation is greatly affected by the chain length, with
oligomers of four repeats being most facile. 6) The nature
and location of the terminal bases also strongly affect the
aggregation processes; appending with X � A or T base at
the 3� end of d(GGXGGXGGXGG) appears to provide a
greater hindrance to aggregation than appending an X base
at the 5� end. 7) Both d(AAGG)4 and d(TTGG)4 failed to
exhibit the K�-induced aggregation phenomena, even in the
presence of Mg2� (results not shown).

A speculative model was earlier proposed by us (Chen,
1997) to rationalize the self-assembly phenomenon of
d(TGG)4. This same mechanism may also be operative in
oligomers with XGG trinucleotide repeats in general. The
oligomer likely first forms parallel-stranded homoduplexes
in the K�-containing solutions, which in turn form in-

FIGURE 4 Comparison of aggregation kinetic profiles at 20°C of 40 �M d(AGG)n and d(TGG)n in solutions of pH 8 at two different ionic conditions.
(A) d(AGG)n in the presence of 2.0 M KCl. (B) d(AGG)n in the presence of 1.0 M KCl and 16 mM MgCl2. (C) d(TGG)n in the presence of 2.0 M KCl.
(D) d(TGG)n in the presence of 1.0 M KCl and 16 mM MgCl2.

TABLE 2 Effects of chain lengths on the aggregation
kinetics at 20°C

Oligomer
[K�]
(M)

[Mg2�]
(mM)

ti
(min)

�Amax

(t1/2, min)

AGGAGGAGG 2 180 [0.0494] (�500)
AGGAGGAGGAGG 2 25 0.0225 (95)
AGGAGGAGGAGGAGG 2 *

TGGTGGTGG 2 *
TGGTGGTGGTGG 2 60 0.0729 (209)
TGGTGGTGGTGGTGG 2 *

AGGAGGAGG 1 16 80 [0.0761]
AGGAGGAGGAGG 1 16 	1 0.1053 (83)
AGGAGGAGGAGGAGG 1 16 48 0.0870 (220)

TGGTGGTGG 1 16 *
TGGTGGTGGTGG 1 16 	5 0.1196 (33)
TGGTGGTGGTGGTGG 1 16 *

*See Table 1 footnote.
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and/or out-of-registered quadruplexes (presumably aided by
the optimal size of K� that fits into quadruplex cages).
Axial extension of the out-of-register quadruplexes could
result if repeated quadruplex formation occurred with sticky
ends to form G-wires (Marsh and Henderson, 1994),
whereas those of in-register quadruplexes could result from
head-to-tail stacking. In addition, lateral expansion could be
achieved by interquadruplex association via phosphate-
Mg2� bond formation.

The need for molar concentration of KCl to form turbid-
ity-measurable aggregation and the inability of Na� to do
likewise may be a consequence of their differential effec-
tiveness in inducing parallel quadruplex formation. Raman
studies by Miura et al. (1995) on the quadruplex formation
of d(TTTTGGGG)4 led to the finding that both Na� and K�

facilitate an antiparallel foldback quadruplex at low salt
concentrations but a parallel quadruplex at higher concen-
trations, with K� being more effective in inducing the
parallel association. It has long been suggested that the
greater thermal stability of DNA quadruplex structures in
the presence of K� is primarily a result of the optimal fit of
this ion in the coordination sites formed by G quartets.

However, Hud et al. (1996) have recently argued that such
a preference is actually driven by the greater energetic cost
of Na� dehydration with respect to K� dehydration.

The observed synergistic effects of K� and Mg2� may be
the consequence of complementary roles played by these
two cations—the ability to facilitate the parallel quadruplex
formation of the former and binding to phosphates by the
latter. The inability of Mg2� to induce aggregation in the
absence of K� supports the important role of parallel quad-
ruplex formation in the supramolecular self-assembly in
d(XGG)4. In view of its strong affinity for phosphates, the
role of Mg2� in the self-assembly process may be twofold:
1) facilitation of the initial homoduplex and subsequent
tetraplex formation for axial extension via phosphate charge
neutralization and 2) bridging interquadruplex phosphate
groups for lateral expansion.

The speculated mechanism appears to be consistent with
the finding that d(GGG)4 is more facile than d(AGG)4 and
d(TGG)4 in aggregate formation, which in turn aggregate
more readily than d(CGG)4 at pH 8, with the aggregation of
C-containing oligomer being facilitated by acidic condi-
tions. The ability to form out-of-register quadruplexes with-

FIGURE 5 Comparison of aggregation kinetic profiles at 20°C of 40 �M d(GGXGGXGGXGG) and related oligomers in solutions of pH 8 at two
different ionic conditions. (A) X � A in the presence of 2.0 M KCl. (B) X � A in the presence of 1.0 M KCl and 16 mM MgCl2. (C) X � T in the presence
of 2.0 M KCl. (D) X � T in the presence of 1.0 M KCl and 16 mM MgCl2. Kinetic profiles for d(XGGXGGXGGXGGX) are nearly identical to those
of d(GGXGGXGGXGGX) in A and C and are not shown.
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out the constraints of the intervening non-G bases likely
accounts for its ease of aggregation for d(GGG)4. On the
other hand, the presence of cytosines in d(CGG)4 may have
trapped this oligomer in conformations that utilize G�C base
pairings at pH 8, such as dimeric duplexes or monomeric
hairpins, so as to hinder quadruplex formation. Thus the
acid-facilitated aggregation of d(CGG)4 may partly be the
consequence of the destabilization of these trapped con-
formers resulting from weakened G�C base pairs due to base
protonation of the cytidine, and partly the consequence of
the facilitation of parallel duplex and/or quadruplex forma-
tion via C�C� base pairing (Chen, 1995).

The inability of d(AAGG)4 and d(TTGG)4 to form ag-
gregates is most likely the consequence of constraints and
steric hindrance introduced by intervening and two terminal
non-G bases in forming appropriate G-quadruplexes for
axial extension. Similarly, the effect of capping oligomers
with non-G bases on aggregation may be attributed to the
steric hindrance of quadruplex formation due to the pres-
ence of these bases. Thus it is understandable that capping
both ends will provide a greater resistance to aggregate
formation than a single cap at either end of the oligomer. It
is less clear, however, why capping at the 3� end will render
a considerably greater hindrance of aggregation than cap-
ping at the 5� end. The chain length dependence may partly
be rationalized in terms of hairpin formation. The oligomer
with five repeats may be long enough to be easily trapped
into hairpin conformations to become less efficient in par-
allel quadruplex formation than the ones with three or four
repeating units, where the latter are more facile because of
the larger numbers of G-quartet formed.

It is noteworthy that the appearance of �-CD spectral
characteristics is related to the chirality and other charac-
teristics of the formed superstructure. It is well known that
the CD spectrum of an optically active molecule can some-

times change drastically when the molecule becomes part of
a larger aggregate particle (Tinoco et al., 1980). When this
aggregate reaches a size comparable to the wavelength of
the light used in the CD experiment, anomalous spectral
changes occur. A long tail often apppears in the CD at
wavelengths outside the absorption bands of the constituent
molecules, and as the aggregate particles grow in size, the
magnitudes and band shapes of the CD inside the absorption
bands also change. The origin of the tail anomalies has been
attributed to the ability of large chiral particles to preferen-
tially scatter right or left circularly polarized light away
from the transmitted beam (Bustamante et al., 1983). On the
other hand, the physical origin of the nonscattering �-type
CD anomalies is that when the dimensions of a chiral object
are similar to the wavelength of the incident light, the
large-scale handedness of the object will have a much
greater effect in enhancing or suppressing the absorption of
circularly polarized light than when the chiral object is
small compared to wavelength. In large, dense chiral mo-
lecular aggregates, the eigenmodes of excitation are greatly
delocalized throughout the entire aggregate particle, which
necessitates the inclusion of intermediate and radiation cou-
pling mechanisms in addition to the static dipole coupling
(Keller and Bustamante, 1986). It was found that long-range
coupling is possible when the aggregate is three-dimen-
sional and large (�1/4 �) and has a high density of chro-
mophores. Deficiency in one or more of these factors likely
accounts for the absence of �-CD in some of our sequences
and other G-rich polymers observed in other laboratories
under lower salt concentrations.

Superstructures formed by G-rich DNAs have been ob-
served previously in the presence of K� by others, although
in ionic strengths of no more than 1 M. Sen and Gilbert
(1992) reported that oligomers with a single multiguanine
(more than 3 Gs) motif at their 3� or 5� end can form higher
order products, consisting of 8, 12, and 16 strands. Based on
their methylation protection experiments, a nested head-to-
tail superstructure containing two or more tetraplexes
bonded front to back via G quartet formation of out-of-
registered guanines was suggested. It was noted that super-
structural formation was achieved in a buffer containing
KCl but not in a buffer containing NaCl. It was further
shown by Lu et al. (1992) that in the presence of K�, but not
Na�, higher order complexes are formed in dT4G4. The
presence of a T at the 3� end inhibits such association in
dT4G4T. Formation of these superstructures usually requires
high salt as well as high oligonucleotide concentrations, and
the limited number of superstructures formed may have
resulted from steric hindrance caused by the protruding
T-tails.

Marsh and Henderson (1994) later found that the telo-
meric DNA oligonucleotide 5�-GGGGTTGGGG-3� sponta-
neously assembles into large superstructures (termed G-
wires) that can be resolved by gel electrophoresis as a ladder
pattern, most efficiently in Na�, but a greater degree of
stability was acquired by the addition of K�. Its self-
association is noncovalent and exhibits characterstics of

TABLE 3 Effects of terminal bases on the aggregation
kinetics at 20°C

Oligomer
[K�]
(M)

[Mg2�]
(mM)

ti
(min)

�Amax

(t1/2, min)

GGAGGAGGAGG 2 	1 0.0576 (17)
AGGAGGAGGAGG 2 20 0.0225 (95)
GGAGGAGGAGGA 2 *

GGTGGTGGTGG 2 	5 0.0542 (95)
TGGTGGTGGTGG 2 60 0.0729 (209)
GGTGGTGGTGGT 2 *

GGAGGAGGAGG 1 16 	5 0.0928 (21)
AGGAGGAGGAGG 1 16 	5 0.1033 (83)
GGAGGAGGAGGA 1 16 10 0.0405 (55)
AGGAGGAGGAGGA 1 16 74 0.0520 (257)

GGTGGTGGTGG 1 16 8 0.0443 (90)
TGGTGGTGGTGG 1 16 	5 0.1196 (33)
GGTGGTGGTGGT 1 16 *
TGGTGGTGGTGGT 1 16 *

*See Table 1 footnote.
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FIGURE 6 Comparison of AFM images of aggre-
gates formed by d(XGG)4 in two different ionic
conditions: 2 M KCl (left panels) and 1 M KCl/16
mM MgCl2 (right panels). (A and E) d(CGG)4; (B
and F) d(AGG)4; (C and G) d(TGG)4; (D and H)
d(GGG)4. All scale bars are 150 nm.
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G4-DNA, a parallel four-stranded structure stabilized by
guanine tetrads. The spontaneous self-assembly into large
polymers is likely facilitated by the presence of blocks of
guanines at both the 5� and 3� ends. It was proposed that the
G-wire consists of G4-DNA domains punctuated by T
nodes. The initial starting structure consists of a G4 domain
containing four quartets formed by the association of the 5�
half of a duplex with the 3� half of another duplex, forming
a slipped tetraplex structure with G-duplex “sticky ends.”
The strands run parallel to each other and can accept an
additional duplex at either end, reminescent of the slipped

architecture proposed by Sen and Gilbert (1992) for their
observed superstructures.

Subsequently, the morphology of G-wires was investi-
gated by AFM (Marsh et al., 1995). The length of G-wires
was found to range from 10 to �1000 nm, and the height
and width of G-wires appeared to be uniform, with few
bends, kinks, or branches. This indicated that G-wires were
ordered, relatively rigid polymers. Magnesium induced syn-
ergy of G-wire self-assembly. The height of G-wires was
found to be two to three times greater than the height of
plasmid DNA in the AFM, ranging from 12.7 to 23.9 Å,

FIGURE 7 Effects of chain length on the
AFM images of aggregates formed in solu-
tions containing 1 M KCl/16 mM MgCl2. (A)
d(AGG)3; (B) d(AGG)4; (C) d(AGG)5; (D)
d(TGG)3; (E) d(TGG)4; (F) d(TGG)5. All
scale bars are 150 nm.
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FIGURE 8 Comparison of AFM images of
aggregates formed by oligomers with differing
terminal base in solutions containing 1 M
KCl/16 mM MgCl2. (A) d(GGAGGAG-
GAGG); (B) d(AGGAGGAGGAGG); (C)
d(GGAGGAGGAGGA); (D) d(AGGAG-
GAGGAGGA); (E) d(GGTGGTGGTGG); (F)
d(TGGTGGTGGTGG); (G) d(GGTGGTG-
GTGGT); (H) d(TGGTGGTGGTGGT). All
scale bars are 150 nm.
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depending on the ionic conditions. The height of G-wires
measured in the AFM under some conditions was close to
the diameter of G-quartets determined by x-ray crystallog-
raphy (�28 Å) (Kang et al., 1992; Laughlan et al., 1994).
Interestingly, assembly of G-wires occurred most efficiently
in Na�, yet a greater degree of stability was acquired by the
addition of K�. This is at odds with our observation that
Na� is ineffective in inducing the aggregation phenomenon
in the XGG trinucleotide repeats.

A related structure was later reported by Dai et al. (1995)
for the C4T4G4T1–4G4 series of oligomers, which self-as-
semble into multistranded species of high molecular weight
in the presence of 100 mM K� plus 20 mM Mg2�. Data
suggest that these higher order species arise from successive
additions of parent oligomer to an initially formed quadru-
plex. Because the self-assembly is not observed with K� or
Mg2� alone, these cations behave in a synergistic manner in
the formation and/or stability of the supermolecular self-
assemblies. Subsequently, Marotta et al. (1996) studied
DNA oligomers possessing GxT2Gy segments. Electro-
phoresis of these oligomers in the presence of both 100 mM
K� and 20 mM Mg2� gives a ladder of multiple bands of
high molecular weight, indicative of multistranded DNA
formation. The results indicate that self-assembly into high-
molecular-weight species is favored by the presence of
Mg2� as well as the presence of four or more bases in the
terminal Gy segment.

In addition to the duplex and quadruplex formation in
d(GGGGCCCC), Deng and Braunlin (1995) noted the
broadening of proton resonances and the appareance of a
series of slower moving faint gel electrophoretic bands in
their titration studies with KCl, indicating the formation of
some higher order structures in the presence of added KCl.
Furthermore, Protozanova and Macgregor (1996) found that
in aqeous solutions containing mono- and divalent cations,
the oligomer d(A15G15) readily self-assembles into high-
molecular-weight species that resolve as discrete bands on
native and denaturing electrophoresis gels. In the proposed
model for the oligomers and polymers of d(A15G15), several
molecules of the monomers interact via a stem of tetraplex
structure formed by the guanine residues. The 5� end ade-
nine forms single-stranded arms that are displaced from the
guanine-containing stem. In deference to the G-wires intro-
duced by Marsh and Henderson (1994), these structures
were called frayed wires. Divalent cations at millimolar
concentrations lead to the formation of the polymers,
whereas the presence of the monovalent cations stabilizes
lower-molecular-weight complexes consisting of two to six
strands of d(A15G15). The data showed that stable frayed
wires form only when there are between four and eight
guanosine residues at the 3� end of the oligomer.

All of these observations are likely related to the self-
aggregation phenomena observed in our XGG trinucleotide
repeating systems. As for the possible biological signifi-
cance of these observations, it is interesting to note that the
single-stranded termini of all chromosomal telomeres se-
quenced to date have a guanine motif at their 3� termini,

with guanine as the terminal base. Given a sufficient local
density of telomeres in the potassium-rich environment of
the cell with some presence of Mg2�, these higher order
superstructures may arise. This suggests that the structure of
telomeric DNA may be quite unusual. Although the salt
concentrations of 2 M KCl and 1 M KCl/16 mM KCl
employed in this report are far from being physiological
conditions, it should be noted that the onsets of aggregation
in a time frame of less than 15 h have been observed in
solutions containing only mM concentrations of K� and
Mg2�. Examples are d(TGG)4 in the presence of 2 mM
KCl/16 mM MgCl2 (Chen, 1997), d(AGG)4 in the presence
of 40 mM KCl/16 mM MgCl2, and d(GGAGGAGGAGG)
and d(GGTGGTGGTGG) in the presence of 16 mM KCl/16
mM MgCl2 (not shown).
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