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ABSTRACT: The series of cooperative transitions that lead to [d(TG4)4‚(K+)m] quadruplex assembly upon
rapid addition of KCl to d(TG4) strands were studied. Quadruplex samples were dialyzed against KCl
then Li-EDTA and found to retain between three and five strongly bound potassiums with affinities>106
M-2. Absorbance thermal denaturation (melt) and circular dichroism (CD) equilibrium binding data were
obtained. The latter were analyzed using two classes of binding models to simulate the effects of the
assumed intermolecular interactions on the binding curves (isotherms). The melt experiments yielded
equilibrium dissociation constants (Kd) ranging from 10-11 to 10-12 M3 at the melting temperatures.
Extrapolating these values to 23°C predictsKd values in the 10-28 M3 range if the heat capacity (Cp) is
not strongly dependent upon temperature changes over this range. AssumingKa is equal to 1/Kd (from
melting analyses), very large association free energies stabilize the quadruplex at 23°C in 100 mM KCl
(∆Ga ) -43 kcal mol-1). Plots of the differential melt curve peak half-widths, a measure of cooperativity,
versus d(TG4) concentration showed that quadruplex dissociation is much more cooperative at 400 mM
KCl than at 100 mM KCl. Forty-eight hour quadruplex assembly time courses were monitored by CD
at 264 nm. Equilibrium quadruplex accumulation generally required over 10 h, and net reaction extents
were in the 10-85% range. Hill plots of the data show that initial steps in the multistep pathway are
positively cooperative, presumably due to strong strand-cation and strand-strand binding interactions in
duplex and triplex assembly reactions, then negatively cooperative in quadruplex formation. Models
were developed to rationalize the experimental observations in terms of consecutive cooperative allosteric
transitions from cation-deficientrelaxed(R) strand-aggregates to cation-containingtense(T) structures,
driven by the allosteric effector K+. Quantitative mappings of positive and then negative cooperativity
were obtained by fitting the results as a function of strand number incorporated during quadruplex assembly.
Surprisingly, models for reactions involving incorporation of five and six strands fit the data better than
models involving only four strands. The 5-step “induced fit” model fits the data as well as or better than
3- and 4-step models and better than all of the strand aggregation models that were devised and investigated.
Net association free energies (∑i)1,n∆G′i) ranged from-20 to-26 kcal mol-1, approximately half the
magnitude of the apparent stabilities measured by absorbance melts. Likely explanations for this
discrepancy involve hysteresis and errors due to inadequate equilibration in the melt experiments. Hysteresis
is thought to be produced by irreversibility due to different predominant mechanisms in absorbance
(dissociation) and CD (association) experiments. The kinetic block to quadruplex assembly can be
unambiguously attributed to quadruplex formation and not intermediate steps in the assembly mechanism.
On the basis of these results we propose that, in addition to the more conventional assembly mechanisms
involving duplex dimerization and stepwise strand addition, quadruplex formation can also proceed by
triplex-triplex disproportionation. Interaction statistics arguments that support the energetic feasibility
of the disproportionation pathway are presented. The allosteric quadruplex assembly model provides a
mechanism which could be used by the cell to simultaneously modulate DNA structure and activity within
telomeres, transcriptional promoters, recombination-prone chromatin, and other G-rich DNAs. As a result
of this allosterism, cation and strand availability and strand-pairing capabilities could profoundly influence
the functional capacity of a particular strand over a relatively narrow range of effector concentration
changes. This is analogous to the control of enzymes in intermediary metabolism by the availability of
allosteric effectors. By extension, allosteric effectors in quadruplex assembly can be classified as both
facilitory and inhibitory. Future reports present examples of each. These relationships might contribute
to understanding how cellular and nuclear homeostasis and genetic functions are linked.

Guanine-rich telomeric DNA sequences have been studied
intensively since their intriguing cation-dependent self-

assembling characteristics were first described [see reviews
by Williamson (1994) and Vencenzel and Sen (1996)].
Guanine-cytosine-rich DNA sequences are found within
at least three different functional domains in eukaryotic
chromosomes: in highly repetitive sequences at the chro-
mosomal termini (telomeric DNAs), in immunoglobulin
switch region DNA sequences, and in “CpG islands” located

† Supported by National Institutes of Health Grants BRSG RR9223
and GM47431, a North Carolina Biotechnology Center ARIG Grant,
and the North Carolina Agricultural Research Service.
* To whom all correspondence should be addressed.
X Abstract published inAdVance ACS Abstracts,November 1, 1997.

15428 Biochemistry1997,36, 15428-15450

S0006-2960(97)00488-1 CCC: $14.00 © 1997 American Chemical Society



in the coding and promoter regions of genes.
In Vitro studies with G-rich telomeric DNA sequences have

shown that they can form both intra- and intermolecular
quadruplex structures (Sen & Gilbert, 1990; Hardinet al.,
1991; Miuraet al., 1995). The stabilities of these structures
are uniquely sensitive to changes in the concentrations of
important physiological cations such as K+ and Ca2+. On
the basis of computational free energy perturbation calcula-
tions, monovalent cations bind with the following relative
affinities within the cavity formed by the eight guanine “host”
carbonyl oxygens (GO6) that surround each “guest” cation:
K+ > Na+ ≈ Rb+ > Cs+ g Li+ (Ross & Hardin, 1994).
Potassium is the predominant monovalent cation in eu-

karyotic nuclei; Na+ is present at less than half the K+

concentration. While exact cation concentrations vary in
different cell types, typical basal ranges areca.30 mM Na+

andca.110 mM K+ (Boyntonet al., 1982; Ling, 1984). The
K+ concentration increases fromca. 90 to 130 mM during
the normal cell cycle. Patch-clamp studies of the mouse
nuclear membrane suggest that nuclear K+ concentrations
are regulated by K+ ATPase synports which are controlled
in Vitro by nucleotide cofactor concentrations (Mazzantiet
al., 1991; Bustamante, 1993). These results suggest that
changes in potassium concentration could change chromatin
structure by taking advantage of the unique sensitivity of
quadruplex formation to Na+ and K+ concentrations. In
theory, the cell could use physiological homeostasis and
nuclear compartmentalization to drive intra- and interdomain
binding interactions by ion-induced self-assembly reactions
within chromosomes, especially within G-rich chromatin
domains.
Telomere maintenance is associated with cell immortality

(Hastieet al., 1990; Kimet al., 1994). This has led to the
conclusion that telomerase inhibitors may be “effective
anticancer drugs” (Borman, 1994). The mechanism proposed
in the previous paragraph may be a significant link between
the functional status of G-rich domains, such as those in
telomeres, and the status of physiological growth factor-
mediated processes, which could be dysfunctional in cancer
cells.
Olivas and Maher (1995) found that cation and strand

sequence can act synergistically to limit the extent of
antisense triplex formationin Vitro. Potassium was found
to inhibit triplex formation by promoting a competing
quadruplex formation reaction. Kandimalla and Agrawal
(1995) found that foldback triplex-forming oligonucleotides
can promote quadruplex formation. Oligonucleotide se-
quence, solution conditions, and temperature affected the
predisposition of these processes, indicating their importance
in determining whether such sequences are functionally
effective in the quadruplex induction pathway.
An understanding of the protein components that modulate

the functions of telomeres and other G-rich chromatin is
beginning to emerge. Early findings with quadruplexesin
Vitro uncovered a protein chemistry that revolves in part
around basic amino acids and guanidinium functionalities
(Fang & Cech, 1993a,b). TheOxytricha telomeric DNA-
binding protein â and a number of other polycationic
proteins, including poly(L-lysine), promote quadruplex for-
mation. The details of how the proteins facilitate association
are not understood. Giraldo and Rhodes (1994) found that
the ubiquitous yeast protein RAP1 binds to GT-rich telomeric
DNAs and promotes intermolecular quadruplex assembly at

nanomolar concentrations. To quote Giraldo and Rhodes
(1994), this result “argues for the use [function] of DNA
quadruplexes in telomere association” and as a “means for
regulating the association and dissociation of telomeres”. One
goal of the present study is to develop a sufficiently realistic
thermodynamic and mechanistic foundation for these com-
plicated phenomena.
The oligonucleotide d(T2G4T2G4T2G4T2G4) can form three

different structures which, depending upon strand and cation
concentrations and type of cation, are thought to contain
either 1, 2, or 4 strands (Hardinet al., 1991). Since strand
folding interactions in the presence of cations play such an
important part in the proposed mechanism of quadruplex
formation in these aggregates, we set out to analyze the
detailed thermodynamics and kinetics of quadruplex forma-
tion starting with the small asymmetric 4-stranded quadruplex
[d(TG4)4‚(K+)3-5].1 Despite the apparent simplicity of this
system, the thermodynamic analysis is very complex and,
as a result, not completely tractable.
This report provides a relatively thorough description of

the quadruplex assembly reaction and characterizes thermo-
dynamic linkages between the constituent subreactions
involved in [d(TG4)4‚(K+)3-5] formation. Thermodynamic
evidence is presented to support the existence of a complex
“induced fit” assembly mechanism that proceeds by three
linked pathways. Two are formally classified asaggregra-
tion: (1) stepwise strand addition and (2) duplex dimeriza-
tion. The third route (3) involvesdisproportionationof a
six-stranded species (formed by triplex dimerization) to
produce the quadruplex and simultaneously cast off a duplex
when the strand is passed from the donor triplex to the
acceptor triplex.

MATERIALS AND METHODS

Sample Preparation.Oligonucleotides were synthesized
using standard phosphoramidite methods, lyophilized to
dryness from concentrated NH4OH, resuspended in deion-
ized distilled H2O, and dialyzed extensively against 0.1 mM
Li2EDTA (pH 7). Samples were dried and resuspended in
0.5 mL of 0.1 mM Li2EDTA (pH 7), then dialyzed
extensively against 10 mM potassium phosphate (KPi) (pH
7). Subsequent dialysis against 0.1 mM Li2EDTA (pH 7)
removed most of the residual KPi. After quantitation by UV
absorbance spectroscopy on a Shimadzu UV-160 spectro-
photometer, samples were stored at-4 °C at ca. 15 mM
d(TG4).
Equilibrium Dialysis of KCl Pre-Equilibrated Quadru-

plexes. Stock quadruplex samples (ca. 0.5-1 mL) were

1 Abbreviations: AA, atomic absorption spectroscopy; AK model,
Adair-Koshland “induced fit” model;Ra, net reaction extent of
association reaction ()1- Rd); C-BK, Cornish-Bowden and Koshland;
CD, circular dichroism;cT, total d(TG4) concentration (including all
strands incorporated into complexes);∆(∂Ra/∂T)R)0.5, peak half-width
of a differential plot ofRa vs temperature; EDTA, ethylenediamine-
tetraacetic acid;Ka, equilibrium association constant (calculated as 1/Kd);
Kd, experimentally determined equilibrium dissociation constant;K′i,
intrinsic microscopic equilibrium dissociation (Adair) constant; KPi,
potassium phosphate;KTm, equilibrium association constant determined
at theTm; LISA, lattice-independent strand aggregation; MWC, Monod-
Wyman-Changeux; ss, single-stranded; Tris-HCl, tris(hydroxymethyl)-
aminomethane titrated with HCl; ts, transition-state; WC, Watson-
Crick; êa, extent of the association reaction (assumed to be equal to
Ra); Ya, fractional saturation of the “lattice” in the “induced fit” models;
YQ, fraction of strands in quadruplex in the aggregation models.
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dialyzed against four 1.5 L buffer changes over 22 h into 10
mM KCl containing 0.1 mM EDTA in a BRL microdialysis
apparatus. Loosely bound K+ was removed by extensive
dialysis into Li2EDTA at pH 7. Potassium concentrations
in the [d(TG4)4)] samples were then determined by atomic
absorption (AA) spectrometry on a Perkin-Elmer model 3100
AA spectrometer. The results indicated that externally bound
condensed cations are replaced by Li+ while internally bound
K+ remains bound.
Absorbance Thermal Denaturation of d(TG4). Thermal

denaturation traces for the quadruplex to single-strand
transition were acquired on a Gilford Response II UV
spectrophotometer equipped with a six-position thermocon-
trolled cuvette holder. Temperature ramps from 25 to 95
°C were used with a step interval of 0.1°C and acquisition
rate of 0.25°C/min. All samples contained 100 mM Tris-
HCl (pH 7) and either 100 or 400 mM KCl. The d(TG4)
concentration was varied from 228 to 808µM in 100 mM
KCl and from 60 to 1260µM in 400 mM KCl. DNA
concentration changes were accommodated by using 10, 1,
and 0.1 mm path length CD cells. Melting temperatures
were determined at the maxima of differential melt plots
which were generated using the Gilford Response II soft-
ware.
The net reaction can be expressed as

We adopt the abbreviations ss (or S1) for single stranded
and Q (or S4) for quadruplexspecies and assume reaction
stoichiometries for K+ and d(TG4) based on atomic absor-
bance measurements and the definition of a quadruplex. The
net reaction is then

To obtain molar quadruplex concentrations, absorbance
values were measured for freshly diluted quadruplexes in
100 mM Tris-HCl (pH 7) at 23°C. The molar extinction
coefficient at 260 nm for the undissociated species was
determined from absorbances of fully associated samples of
known initial ss concentrations. This was done by starting
with a sample of quadruplex, measuring its absorbance, then
melting it and measuring the absorbance of the single strands.
Single-strand concentrations were determined using a single-
strand extinction coefficient which was calculated by the
nearest neighbor procedure (Cantor & Tinoco, 1965; Cantor
et al., 1970). The extinction coefficient for quadruplex was
calculated asεQ ) 4(εss)(AQ/Ass), whereAQ is the absorbance
of the quadruplex at 23°C, andAss is the absorbance of the
single strands at 80°C: εQ,23) 5.22× 104 M-1 cm-1. Fully
intact quadruplex preparations are inferred under conditions
in which the maximum concentration normalized CD ellip-
ticity at 264 nm remains unchanged despite a 10-fold increase
in oligonucleotide concentration [g1 mM d(TG4) under the
conditions used here]. (The ellipticity remains proportional
to the amount of strand added and∆ε264,Qremains constant.)
Equilibrium constants for the transition shown in eq 1 were

determined at the melting temperature (Tm) from absorbance
melts. The van’t Hoff relations (eqs 5 and 6) were used to
determine the van’t Hoff enthalpy for quadruplex association
(∆Ha) and predict extrapolated equilibrium constants at lower
temperatures (Marky and Breslauer, 1987).

Note that quadruplexes are dissociated (relatively irrevers-
ibly) in our experiments, then we calculateKa assuming it
is equal to 1/Kd.
The extrapolation in eq 6 assumes that the molar heat

capacityCp remains constant across the temperature range.
Actually, ∆Ha and Cp might change significantly as one
proceeds across the quadruplex melt curve (disassembly
reaction coordinate). Because changes inCp associated with
protein temperature-dependent unfolding might be significant
(Dill, 1990; Gomez & Friere, 1995) and similar effects might
be expected for quadruplex dissociation, the extrapolated
dissociation equilibrium constants and extrapolated∆Ga and
∆Sa values shown in Table 2 must be considered ap-
proximate. They will be most reliable at theTm and less so
at other temperatures. Introduced errors are probably not
large since∆Cp and (∂∆Ha/∂T)p are typically small for
unfolding-folding reactions of small globular proteins in the
20-60 °C range. Since the calorimetrically measured heat
exchange due to phase transitions in this temperature range
should be primarily due to solute structural transformations
and not bulk H2O phase changes, the trend for quadruplex
association-dissociation is probably similar to that observed
for proteins.
Quadruplex dissociation melt measurements were made

as a function of KCl concentration ranging from 0 to 0.6 M
at a constant DNA concentration of 600µM. For compari-
son, the DNA concentration-dependent melt data described
above were acquired at constant KCl concentrations of either
100 or 400 mM. Equations 3-6 were adapted to analyze
the dissociation thermodynamics as a function of KCl
concentration by assuming that three cations bound per
quadruplex formed.

1H NMR Spectroscopy. Proton NMR spectra of [d(TG4)4]
samples were acquired as a function of temperature using
the 1-1 hard-pulse solvent suppression technique on a 500
MHz GE Omega spectrometer. DNA quadruplex concentra-
tions wereca.0.2 mM, and samples contained 100 mM Tris-
HCl (pH 7), 0.1 mM EDTA, and 1, 10, or 100 mM KCl in
0.6 mL of 10% D2O/90% H2O. Approximately 0.1 mM
sodium TSP was included as chemical shift reference.
Circular Dichroism Equilibrium Association Isotherms.

Transitions from dissociated d(TG4) strands to quadruplexes
were monitored by CD at 264 nm on a Jasco J-600
spectropolarimeter. Temperature was controlled by recir-
culating water through cylindrical quartz CD cells from a
Neslab water bath. Cell temperatures determined by ther-
mocouple measurements did not differ from the bath tem-
perature from 0 to 90°C. A series of samples, with
concentrations ranging from 5 to 300µM d(TG4), were
prepared in 100 mM Tris-HCl (pH 7). Under these condi-
tions, at 23°C, preformed [d(TG4)4] is stable despite dilution
from milli- to micromolar concentrations, so samples were

n d(TG4) + mK+ T [d(TG4)n‚(K
+)m] (1)

4 ss+ 3-5 K+ T Q (2)

Ka ) [Q]/[ss]n ) Ra[n(cT)
n-1(1- Ra)

n]-1 (3)

Ka,Tm
) [n(cT/2)

n-1]-1 (4)

1
Tm

)
(n- 1)

∆Ha
ln CT +

∆Sa - (n- 1)R ln 2+ R ln n

∆Ha
(5)

ln[Ka(T)/Ka(Tm)] ) (∆Ha/R)[(T
-1) - (Tm

-1)] (6)
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heated at 80°C for 30 min to denature the complexes to ss
species (S1 ) R1 + T1, see Discussion). Samples were then
cooled for 15 min before adding 100 mM KCl, then
incubated at 37°C for up to 48 h. At several intermediate
times and at the end of the period, CD spectra were obtained
for each sample at 37°C and the ellipticity at 264 nm was
determined.
We make three assumptions. (1) We assume that the

observed change in molar ellipticity (∆θobs ) θobs,final -
θobs,initial) can be attributed entirely to the change in quadru-
plex concentration. While this is correct as a first-order
approximation, contributions to [θ]264 by intermediates
engaged in quadruplex assembly would introduce error into
quantitative analyses of the results. (2) We assume that∆-
[θ]264 is linearly dependent on the “tense” quadruplex
concentration, [T4] ([Q]). (3) We assume that∆[θ]264values
measured after storing the samples at d(TG4) concentrations
between 2 and 5 mM then diluting toca. 0.2 mM in 100
mM potassium phosphate (pH 7) correspond to a quadruplex
mole fraction of unity. Thespectroscopically obserVed
fraction boundRa is assumed to equal the fractionalextent
of reaction (ê), which is assumed to equal 1 when all
reactants and intermediates are converted to quadruplex. If
any remaining nonquadruplex species in the solution con-
tribute to [θ]264, the apparent∆θobs per mole of quadruplex
will be larger than the assumed value. We determined the
experimental CD at 264 nm per mole of strands incorporated
into quadruplex to obtain our assumed [θ]264 value of 3.05
mdegµM-1 cm-1.

This assumes that contributions due to CD spectra of
intermediates engaged in the assembly process do not
significantly perturb the ellipticity of the quadruplex. Under
most circumstances used in this work, strands are not
converted completely to quadruplex. The free energy
minimum is typically achieved atRa≈ 0.6-0.9. Essentially
complete conversion of S1 to Q can be achieved by lower-
ing the temperature and increasing the strand concentra-
tion.
Ellipticities were measured at 264 nm following a 48 h

equilibration period at 37°C in 100 mM Tris-HCl at pH 7.
Intrinsic (microscopic) equilibrium association constants
K′i (also called Adair coefficients) were calculated by fitting
the results to the following general equation:

Y, the fractional saturation of the lattice, was set equal toYa
(and assumed to equalRa). Binomial expansion coefficients,
f (nN), are (forN ) 4) f (14) ) 1, f (24) ) 3, f (34) ) 3, f (44) ) 1;
(for N ) 6) f (16) ) 1, f (2,...6 ) ) 5, 10, 10, 5, 1; (forn ) 8),
f (1,...8 ) ) 1, 7, 21, 35, 35, 21, 7, 1; and (forN ) 10), f (1,...10 ) )
1, 9, 36, 84, 126, 126, 84, 36, 9, 1. TheK′i correspond ton
intrinsic association constantsas defined by Cornish-Bowden
and Koshland (1975). To illustrate, letting A represent the

lattice and X the ligand, forN ) 4 the expression is

whereK′1 ) [AX]/4[A][X], K′2 ) 2[AX2]/3[AX][X], K′3 )
3[AX3]/2[AX 2][X], and K′4 ) 4[AX4]/[AX 3][X].
Binding isotherms were fit to eq 9 using the SAS curve

fitting program NLIN (SAS Institute, Cary, NC). Two
different assumptions involving the amount of single strands
(S1) remaining at equilibrium were investigated: (1) S1 )
cT(1- Ra) and (2) S1 ) cT/4. The former definition assumes
for comparative purposes that significant amounts of duplex
and triplex do not accumulate. The latter assumes that one-
fourth of the strands always remain free, that significant
amounts of triplex and duplex might accumulate and thatRa

) 0.75. Assumption 2 would be more appropriate at lower
strand concentrations where there is insufficient chemical
potential to drive extensive quadruplex formation, yet
intermediates should accumulate (Ra < 0.5; S1 * cT - 4S4).
Both assumptions produced results which indicate that the
quadruplex formation step requires more energy than any
other substep in the reaction.
Initial estimates were made by determining fits for step-

wise microscopic association equilibrium constants (K′i;
Adair constants in eq 8) across a range of preliminary
(coarse) solutions determined in an initial grid screen of the
parameter space. Optimal sets ofK′i values were deter-
mined based on two criteria: (1) the Jacobian matrix could
not be singular (all parameters used in the solution are
sufficiently uncorrelated), and (2) fit curves gave a good
visual approximation to the experimental results. While the
latter criterion could be satisfied in some situations by using
more parameters (e.g., for N g 6 relative toN ) 5), high
correlation betweenK′n values led to rejection of the fit.
Nonlattice aggregation binding models were also inves-

tigated. These models assume either stepwise strand addi-
tion, condensation of two duplexes, or a mixture of these
two assembly pathways. Detailed descriptions, including
statistical factors which take into account different strand
binding and removal mechanisms, are given in the Appendix.
Nomenclature. The nomenclature used to indicate repeti-

tive sequence DNAs within and apart from two- and higher
stranded complexes can be ambiguous. Brackets generally
indicate complexes in IUPAC nomenclature. Consider
[d(TG4)]4. Placing the subscripted 4 outside the brackets
(which is meant to indicate that four strands are in the
complex) is clearly incorrect usage. Placing the subscripted
4 within the brackets can imply that TG4 is repeated four
times, which is not correct. To be unambiguous, we
advocate writing out the entire sequence of a strand,
contracting repeated nucleotides using subscripts (e.g.,
GGGT f G3T), and reserving the subscript outside the
parentheses and within the brackets to indicate the number
of strands per complex. For example, [d(TG4TG4)3] refers
unambiguously to a triple helix composed of three d(TG4-
TG4) strands, containing two TG4 repeats each. Our complex
[d(TG4)4] contains 4 d(TG4) strands.

log( Y
1- Y) )

log(K′1CT + 3K′1K′2CT
2 + 3K′1K′2K′3CT

3 + K′1K′2K′3K′4CT
4

1+ 3K′1CT + 3K′1K′2CT
2 + K′1K′2K′3CT

3 )
(9)

[θ]264,Q) 4θobs/[S1] (Ra ) 1) (7)

log( Y

1- Y) ) log{ ∑
n)1

N

f (nN)[(∏i)1
n

K′i)([CT]
n)]

1+ ∑
n)1

N-1

f (n+1
N )[(∏i)1

n

K′i)([CT]
n)]} (8)
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RESULTS

Quadruplex Dissociation Thermodynamics: d(TG4) Con-
centration Dependence. Absorbance thermal denaturation
(melt) data obtained at 260 nm were used to determine
“equilibrium” quadruplex association constants assumingKa

) 1/Kd. The temperature was raised from 25 to 95°C at
0.25 °C min-1. All thermal denaturation curves were
approximately monophasic (results not shown).Tm values,
corresponding to peak maxima of first derivative melt plots,
were determined at 100 and 400 mM KCl to determine the
sensitivity of the results to K+ concentration. Results are
listed in Table 1.
Plots ofTm-1 versus lncT were constructed to determine

dissociation enthalpies (Figure 1A) by following standard
protocols (Marky and Breslauer, 1987).Equilibrium as-

sociation constants(Ka) were calculated from dissocation
results at the respectiveTm values (where thefraction of
dissociated quadruplexesRd is equal to 0.5) according to eq
5 of Marky and Breslauer (1987). Oligonucleotide concen-
trations in Table 1A and a quadruplex strand stoichiometry
of 4 were used. Similar analyses of quadruplex melt data
obtained with other sequences have appeared (Jinet al., 1990;
Guoet al., 1993; see below).
Experimentally determinedKa values (taken to be 1/Kd in

eqs 3 and 4), van’t Hoff slopes (Figure 1A), and calculated
equilibrium association constants determined at the Tm (KTm)
are listed in Table 2. The expression for the Q formation
equilibrium, which includes strands and Q if no intermediates
accumulate, is: 4ssf Q; Ka ) [Q]/[ss]4; the dimensions
are M-3. Units ofKd are cubic molarity.
The van’t Hoff treatment requires that the heat capacity

Cp of the system remain unchanged within the extrapolated
temperature range. Under this assumption, dissociation
equilibrium constants were predicted by extrapolating values
determined at 100 and 400 mM KCl at the respectiveTms to
37 and 23°C (Table 2). Remarkably, at 100 mM KCl and
0.81 mM d(TG4), Ka values (1/Kd) are predicted to increase
from 2.4× 1011 to 6.4× 1031 M-3 when the temperature is
reduced from 70 to 23°C (Table 2). These complexes are
exceptionally stable.
Association free energies(∆Ga) calculated from the

extrapolated equilibrium constants are listed in Table 3.
Entropic contributions to these association free energies
(-T∆Sa) were calculated using∆Ga and∆Ha in the Gibbs
equation (Table 3). The total free energy and thermodynamic
contributions due to∆Ha and-T∆Sa obtained by extrapola-
tion to 37 and 23°C are also listed in Table 3.
In general, enthalpic contributions to the overall free

energy stabilize the quadruplex while entropic contributions
are destabilizing (Table 3). For example, in 100 mM KCl
at 70°C, ∆Ga for [d(TG4)4] association (at 808µM strand
concentration) is equal to-18 kcal mol-1, the result of an
inferred association enthalpy (∆H°a) of -201 kcal mol-1

and free energy contribution due to entropy (- T∆S°a) of
183 kcal mol-1. Excess stabilizing enthalpies relative to
destabilizing entropy-derived free energies produce the
overall stabilization. This is reasonable considering the large
amount of order in an intact quadruplex and the large amount

Table 1: Melting Temperatures of [d(TG4)4‚(K+)3-5] Determined
from Temperature-Dependent Absorbance Changes at 260 nm
Measured as a Function of [DNA] and [K+]

100 mM KCla 400 mM KCla

[d(TG4)] (µM) Tm (°C)b [d(TG4)] (µM) Tm (°C)b

228 65.6 61.6 73.0
348 67.1 136.4 75.6
400 68.0 139.2 75.9
504 68.5 175.2 77.9
540 68.9 284.4 78.8
604 68.5 386.8 80.3
632 69.0 536 81.4
716 69.3 760 83.5
768 69.2 1260 86.4
808 70.3

aDetermined in 100 mM Tris-HCl, pH 7.b Standard errors were
<0.5 °C in duplicate determinations.

FIGURE1: Van’t Hoff analyses of absorbance thermal denaturation
results for the quadruplex [d(TG4)4]. (A) Absorbance melts were
measured as a function of [d(TG4)4] concentration at constant KCl
concentration. Reciprocal melting temperatures (Tm-1) from [d(TG4)4]
thermal denaturation profiles are plotted as a function of logCT
(Marky & Breslauer, 1987). Samples contained 100 mM Tris-HCl
(pH 7) and either 100 mM (b) or 400 mM (O) KCl; d(TG4)
concentrations ranged from 57 to 202µM in the 100 mM KCl
samples and from 15 to 315µM in 400 mM KCl. Linear regression
R2 values and slopes are listed in Table 2. (B) Van’t Hoff plot of
Tm-1 values plotted as a function of the KCl concentration. Samples
contained 150µM d(TG4) and 100 mM Tris-HCl (pH 7).R2 and
the slope are listed in Table 4B.

Table 2: Dissociation Constants for [d(TG4)4‚(K+)3-5] Determined
from Absorbance Melt Results and Inferred Association Constants
in 100 and 400 mM KCla

[d(TG4)]T
(µM)

[KCl] T
(mM) T (°C)

d(Tm-1)/
d(ln cT)b Kd (M3)c Ka (M-3)d

808 100 70.3 -2.970× 10-5 4.12× 10-12 2.43× 1011

387 400 80.3 -3.504× 10-5 4.52× 10-13 2.21× 1012

808 100 37 7.75× 10-26 1.29× 1025

387 400 37 1.87× 10-29 5.35× 1028

808 100 23 1.57× 10-32 6.37× 1031

387 400 23 4.17× 10-37 2.40× 1036

aDetermined in 100 mM Tris-HCl (pH 7) at the stated reactant
concentrations; initial quadruplex concentrations were assumed to be
equal to the total d(TG4) concentration divided by 4.b Slopes obtained
by linear regression of the respective van’t Hoff plots;R2 values were
0.987 for the 100 mM KCl data and 0.954 for the 400 mM KCl results.
cT refers to the total strand concentration.c Equilibrium constants
calculated by extrapolation from values obtained atTm according to eq
6 assuming that the van’t Hoff slope remains constant over the
temperature range.dCalculated asKa ) 1/Kd assuming that association
and dissociation are reversible.
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of freedom gained by the strands upon dissociation. The
difference between these contributions increases upon ex-
trapolation to lower temperatures, resulting in stabilizing free
energies between-43 and-50 kcal mol-1 at 23°C (Table
3), depending upon the KCl and strand concentrations. The
quadruplex was more stable at 400 mM KCl than at 100
mM KCl even though the DNA concentration was lower.
Complications might be expected as a result of using Tris

in the melt experiments. The change in pKa of Tris might
be as much as 2 units upon increasing the temperature from
25 to 95°C (pKa ) 8.3, dpKa/dT ) 0.031°C-1). The pH
region from about 5.5 to 8.5 in a plot ofobserVed assembly
rate constantversuspH (for two resolved relaxation sub-
processes) is relatively flat. Since the assembly rate constants
and assembly equilibrium constants show parallel behaviors,
we surmised that the equilibrium constants for quadruplex
assembly at pH 7 should not be particularly sensitive to
expected pH changes upon melting due to the temperature
dependence of Tris. Denaturation and assembly reactions
do not occur with equal ease due to a large kinetic barrier to
assembly (ka is. kd; manuscript in preparation). Therefore,
we cannot place much quantitative confidence in the
thermodynamic information obtained in the melt experiments,
where the temperature coefficient of Tris would be prob-
lematic.
We include the melt data because (1) they are semiquan-

titatively accurate, (2) they agree with those of Guo et al.
(1993) (which were also obtained under “irreversible”
melting conditions), (3) they address the linked effects of
strand and KCl concentrations, and (4) by comparison with
the assembly results, provide quantitative evidence for the
magnitude of the hysteresis effect in determinedKa andKd

values. Our CD quadruplex assembly data were all obtained
at 37 °C and are thus unaffected by the temperature
dependence of Tris.
Jin et al. (1990) provide an example of reversible qua-

druplex assembly data (from melts in 1 M KCl) and
thermodynamic analyses for the [d(G2T5G2)4] T 4 d(G2T5G2)
equilibrium. Their higher salt concentration is more con-
ducive to association and less so to dissociation than that
used by Gao et al. (1993) and in the present study (100-
400 mM).
Our treatment can only be considered approximate due to

the relatively rapid time frame used to acquire the denatur-
ation data (0.25°C min-1). TheTm values and widths of
the differential melt curves are strongly dependent upon

sample concentration. In addition, complexes do not readily
reform when samples are cooled to ambient temperatures.
These observations provide evidence for cooperativity

between strands in the quadruplex dissociation process and
indicate that the equilibrium is not readily reversible under
these circumstances.
Key issues that must be addressed to calculate (the most)

“correct”Ka values revolve around corrections due to possible
accumulated reaction intermediates and differences in pre-
dominant mechanism in the assembly and denaturation
reactions. Detailed dual-wavelength kinetic studies demon-
strate that accumulation and dissipation of intermediates can
be documented, but only semiquantitatively (manuscript in
preparation). The work suggests that the amounts of
accumulated intermediates are not large enough to seriously
alter the two-state behavior of the denaturation results,
especially in the positively cooperative denaturation direction.
Three different types of quadruplex assembly reactions are

thought to occur via different final steps: single strand-triplex
aggregation, duplex dimerization, and disproportionation of
a pair of triplexes to form a quadruplex and duplex. The
corresponding reverse dissociation reactions involve (1)
disassembly of the quadruplex to produce a triplex and strand
or two duplexes (see Figure 10), or (2) reverse-dispropor-
tionation (comproportionation). Hypothetical compropor-
tionation involves end-to-end [quadruplex‚duplex] formation
then strand passage from quadruplex to duplex to produce a
pair of triplexes (Figure 11).
Kinetic studies (manuscript in preparation) provide evi-

dence which suggests that [d(TG4)4] assembly is mostly due
to duplex dimerization and to a lesser extent to stepwise
strand addition, but that a small percentage (e15%) of
quadruplex is produced by disproportionation of two tri-
plexes. In contrast, [d(TG4)4] dissociation is probably almost
exclusively the result of successive strand losses or dissocia-
tion to form two duplexes. Reverse-disproportionation of
duplex and quadruplex species to form two triplexes is
probably rare because duplex-quadruplex encounters are
unlikely compared to complexes with the same number of
strands.
Xu et al. (1993), Williamson (1994), and Wyattet al.

(1996) found that quadruplex dissociation occurs slowly,
suggesting the presence of a high activation energy barrier.
On the basis of CD association kinetics results, quadruplex
assembly does not achieve thermal equilibrium at each
temperature during absorbance melt data acquisition, so
dissociation is not strictly reversible relative to the assembly
process. If the aggregation pathways predominate in both
directions and occur in similar proportions, the reaction is
mechanistically reversible in a microscopic sense. If one
pathway is more predominant or excluded in one direction
relative to the other, the equilibrium is not strictly reversible.
As a result, without sufficient knowledge regarding the
mechanistic features and reaction predispositions in both
directions, one cannot confidently infer accurate information
regarding quadruplex assembly based on quadruplex dis-
sociation thermodynamics determined from absorbance melt
results [e.g., Guoet al. (1993), Wyattet al. (1996), and Hud
et al. (1996)].
Dissociation Thermodynamics Determined as a Function

of KCl Concentration.Absorbance melt data were acquired
by varying the KCl concentration (0-0.6 M) at 150µM
d(TG4) in 100 mM Tris-HCl (pH 7) (Figure 1B; Table 4).

Table 3: Van’t Hoff Quadruplex Association Thermodynamics for
[d(TG4)4‚(K+)3-5] Determined from Absorbance Melt Results at 100
and 400 mM KCla

[d(TG4)]T
(µM)

[KCl] T
(mM) T (°C)

∆Ga

(kcal mol-1)
∆Ha

(kcal mol-1)
-T∆Sa

(kcal mol-1)

808 100 70.3 (Tm) -17.9 -200.7 182.8
387 400 80.3 (Tm) -17.5 -170.1 152.6
808 100 37.0 -35.6 -200.7 165.1
387 400 37.0 -40.8 -170.1 129.3
808 100 23.0 -43.1 -200.7 157.6
387 400 23.0 -49.3 -170.1 120.8
a Thermodynamics were determined with respect to d(TG4) concen-

tration liberated assuming four strands dissociate per quadruplex, that
the reaction is reversible and that∆Cp ) 0. The∆Sd values were
calculated using (1) the measured∆Ha (atTm, and assuming d∆Ha/dT
) 0), (2)Ka,Tm and the van’t Hoff relations to obtainKa (assumed to be
Kd

-1) at other temperatures, and (3) calculated∆Ga (-RT ln Kd
-1).
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Ka values for K+ binding to the quadruplex were obtained
from Tms, determined as a function of KCl concentrations,
by assuming that three cations bind per quadruplex andKd

) 1/Ka.
WhenmK+ ions bind (and no intermediates accumulate),

the net reaction is 4 S1 + mK+ f Q; Ka ) [Q]/[S1]4[K+]m;
the dimensions ofKa are (molarity)-(3+m) (for m ) 3, the
dimensions are M-6). Since the quadruplex dissociation
reactions all contained the same amounts of d(TG4) and the
amount of KCl was varied in these experiments, theKd values
in Table 4 only apply for K+ binding at 150µM [d(TG4)]T.
The appropriate reaction is 4 S1 + 3 K+ T [(S1)4‚(K+)3],
where 4 S1 and (S1)4 refer to the spectator DNA strands in
ss and Q. The dimensions ofKa are (molarity)-2 (in K+ only).
Melting temperatures (Table 4A) and the van’t Hoff slope

(Figure 1B; Table 4B) were determined as described for
[DNA] dependence results. Equilibrium constants were
extrapolated to 37 and 23°C by assuming thatCp is
temperature independent (Table 4B). Thermodynamic con-
tributions to dissociation at theTm and values obtained by
extrapolation to 37 and 23°C are listed in Table 4C.
As expected, theTm increases with increased KCl con-

centration (Table 4A). This analysis produces an inferred
Ka (1/Kd) for K+ binding, upon extrapolation to 37°C, of 2
× 106 M-2 (Table 4B). Cations are bound within the
quadruplex with reasonably high affinity. This corresponds
to a binding free energy (∆Ga) of -8.9 kcal/mol of cation
bound at 37°C (Table 4C). As discussed in the previous
section, this assumes that the dissociation reaction is revers-

ible, so the results are only approximate. Contributions to
the net free energies due to enthalpies and entropies
conformed to the same pattern as found for the DNA-
dependent melts. Enthalpic contributions stabilize the qua-
druplex more than entropic contributions destabilize it. As
with strands, cations will be much more ordered within the
quadruplex than in solution, so entropic factors should also
strongly oppose quadruplex formation.
Comparing the inferredKa values obtained with respect

to KCl concentration (Table 4B) with those obtained with
respect to d(TG4) concentration (Table 2) indicates that
strands are much more responsible for the overall stability
of the quadruplex than bound K+. Strand binding free
energies are approximately 4-fold larger than KCl-dependent
∆Ga values (-49.3 kcal mol-1 versus-11.4 kcal mol-1 at
23 °C).
The assumed K+ stoichiometry of 3 per quadruplex is

smaller than the average value determined by exhaustive
dialysis against 0.1 mM Li2EDTA followed by AA spec-
troscopy, 4.1( 0.4 (see below; Table 5). Since extensive
dialysis may not “scrub the quadruplex clean” of externally
bound K+, it is reasonable to assume that the lowest value
obtained by atomic absorption (3.3) is closest to the true
number of internally bound K+ ions. Only three cations bind
to [d(TG4)4] if the sites located between the four G-quartets
constitute the only high affinity binding sites.
Four bound cations per quadruplex might also be possible.

A “T-quartet” contains an [imino hydrogen‚carbonyl oxygen]
hydrogen-bonding pattern that is somewhat analogous to the
site on the face of a G-quartet (Sarmaet al., 1992; Cheong
& Moore, 1992). As a result, an extra lone pair electron on
the T carbonyl oxygen might be available for ligation with
a fourth internally bound cation in the space between the
5′-terminal G- and T-quartets. Depending on the sequence
and type of structure, two T‚T base pairs might also
encourage cation binding (Ross & Hardin, 1994). Given the
uncertainties, we list the range of bound K+ as 3-5:
[d(TG4)4‚(K+)3-5].
CooperatiVity in Quadruplex Dissociation. “Differential

melt” plots were obtained by calculating linear slopes using
successive temperature versusRa data pairs from the absor-
bance melt data sets. The half-width of the differential melt
curve,∆(∂Ra/∂Τ)R)0.5, is the temperature difference deter-
mined at half-height. This half-width parameter is a measure
of the average behavior of the reaction component popula-
tions with respect to temperature changes and is related to
the degree of cooperativity in the dissociation process (Marky

Table 4: Thermodynamics for [d(TG4)4‚(K+)3-5] Association
Inferred from Absorbance Melt Results as a Function of KCl
Concentration

A. Effect of KCl Concentration on theTm for
[d(TG4)4‚(K+)3] Dissociation

[K+] (mM)a Tm (°C)
0 35.6
50 65.3
100 68.6
200 74.3
400 80.5

B. Van’t Hoff Dissociation Constants and
Inferred Association Constants

[KCl] (mM) T (°C) d(Tm-1)/d(ln cT)b Kd (M2)c Ka (M-2)d

100 68.6 (Tm) -6.203× 10-5 7.50× 10-3 133.3
100 37 4.98× 10-7 2.01× 106

100 23 3.64× 10-9 2.75× 108

C. Van’t Hoff Association Thermodynamics
Extrapolated to 37 and 23°Ce

[KCl] (mM) T (°C)
∆Ga

(kcal mol-1)
∆Ha

(kcal mol-1)
-T∆Sa

(kcal mol-1)

100 68.6 -3.32 -96.10 60.74
100 37.0 -8.94 -96.10 55.13
100 23.0 -11.43 -96.10 52.64

aDetermined at 100 mM Tris (pH 7) and 150µM d(TG4). b Slope
obtained by linear regression of the van’t Hoff plot as a function of
KCl concentrations; R2 was 0.984. Standard errors were<0.5 °C in
duplicate determinations.c Equilibrium constants calculated by ex-
trapolation from values obtained atTm according to eq 5, assuming
that the van’t Hoff slope remains constant over the extrapolated
temperature range (∆Cp ) 0). Units are in terms of total K+ bound per
Q assuming a molecularity of 3 (see text).dCalculated asKa ) 1/Kd

assuming that dissociation is reversible.eThermodynamics determined
as described in Table 3.

Table 5: Stoichiometry of Tightly Bound K+ in [d(TG4)4‚(K+)m]

determination mK+/[d(TG4)4‚(K+)m]a mavg( σ

1- Q 3.71 4.58 ((0.62)
4.93
5.09

2- Q 3.77 3.55 ((0.22)
3.33

maverage 4.07 ((0.84)
ss controlb 0.08 ((0.11)

a Stoichiometries (m ( standard deviation) calculated from [K+]
determined by atomic absorption spectrometry, and [DNA] determined
by absorbance spectrometry at 260 nm. Samples were prepared by
dialyzing quadruplexes into 10 mM potassium phosphate (pH 7) then
0.1 mM Li2EDTA (pH 7) at 23°C. b Average and standard deviation
for three single-stranded samples produced as described in the Materials
and Methods.
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& Breslauer, 1987). Strand or cation concentration changes
shift populations across the range of temperatures corre-
sponding to the maximum in the differential melt curve, the
equilibrium “switchover temperature”, whereRd ) 0.5 )
Ra (Marky & Breslauer, 1987; Wyman & Gill, 1990).
Association predominates at lower temperatures; dissociation
predominates at higher temperatures; reactant and product
components are distributed equally at the switchover tem-
perature, which is by definition theTm.
Since microscopic steps in the overall reaction might have

very different energetic predispositions to occuring, the
differential melt profiles need not be symmetric about the
Tm. To a first approximation, they were symmetric in the
case of [d(TG4)4] dissociation. A narrower differential melt
curve produces a smaller half-width. In this case, fluxes
through intermediate states in the dissociation reaction are
more dependent upon temperature changes. Decreasing
∆(∂Ra/∂Τ)R)0.5 values for quadruplex dissociation indicate
that the process becomes more cooperative; increasing values
correspond to less cooperativity.
Peak half-widths,∆(∂Ra/∂Τ)R)0.5, are plotted as a function

of DNA concentration for [d(TG4)4] dissociation reactions
in Figure 2. Trends obtained at 100 and 400 mM KCl are
shown. The degree of cooperativity varies with DNA
concentration. The 400 mM KCl results were fit to an
exponential decay function to highlight the trend toward a
narrower temperature range, consistent with more cooper-
ativity in dissociation at elevated DNA concentrations in 400
mM KCl.
The 100 mM KCl samples melted with approximately

equal degrees of cooperativity in experiments done across
the 50-200 µM d(TG4) concentration range (Figure 2). In
fact, a slight increase in∆(∂Ra/∂Τ)R)0.5 is evident at higher
DNA concentrations, indicating a slight loss in cooperativity.
The 100 and 400 mM KCl curves overlap atca. 19 µM
[d(TG4)4]. This confirms that the strand and cation com-
ponents are allosterically linked.
Equilibrium Dialysis: Internally Bound Potassiums. Does

a population of K+ remain tightly bound within the quadru-
plex in preference to exchange with solvent cations despite
exhaustive dialysis against Li+-containing solutions? The
structure of the complex suggests that three potassiums bind

internally with very high affinity [see Ross and Hardin
(1994)]. To investigate this question, we dialyzed the
quadruplex exhaustively against 0.1 mM Li2EDTA (pH 7)
in an effort to measure only the most tightly bound
potassiums.
Ammonium (NH4+) has essentially the same van der

Waals radius as K+ and may remain bound within the
quadruplex following removal of synthetic protecting groups
from newly synthesized oligonucleotides with concentrated
aqueous NH4OH. Work with quadruplexes formed by poly-
(inosine) strands showed that NH4+ remains bound within
the structure and stabilizes the complex about as well as K+

(Howard & Miles, 1982). To minimize this possibility,
bound NH4+ was replaced by dialyzing the samples exten-
sively against 100 mM KCl prior to the EDTA dialysis.
If potassiums bind within [d(TG4)4‚(K+)3-5] with Ka values

aboveca. 106 M-2, the binding sites should be essentially
fully occupied ing100 mM KCl. Potassium-dependent melt
results (Table 4B) indicate that this is likely to be the case.
Samples were dialyzed against 100 mM KCl in 100 mM
Tris-HCl (pH 7) to pre-equilibrate the quadruplex with K+,
then against 10 mM LiCl (pH 7) containing 0.1 mM Li2-
EDTA. Bound potassium content was determined by atomic
absorption spectrometry. DNA strand content was deter-
mined based on absorbance measurements at 260 nm (see
Methods). On the basis of CD results obtained under the
same conditions, we inferred that essentially all of the strands
were incorporated into quadruplex and that the ratio of K+

to 0.25[d(TG4)]T equals the ratio of internally bound potas-
sium atoms to quadruplex. Results shown in Table 5 indicate
thatm ) 3-5.
Equilibrium may not be achieved in the “equilibrium

dialysis” experiments. “Exhaustive dialysis” is probably a
more appropriate term for our procedure. “Irreversibly
melted” quadruplex samples (single strands) were dialyzed
against LiCl until the external K+ concentration was very
low. All ss samples retained< 0.1 K+ per strand (results
not shown), while the quadruplexes retained the numbers
listed in Table 5. The results depend upon two factors, the
kinetic barrier to dissociation of internally bound K+ and
the ability of Li+ to competitively displace internally bound
K+.

1H NMR Spectroscopy. The 1H NMR spectrum of
[d(TG4)4] in 10 mM sodium phosphate (pH 7), 1 mM EDTA
at 20 °C has four well-resolved peaks in the imino proton
region (10.2-11.2 ppm; see Supporting Information). These
results indicate that [d(TG4)4] is a stable quadruplex under
these circumstances. Similar results have been obtained with
the quadruplex formed by d(T2G4T) (Wang & Patel, 1992;
Xu et al., 1993).
CD Quadruplex Assembly Reaction Time Course. To

learn about the contributions of intermediate processes,
quadruplex formation was studied in detail using equilibrium
and kinetic CD measurements. These measurements are
superior to absorbance measurements because they are more
sensitive and allow one to better resolve signals due to
different processes [e.g., Hardinet al. (1992)]. CD associa-
tion data were acquired as a function of d(TG)4 concentration
in 100 mM Tris-HCl (pH 7) containing 100 mM KCl.
Potassium-induced association of d(TG4) was monitored in
100 mM Tris-HCl (pH 7) buffer containing 100 mM KCl at
37 °C and data were acquired in 0.1, 1, and 10 mm CD cells.
Calculatedfractions of strands assembled into quadruplex

FIGURE2: Evidence for cooperativity: DNA quadruplex differential
thermal denaturation profiles. Reactions were monitored as a
function of [d(TG4)4] concentration in 100 mM Tris-HCl (pH 7)
containing either 100 mM (b) or 400 mM (O) KCl. Differential
melt profiles were calculated analytically from thermal denaturation
data at the indicated d(TG4) concentrations. Half-widths of these
differential melt profiles correspond to the temperature ranges that
are spanned by the differential melt peaks at half-height,∆(∂Rd/
∂T)0.5. More cooperative quadruplex denaturation occurs over a
narrower temperature range, which produces a smaller∆(∂Rd/∂T)0.5
value. The 100 mM and 400 mM KCl data were fit to linear and
exponential decay equations, respectively, solely to indicate the
general trends.
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Ra ranged from 0 toca. 0.9 (assuming they are equal to
assembly reaction extentsê).
Results shown in Figures 3 and 4 demonstrate that thermal

denaturation of the quadruplex is reversed by adding KCl
to the sample. The CD of the DNA at 264 nm, [θ]264, before
and after thermal denaturation is shown in Figure 3A. Two
features of the spectra changed during quadruplex dissocia-
tion; the intensity at 264 nm decreased substantially and the
maximum positive ellipticity in this range shifted to 255 nm.
The simplest interpretation is that the loss of 264 nm ellipti-
city monitors quadruplex loss and that the intensity of the 255
nm band might be used to moniter single strand formation.
Figure 3B shows the temperature dependence of the

spectrum of single-stranded d(TG4). The ellipticity at 255
nm decreases to less than half the value obtained at 20°C
when the temperature is raised to 60°C. This behavior is
consistent with a large loss of stacking interactions at 60°C
which are much more intact at 20°C (Vesnaver & Breslauer,
1991). These stacking interactions reform rapidly and almost
completely when the temperature is returned to 20°C.
Unlike quadruplex dissociation, loss of stacking is reversible
under these conditions.
The situation would be more complicated if single strand

buildup changed the value of [θ]264 substantially (manuscript

in preparation). Fortunately, 264 nm represents a (nearly)
zero ellipticity crossover point in the spectrum of the apparent
single-stranded species. Thus, it remains essentially isoel-
liptic, independent of the status of the single-stranded popu-
lation, and gives a reasonably accurate assessment of the
change in quadruplex population upon association or dis-
sociation. In contrast, changes in quadruplex concentration
strongly affect [θ]255. As a result,θobs, 255cannot be used
directly to monitor ss concentrations in samples that contain
both ss and Q.
Figure 4A shows selected quadruplex association time

courses monitored by following the CD of the DNA at 264
nm, [θ]264, after adding 100 mM KCl. Strand concentrations
ranged from 5 to 350µM; Tris-HCl buffer was used to obtain
equilibrium data under the conditions used in the assembly
kinetics studies (manuscript in preparation). (The samples
also contained 100 mM Tris-HCl (pH 7) and 0.1 mM Li2-
EDTA to buffer against pH changes and sequester divalent
cations, respectively.)
MeasuredRa values obtained 48 h after adding 100 mM

KCl to reactions that containedg86µM d(TG4) are similar
to the 10 h values (Figure 4A, closed diamonds). However,
the 39µM d(TG4) assembly reactions probably do not reach
equilibrium distributions at 48 h (Figure 4A, open diamonds).
It is unclear how well equilibrated the 4 and 12 mM samples
become after 48 h; however, the results suggest that the
measured ellipticities are probably similar to kinetically
asymtoticRa values. TheRa determinations have approx-
imate uncertainties of(5%.
Equilibrium Quadruplex Assembly Isotherm. A plot of

the Ra as a function of the logarithm of the total strand

FIGURE 3: (A) Circular dichroism spectrum of [d(TG4)4‚(K+)3-5]
in 100 mM Tris-HCl (pH 7), 0.1 mM EDTA at 23°C (I) before
and (II) after thermal denaturation at 80°C for 30 min then returning
the sample to 23°C. Curve A corresponds to>95% metastable,
intact DNA quadruplex; curve B corresponds to>95% single-
stranded d(TG4). The dotted line at 264 nm shows the magnitude
of the CD change that was monitored to study quadruplex assembly.
Note that the d(TG4) single-strand spectrum has nearly zero
ellipticity at 264 nm. The d(TG4) concentration is 150µM. (B)
CD spectra of single-stranded d(TG4) (trace II in panel A) obtained
after melting the metastable quadruplex and cooling the sample to
20 °C, but not reassembling the complex. The upper spectrum at
255 nm was obtained at 20°C before melting. Spectra were obtained
during the second melt at 60, 50, and 40°C (from least to third
least intense spectra at 264 nm) and at 20°C after the first and
second melt, respectively (the two most intense spectra at 264 nm).
Comparison of the latter two spectra indicates that the structural
transition associated with the second melt is almost completely
reversible.

FIGURE 4: Circular dichroism equilibrium quadruplex assembly
isotherms at 37°C. (A) Association curves are shown for the
following d(TG4) concentrations: (O) 4.4 µM, (9) 12.2µM, (4)
39.4 µM, ([) 85.5 µM, (b) 0.133 mM, (0) 0.187 mM and (2)
0.326 mM. Samples were prepared by incubating DNA in 100 mM
Tris-HCl (pH 7) at 80°C for 30 min, cooling to 37°C for 10 min,
adding 100 mM KCl and incubation at 37°C for up to 48 h. The
fraction of d(TG4) that assembles into quadruplex,Ra, is plotted as
a function of incubation time. (B) Assembled strand fractionsRa
obtained after 48 h are plotted as a function of the total strand
concentrations in reactions which include those shown in panel A.
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concentration (logcT) is shown in Figure 4B. Complete
assembly occurs whenRa becomes 1. These results show
that stability of the quadruplex increases dramatically at
d(TG4) concentrations around 10-20 µM and less so at
higher [d(TG4)]T. This behavior is consistent with a high
degree of positive cooperativity in the early stages of the
quadruplex assembly reaction and negative cooperativity in
the latter stages. The curve is not distributed sigmoidally
about the mean (Ra) 0.5), and data associated withRa values
g 0.7 are spread across a significantly larger range of
concentrations than at lowerRa, indicating that quadruplex
assembly is suppressed in the latter stages. These observa-
tions suggest a quadruplex assembly reaction coordinate
involving positive cooperativity, then negative cooperativity.
Association (binding) isotherms obtained upon equilibrat-

ing for 48 h at 37°C are shown in Figure 4B. Given the
relatively long equilibration period and stable limiting
behavior, these results provide a reasonably good approxima-
tion of the equilibrium assembly isotherm.
The assembly data were analyzed on Hill plots to extract

quantitative free energies and deduce the progression of
cooperativity across the assembly reaction coordinate (Figure
5, panels A and C). The induced fit method of Cornish-
Bowden and Koshland (1975) was chosen to fit the results
to cooperativity profiles instead of the less flexible method
of Monod, Wyman, and Changeux (MWC) (Changeux &
Rubin, 1968; Wyman & Gill, 1990) because it includes both
positive and negative cooperativity. To carry out the
analysis, the magnitudes of the intrinsic microscopic (step-
wise) equilibrium constants were varied to study the ther-
modynamic linkages between the subreactions in the quad-
ruplex assembly pathway (Wyman & Gill, 1990).

Induced fit in the context of quadruplex formation can be
inferred from the deviation of the slope of the Hill plot from
unity (Figure 5, panels A and C). Binding data obtained
after the 48 h incubation timepoint (Figure 4A, far right)
were least-squares fit to eq 8 (Cornish-Bowden and Ko-
shland, 1975) using two assumptions regarding the concen-
tration of remaining ss at equilibrium:S1 ) cT(1 - Ra) or
S1 ) cT/4 (see Methods). Adequate fits were obtained based
on F-tests, nonsingularity of the Jacobian matrices and visual
conformance to the data (see Methods). We tested models
involving binding of three, four, and 5 strands to a presumed
cation-bound, single-stranded “lattice”. It was necessary to
use four or five microscopic binding constants,K′i, to obtain
sufficient flexibility to least-squares fit the data to reasonable
conformance and capture the unique cooperativity pattern
(Figure 6A). This implied the surprising result that com-
plexes containing five and six strands participate in quadru-
plex assembly in addition to duplexes and triplexes. Argu-
ments based on binding statistics (see Appendix) and results
from concentration-jump kinetics analyses (manuscript in
preparation) provide additional reasons to believe that this
unexpected conclusion is correct. While a relatively wide
range of possible solutions was screened, we did not attempt
Monte Carlo (global) analysis of the problem, so additional
reasonable fits might exist.
Two sources of confusion might be encountered below.

(1) Two different models were used, the lattice-based
“induced fit” (C-BK) model is different from the “lattice-
independent strand aggregation” (LISA) model. (2) It might
lead to confusion that either K+ or strand ligands are assumed
to bind a scaffold composed of an initial strand. The C-BK
model is the same as used in their 1975 paper, but in the

FIGURE 5: (A) Hill plot of the 48 h, 264 nm CD quadruplex assembly data (from Figure 5B) fitted to 3-, 4-, and 5-step Adair binding
isotherms calculated using eq 8.Ya is the fraction of assembled d(TG4) strands. The diagonal line with a slope of unity represents results
for a noncooperative process (aligned with the lower concentration data points). The 3- and 4-step fits nearly superimpose upon the 5-step
fit. The 5-step model fits the data best based on visual comparison. Values were calculated assuming that intermediates species do not
accumulate to appreciable extent,S1,eq) cT(1 - Ra). (B) The slope of the Hill plot (nH) from panel A is plotted as a function of the initial
d(TG4) concentration. Cooperativity increases when the microscopic equilibrium constant increases (Ki > Ki-1) and the reaction becomes
more spontaneous (nH > 1); cooperativity decreases (Ki < Ki-1) at strand concentrations corresponding tonH < 1. Slopes were calculated
for consecutive pairs of points shown in panel A. (C and D) Same as panels A and B except assuming thatS1 ) 0.25cT.
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form of a general binomial distribution expression (eq 8),
like that of Weber (1991). We include an explicit example
for a [tetramer‚(ligand)4] binding lattice system (eq 9).
Our exact interpretation is that strands bind to a lattice

which we assume to be an initial cation-bound strand. We
maintain that the exercise is useful because it provides a first
glimpse of the allosteric energies and progressive energy
patterns that facilitate the early stages of assembly and inhibit
the latter stages. The results are probably capturing signifi-
cant features of the energetics, but there are complications
regarding interpretations.
We used the C-BK approach with some reservation. The

goal was to understand the energies of the subreactions in
quadruplex assembly. The central questions are (1) does the
reaction involve simple cooperativity or true allosterism and
(2) does the C-BK model offer advantages relative to more
conventional “linear aggregation” models [see Wyman and
Gill (1989)]? We think the answers are (1) true allosterism
and (2) it does. Definitions of “allosterism” vary and are
somewhat disparate regarding details. Typical textbook defi-
nitions revolve around external (allosteric) effectors, which
bind and thereby alter the activity of apreformedentity (e.g.,
stepwise O2 binding to hemoglobin tetramer). Broader
definitions include effector-induced changes in aggregate
subunit number (Wyman & Gill, 1989). Since previous
linear aggregation models do not always explicitly stipulate
distribution statistics (e.g., binomial distributions are assumed
in the C-BK model) or are more limited in application, we
chose the well-established and versatile C-BK approach.
The “fractional saturation” index in the Hill plot,Ya, is

the extent of saturation of all of the binding sites on the
“lattice” and was assumed to equalRa (Figure 4). Plotting
the ligand binding fractionYa/(1 - Ya) spreads the data out
and emphasizes the d(TG4) concentration range correspond-

ing to Ya ) 0.5, the “switchover point” in the binding
isotherm. This allows easier detection of changes in
microscopic binding constants, and thus quantitative assess-
ment of cooperativity.
Hill slopes (nH), determined from the data as simple

analytic (running two point) slopes, are plotted as a function
of d(TG4) concentration in Figure 5, panels B and D. When
nH is greater than one, the reaction is positively cooperative
(i.e., K′i+1 > K′i). WhennH < 1, the reaction is negatively
cooperative (i.e., K′i+1 < K′i). Positive cooperativity is
observed for quadruplex assembly in the 5-50 µM d(TG4)
concentration range, wherenH is>1. Negative cooperativity
is observed above 100µM d(TG4), wherenH is <1.
Expressions for lattice involving 2, 3, 4, and 5 sites were

specified and incorporated into separate nonlinear least-
squares fit programs in SAS then fit against the assembly
data. Microscopic equilibrium constantsK′i for steps as-
sociated with addition of the listed number of strands to the
lattice were derived from the fits (Tables 6 and 7) and are
shown in Figures 6A and 7A. Products of theK′n values are
listed in Tables 6 and 7 and shown in Figures 6B and 7B to
illustrate the net binding constant for all of the steps to a
given point in the reaction coordinate. The dimensions of
these products are (molarity)-n+1 for n bound strands.
Products of equilibrium constants for all of the steps (n)

5), Πi)1,5K′i, are 3.8× 1018 M-4 assumingS1 ) 0.25cT and
6 × 1013 M-4 assumingS1 ) cT(1 - Ra). The quadruplex
is very stable, especially after extrapolation to 23°C (Table
2). This is in agreement with reciprocal dissociation
constants determined by absorbance melt experiments. Note
that theΠi)1,nK′i values are not as large as the extrapolated
reciprocalKd values. This suggests that either the extrapola-
tion is not reliable (i.e., ∆Cp * 0), different pathways
predominate in the assembly and dissociation directions,

FIGURE 6: (A) Logarithms of “induced fit” microscopic quadruplex association constants (logK′i) obtained by nonlinear least-squares fits
of the assembly isotherm assumingS1 ) 0.25cT (Figure 5C and D). Data are plotted as a function of number of strands added to the lattice
as defined by eq 7 and fit for lattices binding either 3 (O), 4 (]) or 5 (0) strands (Cornish-Bowden & Koshland, 1975). The lattice is
assumed to be a [strand‚cation] complex, implying that these modeled complexes have 4, 5, and 6 strands, respectively (see text). Interpolated
lines are included to clarify the trends between points. (B) Logarithms of the products ofK′i are plotted as a function of number of strands
added to the lattice using the results from panel A. (C)∆G′i calculated from the results in panel A. Interpolations were made between data
points to clarify the trends. (D) Sums of the microscopic free energy contributions to quadruplex assembly correspond to net binding
affinity of each strand addition subreaction (from panel C).
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which produces hysteresis, or both factors are operative.
The corresponding free energies (∆G′i) for the 3-, 4-, and

5-strand models are shown in Figure 6C. Sums of these
values are listed in Tables 6 and 7 for each of these strand-
addition reactions and shown in Figures 6D and 7D,
respectively. These results express the energetic cooperat-
ivity profiles and net energies accrued at each stage in the
assembly reaction quantitatively. The reactions all have
negative free energies. The second steps in the 3- and
4-strand addition models are more favorable than the first;
subsequent steps are less favorable. Said differently, binding
of the first strand to the “lattice”, results in more facile
binding of the second strand. The energetic drive behind
the third and fourth reactions becomes progressively smaller.
Strand binding is positively cooperative in the initial two
steps, then negatively cooperative in the latter steps.
Models which involve adding five strands to the lattice

fit the data best under both equilibrium S1 concentration
assumptions [S1 ) cT(1 - Ra) andS1 ) 0.25cT)]. This was
the only viable model whenS1 was set equal tocT(1 - Ra)
(Figure 7). Both calculations predict that triplex to quadru-
plex conversion makes the largest individual contribution to
the net free energy change required to convert single strands
to quadruplex (Figure 7, panels A and B). The cooperativity
pattern is dominated much more by the free energy of the

triplex to quadruplex transformation under theS1 ) cT(1 -
Ra) assumption. The other steps make relatively small
contributions to the net free energy. In contrast, the 1- and
2-strand addition reactions contributed the largest individual
free energies in theS1 ) 0.25cT model for n ) 3 and 4
(Figure 6). Free energies required for duplex and quadruplex
formation reactions (forn) 3) and pentaplex formation (for
n ) 4) were only slightly smaller. In contrast, forn ) 5
assumingS1 ) 0.25cT, triplex formation requires about 5-fold
less energy than duplex formation and about 10-fold less
energy than quadruplex formation (Figure 6). Since we do
not have much knowledge regarding the extent of intermedi-
ate accumulation, we cannot place more emphasis on one
of these models; however, we think they give some indication
regarding the range of behaviors which might be expected
with regard to cooperativity and numbers of strands involved
in quadruplex assembly.
LISA Models for Quadruplex Assembly. A set of lattice-

independent strand aggregation(LISA) models was also
tested to fit the equilibrium assembly isotherms (Figure 8A).
Derivation of expressions forYQ in the context of these
models is discussed in the Appendix. These models were
developed and tested because aggregation seemed to be a
likely pathway for quadruplex formation. The C-BK ap-
proach is not specifically interpretable within the context of

Table 6: Microscopic and Overall Association Constants Used To Fit the C-BK [d(TG4)4‚(K+)3-5] Assembly Binding Isotherm and Strand
Number-Dependent Association Free Energies

Microscopic Equilibrium Constants (per strand bound)

parametera na 1 2 3 4 5

K′i (unitless) 3 1.06× 105 4.07× 105 5.00× 103

4 1.10× 103 1.34× 105 9.97× 103 1.00× 103

5 2.57× 103 9.33 4.01× 107 9.94× 103 4.01× 102

K′i/K′i-1 b 3 0.26 81.4
4 121.8 0.074 0.100
5 0.0036 4.297× 106 2.479× 10-4 0.0403

Πi)1,iK′i c 3 1.06× 105 4.31× 1010M-1 2.16× 1014M-2

4 1.10× 103 1.47× 108 M-1 1.47× 1012M-2 1.47× 1015M-3

5 2.57× 105 2.40× 105 M-1 9.62× 1011M-2 9.56× 1015M-3 3.83× 1018M-4

Microscopic Free Energies (per strand bound)
∆G′i (kcal mol-1) 3 -7.13 -7.65 -5.04

4 -4.31 -6.99 -5.45 -4.26
5 -4.84 -1.32 -10.37 -5.67 -3.69

∑i)1,n∆G′i (kcal mol-1)d 3 -7.13 -15.09 -20.34
4 -4.31 -11.58 -17.25 -21.51
5 -4.84 -7.63 -17.00 -22.67 -26.36

a Binding sites filled per lattice. Index i refers to the specified step in a n-step Adair binding isotherm, corresponding to intrinsic equilibrium
association constant (C-BK, 1975). Values were calculated assuming that 25% of the sample remains in the single strand pool,S1,eq) 0.25cT; T )
37 °C. bRatio of Adair constants. A value of 1 corresponds to no cooperativity in the transformation from species (i - 1) to speciesi; values<1
denote negative cooperativity; values>1 denote positive cooperativity.c Products of microscopic association equilibrium constants.d Sums of
microscopic association free energies.

Table 7: Microscopic and Overall Association Constants, Cooperativity Ratios, and Strand Number-Dependent Association Free Energies
Used To Fit the C-BK [d(TG4)4‚(K+)3-5] Assembly Binding Isotherm

parametera 1 2 3 4 5

Microscopic Equilibrium Constants (per strand bound,n) 5)
K′i (unitless) 3.32× 103 7.5 1.49× 107 2.75 59.09
K′i/K′i-1 b 2.27× 10-3 1.99× 106 1.85× 10-7 21.5
Πi)1,nK′i c 3.32× 103 2.49× 104 M-1 3.71× 1011M-2 1.02× 1012M-3 6.03× 1013M-4

Microscopic Free Energies (per strand bound,n) 5)
∆G′i (kcal mol-1) -5.00 -1.24 -10.17 -0.62 -2.51
Σi)1,n ∆G′i (kcal mol-1)c -5.00 -6.24 -16.41 -17.03 -19.54
aCalculated from the equilibrium binding isotherms by assuming that intermediates species do not accumulate to an appreciable extent,S1,eq)

cT(1 - Ra); T ) 37 °C. Two, three, and four strand addition models did not yield satisfactory fits.bRatio of microscopic equilibrium constants
defines the “cooperativity ratio”.c Products of microscopic association equilibrium constants and sums of microscopic association free energies.
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quadruplex assembly because the nature of the “lattice” is
unclear. The LISA models explicitly define each bound
component. The LISA models are defined with respect to
the microscopic equilibrium constants in terms offraction
of strands bound in quadruplex, YQ, and not those that are
bound to intermediate structures. If a reasonable fit can be
obtained, they might provide a better defined assembly
mechanism.
The change in ellipticity at 264 nm is ostensibly only due

to quadruplex formation; however, contributions due to
assembly intermediates also may contribute to these values.
In the C-BK model (eq 8),Ya is thefraction of strands bound
to the lattice, which we interpret to be the first strand in an
assembling quadruplex. Thus, all of the intermediates are
included inYa and the model does not conform strictly to
strands undergoing quadruplex formation alone, but rather
to strands incorporated into all complexes. When reactants
and intermediates are unfavored,Ya ≈ YQ.
Aggregation models for two different pathways were fit

to the quadruplex assembly data. The first mechanism
involved duplex, triplex and quadruplex formation by addi-

tion of three successive strands (Table 8; see Appendix). The
second model involved duplex formation followed by dimer-
ization of two duplexes to form the quadruplex. Since triplex
formation is almost certainly easier than quadruplex forma-
tion, a third model was developed which includes acquisition
of a single strand by duplex to form a triplex, but the triplex
is not allowed to take on another stand to form a quadruplex.
In a fourth model, quadruplex formation by strand addition
to the triplex was allowed at the same time as duplex
dimerization. This equilibrium scheme involves two simul-
taneous pathways which share the same reactants (duplexes)
and products (quadruplex). The equilibrium involves bifur-
cation into two parallel pathways depending upon the
preferred fate of duplex intermediates. A “gating factor”
(γ) was implemented to determine the preference of stepwise
strand addition relative to duplex dimerization in the least-
squares fit (γ ) 0.5 indicates equal preference).

None of the models provided particularly good fits to the
data (Figure 8), but all showed weak conformance. A similar
approach to that used to fit eq 8 that involved screening of a
set of possible solutions was used and the same criteria were
used to judge solutions. On the basis of visual inspection,
these fits are clearly worse than those that were obtained
with the induced fit approach (compare Figures 5 and 8).
The results indicate that duplex dimerization is more likely
than step-wise strand addition (Table 8;γ ) 0.38).

Microscopic equilibrium constants K′i determined from
fits to the stepwise strand addition and duplex dimerization
models are shown in Figure 9B. Free energies for the
respective subreactions (∆G′i) are shown for the same two
models in Figure 9C. Despite relatively poor fits to the data,
interesting cooperativity patterns were obtained. The free
energy required to complete the initial step in duplex
dimerization, duplex formation, was very large (13.2 kcal
mol-1), while quadruplex formation required much less free
energy (2 kcal mol-1). The first two strand additions (duplex
and triplex formation) occured with negative cooperativity;

FIGURE 7: (A) log K′i obtained by nonlinear least-squares fits of the assembly isotherm assuming S1 ) cT (1 - Ra). Results analogous to
(B) log (Πi)1,n K′i); (C) ∆G′i; and (D)∑i)1,n ∆G′i. Only the model for a lattice with five binding sites could be fit to the results. The three
and four strand models were too stiff to provide satisfactory fits. Except for S1, the assumptions and definitions are as in Figure 6.

FIGURE 8: (A) Nonlinear least-squares fit LISA binding isotherms
calculated using models involving duplex-duplex aggregation (___),
and triplex-single-strand aggregation (-‚-‚-) (see Appendix).YQ is
the fraction of strands that assemble into quadruplexes.
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strand additions 2 and 3 (triplex then quadruplex formation)
involved positive cooperativity. In contrast, the pattern
obtained using the C-BK approach forn ) 3 predicted
positive cooperativity followed by negative cooperativity in

the same three steps (compare Figures 9C and 6C). As
expected, the mixed nonlattice models had intermediate
behaviors relative to calculations with the isolated duplex
dimerization and strand-addition models (Figure 9C).

Table 8: Microscopic and Overall Association Constants and Free Energies Obtained from Fits to the Lattice-Independent Aggregation (LISA)
Models for the [d(TG4)4‚(K+)3-5] Quadruplex Assembly Isotherma

Microscopic Equilibrium Constants (per strand or duplex binding step)

parameter modela 1-2 2-3 3-4 2-4

K′i 422 2.05× 109 24 M-1

431 1.21× 105 4.98× 103 5.50× 105

321, 422 9.96× 103 6.18× 103 7.70× 103 M-1

431, 422 (γ ) 0.38)b 1.00× 104 1.02× 104 5.00× 104 1.70× 103

Ki/Ki-1
c 422 1.17× 10-8

431 -0.0412 110
321, 422 0.620 1.25
431, 422 (γ ) 0.38) 1.02 4.90 0.034

Πi)1,nK′i d 422 2.05× 109 4.92× 1010M-3

431 1.21× 105 6.03× 108 M-1 3.31× 1014M-2

321, 422 9.96× 103 6.16× 107 M-1 4.74× 1011M-3

431, 422 (γ ) 0.38) 1.00× 104 1.02× 108 M-1 5.10× 1012M-2 8.67× 1015M-3

Microscopic Free Energies (per strand or duplex bound)
∆G′i (kcal mol-1) 422 -13.2 -1.96

431 -7.21 -5.24 -8.14
321, 422 -5.65 -5.38 -5.51
431, 422 (γ ) 0.38)b -5.67 -5.69 -6.66 -4.58

Σi)1,n∆G′i 422 -13.2 -15.2
(kcal mol-1)d 431 -7.21 -12.5 -20.6

321, 422 -5.65 -11.1 -16.6
431, 422 (γ ) 0.38)b -5.64 -11.4 -18.0 -22.6

a Step in the specified binding isotherm, corresponding to the microscopic association equilibrium constant. Pathways involve the following
steps (see Appendix): path 1 (422, duplex dimerization), 1+ 1 f 2, 2+ 2 f 4; path 2 (431, step-wise strand addition), 1+ 1 f 2, 2+ 1 f 3,
3+ 1 f 4; path 3 (321, 422, duplex dimerization plus triplex formation), 1+ 1 f 2, 2+ 1 f 3; 2 + 2 f 4; path 4 (431, 422), 1 + 1 f 2, 2+ 1
f 3, 2+ 2 f 4, 3+ 1 f 4 (422 and 431-paths 1 and 2-operative).bGating factorγ describing the preference for the 421, 31 route over the 422
route determined as an adjustable parameter in the fit. Duplex dimerization is thermodynamically about twice as likely as stepwise strand addition.
Calculations used equilibrium isotherm values, which assumes that intermediate species do not accumulate to an appreciable extent,S1,eq) cT(1 -
Ra). cRatios of microscopic association constants. A ratio of 1 corresponds to no cooperativity in thei - 1 to i transformation; ratios< 1 correspond
to negative cooperativity; ratios> 1 correspond to positive cooperativity.d Products of microscopic association constants and sums of stepwise
association free energies.

FIGURE 9: (A) log K′i values calculated using the duplex dimerization (]) and stepwise strand addition (O) aggregation models are plotted
as a function of the number of strands in the aggregate. Interpolated lines between data points are shown to clarify the trends. Two separate
paths can be taken by duplexes involving aggregation with either one or two strands as indicated by the bifurcating lines leading from the
two-stranded species. Results were also calculated using mixed models involving (1) simultaneous triplex formation (0) and quadruplex
formation by duplex dimerization (4), and (2) simultaneous quadruplex formation by both aggregation pathways (9, 2). (C) Association
free energies (∆G′i) are shown as a function of strand number added in successive assembly steps. (D) Net∑i)1,n∆G′i values.
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DISCUSSION

Williamson (1994) concluded that the quadruplex to single
strand dissociation equilibrium is not achieved until at least
many minutes after setting the temperature during absorbance
thermal denaturation analysis. The lack of rapid equilibra-
tion was confirmed for the 4 d(TG4) + 3-5 K+ T
[d(TG4)4‚(K+)3-5] reaction using the absorbance thermal de-
naturation technique and circular dichroism assembly assay.
To ensure measurement of equilibrium binding energies, the
extent of reaction for quadruplex assembly was monitored
as a function of elapsed time at 264 nm to determine the
amount of time required for complete assembly to occur.
The necessity of doing these experiments was reinforced

by results from CD relaxation experiments done to study
the kinetics of [d(TG4)4] formation (manuscript in prepara-
tion). Biphasic relaxation traces obtained using the CD band
at 264 nm to monitor quadruplex formation indicate that
[d(TG4)4] assembly occurs either via two parallel pathways
or in a reaction that requires two rate-limiting stages.
Interpreting the relaxation data in mechanistic terms required
knowledge of the equilibrium properties of quadruplex
assembly (under the chosen conditions). The kinetics
experiments were actually done first. However, attempts to
analyze the results made it clear that equilibrium studies
should be pursued, analogous to analyses of binding and
linkage done with hemoglobin and its various allosteric
effectors (Wyman & Gill, 1990). CD was used because the
signal-to-noise ratio was much better than obtained in
absorbance analyses.
Thermodynamic EVidence for CooperatiVity in DNA Qua-

druplex Dissociation. The decreasing ordinate value in
Figure 2 in the presence of 400 mM KCl (the differential
thermal denaturation curve peak width) indicates that in-
creasing the strand concentration increases positive cooper-
ativity (synergistic interactions) between KCl and quadru-
plexes, even though it does not result in more dissociation.
The 100 mM KCl samples do not show this synergism. At
higher ionic strength, the temperature range which separates
associated and dissociated states narrows,i.e., the sigmoidal
melt curve is sharper (Figure 2), even though theTm
increases. Said differently, dissociation is more cooperative
at higher ionic strength even though the reaction doesn’t go
to products as easily (compare Figure 1A with Figure 2).
Increasing the K+ concentration from 100 to 400 mM results
in a large increase in positive cooperativity at higher DNA
concentrations. This occurs despite high K+ to DNA
phosphate ratios in both samples (>100:1). The transition
state free energy barrier to assembly is large.
All of the melt samples contained>100-fold more K+

than d(TG4) phosphates. The 100 and 400 mM KCl samples
both contained 100 mM Tris+, which has a pKa of 8.1 and
is over 90% protonated at pH 7. Tris+ will compete more
effectively with K+ for phosphate binding when cations are
almost equimolar than when K+ is over 4-fold more
concentrated. This suggests that Tris+/K+ competition
produces the different cooperativity patterns found in 100
and 400 mM KCl. This implies that higher salt concentra-
tions stabilize the transition state of the dissociation reaction
more effectively than lower salt concentrations. The 400
mM KCl condition is thought to possibly encourage end-
to-end complex-complex dimerization (manuscript in prepa-
ration). If so, the dissociation salt dependence results might

be rationalized by a mechanism in which dissociation can
proceed via the duplex-quadruplex reverse disproportionation
route at 400 mM KCl (to produce two triplexes), but less so
at lower ionic strength. Other mechanisms involving salt-
stabilized transition states might provide alternative explana-
tions for the increased cooperativity in quadruplex dissocia-
tion at 400 mM KCl relative to 100 mM KCl.
Guo et al. (1993) determined the thermodynamics for

melting the same quadruplex we studied, [d(TG4)4]. Our
measurements were done in 100 mM Tris-HCl (pH 7), 100
mM KCl, and employed 0.81 mM d(TG4); their samples
contained 10 mM sodium phosphate (pH 7), 200 mM NaCl,
0.1 mM EDTA, and 0.1 mM strands. The results of these
two studies are compared in pairs; keep in mind that these
association propensities are inferred from dissociation con-
stants:Tm, 69.3 [ours (o)], 61.2°C [Guoet al. (1993) (G)];
∆G°a, -43.1 (o),-35.5 kcal mol-1 (G); ∆H°a, -200.7 (o),
-142.3 kcal mol-1 (G); and - T∆S°a, 157.6 (o), 106.8 kcal
mol-1 (G). Their∆G°a produces an extrapolatedKa (1/Kd)
at 25°C of 1.09× 1026M-1; our value was 6.4× 1035M-1.
These values are reasonable, considering the differences in
strand concentration and ionic strength. Our higher strand
concentration, cation (K+ vs Na+) and higher ionic strength
should all favor more stabilization than observed by Guoet
al.
Kinetics studies done as a function of ionic strength, cation

type, Tris-HCl concentration and pH indicate that100 mM
Tris-HCl at pH 7 destabilizes quadruplexes by enhancing
dissociation(manuscript in preparation). Phosphate buffer
is not as effective as Tris+ in inducing duplex dissociation.
Thus, 100 mM KCl and 100 mM Tris-HCl is expected to
destabilize a quadruplex more effectively than the 10 mM
sodium phosphate (pH 7) and 200 mM NaCl condition used
by Guo et al. (1993). This suggests that our quadruplex
might be even more stable than that of Guoet al.under the
same conditions.
Guoet al. (1993) found that adding one 5′ adjacent T to

get d(T2G4) decreased the stability of the quadruplex by 1.3
kcal mol-1; adding two 5′ terminal Ts (T3G4) reduced the
stability of the resulting quadruplex by 8.5 kcal mol-1; adding
three Ts (T4G4) reduced it by 13.1 kcal mol-1; adding seven
Ts (T8G4) reduced it by 14.5 kcal mol-1. This destabilization
was attributed to tight stacking of the 5′-adjacent T base on
the G residue in d(TG4) and progressive disordering of the
less stack-prone Ts as the T tract length is increased.
The imino proton spectrum of [d(TG4)4] in 10 mM sodium

phosphate (pH 7) and 1 mM EDTA at 20°C has four
reasonably well resolved peaks (see Supporting Information).
If the four strands are aligned in parallel, the spectrum should
contain four peaks, due to four sets of four axially equivalent
hydrogen atoms. The spectrum should contain eight peaks
if there are two sets of antiparallel strands, due to 4 G imino
protons per strand. Protons would be in four types of en-
vironments: abutted against the 5′-terminal Ts, internal (2
types) and 3′-terminal. The results are most consistent with
the interpretation that the complex has four parallel-stranded
G-quartets. The spectrum should be more complicated
(dispersed) for the antiparallel quadruplex since at least twice
as many imino proton environments should result.
Does d(TG4) form slipped DNA structures? In principle,

an additional strand could bind to the vacated base-pairing
sites of overhanging strands, and thereby form aggregates
with five, six, or more total strands. This might occur readily
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with d(TG4) strands, especially to form transiently slipped
complexes. However, on the basis of results from statistical
mechanical analyses, Hill (1986) concludes that the most
stable structures should occur when the ends are flush.
Overhanging ends disturb the surrounding water, resulting
in unfavorable entropic contributions to the stabilization free
energy. The overhang perturbs the degree of configurational
order of surrounding solvent relative to solvent in the vicinity
of flush-ended aggregates.
Xu et al. (1993) did absorbance and1H, 23Na, and39K

NMRmelt analyses with the quadruplex formed by d(T2G4T)
in 18 mM NaCl at pH 7.4. Most of the imino proton peak
intensity was lost due to buffer-induced exchange line
broadening as the intact structure dissociated at>70 °C.
Three small narrow peaks remained in the downfield region
of the imino proton envelope when quadruplex hydrogens
were exchanged with solvent hydrogens at elevated temper-
atures. The remaining hydrogen-bonded structure was
christened the “open” form of quadruplex. Upon denatur-
ation at 90°C then cooling to 10°C, Xu et al. (1993) found
that only 60% of the strands reformed quadruplex. These
investigators deduced that the “open” form is separated from
the intact quadruplex by a large kinetic energy barrier.
Our NMR results for [d(TG4)4] (see Supporting Informa-

tion) suggest that the “open” [d(T2G4T)n] structure of Xuet
al. (1993) might be a reasonably stable triplex dissociation
intermediate, which may not be energetically predisposed
to further dissociation under the experimental NMR melt
conditions. In contrast with the four discrete imino peaks
in the spectrum of [d(T2G4T)4] (Xu et al., 1993), a single
exchange-broadened peak was observed during all stages of
thermal denaturation, in 1, 10, and 100 mM Tris-HCl (pH
7), in both 10 and 100 mM KCl (manuscript in preparation).
This implies that [d(TG4)4] can cross the dissociation-
association transition-state barrier more efficiently than
[d(T2G4T)4]. This suggests that less triplex should ac-
cumulate during denaturation of [d(TG4)4] than with
[d(T2G4T)4] because [d(TG4)3] triplex is converted to qua-
druplex more efficiently than [d(T2G4T)3].
The DNA concentrations used in our absorbance melt

studies were at least 10-fold more dilute than used by Xuet
al. (1993) in their NMR experiments. A slowly dissociating
triplex intermediate might be sufficiently long lived at their
high DNA concentrations to allow observation of discrete,
slowly exchanging [d(T2G4T)3] triplex imino peaks. A higher
total strand concentration should act to suppress further
dissociation. Mass action should drive the dissociated
components to reestablish equilibrium after mixing with K+

by forming stable complexes other than quadruplexes.
Cation-deficient strand concentrations should decrease when
KCl is added due to the following reactions: R1 + mK+ f
T1 and T1 + Rn-1 f Tn. R refers torelaxed,cation-deficient
strands; T refers totense, cation-saturated strands. Duplexes
(R2, T2) and triplexes (R3, T3) accumulate as R1 and T1 pools
are depleted. When the R1 concentration decreases, inter-
molecular collisions occur less often between uncomplexed
strands and duplexes, and more often between two- and three-
stranded complexes. Potassium acts as an allosteric effector
by driving Rn complexes (and strands) to form Tn (and Tn+1,...)
complexes. The result is that the average number of strands
per complex increases.
Removing cations drives dissociation reactions. Impor-

tantly, once quadruplexes form, they are very stable and must

cross a large transition state free energy barrier to dissociate.
Strand and/or cation concentrations can be reduced consider-
ably, yet the complex can remain primarily intact, in a
metastable state.
Anything that can “seep into” the hydrogen-bonded and

salt-bridged interstitial spaces between strands of predomi-
nantly intact quadruplexes, via either the sides or the ends,
and displace strands from each other, will lower the
dissociation free energy barrier. This suggests a general
conceptual model for how quadruplex dissociation could be
induced by environmental effectors, including small mol-
ecules, proteins, or even other nucleic acids.
Low to intermediate cation concentrations lead to structural

diversification, increased assembly intermediate concentra-
tions, and more frequent intercomplex encounters. At high
cation concentrations, intercomplex interactions would be
more shielded and the Donnan spheres of cations surrounding
the anionic complexes would probably lead to fewer
encounters (manuscript in preparation). At some intermedi-
ate concentration, we think cations might act like a contact-
and lateral movement-promoting medium which is conducive
to slippage and might even help mediate strand transfer
between complexes. By analogy, motorcycle chain lube both
lubricates and facilitates the grip between the chain and gear.
Nuclear and cellular homeostasis might be especially well
tuned to optimize this tendency or under some circumstances
minimize it. DNA sequences may be under selective
pressure to benefit from or prevent misfunctions due to
strand-strand intermingling. Since such interactions might
well lead to increased recombination frequencies, this
phenomenon may promote interchromosomal translocation
events, possibly leading to cancer or other genetic diseases
(Hardinet al., 1993; Fearon & Vogelstein, 1990).
Cation Depletion and “PseudocooperatiVity” . How much

does the free cation concentration differ from the total cation
concentration? Cations are either condensed around the
polyanionic quadruplex, bound internally within the complex,
or unbound. If a substrate must bind a metal to participate
in an enzymatic reaction, a sigmoidal activity versus
concentration curve is observed when metal-substrate
(reactant) complex formation is inhibited, since insufficient
viable reactant is produced. At low metal concentration, little
viable substrate accumulates unless theKa for [cation‚-
enzymatic substrate] complex formation is large. For
example, human brain hexokinase shows “pseudocoopera-
tive” activity curves at submillimolar Mg2+ concentrations
because the cation is required for conversion of presubstrate
ATP4- to activated substrate [Mg‚ATP]2-, which has a much
lower Michaelis-Menten constant in the enzymatic reaction
with hexose (Fromm, 1975). Viable substrate formation is
limited by the lowKa for Mg2+ with ATP4- (ca. 106 M-1),
which leads to sigmoidicity in the activity curve at low
[Mg2+].
The amount of K+ available to drive quadruplex assembly

depends on the total K+ concentration, theKa of the K+ aquo
complex (Ross & Hardin, 1994), and theKa of the cation
with other competing ligands, especially d(TG4) phosphodi-
ester phosphates. The depletion in bulk K+ concentration
due to counterion condensation can be calculated if one knows
the average occupancies of cation at each phosphate in the
quadruplex and single-stranded species, and any significantly
populated intermediates present at equilibrium. Following
Xu et al. (1993), we estimate that each phosphate in the
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quadruplex is fully neutralized by cation. SinceRa values
were< ∼85%, we assume that the remaining strands were
present as single strands, with occupancies of 0.68-0.71
cation per phosphate (Recordet al., 1976). If we also assume
that one cation is bound at the 3′-terminal end of the quad-
ruplexes, we calculate that at mostca. 2% of the total 100
mM KCl present in the association reaction samples is bound.
Duplexes and triplexes should have cation-phosphate occu-
pancies of 0.88-0.93. The error in our estimates introduced
by intermediates is probably small. Since K+ is present in
at least 50-fold excess over possible quadruplex formed and
Ka values for externally bound cations are probablye103

M-2 (Xu et al., 1993), we conclude that “pseudocooperat-
ivity” probably does not contribute substantially to the
sigmoidicity found in the quadruplex association isotherms.
Allosteric Profile of the Association Reaction. Quadruplex

formation is a complex process consisting of up to 10 linked
equilibria (Figures 10 and 11). To study such reactions,
specifically their energies and cooperativity in the reaction
coordinate, especially under conditions where concerted
interactions are important, Adair developed the progenitor
to the concept of “induced fit” substrate binding. Koshland
and co-workers (Koshlandet al., 1966; Cornish-Bowden and
Koshland, 1970, 1975) constructed analytic expressions to

describe the relations between intersubunit geometries and
predicted relative contributions of individual assembly step
energies to the net observed energy.
The Adair-Koshland “induced fit” (AK) model is more

flexible than the commonly applied MWCmodel (Changeux
& Rubin, 1968), which does not include negative cooper-
ativity in binding processes. The induction energy associated
with the “induced fit” model is required to prepare the
binding site for complex formation. Properties of the the
Adair equation were illustrated in terms of the range of
behaviors observed in Hill binding isotherms with different
cooperativity profiles by Cornish-Bowden and Koshland
(1975). Our quadruplex association results (Figures 6 and
7) fit a predicted plot in which positive cooperativity occurs
in the early stages then gives way to negative cooperativity
in the intermediate and final reaction steps. Strand addition
occurs with some difficulty at first then becomes progres-
sively less driven as complexes form and strands are removed
from the reactant pool. Different detailed patterns result
depending upon whether one assumes that significant
amounts of intermediate species remain (Figures 5, panels
C D, and 6) or are completely resolved into ss and Q pools
upon equilibration (Figure 5A, 5B and 7).
Calculated Adair constants (K′i) were normalized by

taking into account statistical factors which arise from the
number of different waysn ligands can be distributed over
the number of binding sites (see Appendix). The product
of these microscopic binding constants is the apparent
macroscopic association constant (Figures 6 and 7; Tables
6 and 7). In the case of the Adair-Koshland isotherm, these
factors are predicted assuming a binomial distribution of
n-stranded complexes. As a result of this normalization,
Adair constants correspond tointrinsic free energy changes
(∆G′i) as a function of strand number added across the
reaction coordinate. If properly applied, this analysis can
in principle divulge the stepwise energetics associated with
formation of specific linkages. The sum of the microscopic
free energies is the net apparent assembly free energy. The
5-strand AK model gives an overall association constant

FIGURE 10: (A) Stepwise strand addition and (B) duplex dimer-
ization quadruplex assembly reactions. Relaxed (R) to tense (T)
transitions are driven by K+. DeactivatedRn form strands are shown
as smaller white spheres. Strands acquire an increased propensity
to form quadruplex by binding cations, which converts complexes
to the Tn and Tn+1,... forms. Cation-bound strands are shown as larger
white spheres. Activated cations are symbolized by grey spheres
with radii that increase as one progresses across the parallel R and
T assembly pathways. Relaxed and tense structures 2-4 are
interconnected by hydrogen bonds (horizontal and vertical lines).
Transformations to T structures are encouraged by strand-cation
salt bridge formation, which increases the density of interconnec-
tivities between strands, and between stands and cations. The
propensity for additional strands decreases as strands are added to
form larger complexes. Cation-bound single strands (T1) are more
tense than T2, T3, and T4 species. Quadruplex have a low propensity
for strands, making them less tense than (in the following order)
triplexes, duplexes, and single strands.

FIGURE 11: (A) Strand addition subreactions leading to R and T
form (A) duplex and (C) triplex precursors required for dispropor-
tionation reactions in which (B) two duplexes and (D) two triplexes
produce a triplex and a single strand, and a quadruplex and a duplex,
respectively. Symbols are as defined in Figure 10.
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product (Πi)1,nK′i) of 3.8× 1018 M-4 for corresponding to a
free energy sum (∑i)1,n∆G′i) of -26.4 kcal mol-1 (Table 6).
This is in contrast to the extrapolated overallKd at 23oC of
1.6× 10-32M (inferredKa ) 6.4× 1031M-1) under similar
conditions (Table 2;cT ) 0.81 mM). Assembly and
dissociation appear to be hysteretic processes and fail to
achieve complete equilibration in the melt measurements
(Wyatt et al., 1996; Hudet al., 1996). Some or all of the
difference betweenΠi)1,nK′i and 1/Kd may be the result of a
temperature-dependent change inCp, which would lead to
error in the extrapolation ofKd from theTm to 23 °C.
In the AK formalism, the lattice is bound by one or more

substrates and allosteric effectors. We interpret the AK
model in the quadruplex assembly situation as implying that
an initial strand, and most likely a cation-neutralized strand,
operates in the role of lattice. The lattice-nucleated AK
model is less intuitively accurate than the strand aggregation
(nonlattice) model because the second (binding) strand is
distinguished from the first strand (lattice) in its role as a
ligand. These considerations lead to the idea that more
cation-saturated T1 and Tn complexes act as recipient lattices
for cation-deficient R1 ligand strands. This makes it
complicated to assess the total lattice concentration without
information about assembly intermediate concentrations
because the lattice concentration changes as ligand strands
are absorbed into or released from the lattice strand
complexes. This is unlike the typical situation in which a
known amount of nontransmutable lattice is present and one
has unequivocal knowledge regarding the lattice concentra-
tion (Wyman & Gill, 1990). The AK model provided well-
determined fits to the quadruplex assembly data, yet the full
underlying meaning of the results is still open to question.
A reasonable interpretation is that duplex formation occurs

rather efficiently, followed by triplex formation, and that both
reactions are more efficient than quadruplex formation.A
decrease in assembly efficiency should occur for each strand
addition. Each strand increases the net negative charge of
the complex and, because the complex remains approxi-
mately the same length, increases its effective charge density.
Since strands are anionic, they will increase the charge
density of the lattice as they bind and thereby produce a
progressively lower affinity for additional strands. While
strand addition increases the lengths of the two shorter lateral
axes, the effective hydrodynamic radius is determined
primarily by rotation about the long axis, which is of similar
length in duplexes, triplexes, and quadruplexes if they are
all flush ended, or all have similar overhangs. Most of the
phosphate charges are neutralized by atmospherically bound
(condensed) cations; however, the net charge density of the
complex will still increase.
Two results discussed by Singleton and Dervan (1993)

support the contention that triplexes are more anionic than
duplexes and single strands, but that the change in charge
density decreases with strand number added. Neutralizing
polymeric DNA and RNA duplexes with spermine leads to
dismutation (disproportionation) to produce triplexes and
single strands at neutral pH (Glaser & Gabbay, 1968).
Morganet al. (1986) found that spermine bound duplexes
with 10-fold higher affinity than single strands but bound
triplexes only 1.5-fold more strongly than duplexes.
Entropic Contributions to Association. Considering en-

tropic factors, one might surmise that quadruplex dispro-
portionation would be allowed in addition to a pathway

involving condensation of one lone strand with a triplex or
of two duplexes to form a quadruplex. A single strand has
many more degrees of freedom than a strand that is
constrained within a three-stranded complex. Every time a
strand is incorporated into a quadruplex, a less constrained
duplex is concurrently produced from the donor triplex. The
net entropic free energy is approximately unchanged. How-
ever, each triplex formation step costs the constraint free
energy required to incorporate a strand and duplex into a
triplex (unless triplex can be produced by disproportionation
of two duplexes). To illustrate, let’s assume that duplex,
triplex, Q, etc., lose 1 “freedom unit” (fu) in a binding
reaction. In duplex formation, the loss of freedom is equal
to the loss of two single strands in the reaction S1 + S1 f
S2, plus the gain by the duplex, which we assume to be+1
fu. The net loss is-2 + 1 ) -1 fu. A “lattice” could be
defined crudely in terms of theentropy content (loss of
freedom) of a strand which is bound by a strand that loses
its freedom. The lattice strand also loses freedom, but a
strand on a duplex is much less constrained (ordered and
connected) than it would be if bound to a larger lattice. On
a per triplex used basis, disproportionation is more costly
than step-wise strand addition (-4 vs -3 fu). However,
reformation of a duplex avoids another duplex formation
reaction, so the net gain is+1 fu and disproportionation is
equally likely to occur. Entropy-driven cycling would be
expected to select the triplex-triplex and triplex-duplex
pathways as frequently as the triplex-single strand condensa-
tion route. As a result, athighersingle strand concentrations,
the triplex-strand binding mechanism would be preferred,
while at lower [ss] and higher [duplex] and [triplex],
disproportionation might be expected to occur, or even
predominate.
Guanine Stacking Is a Necessary Prerequisite for Efficient

Assembly. Contiguous stacking of guanines and of the
phosphodiester backbone is an obvious prerequisite to
quadruplex formation. Relaxation results have been inter-
preted as providing evidence for stacking as a required pre-
equilibrium step in DNA duplex formation (Williamset al.,
1989). The CD results shown in Figure 3B for the melted
quadruplex species show that d(TG4) undergoes a rapid rever-
sible transition from stacked to unstacked as the temperature
is raised [also see Davis and Tinoco (1968) and Vesnaver
and Breslauer (1991)]. The low-temperature form is com-
petent to undergo quadruplex formation, while the high-
temperature form is less stacked and presumably much less
capable of incorporation into the quadruplex formation path-
way. This pre-equilibrium can be incorporated into the quad-
ruplex formation pathway as shown in Scheme 1. This is
presumably why assembly kinetics are faster at lower temp-
erature and slower at elevated temperatures. In contrast, rates
of Boltzmann (B) energy-driven processes are typically pro-
portional tokBT, and therefore faster at higher temperatures.
In the Wetmur-Davidson-Manning model (Williamset

al., 1989), bases on strands line up to form a single-stranded
(duplex-) assembly intermediate. This aligned strand is
thought to acquire condensed counterions prior to (or in
concert with) duplex formation. Applying this idea to
quadruplex formation, we postulate that at low to moderate
DNA and K+ concentrations, strands cannot aggregate
efficiently as a result of large anionic strand-strand repulsion
energies, yet cations can condense around individual strands
and base alignment can occur. High-strand association
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transition state barriers prevent Q formation, but assembly
primed [stacked ss‚(cation)n] intermediates (nstacked> nunstacked)
can form in large amounts. If cations (especially K+ and
Na+) can bind in the interior groove, they can presumably
nucleate strand aggregation events and thereby assist strands
across the otherwise inhibitory assembly kinetic barriers
(Scheme 1).
Most known telomeric DNAs are composed of a G-rich

3′-terminal end that overhangs complementary C-rich 5′
strand by approximately 12-16 nucleotides. Henderson and
Blackburn (1989) showed that this G-rich overhang is a
common characteristic of telomeres. Putative roles include
forming at least three different types of quadruplex structures
which function in chromosome protection, interchromosomal
crosslinking, and recombination (Hardinet al., 1991; Venczel
& Sen, 1996). Potential functions of monoatomic cations
in driving transformations between such structures have
received particular attention.
These G-rich telomeric overhangs may function as “anten-

nas”, which detect ionic conditions that are conducive to
strand stacking and quadruplex assembly (Scheme 1). The
strand could be used to sense appropriate changes in
physiological conditions within the nucleus. These changes
might be induced by signaling pathways via cation ports,
and could conceivably set off a cascade of responses. For
example, at low potassium, the G-rich strand fromOxytricha
telomeres was found in X-ray studies to be gripped in its
(preactivated) unstacked form within the binding site of the
Oxytricha â protein (Schultzet al., 1997). The protein
separates the Gs in the DNA strand when bound within the
binding site using intercalative aromatic side chains and
histidine as ligands. This resembles the binding mode of
single-stranded binding proteins such as the gene 32 protein
from phage T4. When K+ concentrations increase to levels
high enough to offset the charge-charge interactions, the
strands should release from the protein. In response, the
bases might then stack, making the strands competent to
interact with theâ protein in another of its activities,
chaperoning quadruplex formation (Fang & Cech, 1993a,b).
Telomeric sequences and G-rich transcriptional promoters

have undergone intense scrutiny as targets for antisense
genetic therapy. G-rich promoters are common targets for
antisense growth control strategies, which work in some
cases, but suffer from a number of poorly understood
difficulties related to “position effects” which depend upon
the structural context of the integrated transgene construct.
More than 85% of human promoters are GC-rich (Bernardi,
1989). Promising antisense G-rich oligonucleotides might
easily aggregatein Vitro or in ViVo to form undeliverable,
and therefore undesirable, dead-end quadruplex complexes
(Hardin et al., 1992; Olivas & Maher, 1995; Kandimalla &
Agrawal, 1995; Deng & Braunlin, 1995; Miura et al., 1995).

Strand and cation concentrations would determine how much
DNA has antisense activity and the amount of DNA that
accumulates as quadruplex and is thereby inactivated with
respect to antisense activity. Knowing how to control the
degree of strand partitioning into active and inactive pools
requires knowledge about the effects of cation and strand
concentrations on the extent of quadruplex formation. Such
reactions might be usedin ViVo as a way to control the
functional dosage of genetic elements (Kauffman, 1993).
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APPENDIX: LATTICE-INDEPENDENT
QUADRUPLEX ASSEMBLY THERMODYNAMICS

Three lattice-independent strand aggregation(LISA)
mechanisms were investigated. Methods developed by
Cornish-Bowden and Koshland (1975) to analyze cooperative
binding between enzymes with multiple binding sites and
substrates were adapted to describe quadruplex aggregation.
In the set of aggregation mechanisms that lead to quadruplex
formation, duplex and triplex lattices are composed of single
strand ligands. Strands act as both theligands(substrates)
that were envisioned by C-BK, and, when assembled, as the
lattice. Unlike a monomeric protein that binds multiple
substrates, the lattice can expand by binding additional
strands(ligandsandsubunits).
Here, we show that C-BK methods are sufficiently general

to permit extension to aggregation mechanisms. The com-
mon starting point is the definition offractional saturation
(Y), which we denote byYQ in the LISA models and define
as the ratio of strands (ligands) bound in quadruplexes to
total strands in the solution. This definition is similar to,
but not the same as that of C-BK,i.e., the ratio of bound
ligand to total ligand, which we callYa, referring to all bound
ligand, including those bound in quadruplexes, duplexes,
triplexes, hexaplexes, etc. Using either definition ofY, the
analysis proceeds by defining the quantityY/(1- Y) in terms
of component concentrations, then replacing component con-
centrations by the associated equilibrium constants, and final-
ly determining equilibrium constants by fitting the expression
to experimental data obtained from quadruplex assembly
experiments.
We could have carried out the analysis and curve fitting

just as well by definingY as C-BK did, but we felt that our
definition was a more direct reflection of our experiments
in which we directly measure total strand concentration and
quadruplex concentration.
We also show how we adapted the C-BK method for

relating the apparent, macroscopic equilibrium constants to

Scheme 1: Early Stages in Quadruplex Formation

unstacked, high temperature
           (preactivated)

1. decreasing temperature
stacked, lower temperature
              (activated)

2. increasing monovalent
     cation concentration

stacked, internal cation bound
   (condensation competent)

stacked, internal cation free
             (activated)

stacked, internal cation bound
   (condensation competent)

3. increasing strand, monovalent
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assembly intermediates, quadruplex
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the intrinsic, microscopic constants by examining the relative
probabilities of adding or losing a strand for each possible
configuration. Mechanistic considerations are presented
more explicitly as schematics in the last section.

Intrinsic (Microscopic) and Apparent (Macroscopic) Equi-
librium Constants. Intrinsic equilibrium constants K′ij,k
refer to a binding reaction between a specific binding site
(or dual site for duplex-duplex binding) and an appropriate
ligand. Theapparent(measured)equilibrium constant Kij,k
for the reactionSi + Sj T Sk will not be equal toK′ij,k if
there is more than one binding site, even if all the binding
sites are equivalent and noninteracting.
Consider the set of subreactions involved in the formation

of an n-plex by successive addition of a single strand.
Addition of single strands is used to simplify the illustration;
the results will be seen to apply to the more general form of
subreactions between ani-plex and aj-plex whenj is not
equal to 1

By mass action, we associate an apparent equilibrium
constant,

with the strand addition subreaction:

whereij ,k is equal to (i-1)1,i when thei-1 complex binds
1 strand to form thei complex.
The rate of change of [Si-1] is

At equilibrium, d[Si-1]/dt ) 0 and we obtain the relation
between the apparent equilibrium constantK(i-1)1,i and the
apparent forward and reverse rate constantski andk-i of this
subreaction:

First, consider the simple case of a substrate S with one
binding site and a ligand L which together form a complex
S‚L through the reaction.

Here,n ) 1, and there is no distinction between apparent
and the intrinsic constants, so we can write

where the intrinsic forward rate constantk′1 is proportional
to the probability that associations will occur during a
collision between the ligand and the substrate binding site.
Similarly, k′-1 is proportional to the probability of dissocia-
tion occurring during a collision between solvent molecules
and an occupied binding site.
Now consider a similar substrate but withn equivalent

noninteracting binding sites, of whichi - 1 are occupied.
The apparent probability that an association reaction will
occur will be equal to the intrinsic association probability
for the single site case, multiplied by the number of vacant
binding sites before the association reaction, which isn - i
+ 1. Thus, the probability that an association reaction will
occur is proportional to (n - i + 1)k′i. The probability of a
dissociation reaction is equal to the intrinsic dissociation
probability for the single site case multiplied by the number
of filled binding sites after the association reaction, which
is i. Thus, the apparent equilibrium constant will be

The “statistical factor”, (n- i + 1)/i, in expression A6 relates
the apparent equilibrium constants to the intrinsic equilibrium
constants. This expression is in agreement with the result
calculated from eqs 15-20, p 854, Cantor and Schimmel
(1980). Note that Cantor and Schimmel refer to dissociation
equilibrium constants while we refer to association equilib-
rium constants, they use the symbolk for the single
microscopic equilibrium constants for all sites while we use
Ki for addition of theith strand, and they useΩn,i to indicate
the number of distinct ways to puti ligands inton sites.

Thus, for the case of equivalent, noninteracting binding
sites, the general expression for the statistical factor that
relates the apparent and intrinsic equilibrium constants of a
subreaction is the ratio of the number of vacant binding sites
before the reaction to the number of filled binding sites after
the reaction. This formula may be applied to the more
general form of subreactions between ani-plex and aj-plex
when neitheri nor j is equal to 1, by substituting the model
of a multisite binding complex for the simple binding site.
To adapt this analysis to a nonlattice model, we interpret

“number of vacant binding sites before the reaction” as
“number of ways in which ani-plex and a j-plex can

S+ L T S‚L

K ) k′1/k′-1

Ki ) (n- i + 1)k′i/ik′-i ) [(n- i + 1)/i]K′i

Ki ) (Ωn,n-i/Ωn,i)k

) {n!/[(n- i + 1)!(i - 1)!]}{[(n- i)!i!]/n!}k

) {i(n- i)!/[n- (i - 1)]!}k

) [i/(n- i + 1)]k

Si concentration of ani-plex (an aggregate consisting of
i strands)

ST total single-strand concentration,∑iSi
YQ fractional saturation of quadruplex, the fraction of

total strands (ST) incorporated into quadruplex
YQ/(1- YQ) ligand binding fraction, the ratio of the number of

strands incorporated into quadruplex to the number
of strands not in quadruplex (the sum of all strands
in the forms of single strand, duplex, and triplex):

YQ/(1- YQ) ) 4S4/(S1 + 2S2 + 3S3) (A1)

Ri, âi, γi gating factors for multiple contributions to ani-plex
Kij,k apparentmacroscopic equilibrium association constants

for the reactions:

Si + Sj T Sk (k) i + j) (A2)

K ′ij ,k intrinsicmicroscopic equilibrium constants for
individual binding events

ki, k-i apparent macroscopic forward and reverse association
rate constants for the eq A2 reactions

k′i, k′-i intrinsic microscopic forward and reverse rate constants
for an individual binding event

S1 + S1 T S2 (A3)

S2 + S1 T S3

Sn-1 + S1 T Sn

K(i-1)1,i ) [Si]/[S1][Si-1] (A4)

Si-1 + S1 T Si

d[Si-1]/dt ) -ki-1[Si-1][S1] + k-iSi (A5)

K(i-1)1,i ) ki/k-i (A6)
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assemble”, and we interpret “number of filled binding sites”
as “the number of ways in which an (i + j)-plex can
dissociate”.
Statistical Factors for Nonlattice DNA Quadruplex As-

sembly Reactions.It is assumed that each strand has two
different binding sites, a and b, and that only a and b sites
can interact to form a junction. Only a-b interactions are

considered because Gs have two hydrogen-bonding interfaces
in G-quartets. We also assume that two strands are singly
bound to the third strand, which is doubly bound. This is
reasonable for the R-form triplex, but is less like the case of
singly bound strands in T-form triplexes, in which cations
serve to attach the third strand to a lattice involving the
indirectly attached strand, intervening strand and cation
(Scheme 2).
Assembly Mechanisms: 1. Stepwise Strand Addition in

Terms of All Species Formed.The subreactions are

The apparent equilibrium constants are

The component concentrations can be written as

In general,YQ is the ratio 4[S4]/([S1] + 2[S2] + 3[S3] +
4[S4]). By defining a numeratorN and denominatorD and
letting YQ ) N/D, one obtains

The ligand binding fraction in this case is

2. Duplex+ Duplex Condensation in Terms of Quadru-
plex Formed with Simultaneous Triplex Formation.The
subreactions are

The apparent equilibrium constants are

The ligand binding fraction is

Scheme 2: LISA Models

(1) S1 + S1 T S2

(2) S1 + S2 T S3

(3) S1 + S3 T S4

K11,2) [S2]/[S1]2 statistical factor) 1/2
K12,3) [S3]/[S1][S2] statistical factor) 2/2
K13,4) [S4]/[S1][S3] statistical factor) 4/1

[S2] ) K11,2[S1]
2 ) 1/2K′11,2[S1]

2

[S3] ) K12,3[S1][S2] ) K11,2K12,3[S1]
3 )

(1/2)K′11,2K′12,3[S1]
3

[S4] ) K13,4[S1][S3] ) K11,2K12,3K13,4[S1]
4 )

2K′11,2K′12,3K′13,4[S1]
4

1- YQ ) (D - N)/D

YQ/(1- YQ) ) N/(D - N)

YQ/(1- YQ) ) 4[S4]/([S1] + 2[S2] + 3[S3])

) 8K′11,2K′12,3K′13,4[S1]
3/(1+ K′11,2[S1] +

(3/2)K′11,2K′12,3[S1]
2)

(1) S1 + S1 T S2

(2) S1 + S2 T S3

(3) S2 + S2 T S4

K11,2) [S2]/[S1]2 statistical factor) 1/2
K12,3) [S3]/[S1][S2] statistical factor) 2/2
K22,4) [S4]/[S2]2 statistical factor) 2/1
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3. Stepwise Strand Addition and Duplex+ Duplex
Condensation in Terms of Quadruplex Formed.The sub-
reactions are

The apparent equilibrium constants are

The the ligand binding fraction is

whereγ is a “gating factor”.

SUPPORTING INFORMATION AVAILABLE

1H NMR spectrum of [d(TG4)4] in 100 mM Tris-HCl (pH
7), 100 mM KCl, and 0.1 mM EDTA at 23°C (2 pages).
Ordering information is given on any current masthead page.
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