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Abstract Accurate partial-specific volume (v) values are
required for sedimentation velocity and sedimentation
equilibrium analyses. For nucleic acids, the estimation of
these values is complicated by the fact that v depends on base
composition, secondary structure, solvation and the con-
centrations and identities of ions in the surrounding buffer.
Here we describe sedimentation equilibrium measurements
of the apparent isopotential partial-specific volume ¢’ for
two G-quadruplex DNAs and a single-stranded DNA
of similar molecular weight and base composition. The
G-quadruplex DNAs are a 22 nucleotide fragment of the
human telomere consensus sequence and a 27 nucleotide
fragment from the human c-myc promoter. The single-
stranded DNA is 26 nucleotides long and is designed to have
low propensity to form secondary structures. Parallel mea-
surements were made in buffers containing NaCl and in
buffers containing KCI, spanning the range 0.09 M
< [salt] < 2.3 M. Limiting values of ¢’, extrapolated to
[salt] = 0 M, were: 22-mer (NaCl-form), 0.525 £ 0.004
mL/g; 22-mer (KCl-form), 0.531 £ 0.006 mL/g; 27-mer
(NaCl-form), 0.548 4 0.005 mL/g; 27-mer (KCl-form),
0.557 £ 0.006 mL/g; 26-mer (NaCl-form), 0.555 £ 0.004
mL/g; 26-mer (KCl-form), 0.564 + 0.006 mL/g. Small
changes in ¢’ with [salt] suggest that large changes in
counterion association or hydration are unlikely to take place
over these concentration ranges.

AUC&HYDRO 2008—Contributions from 17th International
Symposium on Analytical Ultracentrifugation and Hydrodynamics,
Newcastle, UK, 11-12 September 2008.

L. M. Hellman - D. W. Rodgers - M. G. Fried (D<)
Department of Molecular and Cellular Biochemistry,
Center for Structural Biology, University of Kentucky,
741 South Limestone, Lexington, KY 40536-0509, USA
e-mail: michael.fried @uky.edu

Keywords Partial-specific volume -
Analytical ultracentrifugation - G-quadruplex DNA -
Single-stranded DNA

List of symbols
v Partial-specific volume
¢ Apparent partial-specific volume

¢ ®s) Apparent partial-specific volume determined by
Edelstein—Schachman equation

¢’ @ave) Averaged apparent partial-specific volume

@' (exwapy  Extrapolated apparent partial-specific volume to
[salt] =0 M

M, Buoyant molecular weight

Mpp Apparent molecular weight

STB Sedimentation coefficient at experimental
temperature and buffer

520w Sedimentation coefficient at 20°C in water

o Frictional ratio

Introduction

The ability of guanines to form G-tetrads was first pro-
posed over 45 years ago (Gellert et al. 1962). The role of
G-tetrad containing quadruplexes in maintaining the sta-
bility of chromosome ends was postulated approximately
25 years later (Henderson et al. 1987; Williamson et al.
1989). Today, G-quadruplex-containing telomere struc-
tures are known to be essential for the maintenance of
linear chromosome structure (Greider and Blackburn 1985;
Kang et al. 1992). Recently, G-quadruplexes have been
proposed to function as a means for keeping promoter
regions of various genes readily accessible to regulatory
proteins (Lane et al. 2008).
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Sedimentation methods are increasingly used for the
characterization of structures containing nucleic acids, and
accurate specification of the partial-specific volume (V) is
essential for calculation of molecular weights and frictional
ratios from sedimentation data. However, beyond the
classical single-stranded and duplex DNA structures (for
which v values have been tabulated by Durchschlag (1986),
relatively few nucleic acid secondary structures have been
characterized in this way. The classical approach to mea-
suring v involves the accurate measurement of solution
densities at macromolecular concentrations sufficient to
cause measurable change in solution density (Lee et al.
1979). This approach requires high concentrations of
homogeneous macromolecule (typically in the range of 3—
20 mg/mL) and highly-accurate densimetry (Lee et al.
1979; Durchschlag 1986). The quantities of macromolecule
required by this approach have limited its use to stable,
easily acquired specimens.

An alternate method offering accurate approximations
of v and requiring smaller quantities of macromolecule,
was developed by Edelstein and Schachman (1967, 1973).
This approach uses sedimentation equilibrium measure-
ment of buoyant molecular weights in H,O and D,O
solutions of differing density. Here, we use a variation of
the Edelstein—-Schachman method, in which the solvent
density is varied by changing the salt concentration. This
variation depends on the assumption, justified by counter-
ion—condensation theory (Manning 1978), that the
fractional charge neutralization of nucleic acids by mono-
valent cations saturates at salt concentrations well below
those typically used in analytical ultracentrifugation anal-
ysis. We also present an alternative approach, using known
sequence molecular weights to calculate the apparent
isopotential partial-specific volume (¢') directly from
sedimentation equilibrium data. We use these methods to
determine the ¢’ of two G-quadruplex structures, for which
good experimental values of v or ¢’ do not exist, and of
a single-stranded DNA, to provide a basis for compar-
ing these methods with results obtained by classical
densimetry.

The DNAs that we have chosen to study have different
base compositions and secondary structures. Two (of 22 nt
and 27 nt) have been shown to form G-quadruplex struc-
tures; one (a 26-mer) is designed to be largely single-

stranded (Table 1). In addition, the G-quadruplex struc-
tures are likely to differ in secondary fold. As shown in
Fig. 1a, the Na*-form of the 22-mer has a structure with a
single diagonal loop and two laterals, known as a “basket”
conformation (PDB identifier 143D; Wang and Patel
1993). Under crystallization conditions, the K*-form of the
22-mer can take on a conformation with a three-strand
reversal that has no lateral loops, also called a “propeller”
structure (PDB identifier 1KF1; Parkinson et al. 2002).
However, in free solution, a 23-mer of the same sequence
with an additional 5’ deoxythymidine residue folds to form
a mixed “3 4 17 structure distinct from the propeller
structure (PDB identifier 2JSM; Phan et al. 2007; Fig. 1c).
There is evidence that the 22-mer sequence used in the
studies described here also samples the “3 + 1” fold in
K" -solutions (Ambrus et al. 2006). It is noteworthy that the
3 + 1 structure also differs from the pure basket confor-
mation that is seen with the Na*-form (compare Fig. 1
panels a, ¢). In sodium and potassium solutions, the 22-mer
forms three stacked G-tetrads connected by loops con-
taining three un-paired nucleotides. The 27-mer also folds
to form a “propeller” conformation in potassium-contain-
ing buffers (PDB identifier 1XAV; Ambrus et al. 2005).
However, this sequence has five G-tracts that may partic-
ipate in quadruplex structures. Since only four are needed
to form a G-quadruplex, the 27-mer sequence has the
potential to form several alternative folds. The number of
nucleotides present in the loops depends on which G-tracts
are used in the quadruplex. The lengths of unpaired 5’ and
3’ ends are also dependent on the G-tracts involved in
structure formation and can reach lengths up to 7 or 9
nucleotides, respectively. To our knowledge there is no
high-resolution structure available for the sodium form of
the 27-mer, but hydrodynamic data shown below are con-
sistent with the idea that its structure is different from that
of the potassium form. Alternate possible structures of the
22-mer quadruplex DNA are contrasted in Fig. 1. Several
factors contribute to partial-specific volume. Among these
are residue composition, packing and solvent interactions
including electrostriction (Durchschlag 1986). Since our
DNA molecules have different folds and offer different
surfaces for solvent interaction, we anticipated that they
would have different partial-specific volumes. The exper-
iments described below test that prediction.

Table 1 Oligonucleotide

Sequence

5'-AGGGTTAGGGTTAGGGTTAGGG-3'
5'-AGTCAGTCAGTCAGTCAGTCAGTCAG-3'

) Length, bp Sequence molecular
sequences weights (Da)

22 6,967

26 7,996

27 8,688

5'-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3'
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Fig. 1 Conformations of the 22-mer G-quadruplex DNA depend on
cation identity. Panel (a): views of the structure of the Na*-form of
the 22-mer (PDB identifier 143D) determined by Wang and Patel
(1993). This structure has a solvent-accessible surface area of
3,865 A2 The top image is an end-view of the molecule; the bottom
image, a side-view. Panel (b): views of the propeller structure of the
K*-form of the 22-mer (PDB identifier 1KF1) determined by
Parkinson et al. (2002). This structure has a solvent-accessible
surface area of 4461 A% The top image is an end-view of the
molecule; the bottom image, a side-view. The central K™ ions are
represented by purple spheres (ionic radii reduced by half for clarity).

Experimental

The sequences of the DNA molecules used are given in
Table 1. These DNAs were obtained from Invitrogen and
used without further purification. Aliquots of each sample
were dialyzed against 10 mM Tris (pH 8.0), | mM EDTA
(TE buffer), adjusted to contain a final concentration of
75 mM NaCl or KCl (as appropriate). Samples were heated
to ~100°C for 1 min and allowed to slowly cool to 37°C
and then annealed in a water-bath overnight at 37°C.
Samples were dialyzed overnight at 4°C against TE buffer,
adjusted to contain working concentrations of NaCl or KCl,
as appropriate. After dialysis, buffers were thoroughly
degassed and densities were measured using a Mettler DA-

Panel (c): views of the mixed “3 4 1” structure obtained for the K*-
form of the closely-related 23-mer (PDB identifier 2JSM) determined
by Phan et al. (2007). The sequence of this molecule is the same as
that of the 22-mer, with an additional deoxythymidine residue added
at the 5’-end. This structure has a solvent-accessible surface area of
3,730 Az; a model calculation for this structure with the 5
deoxythymidine removed gave a solvent-accessible surface area of
3,830 A2 The top image is an end-view of the molecule; the bottom
image, a side-view. Backbone trajectories are indicated by purple
ribbons. Approximate van der Waals surfaces are indicated by the
grey envelopes surrounding each structure

300 density meter at 4°C. For densimetry, temperature was
controlled to +0.01°C.

Analytical ultracentrifugation

Sedimentation velocity and equilibrium experiments were
performed using a Beckman XL.-A analytical ultracentri-
fuge. Sedimentation velocity experiments were performed
at 4°C and 40,000 rpm. Absorbance measurements were
made at 260 nm. Distributions of sedimentation coeffi-
cients c(s) were determined using Sedfit (Schuck et al.
2002). Sedimentation equilibrium data were obtained
at 4°C with rotor speeds spanning the range 20,000-
45,000 rpm. Equilibrium was considered to be attained
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when scans taken 6 h apart superimposed. Sedimentation
equilibrium data were analyzed using Eq. 1.

A(r) = Zdn,o exp [(rn(r2 — ré)/Z] +¢ (1)

Here A(r) is the absorbance at radial position r, o, is the
concentration of the nth species at radial position ry, and
o, = M, (1 — (;S/np ®?* /RT. M,, is the molecular weight of
species n, ¢/n the apparent isopotential partial-specific
volume of the nth species, p the solvent density, @ the
angular velocity, R is the gas constant, T the absolute
temperature, and ( is a baseline offset term (Laue 1995).

The apparent partial-specific volume, ¢', was measured
by a variation the method of Edelstein and Schachman
(1967, 1973), in which solvent densities are modulated by
changing the salt concentration. In this analysis, ¢,Efs is
given by the relation

(]5’ _ k — (QH/QL)
E=9) " py — p.(On/0L)

Here k is the ratio of molecular weights under high
density conditions (H) to that under low density conditions
(L) Edelstein and Schachman (1967, 1973). Because DNA
molecular weights are not expected to change with [salt],
we set k = 1 for our analyses. Q is the integrated form of
Eq. 1 for a single, ideal species.

dinc  M(1 — ¢'p)w? 3)
drr 2RT

(2)

0=

Here c¢ is macromolecular concentration. This method
allows the simultaneous determination of M and ¢’, but it
requires data in which values of Q are constant within each
experiment. Sources of deviation from a linear relationship
of In ¢ with 7 include macromolecular inhomogeneity and
non-ideal sedimentation.

Because the sequence molecular weights of our DNAs
are accurately known, an alternate, phenomenological
estimate of ¢’ could be obtained by directly fitting sedi-
mentation equilibrium data with Eq. 1, as originally
described by Ebel et al. (2000). In this analysis M, was
input as a fixed value and ¢’ was allowed to float.

Structural calculations
Solvent-accessible surface areas were calculated by the Con-

nolly method (Connolly 1983) using a probe of 1.4 A radius,
implemented in the program GRASP (Nicholls et al. 1991).

Results
Sedimentation velocity experiments were performed to

determine the number of independently-sedimenting spe-
cies in each DNA preparation and to determine whether the
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Fig. 2 Sedimentation analysis of DNAs. (a) Representative sedimen-
tation velocity data at 40,000 rpm for 22-mer G-quadruplex DNA in
10 mM Tris (pH 8.0), 1 mM EDTA (TE buffer) containing 75 mM KCl
(red circles); 22-mer G-quadruplex DNA in TE buffer containing
75 mM NaCl (blue squares); 26-mer ssDNA in TE buffer containing
75 mM NaCl (green diamonds); the 27-mer G-quadruplex DNA in TE
buffer containing 75 mM NaCl (black triangles), and the 27-mer G-
quadruplex DNA in TE buffer containing 75 mM KCl (orange triangles)
by analytical ultracentrifugation. The sy, values, with 95% confidence
intervals indicated in parentheses were as follows. 22-mer (NaCl-form),
1.75 s (1.73-1.80); 22-mer (KCl-form), 1.88 s (1.85-1.93); 26-mer
(NaCl-form), 1.72 s (1.67-1.73); 27-mer (NaCl-form); 2.10 s (1.94—
2.16); and 27-mer (KCl-form), 2.17 s (2.12-2.46). (b) Representative
sedimentation equilibrium data at 4°C for the 22-mer G-quadruplex
DNA in TE buffer containing 0.4 M KCI at 25,000 (green), 35,000
(blue), and 45,000 rpm (red) by analytical ultracentrifugation. The
smooth curves represent fits of Eq. 1 to the experimental data

G-quadruplex DNAs were folded into compact secondary
structures or whether they were present in unfolded,
extended states. As shown in Fig. 2a, solutions of 22-mer
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Table 2 Sedimentation velocity data

b
$20,w

Mg, (Da)

e

DNA fragment Buffer salt ST.B

22-mer NaCl 1.10 (1.09-1.13)°
KCl 1.19 (1.17-1.22)°

26-mer NaCl 1.08 (1.05-1.09)°
KCl n/a

27-mer? NaCl 1.32 (1.28-1.36)°
KCl 1.33 (1.30-1.51)°

1.75 (1.73-1.80)°
1.88 (1.85-1.93)°
1.72 (1.67-1.73)°
n/a

2.10 (2.04-2.16)°
2.17 (2.12-2.46)°

6762 (6362-7024)°
7128 (6853-7383)°
7622 (7372-7934)°
n/a

8947 (8053-9747)°
7646 (6646-8746)°

1.42 (1.38-1.43)°
1.33 (1.29-1.35)°
1.58 (1.56-1.62)°
n/a

1.37 (1.33-1.41)°
1.33 (1.17-1.36)°

* Buffer viscosities and densities were determined using Sednterp (Laue et al. 1992); values were determined using Sedfit (Schuck et al. 2002)

® Buffer viscosities and densities along with sy and f/f, values were determined using Sednterp (Laue et al. 1992) with v = 0.54 (Durchschlag
1989), and using sequence molecular weights (with two cations associated with the G-quadruplex DNAs)

¢ 95% confidence interval
4 Slower sedimenting species

and 26-mer contained single sedimenting species but the
27-mer preparations contained two discrete species. Anal-
ysis of ¢(M) distributions (summarized in Table 2) indicate
that the 22-mer and 26-mer species were monomeric, as
was the most slowly-sedimenting species present in the 27-
mer samples. The faster-sedimenting peak in the 27-mer
samples had an apparent molecular weight consistent with
a tetrameric structure.

As shown in Table 2, the s, values for the monomeric
forms of 22-mer and 27-mer DNAs are larger than those of
the single-stranded 26-mer, indicating that they are com-
pactly folded. The value of s, ,, for the 22-mer is similar to
previously-reported values for the quadruplex structure of
this DNA (Li et al. 2005; Mekmaysy et al. 2008). To our
knowledge, the 559, value for the single-stranded 26-mer
sequence has not been reported. Differences in s;q ,, for G-
quadruplex DNAs annealed in NaCl and KCI buffers are
likely to signify differences in the compactness of these
structures (Parkinson et al. 2002; Wang and Patel 1993).

To perform the Edelstein—Schachman analysis of ¢/,
DNA samples were brought to sedimentation equilibrium
at 4°C. Buffer densities were varied by changing [NaCl] or
[KCI]. Equilibrium data from the 22-mer G-quadruplex
DNA (Fig. 2b) and the 26-mer ssDNA were consistent with
a single species for each preparation, however, data for the
27-mer could not be fit with the version of Eq. 1 that
describes a single species. Consistent with the sedimenta-
tion velocity result (Fig. 2a), an additional term with
buoyant molecular weight approximately 4-times that of
monomer was needed to account for the sedimentation
equilibrium distribution of samples of 27-mer (result not
shown). For the homogeneous samples obtained with 22-
mer and 26-mer DNAs, values of Q were calculated using
Eq. 3. Graphs of Q as functions of [salt] and solution
density, for NaCl and KCl solutions are shown in Fig. 3.
Values of ‘l";a—s were calculated from the density depen-
dence of Q, using Eq. 2. For the quadruplex 22-mer in

a Density/(g/mL)
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Fig. 3 Determination of partial-specific volume by the method of
Edelstein and Schachman. Graphs of reduced buoyant molecular
weight (Q) as a function of solvent density. (a) Samples brought to
sedimentation equilibrium in TE buffer, with indicated concentrations
of NaCl. (b) Samples brought to sedimentation equilibrium in TE
buffer, with indicated concentrations of KCIl. Solid lines are least
squares fits from which the Qy/Q; ratios were determined

NaCl and KCl buffers values of qb;q}S were 0.574 £+ 0.090
and 0.588 + 0.088 mL/g, respectively and the corre-
sponding values for the 26-mer in NaCl and KCl were
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Table 3 Comparison of partial-specific volume calculations

DNA Salt ¢’ s, ¢ ave) @ (extrap)
fragment (mL/g) (mL/g) (mL/g)
22-mer NaCl 0.574 &+ 0.090 0.536 &+ 0.009 0.525 + 0.004
KCl 0.588 £+ 0.088 0.541 £ 0.019 0.531 £ 0.006
26-mer NaCl 0.525 4+ 0.028 0.548 4+ 0.021 0.555 + 0.004
KCl 0.590 + 0.057 0.551 & 0.015 0.564 + 0.006
27-mer NaCl n/a 0.546 £ 0.005 0.548 + 0.005
KCl n/a 0.556 £+ 0.013 0.557 £ 0.006

¢’ &_s) are calculated from Q using Eq. 3

@' ave) are values of ¢ g, averaged over the experimental [salt]
range

@' extrapy are obtained by linear extrapolation of ¢’ g5 to
[salt] = 0 M

0.525 £ 0.028 and 0.590 £ 0.057 mL/g, respectively
(Table 3). As discussed below, these values and their
ranges overlap with ones obtained by direct fitting of ¢’
using Eq. 1 and the sequence molecular weights of the
DNAs. Because samples containing the 27-mer were het-
erogeneous, the dependence of In ¢ on /* was non-linear
and unique values of Q could not be obtained at any salt
concentration. This prevented estimation of ¢’ for the 27-
mer quadruplex by the Edelstein—Schachman method.
Phenomenological values of ¢’ were obtained by fitting
equilibrium data using Eq. 1, with M,, fixed, but adjustable ¢
', as originally described by Ebel et al. (2000). G-quadruplex
structures are stabilized by a single tightly-bound cation
located in the center of each G-quartet or between two G-
quartet planes (Burge et al. 2006). Our calculations used
values of M,, that assumed two non-exchanging cations per

Fig. 4 Partial-specific volumes estimated from sequence molecular P

weights. (a) Graph of apparent partial-specific volumes as functions
of NaCl concentration and solution density (p). Symbols: (filled
circle) data acquired at 20,000 rpm; (filled square) data acquired at
25,000 rpm; (filled diamond) data acquired at 30,000 rpm; (filled
triangle) data acquired at 35,000 rpm; (filled inverted triangle) data
acquired at 40,000 rpm; (filled rightangle) data acquired at
45,000 rpm. All symbols have error bars representing 95% confi-
dence intervals; where they cannot be seen, the interval is smaller
than the size of the data symbol. The solid line is a linear fit to the
data. Extrapolation to [NaCl] = 0 M provides a [salt]-independent
reference value of ¢'. Limiting values are as follows: 22-mer,
0.525 £ 0.004 mL/g;  26-mer, 0.555 4+ 0.004 mL/g;  27-mer,
0.548 £ 0.005 mL/g. (b) Graph of apparent partial-specific volumes
as functions of KCI concentration and solution density (p). Symbols:
(filled circle) data acquired at 20,000 rpm; (filled square) data
acquired at 25,000 rpm; (filled diamond) data acquired at 30,000 rpm;
(filled triangle) data acquired at 35,000 rpm; (filled inverted triangle)
data acquired at 40,000 rpm; (filled rightangle) data acquired at
45,000 rpm. All symbols have error bars representing 95% confi-
dence intervals; where they cannot be seen, the interval is smaller
than the size of the data symbol. The solid line is a linear fit to the

data. Limiting values at [KCl]=0M are: 22-mer, 0.531 &+
0.006 mL/g; 26-mer, 0.564 + 0.006 mL/g; 27-mer, 0.557 £+
0.006 mL/g

@ Springer

quadruplex-forming DNA molecule; if these sites were
unoccupied, this would result in errors in M,, of <1.1%. This
translates into an error in ¢’ of ~0.5%. This uncertainty is
comparable to the uncertainty in ¢’ due to experimental
scatter. Data was obtained over salt concentration ranges
0.09 M < [NaCl] <23 M and 0.09 M < [KC]] <2.1 M
(Fig. 4); over these ranges, the apparent change in ¢’ with
salt concentration is less than the scatter of data. The small
dependence of ¢’ values on salt concentration is inconsistent
with large, [salt] dependent conformational changes, while
the absence of large changes in M,,(1 — ¢'p) is inconsistent
with the formation of new quaternary interactions or
increases in molecular weight due to counterion binding.
These results are compatible with the prediction that cation
binding to oligoelectrolytes with charge densities like that of
DNA, dissolved in 1:1 salt solutions, saturates at low
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millimolar salt concentrations (Manning 1978). Average
values of ¢’ for the 22-mer G-quadruplex in NaCl and KCl1
buffers were 0.536 + 0.009 and 0.541 &+ 0.019 mL/g; for
the 26-mer ssDNA, 0.548 £ 0.021 and 0.551 + 0.015 mL/
g; and for the 27-mer G-quadruplex, 0.546 + 0.005 mL/g
and 0.556 + 0.013 mL/g, respectively. As a result of the
very small dependence of on [salt], values of ¢’ extrapolated
to [salt] = 0 M are virtually indistinguishable from the
average values (Table 3).

Discussion

The Edelstein—Schachman method is useful for the deter-
mination of ¢’ with homogeneous solutes in two- or three-
component systems. In the variant of the method used here,
we have altered solvent density by changing salt concen-
tration. This relies on the assumption that factors affecting
partial-specific volume will be, to a first approximation,
independent of [salt] over the range of concentrations that
we have tested. The linear dependences of Q and ¢’ on
[salt] (Figs. 3 and 4) show this to be the case. We note that
our experiments do not extend into the low-salt range in
which the partial-specific volumes of nucleic acids are
highly-dependent on salt concentration (c.f. Durchschlag
1989). The Edelstein—Schachman approach requires a lin-
ear dependence of In ¢ on r* (Eq. 3), which is not always
observed for heterogeneous macromolecular systems. The
alternate approach, in which ¢’ is calculated from buoyant
molecular weight data and the sequence molecular weight,
does not have this drawback because values are obtained
by direct fitting of Eq. 1 and because the determination
does not involve the accurate measurement of differences
in a parameter such as Q, as a function of solvent density.
However, we emphasize that this approach to estimating ¢’
requires accurate prior knowledge of the sequence molec-
ular weight.

The single-stranded and G-quadruplex DNAs that we
have studied have different secondary structures, different
solvent-accessible surface areas and different numbers and
kinds of ion-binding sites. Thus it is remarkable that the
values of ¢ and ¢/ sy obtained for 22, 26 and 27 nt
DNAs, in sodium and potassium buffers are so similar to
one another (Table 3). We rationalize this as follows.
While the base compositions of the 22, 26 and 27 nt DNAs
differ, so do the proportions of bases that are stacked and
the proportions that are engaged in hydrogen-bonded pairs
or quartets. In addition, the relative amounts of charged and
uncharged and polar and non-polar surface exposed to
solvent differ from molecule to molecule and between
conformations of the same molecule. These differences
may exert compensating effects resulting in the small range
in ¢’ values that we have observed.

The quadruplex-forming molecules that we have tested
are mixtures of G-quartet, loop and single-stranded motifs;
each is expected to contribute to the value of ¢’ observed
for that molecule and conformation. Thus, these experi-
ments do not establish a value of ¢’ for a pure G-quartet
structure, although they provide values for quadruplex-
containing structures that may be biologically-relevant.
The values of ¢’ that we observe for G-quadruplex DNAs
are similar to ones reported for populations of multimers of
dGg and dG ¢ (¢' ~ 0.54 mL/g) that were likely to contain
quadruplex structures (Hatters et al. 2001). The values of ¢
" obtained for the single-stranded 26-mer are the same,
within-error, as that measured for a different single-stran-
ded DNA by Chapman and Sturtevant (1969) and cited
more recently (Durchschlag 1986).

It is striking that values of ¢’ do not depend significantly
on the identity of the dominant buffer cation for any of the
DNAs that we have sampled. This is particularly intriguing
in view of the range of different quadruplex folds observed
for the 22-mer DNA in sodium and potassium buffers
(Fig. 1) and the fact that both 22-mer and 27-mer quadru-
plex DNAs undergo shifts in hydrodynamic properties with
cation substitution (Fig. 2a; Table 2). The data obtained for
single-stranded DNA indicates that the insensitivity of ¢’ to
cation substitution is not a unique property of quadruplex-
containing DNAs. Finally, the values of ¢’ for single-
stranded and G-quadruplex DNAs fall within the range
observed for duplex DNA at comparable salt concentrations
(0.503 < ¢' < 0.579 mL/g; Cohen and Eisenberg, 1968;
Bonifacio et al. 1997). Given the range of secondary
structures spanned by our data and that in the literature, we
conclude that at moderate salt concentrations, ¢’ is at most
weakly dependent on the amount and kind of secondary
structure that is present in a DNA sample.
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