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Abstract

A variety of organic cations, cationic lipids, low molecular weight alcohols, sodium dodecylsulfate, trehalose,
glycerol, low molecular weight polyethylene glycols, and DMSO were tested for their ability to modulate the stability
of the triplexes d(C -T) :d(A-G) •d(C-T) , d(T) :d(A) •d(T) , poly r(U:A•U) and their respective core duplexes,q

6 6 6 21 21 21

d(A-G) •d(C-T) , d(A) •d(T) , poly r(A•U). Very substantial enhancement of triplex stability over that in a6 6 21 21

physiological salt buffer at pH 7 is obtained with different combinations of triplex and high concentrations of these
additives, e.g. trimethylammonium chloride and d(C -T) :d(A-G) •d(C-T) ; 2-propanol and d(T) :d(A) •d(T) ;q

6 6 6 21 21 21

ethanol and poly r(U:A•U). Triplex formation is even observed with a 1:1 strand mixture of d(A-G) and d(C-T)6 6

in the presence of dimethylammonium, tetramethylammonium, and tetraethylammonium-chloride, as well as methanol,
ethanol, and 2-propanol. Triplex stability follows the water structure-making ability(and in some cases the duplex
unwinding ability) of the organic cations, the low molecular weight alcohols and other neutral organic compounds,

Abbreviations: MA–Cl, Methylammonium Chloride; DMA–Cl, Dimethylammonium Chloride; TriMA–Cl, Trimethylammonium
Chloride; TMA–Cl, Tetramethylammonium Chloride;(TMA) –SO , Tetramethylammonium Sulfate; TEA–Cl, Tetraethylammonium2 4

Chloride; TPA–Cl, Tetrapropylammonium Chloride; CTriMA–Cl, Cetyltrimethylammonium Chloride; DidecylA–Cl, Didecylam-
monium Chloride; TridodecylMA–Cl, Tridodecylmethylammonium Chloride; DOSPA, 2,3-dioleyloxy-N-w2(sperminecarboxamido)
ethylx-N,N-dimethyl-1-propanaminium trifluoroacetate; SDS, Sodium Dodecylsulfate; MeOH, Methanol; EtOH, Ethanol; 2-PrOH,
2-Propanol; 1-BuOH, 1-Butanol; Trehalose,a-D-glucopyranosea-D-glucopyranoside; DMSO, Dimethyl Sulfoxide; PEG 200,
poly(ethylene glycol), ave. MWs200; MB, mixing buffer(contains 0.15 M NaClq0.005 M MgClq0.01 M cacodylate, pH 7.0).2

Triplexes are symbolized by their base triplets, such that the third strand residue is located to the left of the purine residue of the
Watson-Crick base pair, separated by a colon, i.e. U:A•U, C :G•C, T:A•T, etc.q
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whereas water structure-breaking additives decrease triplex stability. These findings are consistent with those reported
in the accompanying paper that triplex formation occurs with a net uptake of water. Since the findings suggest that
third strand-binding is facilitated by unwinding of the target duplex, it is inferred that triplex formation may be
enhanced by nucleic acid binding proteins operating similarly.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

By virtue of its remarkable specificityw1–4x,
nucleic acid third strand-binding to target Wat-
son–Crick duplex sequences offers opportunities
for modulating replicationw5x; for silencing genes
by blocking their transcriptionw6–9x; for accurate
delivery of genome-cleaving reagentsw10,11x; for
delivery of photochemical and other reactive rea-
gents that can damage specific gene sites for the
purpose of inducing point mutations via the inter-
cession of genome-repair enzymesw12,13x; for
specific gene knockoutw14x; and for creating a
novel class of convenient cytogenetic probesw15x.
In addition, knowledge of the spectrum of sub-
stances that can enhance third-strand-binding affin-
ity in vitro and in vivo can provide a better
understanding of the physical-chemistry of the
binding process itself.
In this report, we describe the results of an

extensive survey of ionic and non-ionic solute
additives investigated for their potential to enhance
the third strand-binding affinity of a particular
class of third strands that give rise to triplexes in
the pyrimidineyparallel motif, along with an inter-
pretation of aspects of the enhancing effects.
The stabilizing effect of the chloride salts of the

organic cations MA , DMA , TriMA , TMA ,q q q q

TEA and TPA on triplex and duplex stabilityq q

was first determined. As all but TPA enhanceq

triplex stability, the chloride salts of the cationic
lipids (used as transfection agents) CTriMAq

(TriMA with one C tail), TridodecylMAq q
16

(MA with three C tails), and DOSPA (essen-q 4q
12

tially a spermine head with two C tails) were18

studied in the hope of achieving even greater
triplex stability.

Whereas the accompanying paperw16x reports
the stabilizing effect of salts with systematically
varied anions that do not interact with the nega-
tively charged triplex backbone, here the varied
organic cations do interact with that backbone.
The stabilizing effect of the neutral molecules
trehalose, glycerol, PEG and DMSO was also
examined. The disaccharide trehalose stabilizes
proteins at high temperatures and is used for long
term storage of dried formulationsw17,18x because
of its chemical stability(non-reducing disaccha-
ride) and glass forming(T 110 8C) and waterg

replacing ability w19x. Glycerol was explored
because of its strong dehydrating capacity. PEG is
well known to facilitate crystallization of nucleic
acids, while DMSO is a broad spectrum solvent
of organic and inorganic compounds with a strong
hydrogen(H–) bonding ability; it is metabolized
w20x and promotes microtubule assembly in plant
protoplastsw21x.
Three types of triplexes were studied at pH 7.

Maximum enhanced stability for d(C -T) :d(A-q
6

G) •d(C-T) was observed with 3.0 M TMAy6 6

Cl, T s50 8C vs. 5 8C in 3.0 M NaCl; form

d(T) :d(A) •d(T) in 50 vol.% 2-propanolq21 21 21

0.15 M NaClq0.005 M MgCl ,T s65 8C vs. 232 m

8C in 0.15 M NaClq0.005 M MgCl ; for poly2

r(U:A•U) in 50 vol.% ethanolq0.016 M NaCl,
T s53 8C vs. 268C in 0.016 M NaCl. Since them

T:A•T and U:A•U base triplets do not require third
strand base protonation, whereas the C :G•C baseq

triplet does, the stability of d(C -T) :d(A-q
6

G) •d(C-T) increases further with decreasing pH,6 6

with a maximumT of 75 8C in 3.0 M TMA-Clm

at pH 3.7.
An important conceptual finding of this inves-

tigation is that the enhancement of triplex stability
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Fig. 1. Temperature difference spectra for the triplex
d(C -T) :d(A-G) •d(C-T) and duplex d(A-G) •d(C-T) inq

6 6 6 6 6

TriMA–Cl.

Fig. 2. Temperature difference spectra for the triplex
d(C -T) :d(A-G) •d(C-T) and duplex d(A-G) •d(C-T) inq

6 6 6 6 6

CTriMA–Cl.

by the various compounds correlates with their
water structure-making tendencies. Preliminary
reports of this work have appearedw22,23x.

2. Materials and methods

2.1. Sample preparation, UV spectroscopy, melting
profiles and CD spectroscopy

Materials and methods were as described in the
accompanying paperw16x and w24x. The UV melt-
ing profiles, wavelength scans and difference spec-
tra were not smoothed. Since triplex stability could
not be studied below 08C, ‘no triplex formation’
implies ‘above 08C’. The highest concentration of
an additive for which aT value is reported is them

maximum concentration at which it remains solu-
ble over the entire temperature range. Since triplex
stability is dependent on third strand concentration
as well as total oligonucleotide concentration, all
triplex mixtures contained equimolar proportions
of the three strands, and at the same total concen-
tration. Because of their UV absorbance, bromide,
iodide and thiocyanide salts could not be
investigated.

3. Results

3.1. Identification of transitions

3.1.1. d(C -T) :d(A-G) •d(C-T)q
6 6 6

Tables 1–4 list theT values for this triplex andm

Tables 5 and 6 the values for the comparable
duplex mixtures. All theseT values were derivedm

from UV melting profiles whose transitions were
identified w16,24x from the unique spectral char-
acteristics of third strand dissociation from the
triplex and of dissociation of the target duplex
itself. All transitions were so analyzed. Some
among the examples in Figs. 1–4 were the most
difficult to analyze as they involve a 3™1q1q1
transition and because some of the additives(e.g.
CTriMA) also undergo their own temperature-
dependent UV absorbance changes. Many triplex
transitions were confirmed by lowering the solu-
tion pH and observing an increase in triplex

stability w24x without an increase in duplex
stability.
The difference spectra for the triplex mixture in

1 M TriMA–Cl at pH 7.0. (Fig. 1) confirms that
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Table 1
T values for d(C -T) :d(A-G) •d(C-T)q

m 6 6 6

Conditionsb 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

1.0 M NaCl 9 17 54 12

1.0 M MA–Cl 18 13 53 8
2.0 M 19 12 53 8
3.0 M 20 13 52 6
4.0 M 19 11 51 8

1.0 M DMA–Cl 20 11 53 8
2.0 M 23 10 52 8
3.0 M 26 9 51 6
4.0 M 27 10 49 8

1.0 M TriMA–Cl 28 10 52 6
2.0 M 36 9 52 7
3.0 M (pH 3.7) 72a 19 – –
3.0 M (pH 4.9) 67a 15 – –
3.0 M (pH 5.8) 58a 15 – –
3.0 M 50a 17 – –
3.0 M (pH 7.4) 36 8 51 7
3.0 M (pH 7.8) – – 52 8
4.0 M 53a 16 – –
4.0 M (pH 7.4) 36 8 50 6

1.0 M TMA–Cl 31 10 54 9
2.0 M 29 9 55 7
3.0 M (pH 3.7) 75a 18 – –
3.0 M (pH 4.9) 72a 16 – –
3.0 M (pH 5.8) 61a 14 – –
3.0 M 30 10 56 9
4.0 M 43 9 59 7
6.0 M 50a 23 – –
6.0 M (pH 6.0) 67a 23 – –

0.5 M TEA–Cl 16 10 43 6
1.0 M 22 13 43 10
1.6 M 26 9 37 7
2.0 M Insoluble

0.1 M TPA–Cl – – 29 8
0.5 M – – 31 8
0.9 M – – 28 8
0.9 M (pH 8.5) – – 27 8
1.0 M Insoluble

3™1 transition.a

0.01 M cacodylate, pH 7.0 or as otherwise stated.b

the first transition(T s28 8C), characterized bym

a peak at 245–250 nm and a trough at 295–300
nm, is due to dissociation of the third strand, while
the second(T s52 8C), characterized by a peakm

at 270 nm and no trough, is due to dissociation of

the core duplex. Similarly, the difference spectra
for the triplex mixture in 3.0 and 4.0 M TriMA–Cl
confirm that their monophasic melting profiles,
with T values of 50 and 538C, respectively, arem

due to direct triplex melting to single strands.
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Table 2
T values for d(C -T) :d(A-G) •d(C-T)q

m 6 6 6

Conditionsf 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

MB 11 12 50 10

10 wt.% CTriMA–Cl (3=10 M)y4 y6 – – 20 10
10 wt.% (3=10 M)y3 y5 – – 23a 5
10 wt.% (3=10 M)y2 y4 28b 5 – –
10 wt.% (3=10 M)y1 y3 Insoluble, micelle formation

10 wt.% CTriMA–ClqMBy4 10 11 50 13
10 wt.% qMBy3 22c 8 52 14
10 wt.% qMBy2 Insoluble, micelle formation

10 wt.% CTriMA–Clq0.02 M TMA-ClqMBy3 12 8 51 10
10 wt.% q0.1 M qMBy3 14 11 51 9
10 wt.% q0.2 M qMBy3 15 10 52 8
10 wt.% q0.4 M qMBy3 16 11 52 8
10 wt.% q0.1 M qMBy2 45 11 64 11
10 wt.% q0.2 M qMBy2 Insoluble, micelle formation

10 wt.% TridodecylMA-Cl(2=10 M)y4 y6 – – 20 10
10 wt.% (2=10 M)y3 y5 – – 20 10
10 wt.% (pH 6.0)y3 41d 14 – –
10 wt.% (2=10 M)y2 y4 Insoluble, micelle formation

10 wt.% TridofecylMA-ClqMBy4 10 10 51 11
10 wt.% qMBy3 11 9 51 10
10 wt.% qMBy2 Insoluble, micelle formation

10 wt.% DOSPA(7=10 M)y4 y7 – – 21 11
10 wt.% (pH 6.0)y4 40d 10 – –
10 wt.% (7=10 M)y3 y6 22d 7 – –
10 wt.% (pH 6.0)y3 40 6 79 7
10 wt % (7=10 M)y2 y5 27 6 77 25e

10 wt.% (7=10 M)y1 y4 Insoluble, micelle formation

10 wt.% DOSPAqMBy4 10 11 50 16
10 wt.% qMBy3 12 7 50 15
10 wt.% qMBy2 Insoluble, micelle formation

See Fig. 2, duplex melting but possibly a very small amount of triplex melting.a

3™2q1 transition(see Fig. 2), phase transition of CTriMA masks duplex transition.b

Very broad transition(3–40 8C).c

3™1 transition.d

Significant overlap with phase transition of DOSPA.e

0.01 M cacodylate pH 7.0 when other pH or MB not stated.f

The triplex mixture in 3=10 M (10 wt.%)y6 y4

CTriMA–Cl, pH 7.0, displays a transition withTm

of 20 8C, which is shown in Fig. 2 to be due to
dissociation of the duplex, i.e. 1q2™1q1q1.
However, on increasing CTriMA–Cl concentration
100 fold, triplex is formed, which melts with a
T of 28 8C, and a difference spectrum that ism

clearly due to a 3™2q1 transition. However,Tm

for the subsequent duplex transition is masked by
a phase transition of CTriMA. In fact, CTriMA,
TridodecylMA, and DOSPA, each with a hydro-
philic positively charged nitrogen head and a
hydrophobic tail self-aggregate to micelles. The
transition for CTriMA is readily distinguished from
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Table 3
T values for d(C -T) :d(A-G) •d(C-T)q

m 6 6 6

Conditionsc 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

MB 11 12 50 10

0.1 wt.% SDS(4=10 M)qMBy3 –a – 51 12
1 wt.% (4=10 M)qMBy2 –a – 51 11
10 wt.% (4=10 M)qMBy1 –a – 54 12

0.1 M (TMA) -SO2 4 16 7 48 21
0.5 M 20 17 56 11
1.0 M 25 14 57 11
1.5 M (TMA) -SO precipitates2 4

0.75 M TrehaloseqMB 12 7 47 10
1.5 M qMB 12 4 44 10
2.0 M qMB 13 4 41 9

10 vol.% GlycerolqMB 11 9 49 10
20 vol.% qMB 12 9 45 10
30 vol.% qMB 12 6 42 12
30 vol.% qMBq1.0 M TriMA–Cl 19 8 45 9

20 vol.% PEG200qMB 18 11 44 10
40 vol.% qMB 33b 23 – –

20 vol.% PEG400qMB 22 22 48 17
20 vol.% qMB 24 15 49 14

10 vol.% DMSOqMB 15 12 48 12
20 vol.% qMB 17 11 45 12
40 vol.% qMB 20 12 41 12
50 vol.% qMB 27b 17 – –
60 vol.% qMB 15b 12 – –
60 vol.% qMB (pH 6.0) 36b 24 – –

SDS appears to inhibit triplex formation; however, transitions below 208C may occur that are not observed as the solutiona

solidifies below;20 8C.
3™1 transition.b

0.01 M cacodylate pH 7.0 when MB not stated.c

those for nucleic acids, as it shows a very broad
difference spectrum between 220 and 320 nm,
whereas nucleic acid transitions show a maximum
hyperchromic change near 260 nm and almost
none at 320 nm.
The difference spectra for the triplex mixture in

10 and 10 wt.% TridodecylMA-Cl(Fig. 3)y3 y4

confirm an absence of triplex at pH 7.0, the
observed transition being due to duplex dissocia-
tion (1q2™1q1q1). However, at pH 6.0 in the
10 wt.% solution, triplex is formed, as showny3

by a difference spectrum characteristic of a 3™
1q1q1 transition(Fig. 3).

In 40% PEG 200qMB at pH 7.0, the triplex
mixture shows only one transition,T s33 8C,m

with a characteristically large hypochromicity
(23%) and a 3™1q1q1 difference spectrum
(Fig. 4).

3.1.2. d(T) :d(A) •d(T)21 21 21

Table 7 listsT values for this triplex and itsm

core duplex. As discussed in the accompanying
paper w16x, their CD-spectra are readily
distinguished.
Fig. 5 shows the CD-spectra of the duplex and

triplex mixtures in MB and in 2 M TriMA–Clq
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Table 4
T values for d(C -T) :d(A-G) •d(C-T)q

m 6 6 6

Conditionsd 1st Transition 2nd Transition
V yValcohol total T 8Cm Hypochromicity % T 8Cm Hypochromicity %

MB 11 12 50 10

10% MeOHqMB 15 13 51 11
20% qMB 15 14 48 11
30% qMB 15 12 44 12
60% qMB 16 7 37 7
70% qMB 16 7 35 7
80% qMB Soluble, no transitions

10% EtOHqMB 12 12 48 10
20% qMB 13 12 44 11
30% qMB 15 6 41 11
40% qMB 15 7 36 10
50% qMB 21 23 38 8
60% qMB 40a,c 31 – –
70% qMB Soluble, no transitions

5% 2-PrOHqMB 9 7 49 7
10% qMB 11 14 47 12
20% qMB 17 9 43 13
30% qMB 20 11 40 12
40% qMB 27b 31 39b 15
50% qMB 40c 38 – –
60% qMB Insoluble

0.1% 1-BuOHqMB 8 10 51 9
1% qMB 7 9 50 9
5% qMB 7 10 47 9
10% qMB Phase separation

30% 2-PrOHq20% EtOHq3 M TMA-Cl 32c 10 – –
40% q3 M TMA-Cl Phase separation
50% q3 M TMA-Cl Insoluble

50% EtOHq1.5 M TriMA–Cl 30c 16 – –

Broad transition(20–608C).a

Overlapping transitions.b

3™1 transition.c

0.01 M cacodylate, pH 7.0 when MB not stated.d

MB. In both solvents, the CD spectrum of the
duplex has a positive band at 217 nm and a
negative band at 247 nm; those for the triplex are
quite similar, but for an additional negative
band at 209 nm. These CD spectra for
d(T) :d(A) •d(T) , and d(A) •d(T) , are sim-21 21 21 21 21

ilar to those for poly d(T):d(A)•d(T) and poly
d(A)•d(T) w25x. The CD spectra in Fig. 5 confirm
that the single transition withT of 66 8C in them

UV melting profile of the triplex mixture in 2 M
TriMA–ClqMB is 3™1q1q1. As is the case

for all 3™1 transitions for this triplex, a signifi-
cantly greater percent hypochromicity is observed
(Table 7).
Similarly, for the triplex mixture in 50%

methanolqMB, which displays a single transition
with T s38 8C and 36% hypochromicity, the CDm

spectrum confirms the presence of
d(T) :d(A) •d(T) (Fig. 5).21 21 21

The UV spectra of triplex mixtures were also
analyzed to determine the number of temperature-
dependent conformational equilibria. Since each of
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Table 5
T values for d(A-G) •d(C-T)m 6 6

Conditionsa 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

MB (pH 7.0) – – 48 15
MB (pH 5.0) – – 48 18
MB (pH 7.5) – – 48 15

0.4 M NaCl – – 51 15
0.5 M – – 52 15
0.8 M – – 54 15
0.9 M – – 54 16
1.0 M – – 53 16
2.0 M – – 52 16
3.0 M – – 52 15

1.0 M MA–Cl – – 52 16
2.0 M – – 52 16
3.0 M – – 52 16
4.0 M – – 50 15

1.0 M DMA–Cl – – 51 16
2.0 M – – 51 16
3.0 M 23 2 50 15
4.0 M – – 48 16

1.0 M TriMA–Cl – – 50 14
2.0 M – – 52 16
3.0 M – – 51 17
4.0 M – – 52 19

1.0 M TMA–Cl 33 2 54 14
2.0 M 33 2 57 14
3.0 M 33 2 55 17
4.0 M 43 3 58 15

0.5 M TEA–Cl – – 41 13
1.0 M 23 3 40 13
1.6 M 26 4 36 10

0.1 M TPA–Cl – – 29 13
0.5 M – – 30 15
0.9 M – – 27 16
0.9 M (pH 8.5) – – 26 16

MB at indicated pH or 0.01 M cacodylate pH 7.0 or as stated.a

the two helical species in equilibrium has a char-
acteristic spectrum and their proportion changes
with increasing temperature, sets of spectra arise
that intersect at a common isosbestic wavelength.
Thus, for each equilibrium there will be at least
one isosbestic wavelength. For example, Fig. 6
contains the UV melting profile at 260 nm for the
triplex d(T) :d(A) •d(T) in 1.0 M TMA–Cl,21 21 21

while Fig. 7 shows spectra with an isosbestic point

at 284 nm that results from the equilibrium
between the duplex and single strands.

3.1.3. Poly r(U:A•U)
T values for poly r(U:A•U) and poly r(A•U)m

are listed in Table 8. For triplex mixtures showing
two transitions at 260 nm, the second was con-
firmed to be due to dissociation of the duplex by
comparison with the melting profile of the com-
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Table 6
T values for d(A-G) •d(C-T)m 6 6

Conditionsd 1st Transition 2nd Transition
V yValcohol total T 8Cm Hypochromicity % T 8Cm Hypochromicity %

MB 11 12 50 10

10% MeOHqMB (pH 6.7) 20 8 48 15
10% qMB 13 5 47 17
20% qMB 15 5 45 18
30% qMB 15 5 42 18
60% qMB 17 7 38 13
70% qMB 17 6 35 12
80% qMB Soluble, no transitions

10% EtOHqMB – – 46 20
20% qMB – – 41 20
30% qMB – – 38 21
40% qMB 20a 7 38a 7
50% qMB 19 11 39 12
60% qMB 42b 30 – –
70% qMB Soluble, no transitions

5% 2-PrOHqMB – – 48 19
10% qMB – – 46 19
20% qMB – – 42 20
30% qMB – – 39 20
40% qMB 21c 4 41c 15
50% qMB 32c 16 44c 10
60% qMB Insoluble

0.1% 1-BuOHqMB – – 50 17
1% qMB – – 49 17
5% qMB – – 44 17
10% qMB Phase separation

Broad and overlapping transitions.a

3™1 transition.b

Significant overlap of transitions resulting in possible overestimation ofT of second transition.c
m

MB pH 7.0 or as stated.d

parable duplex mixture. For triplex mixtures show-
ing just one melting transition, the greater percent
hypochromicity(double or more) identified them
as 3™1q1q1 transitions(Table 8).

3.2. Effects of additives on triplex stability

3.2.1. d(C -T) :d(A-G) •d(C-T)q
6 6 6

The organic salts, MA–Cl, DMA–Cl, TriMA–Cl,
TMA–Cl and TEA–Cl all enhance triplex stability
(Table 1, Fig. 8) relative to the same molar
concentrations of NaCl(cf. Table 2 in w16x).
Consistent with the enhancing effect, DMA–Cl,
TMA–Cl and TEA–Cl drive the duplex mixture to

partially disproportionate to triplex and single
strand, as indicated by a smaller hypochromicity
for the first transition(Table 5).
The organic salt TPA–Cl inhibits triplex forma-

tion at G0.1 M. Whereas TEA–Cl and TPA–Cl
decrease duplex stability with increasing concen-
tration, the other organic salts have little effect
(Table 5). While the organic cation TMA (rela-q

tive to Na ) and the inorganic anion SO (rela-q 2y
4

tive to Cl ) each enhance triplex stability, any

additive effect was not obtained with
(TMA) –SO , e.g.T of 25 8C in 1.0 M (TMA) -2 4 m 2

SO vs 298C in 2.0 M TMA–Cl (Fig. 8).4

At pH 7.0 the methyl substituted nitrogen com-
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Fig. 3. Temperature difference spectra for the triplex
d(C -T) :d(A-G) •d(C-T) at pH 6.0 and the duplexq

6 6 6

d(A-G) •d(C-T) in TridodecylMA-Cl at pH 7.0.6 6

Fig. 4. Temperature difference spectrum for the triplex
d(C -T) :d(A-G) •d(C-T) in 40% PEG 200qMB.q

6 6 6

pounds MA (pK 10.7), DMA (pK 10.7), anda a

TriMA (pK 9.8) are cations, as are the quaternarya

nitrogen compounds TMA, TEA and TPA. Since
triplex stability is significantly enhanced by
TriMA and TMA , it was thought that chemicalq q

species with head groups of similar positive charge
and molecular volume might be made even more
effective by a hydrophobic hydrocarbon tail that
could facilitate displacement of the water H-bond-
ed to the bases in the major groove of the target
duplex, as required for third strand-binding. As the
nucleic acid bases are H-bonded to water in a
single nucleic acid strand, interstrand H-bonding
can be viewed as the consequence of an analogous
displacement, with base pairing between the
strands being driven by the strong preference of
the bases for the hydrophobic environment in the
center of the helix. In view of these considerations,
the triplex stabilizing ability of several cationic
lipids was examined: CtriMA (TriMA with oneq

C tail), TridodecylMA (MA with three Cq
16 12

tails), DOSPA (essentially a spermine head with4q

five positive charges at pH 7 and two C tails).18

Didecylamine, with a positively charged NH head2

and two C tails proved too insoluble in water to10

be useful.

Despite their very low solubilities, these cationic
lipids exert a definite triplex stabilizing effect
(Table 2). At pH 7.0 triplex T s28 8C withm

10 wt.% CTriMA–Cl (3=10 M), 22 8C withy2 y4

10 wt.% DOSPA (7=10 M), 27 8C withy3 y6

10 wt.% DOSPA. Lowering the pH to 6.0 furthery2

enhances triplex stability;T s41 8C with 10y3
m

wt.% TridodecylMA-Cl (2=10 M), 40 8Cy5

10 wt.% and 10 wt.% DOSPA. The onlyy4 y3

additive effect was obtained with 10 wt.%y2

CTriMA–Clq0.1 M TMA-ClqMB, in which
T s45 8C.m

These cationic lipids were difficult to study.
Even at very low concentrations they show UV
transitions in the melting profiles which superim-
pose the triplex and duplex transitions. Also, their
limited solubility (10 or 10 M) is ofteny5 y4

insufficient to significantly stabilize the three neg-
atively charged phosphodiester backbones; and
addition of MB to provide sufficient cations in
some cases further reduces their solubility. These
factors prevented systematic investigation of the
effect of changing size and shape of the organic
cation head group and the length, number and
orientation of the lipid tails.
An interesting aside is that the fusion lipid,

DOSPA, which is a very good transfection agent
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Table 7
T values for d(T) :d(A) •d(T) and d(A) •d(T)m 21 21 21 21 21

Conditionsd 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

d(T) •d(A) •d(T)21 21 21

MB 23 18 53 15

1.0 M TriMA–ClqMB 45 16 61 11
2.0 M qMB 66a 27 – –
3.0 M qMB 70a 26 – –
1.0 M 39 17 63 18

1.0 M TMA–Cl 28 17 65 19
6.0 M 95a 33b – –

1.0 M (TMA) -SO2 4 54 10 74 13
1.5 M (TMA) -SO precipitates2 4

50 vol.% MeOH qMB 38a 38 – –
50 vol.% EtOH qMB 53a 74 – –
50 vol.% 2-PrOHqMB 65a 74 – –

20 vol.% PEG200qMB 39a 25 – –
40 vol.% qMB 41a 45 – –

20 vol.% PEG600qMB 52a 54 – –

30 vol.% DMSOqMB 34c 18 44c 16
40 vol.% qMB 38a 35 – –
50 vol.% qMB 15 9 34 28

d(A) •d(T)21 21

MB – – 53 28

1.0 M TriMA–ClqMB – – 60 23
2.0 M qMB – – 65 25
3.0 M qMB – – 70 23

3™1 transition.a

Obtained by extrapolation.b

Overlapping transitions.c

0.01 M cacodylate, pH 7.0 when MB not stated.d

w26x, significantly enhances duplex stability(Table
2).
The anionic lipid SDS appears to inhibit triplex

formation (Table 3). However, as the solution
solidifies below;20 8C, transitions below that
temperature could not be detected.
The effects of varying concentrations of treha-

lose, glycerol, DMSO and PEG were measured in
the presence of MB, as none of these compounds
ionize. While trehalose is a protein stabilizer, this
sugar has no effect on triplex stability, though it
does destabilize the duplex(Fig. 9, Table 3). While
glycerol absorbs water up to 50% of its weight, it

behaves as does trehalose towards this triplex and
duplex(Fig. 9, Table 3). These observations show
that agents that stabilize proteins, presumably by
virtue of their dehydrating ability, do not necessar-
ily stabilize nucleic acid triplexes or duplexes.
Given that 30 vol.% glycerolqMB does not

affect triplex stability, it is surprising that addition
of 1.0 M TriMA–Cl to that solvent reduces the
T enhancement due to 1.0 M TriMA–Cl alone bym

9 8C (Table 3). This is a striking example of a
compound that has no effect on triplex stability by
itself, yet decreases stability in the presence of
another compound.
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Fig. 5. CD spectra at 18C of the duplex d(A) •d(T) and the21 21

triplex d(T) :d(A) •d(T) .21 21 21

Fig. 6. UV melting profile of the triplex
d(T) :d(A) •d(T) in 1.0 M TMA–Cl.21 21 21

Fig. 7. UV spectra between 58 and 748C of the triplex mixture
d(T) qd(A) •d(T) in 1.0 M TMA-Cl. Note the isosbestic21 21 21

point at 284 nm.

Both PEG and DMSO enhance triplex stability
(Fig. 9, Table 3). A similar effect has been
observed with PEG 3400w27x. With increasing
PEG molecular weight(20 vol.% PEG 200, 400,
600), stability of both triplex(T s18, 22, 248C,m

respectively) and duplex (T s44, 48, 49 8C,m

respectively) increase. For DMSO, triplex stability
rises to a maximum at 50 vol.% DMSOqMB
(T s27 8C), and then decreases. In addition, tom

the difference spectral analysis to identify this
triplex (see above), the single transition in 60
vol.% DMSO was shown to be acid stabilized, as
is characteristic for triplexes with third strand C
residues(60 vol.% DMSO, pH 7.0,T s15 8C;m

pH 6.0, T s36 8C). While increasing triplexm

stability, DMSO decreases duplex stability(10, 20,
40 vol.%,T s48, 45, 418C, respectively).m

Of the alcohols MeOH, EtOH, 2-PrOH and 1-
BuOH (Table 4, Fig. 10), only 1-BuOH signifi-
cantly destabilizes the triplex. Studies with
1-pentanol were not possible due to its phase
separation from water. Maximum triplex stability
was attained in 70 vol.% MeOHqMB (T s16m

8C), 60 vol.% EtOHqMB (T s40 8C), and 50m

vol.% 2-PrOHqMB (T s40 8C). Various com-m

binations of EtOH and 2-PrOH with TMA-Cl and
TriMA–Cl produced no additive effect(Table 4).

In addition to their triplex stabilizing ability,
MeOH, EtOH and 2-PrOH drive the equilibrium
in a duplex mixture towards triplex. Table 6
includes data indicating the ability of these alco-
hols to promote triplex formation in the duplex
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Table 8
T values for Poly r(U:A•U) and Poly r(A•U)m

Conditionsc 1st Transition 2nd Transition

T 8Cm Hypochromicity % T 8Cm Hypochromicity %

Poly r(U:A•U)

0.016 M NaCl 26 17 40 23

0.020 M TriMA-Clq0.016 M NaCl 34 21 42 18
0.053 M q0.016 M 44a 37 – –
0.600 M q0.016 M 69a 41 – –

0.020 M TMAq0.016 M NaCl 31 18 40 17

10 Wt% CtriMA-Cl (3=10 M)q0.016 M NaCly4 y6 27 16 40 20
10 Wt% (3=10 M)q0.016 My3 y5 38b 12 63b 18
10 Wt% (3=10 M)q0.016 My2 y4 Insoluble, micelle formation

10 vol.% EtOHq0.016 M NaCl 39a 37 – –
20 vol.% q0.016 M 42a 39 – –
30 vol.% q0.016 M 45a 40 – –
50 vol.% q0.016 M 53a 54 – –
60 vol.% q0.016 M Insoluble

Poly r(A•U)

0.016 M NaCl – – 40 25

0.020 M TriMA-Clq0.016 M NaCl – – 41 25
0.053 M q0.016 M – – 45 24
0.600 M q0.016 M – – 69 28

10 vol.% EtOHq0.016 M NaCl – – 39 26
20 vol.% q0.016 M – – 42 26
30 vol.% q0.016 M – – 46 26
50 vol.% q0.016 M – – 58 26
60 vol.% q0.016 M Insoluble

3™1 transition.a

Overlapping transitions.b

0.01 M cacodylate pH 7.0.c

mixture (by disproportionation), and also shows
that decreasing duplex stability parallels increasing
triplex stability. In the equimolar strand mixture
with 60 vol.% EtOHqMB, the extreme case of
only triplex formation is observed, i.e. a 3(q1)™
1q1q1(q1) transition at 428C.
Of the dehydrating compounds trehalose, glyc-

erol, PEG, DMSO, MeOH, EtOH, 2-PrOH, 1-
BuOH, only PEG, DMSO, MeOH, EtOH, and
2-PrOH enhance the stability of d(C -T) :d(A-q

6

G) •d(C-T) .6 6

3.2.2. d(T) :d(A) •d(T)21 21 21

The organic cations TriMA and TMA stabi-q q

lize the triplex(Fig. 11, Table 7), but to a lesser
extent than equivalent concentrations of NaCl, i.e.

at 1.0 M, TMA–Cl(T s28 8C), TriMA–Cl (T sm m

39 8C), NaCl (T s49 8C). However, stabilizationm

by NaCl begins to level off above 2.0 M(Fig. 5
in w16x), reaching a maximumT of 72 8C in 5.0m

M NaCl, whereas in 6.0 M TMA–Cl,T increasesm

to 95 8C. This difference between NaCl and
TMA–Cl stabilization indicates that the charge
density of organic cations such as TriMA andq

TMA is less than that of Na , but that chargeq q

screening is not the only way that cations stabilize
triplexes.
MeOH, EtOH and 1-PrOH also stabilize this

triplex (in 50 vol.%qMB: MeOH (T s38 8C),m

EtOH (T s53 8C), 2-PrOH (T s65 8C) (Fig.m m

12), and to a greater extent than they do d(C -q
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Fig. 8. Plots ofT vs. concentration of various organic saltsm

for d(C -T) :d(A-G) •d(C-T) .q
6 6 6

Fig. 10. Plots ofT vs. vol.%(EtOH)yVol(total)qMB form

d(C -T) :d(A-G) •d(C-T) .q
6 6 6

Fig. 9. Plots of T vs. vol.%(neutral organic mole-m

cule)yVol(total)qMB and vs trehalose concentrationqMB for
d(C -T) :d(A-G) •d(C-T) .q

6 6 6

Fig. 11. Plot of T vs. TriMA–Cl concentrationqMB form

d(T) :d(A) •d(T) .21 21 21

T) :d(A-G) •d(C-T) , which is shorter and6 6 6

requires third strand C residue protonation for third
strand-binding.
Increasing triplex stability is observed with

increasing % PEG and PEG molecular weight
(Fig. 12, Table 7). DMSO also increases the
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Fig. 12. Plots of T vs. vol.%(neutral organic mole-m

cule)yVol(total)qMB for d(T) :d(A) •d(T) .21 21 21

Fig. 13. Plots ofT vs. concentration of organic saltq0.016m

M NaCl for poly r(U:A•U).

Fig. 14. Plot ofT vs. concentration of EtOHq0.016 M NaClm

for poly r(U:A•U).

stability of this triplex up to a maximum in 40
vol.% DMSOqMB and then decreases it(Fig.
12).

3.2.3. Poly r(U:A•U)
As expected for a polymeric triplex with no

C :G•C triplets, the stability of poly r(U:A•U) isq

very sensitive to ionic strength. Thus, poly
r(U:A•U) showsT dependence on the concentra-m

tion of TriMA–Cl and TMA-Cl (Fig. 13) similar
to that on NaCl concentration. However, in 0.053
M TriMAq0.016 M NaCl, the triplex melts 3™
1q1q1, whereas in 0.069 M NaClw28x it melts
3™2q1 and only at higher NaCl concentration
does it melt 3™1q1q1. This must be because
TriMA–Cl stabilizes triplexes but destabilizes
duplexes, which NaCl does not do.
Enhanced stability(T s38 8C) in 10 wt.%y3

m

CTriMA–Cl (3=10 M)q0.016 M NaCl isy5

observed in comparison toT s26 8C for the samem

concentration of NaCl. Because CTriMA–Cl forms
micelles, studies at higher concentrations were not
possible.
Just as for the other triplexes, the stability of

poly r(U:A•U) is enhanced in the presence of
EtOH (Fig. 14).

4. Discussion

4.1. General findings

Tested on three triplexes with different types of
homopyrimidine third strands, the responses to
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most of the additives were quite similar. However,
a few differences are worthy of note. In the
accompanying paperw16x, it was shown that while
NaCl and(NH )Cl stabilize d(T) :d(A) •d(T) ,4 21 21 21

they destabilize d(C -T) :d(A-G) •d(C-T) ,q
6 6 6

which is reasonable given its protonated third
strand dC residuesw24x. In this investigation, we
have found that, while both DMSO and ethanol
stabilize all the triplexes, the effects increase
with triplex length. For example, a maximum
effect is observed with 50 vol.% DMSO for
d(C -T) :d(A-G) •d(C-T) and 40 vol.% withq

6 6 6

d(T) :d(A) •d(T) ; also, whereas it takes 5021 21 21

vol.% or more ethanol to enhance the stability of
d(C -T) :d(A-G) •d(C-T) , it only requires 10q

6 6 6

vol.% for poly r(U:A•U).

4.2. pK and triplex stabilitya

Although the organic salts MA–Cl, DMA–Cl,
TriMA–Cl, TMA–Cl and TEA–Cl enhance the
stability of d(C -T) :d(A-G) •d(C-T) , they doq

6 6 6

not do so by raising the pK of the dC residues,a

as these salts also enhance the stability of
d(T) :d(A) •d(T) which contains no protonat-21 21 21

ed third strand residues(maximumT of 72 8C inm

5.0 M NaCl, Fig. 11 vs. maximumT of 95 8C inm

6.0 M TMA-Cl, Table 7). Moreover, d(C -q

T) :d(A-G)6•d(C-T) is still responsive to lower6 6

pH, e.g.T s72 8C at pH 3.7 in 3.0 M TriMA–Clm

(vs. 50 8C at pH 7.0) and 758C at pH 3.7 in 3.0
M TMA–Cl (vs. 30 8C at pH 7.0). This would
not be the case if these salts raised the pK of thea

third strand dC residues.

4.3. Water structure-making organic cations

Whereas the stability of duplex DNA is not
greatly affected by the type of cation at very high
concentration(see Table 5 andw29x), it has been
shown here that the organic cations have a partic-
ularly strong effect on triplex stability. This stabi-
lizing ability can be interpreted in terms of the
ion-water model described in the accompanying
paperw16x. Thus, for these organic cationsVcaged
is dominant, and water ‘structure-making’ occurs

as a result of their hydrophobicity. Their relative
effect on the stability of d(C -T) :d(A-G) •d(C-q

6 6

T) at pH 7.0 is: TPA–Cl-NaCl-MA–Cl-6

DMA–Cl-TEA–Cl-TMA–ClFTriMA–Cl.
Duplexes, and triplexes even more so, have high

negative charge densities, so that cations of suffi-
cient positive charge density are required to stabi-
lize them. Therefore, while the partial molal
volume(cm .mole ) is negativew30bx (see foot-3 y1

note 6 inw16x) for the organic cations because of
their water structure-making tendency, e.g.
TMA y21.1, TEA y17.6, and TPA y23.7,q q q

TPA must not have a sufficient positive chargeq

density to stabilize the triplex. At pH 7.0, these
cations all have one positive charge, so their charge
density scales inversely with their surface area
(calculated using ChemPlus 1.6): MA (178 A ),q 2˚
DMA (208 A ), TriMA (232 A ) TMA (252q 2 q 2 q˚ ˚
A ), TEA (325 A ), and TPA (383 A ). This2 q 2 q 2˚ ˚ ˚
implies that TriMA and TMA have the opti-q q

mum combination of size and charge to stabilize
the triplex backbone phosphates.
The observed enhanced triplex stability in the

presence of water structure-making solutes(organ-
ic cations and neutral molecules) is consistent with
the observed enhanced triplex stability in the
presence of water structure-making anionsw16x.
However, unlike those anions, which do not inter-
act with the highly negatively charged triplex, so
thatDDS8 values can be calculated for them, such
values cannot be calculated for the organic cations
and neutral molecules because they do interact
with the triplex.

4.4. Water structure-making neutral organic
additives

Neutral polar organic additives are also classi-
fied as water structure-breaking(chaotropes) or
water structure-making(kosmotropes) w31x. The
low molecular weight alcohols are water structure-
making, as is the neutral hydrophilic polymer PEG,
and the strong H-bond acceptor DMSO. The rank
order of triplex stabilization at pH 7.0 for these
compounds follows.
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d(C -T) :d(A-G) •d(C-T)H
6 6 6 MB-MeOH-EtOH-2-

PrOH)1-BuOH3

Low mol wt. alcoholsqMB: MB-MeOH-EtOH-2-
PrOH)1-BuOH3

20 vol.% PEGqMB: MB-PEG200-PEG400
-PEG600

vol.% DMSOqMB: 0%-10%-20%-40%
-50%)60%

d(T) :d(A) •d(T)21 21 21

50 vol.% alcoholqMB: MB-MeOH-EtOH-2-
PrOH

vol.% DMSOqMB: 0%-30%-40%)50%

Poly r(U:A•U)
Vol.% EtOHq0.016 M NaCl: 0%-10%-20%-30%

-50%

Based upon the foregoing observations, we con-
clude that water structure-making additives
enhance triplex stability.

4.5. Relation between triplex-stabilizing effect of
additives and their solvent-compressing ability or
effect on water surface tension

Molar ionic solutions have been shown to com-
press or distort the structure of water to an extent
equivalent to that due to or exceeding a thousand
atmospheres and to cause ion-specific water struc-
ture changes in accord with the Hofmeister series
of anions w32,33x. However, any correlation
between compression and the Hofmeister series is
of limited significance because pressure increases
are observed for both NaCl(approx. 1400 atm)
and Na SO (approx. 1700 atm) w32x. Consequent-2 4

ly, in accord with Le Chatelier’s principle, both
these anions should favor or induce molecular
structures with the smallest volume. Since NaCl

Clearly, solute-size, -charge density, and -solubility are contributing3

parameters that determine the effect of a solute on triplex stability. For
example, as discussed in the previous section, the structure-making
TPA , with a partial molal volume ofy23.7 cm .mole , destabilizesq 3 y1

the triplex d(C yT) :d(AyG) •d(CyT) and the duplex d(Ayq
6 6 6

G) •d(CyT) . Similarly, size and solubility must play a role for the6 6

larger alcohols, 1-BuOH, etc. that also destabilize the same triplex and
duplex. Our data clearly show that there are limits to the observed
trends, be it lowered stability in the presence of TPA , or on goingq

from 50 to 60% DMSO, from 2-PrOH to 1-BuOH, from 70 to 80%
MeOH, from 60 to 70% EtOH, or from 50 to 60% 2-PrOH, etc.

inhibits formation of d(C -T) :d(A-G) •d(C-T) ,q
6 6 6

while Na SO promotes its formation, triplex for-2 4

mation in the presence of Cl would be expected-

to cause a positive molar volume change, but in
the presence of SO a negative molar volume2y

4

change. Such a severe molar volume difference
for the same triplex in the presence of different
anions seems highly unlikely. In fact, since both
duplex and triplex formation in the presence of
NaCl result in negative molar volume changes
w34,35x, it follows that increasing NaCl concentra-
tion should favor formation of both. Instead, in
this and the accompanying paperw16x, whereas
triplex stability is shown to be highly dependent
on both salt and solute type, duplex stability under
comparable conditions is far less dependent.4

Partial molal volume is a calculated number for the change in4

volume of an ion on going from a solid to an aqueous phase; and as
noted by Millerow30a,43x, the magnitude of this calculated difference
is dependent on the values used forV and V . However, this ision cryst

not experimental evidence that the number of water molecules per unit
volume has changed. The neutron diffraction work by Leberman and
Soperw32x provides direct observation of the number of water mole-
cules per unit volume, which increases in the presence of NaCl and
Na SO . They also show that this increase in water density is equivalent2 4

to pure water under high pressure. On page 366 ofw32x they refer to
partial molar volumes obtained fromw43x, when they should have
stated conventional partial molal volumes fromw43x. These two
quantities are different; conventional partial molal volumes represent a
true volume that an ion occupies in solution under dilute conditions in
which ion-ion interactions are of no concern. Illustrating this difference
with Na , Cl , and SO as examples, their respective partial molalq y 2y

4

volumes(V yV ) at 25 8C arey8.7, 8.3 cm .mole ,(no SO3 y1 2y
ion cryst 4

value available) from Table 15 inw30x, while their respective conven-
tional partial molal volumes at 258C arey1.21, 17.83, and 13.98
cm .mole from Table 8 inw30x or Table 3 in w43x. Since the3 y1

conventional partial molal volume of water is;18 cm .mole ,3 y1

substituting water with Cl has almost no effect, while the smallery

values for Na and SO ofy1.21 and 13.98 cm .mole do have aq 2y 3 y1
4

significant effect. For example, 3=18s54 cm .mole vs.(2=y3 y1

1.21)q(13.98)s11.56 cm .mole for aqueous Na SO ; and if one3 y1
2 4

thinks of Na (aq) and Cl (aq) ‘replacing’ two water molecules, thenq y

their respective conventional partial molal volumes are 16.62 vs. 36
cm .mole . It is these conventional partial molal volumes that give3 y1

rise to the concept of certain ions having a large electrostrictive effect
on water that is likened to high-pressure conditions. Numbers aside,
where we disagree with Leberman and Soperw32x is that if one uses
electrostrictive-induced pressure arguments, then(1) salts like NaCl
and Na SO , which act equivalent to high-pressure on water, should2 4

have similar effects on proteins and nucleic acid duplexes and triplexes,
which is not the case, and(2) both salts should enhance the stability
of proteins and nucleic acids with a lower molar volume in the native
state, and both salts should destabilize native structures that have a
higher molar volume, which is also not the case. In other words, there
is a tenuous link between this ‘induced pressure’ model and the
Hofmeister series when a salt like Na SO is shown to enhance stability2 4

regardless of the relative molar volumes for foldedyunfolded protein
states and associatedydissociated nucleic acid triplex and duplex states.
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Another parameter to consider is the effect of a
solute on the surface tension of water. In general,
higher surface tension is unfavorable for non-polar
molecules due to cavity formation(cf. w36x for a
discussion relevant to protein stability). Since base
stacking is a driving force for duplex and triplex
formation, any solute that increases water surface
tension should increase duplex and triplex stability.
Our results in this and the accompanying paper
w16x show that onlyparticular solutes and salts
enhance triplex stability, whereas all salts increase
water surface tensionw36,37x. Therefore, there is
no correlation between water surface tension and
triplex stability.

4.6. Partial unwinding of the target duplex

In addition to showing that triplex-stabilizing
additives are water structure-makers, we have
found that this property correlates with the capacity
of these additives to unwind the DNA duplex.
Thus, another outcome of the water-alcohol(or
PEG or DMSO) interaction is that their presence
makes less water available for hydration of the
nucleic acid. It is well known that DNA is suffi-
ciently dehydrated in 60 to 70% ethanol to undergo
a B™A transition, A-DNA being less hydrated
than B-DNA, e.g.w38,39x. Essentially, this confor-
mational change involves unwinding the DNA
duplex so that the rotation per nucleotide changes
from 36–458 to 30–338. Such unwinding is also
favored in the presence of MeOH, EtOH, ethylene
glycol and DMSO, but far less so for glycerol,5

increasing continuously in response to the concen-
tration of the organic solventw40x. The vol.%
required for unwinding increases in the order:
DMSO-MeOHFEtOH-ethylene glycol. Since
glycerol has a minor effect on duplex unwinding
and triplex stability(Table 3), it seems likely that
MeOH, EtOH, 2-PrOH, PEG and DMSO all
enhance triplex stability by facilitating unwinding

In w40x, Fig. 3 shows on the vertical axis thatDLks0 for5

the standard condition of 0.2 M NaCl, 378C, 6.6 mM Mg .2q

At 40% (vyv) glycerol, DLks0.0, whereas for the same
concentrations of ethylene glycol and methanol, it isy1.8
and y7.0, respectively, and for the highest concentrations
studied, 50%(vyv), DLksy0.4 for glycerol vs.y2.6 for
ethylene glycol.

of the duplex, a process consistent with displace-
ment of major groove H-bonded water by the H-
bonded third strand. It is just this displacement
that RecA probably facilitatesw41x, by providing
a hydrophobic environment that fosters elimination
of water from the major groove.

5. Conclusion

In sum, triplex stability is enhanced by additives
that are both water structure-making and facilitate
unwinding of the target duplex. While it is not
known if all water structure-making additives facil-
itate unwinding of the target duplex, such cooper-
ation would be consistent with the facilitation of
third strand-binding. Clearly, triplexes are far more
sensitive to solution conditions than duplexes, and
understanding the solution conditions that enhance
triplex stability should prove useful in developing
applications of third strand-binding particularly in
vitro (e.g. w15x) and in obtaining triplex crystals
in a well-ordered latticew42x.
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