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ABSTRACT
Analysis of the spectral change on melting the triplex, d(C*-T)s:d(A-G)s-d(C-T)s, in
neutral and acidic solution shows that the third strand dC residues are protonated at pH
7.0, far above their intrinsic pKj,. Involvement of these residues in ion-dipole interactions
is shown by reduced triplex stability above 0.9M Na*, and enhanced triplex stability with
increasing [H']. Energy minimization of C:G-C and C*:G-C triplets shows only the latter
are feasible. Manning condensation-screening theory was extended to pH-dependent third

strand binding to include the H' contribution to the electrostatic free energy, giving

dTy _ 1Anp R(Tp)?
dn[H*]) "2 Z; AHp

and a value of Any = 5.5 at pH 7, in good agreement with ~6

third strand dC residues/ mole triplex. For triplexes with C*:G-C triplets, formation and
dissociation is thus mediated by proton uptake and release, i.e., a proton switch. Using
CD spectroscopy, it was found that at low pH the Watson-Crick antiparallel duplex
d(A-G)e-d(C-T)s converts to a parallel Hoogsteen duplex d(A-G)s*d(C*-T)e. The effect of
a variety of salts and organic compounds on the stability of several triplexes and their
core duplexes was studied. Triplex stability follows the Hofmeister series for anions and
the water structure-making ability of organic cations and low molecular weight alcohols.
These findings suggest that solutes that favor water structure induce partial target duplex

unwinding and removal of water therefrom, facilitating the binding of a third strand in the

major groove. Modeling of a novel nucleic acid secondary structure (0{-DNA) formed by

d(A-G)e.20 as a result of an intramolecular, acid-induced, coil — helix transition confirms

that this helix lacks base stacking and pairing, and shows it is maintained by hydrogen

iv



and ionic bonds between the dA* residues, which lie approximately parallel to the helix
axis, and the n-1 backbone phosphates, somewhat like the -C=0Q--H-N- longitudinal

interactions in a protein o.-helix. Modeling of d(C*-T)s confirms that this repeating

sequence is also capable of forming the O(-DNA structure.
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I. Introduction

This thesis contains spectroscopic and modeling studies of unusual nucleic acid structures
(non Watson-Crick duplexes) and extensive thermodynamic analysis of the solution
conditions that affect their stability. As each chapter is self-contained, this introduction
provides an overview and guide to the thesis contents and discusses the relevance of the
results of each chapter to current and future research. The structures investigated are very
different, ranging from three-stranded helices (triplexes) to single stranded ones
(uniplexes). These structures share a commonality in that the stability and hence the
existence of each structure is more strongly dependent on its environment than the
Watson-Crick duplex, which is known to be structurally viable under a wider variety of
solution conditions.

Chapter 2 shows that formation of the triplex, d(C+-T)5:d(A-G)5-d(C-T)6, is only
possible as long as the third strand dC residues are protonated. That is, triplex formation
and dissociation are mediated by proton uptake and release, i.e., a proton switch. The
difference spectral analysis utilized in chapters 2 and 3 is applicable to other nucleic acid
structures that are believed to involve protonated C residues above ~pH 4.5, including
paralle] Hoogsteen duplexes (1,2), various non-Watson-Crick multistranded structures
such as poly[d(C)] and poly[r(C)] (3), d(C-T)y, and d(C,T,) (4-6) in which dC residues
are required in the base pairs C*-C, C*T, and C-T for a number of proposed novel

structures (parallel and antiparallel duplexes, tetraplexes).



Chapter 3 continues the analysis of solution conditions on triplex stability, with an
extensive experimental study of the triplexes, d(C+-’I')5:d(A-G)6-d(C-T)5,
d(T)21:d(A)21-d(T)21, Poly r(U:A-U) and their respective core duplexes in the presence of
varying concentrations of a variety of inorganic and organic anions and cations, cationic
lipids, low molecular weight alcohols, SDS, coralyne, trehalose, glycerol, low molecular
weight polyethylene glycols, and DMSO. The results show that water structure-breaking
solutes decrease the stability of triplexes, while water structure-making solutes enhance
their stability. This work provides a basis for understanding solution conditions that affect
triplex stability, and should prove useful in the development of third-stand binding for
diagnostic and possible therapeutic applications. In addition, as it thereby becomes
possible to significantly enhance stability of short oligonucleotide triplexes, suitable
solution conditions may be found to obtain crystals of a triplex in a well ordered
lattice, currently a major obstacle in obtaining single crystal structural information on
triplexes.

One of the findings of chapter 3 is that triplex stability is enhanced by compounds
that are known to dehydrate duplexes. Possibly, then, much greater triplex stabilization
can be achieved by direct covalent linkage of hydrophobic groups to the bases and/or
phosphodiester backbone of the third strand. In fact, a phosphodiester backbone
derivative with a covalently attatched organic cation should facilitate third strand binding
by favorable electrostatic interactions between the positively charged nitrogen and the
high negative charge density of the other strands, and exclusion of water in the local

environment by the alkyl group.



Chapter 4 discusses the modeling of a novel nucleic acid secondary structure

(Ol-DNA) formed by the sequence d(A*-G)s-20. As shown by solution studies, this uniplex

forms by an intramolecular, cooperative, acid-induced, coil — helix transition, is
apparently left-handed, lacks base stacking and pairing, and maintained by hydrogen and
ionic bonds between dA* residues and the phosphodiester backbone. Besides predicting
some of these observations, the modeling showed that the dA™ residues lie approximately
parallel to the helix axis, interacting with the n-1 backbone phosphates, somewhat like the
-C=0--H-N- longitudinal interactions in a protein c-helix. The dG residues, on the other

hand, have no apparent interaction with any other component of the helix; rather, they are
unrestricted and accessible to bulk solvent.

Continuing studies of this unique structure are in progress and initial diffraction data
have been collected on concentrated saﬁplw of d(A*-G)y (gels) at different
temperatures. The objective is to obtain diffraction data on this sample at pH 4.0 and 7.0
with the expectation that under acidic conditions the dA*-phosphate repeat will be seen,
while at neutrality the expected 3.4 A interplaner distance between the stacked base
tetrads will be seen. If other structural information can also be obtained, it can be used as
further constraints in subsequent modeling efforts.

Chapter 5 discusses the modeling of d(C*-T)s and confirms that additional uniplexes

(O(-DNA analogs) are stereochemically possible and energetically feasible.

Clearly, the ability of the hydrogen cation to induce non-Watson-Crick nucleic acid

structures should not be underestimated. It is indeed conceivable that a proton switch



between significantly different conformations can modulate the accessible informational

content of various nucleic acid-containing structures.
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II. UV spectroscopic identification and thermodynamic analysis of
protonated third strand deoxycytidine residues at neutrality in the
triplex d(C+-T)g:[d(A-G)g¢-d(C-T)g]; evidence for a proton switch

Laurence Lavelle and Jacques R. Fresco

published in Nucleic Acids Research (1995) 23, 2692-2705

Near-UV difference spectral analysis of the triplex formed from d(C-T)g and
d(A-G)gd(C-T)g in neutral and acidic solution shows that the third strand dC residues are
protonated at pH 7.0, far above their intrinsic pK,. Additional support for ion-dipole
interactions between the third strand dC residues and the G-C target base pairs comes
from reduced positive dependence of triplet stability on ionic strength below 0.9M Nat,
inverse dependence above 0.9M Nat, and strong positive dependence on hydrogen ion
concentration. Molecular modeling (AMBER) of C:G-C and C+:G-C base triplets with
the third strand base bound in the Hoogsteen geometry shows that only the C*:G-C triplet
is energetically feasible. van't Hoff analysis of the melting of the triplex and target duplex
shows that between pH 5.0 and 8.5 in 0.15M NaCl/ 0.005M MgClj the enthalpy of
melting (AH® ) varies from 5.7 to 6.6 kcal.mol-! for the duplex in a duplex mixture,
and from 7.3 to 9.7 kcal.mol-! for third strand dissociation in the triplex mixture. We
have extended the condensation-screening theory of Manning to pH-dependent third
strand binding. In this development we explicitly include the H* contribution to the

aT 1 Anpy R(Tp)?
: . __dTp 14 R(Tm)®
electrostatic free energy and obtain An[HT) =2 Zp AHp The number of protons

released in the dissociation of the third strand from the target duplex at pH 7.0, Anj, is
thereby calculated to be 5.5, in good agreement with ~6 third strand dC residues per mole
of triplex. This work shows that when third strand binding requires protonated residues
that would otherwise be neutral, triplex formation and dissociation are mediated by
proton uptake and release, i.e., a proton switch. As a by-product of this study, we have
found that at low pH the Watson-Crick duplex d(A-G)g°d(C-T)g undergoes a transition to
a parallel Hoogsteen duplex d(A-G)g-d(C*-T)g.



2.1 Introduction
Nucleic acid triplexes hold much current attention, in large measure because of the
possibilities for exploiting third strand binding as an artificial mechanism for the control
of gene expression (reviewed in 1,2) and as a tool for site specific delivery of reagents to
genomes (e.g.,3). It is therefore important to understand the molecular mechanisms that
underlie recognition of target base pairs by third strand residues. The targets of interest
for third strand binding are Watson-Crick helices with the base pairs A-T/U and G-C,
arranged in homopurinechomopyrimidine segments, since it is in such sequences that the
target pairs are most strongly and accurately recognized, i.e., bound specifically by third
strand residues. In the present work, the issue of primary concern is the way a G-C target
pair is recognized by a third strand cytidine residue.

The G+C base pair was originally shown to be bound by third strand C or G residues in
studies with polyribonucleotides (4,5). In those studies it was shown that the interaction
of C with G-C base pairs is at best weak at neutrality, being considerably stabilized as the
pH is decreased. These observations were reinforced in the later studies of Morgan and
Wells (6) and Thiele and Guschlbauer (7); the rationale was given clear expression in the
model building study of Arnott et al. (8), who showed that addition of a proton to N3 of C
enables that base to form two rather than one hydrogen bond (H-bond) with G (or I) of a
target base pair in the Hoogsteen arrangement, thus forming a base triplet that is
isostructural with U:A-U and T:A-T. It is this rationale that has been used to explain the
stabilization at low pH of intramolecular triplexes with homopyrimidine third strands i.e.

H-DNA (9) and intermolecular triplexes with poly(C) third strands (10).



Since the pK, of CMP and dCMP are 4.3 and 4.6 respectively at 25 °C, this raises the
question of the structure of the C:G-C triplet at neutrality or above, where biologically
relevant triplex formation is likely to occur in vivo. The question receives added impetus
from reports that some dC-rich third strands can bind productively to targets at neutrality
or above (11-13). It is also of interest to know whether under physiological conditions
C:G-C triplets involve two H-bonds between third strand dC residues and their target dG
residues, as has been observed only below pH 6 at very high third strand concentration by
NMR (14,15), or instead only one H-bond as the conventional wisdom suggests (e.g.,
13,16), i.e., at neutrality the dC residue is neutral. An effort to address this question was
made using NMR on a sequence forming a short intramolecular triplex with C:G-C
triplets (17). While imino protons on dC residues were observed at neutrality, they could
not be quantitated, so that the data was not amenable to thermodynamic analysis. Hence,
we undertook a different spectroscopic approach to address these issues.

Thus we have employed UV spectroscopy to compare the states of protonation of dC
residues in the third strand d(C-T)g, when it binds to the target duplex d(A-G)g'd(C-T)g.
Stretches of such duplex sequences are well known in eukaryotic genomes, particularly in
promoter and gene switch regions, where they are thought to be prone to intramolecular
triplex formation (H-DNA) (1,9). The approach taken depends on two considerations.
One, when the third strand dissociates from the target strands well above the pKj for dC,
the nature of the accompanying spectral change will depend on whether or not the third
strand dC residues in the triplex are protonated. This is because the spectra of neutral and

protonated dC are markedly different, so that upon dissociation of the third strand the dC



residues will lose a proton if bound by two H-bonds, but undergo no such large
characteristic spectral change if held by just one H-bond. The second consideration stems
from the fact that if the third strand dC residues are protonated at neutrality, then the
stability of the triplex should show inverse dependence of stability on ionic strength.

The observations presented below are consistent with a two H-bond interaction at
neutrality and above. Moreover, a thermodynamic analysis of the pH and ionic strength
dependencies provides quantitative insights into the nature and properties of the C*:G-C
base triplet. Finally, molecular modeling of the base triplets C:G-C, C*:G-C and T:A-T
show C+:G-C to be the most stable and the probability of formation of a C:G-C triplet
with one H-bond to be extremely low, due to significant repulsion between the lone pairs
on N7 of dG and N3 of dC in the third strand. These results imply that the limited
availability of free protons within a cell can serve as a switch for binding of third strands

with neutral residues that must be protonated in the triplex.

2.2 Materials and Methods
Samples
d(A-G)g and d(C-T)g were synthesized using standard phosphoramidite chemistry on an
Applied Biosytems 380B synthesizer. The oligomers were purified by reverse phase
HPLC (0.1M triethylammonium acetate pH 7.0 / acetonitrile) and ion exchange HPLC
(5M urea, 20mM sodium phosphate pH 6.0 / SM urea, 20mM sodium phosphate, 1M
sodium sulfate pH 6.0) and desalted by reverse phase chromatography using C18 Sep-

Pak. Purity was checked using reverse phase HPLC and PAGE on 16% denaturing gels



after 32P 5'-end labeling the oligomers, confirming their homogeneity. The purified

oligomers were stored dry at -20 °C. Molar extinction coefficients determined after

phosphodiesterase I digestion €, = 9890 for d(A-G)g and €, = 8510 for d(C-T)g at 25

°C in 2.6 x 10-5M Tris pH 7.4 / 2.4 x 10-5M MgCly, were used to determine oligomer
concentration.

Unless otherwise stated, triplexes were prepared in a mixing buffer of 0.15M NaCl/
0.005M MgCl5/0.01M cacodylate, titrated to the desired pH. Triplex mixtures were made
with equimolar stocks of the two strands; after forming the duplex, a stoichiometric

amount of the third strand was added.

UV Spectroscopy and Melting Profiles

Absorption spectra and thermal melting profiles were determined in a computer driven
AVIV 14DS spectrophotometer equipped with a thermoelectrically controlled holder. All
samples were made with ddHO and degassed by bubbling helium through the solution.
Filtered, dry air was passed through the cell compartment to prevent condensation on the
cells at low temperatures. Flow rate was set low enough so as not to create a temperature
gradient between the sample and the cell holder, which was confirmed by monitoring the
temperature in the sample and cell holder during trial melting profiles. For melting
experiments, spectral data were measured every 1 nm at 1 °C intervals. Temperature was
raised slowly enough to provide equilibrium melting profiles. Ty, values obtained from

the transition midpoint (o = %2) and from the maximum of the first derivative were the



same. Sample integrity and hysteresis were checked by measuring each melting profile at
least twice, with no significant differences observed (T £ 0.5 °C).

The melting of duplex and triplex structures are each represented as a series of
difference spectra between the spectrum at any temperature, T, and that at 1 °C, projected
in 3-D to make evident component transitions over a broad wavelength range. These 3-D
melting representations were generated using AXUM 3.0 (18) and are plotted in Figures
1A-C, on the same scale, with wavelength every 1 nm (x-axis); temperature every 5 °C

(y-axis); absorbance difference (z-axis).

CD Spectroscopy

CD spectra from 320 to 200 nm, every 0.2 nm (1 sec. average), with a 1.5 nm bandwidth
were recorded at 1 °C on a computer-driven AVIV 62DS CD spectrometer with a
thermoelectrically controlled cell holder. The cell compartment was continuously purged

with dry N». The data was smoothed by a least-squares polynomial fit of 7th order.

Molecular Modeling

This was done on a PC (Intel 486DX, 33MHZ, 16MB RAM) with the program Amber as
part of HyperChem (19). All parameters are those of Amber 3.0A (20), using the standard
unmodified all-atom force field. For the protonated form of N1-methylcytosine, all the
base charges are those of Amber 3.0A but for a proton on N3. Energy minimization of
each base triplet alone, T:A-T, C*:G-C and C:G-C, with a methyl substituent at the

glycosyl bond position of each base, was performed using a conjugate gradient method

10



(Polak-Ribiere) and convergence was set at 0.1 kcal.A-1.mol-1 for the rms gradient. No
cutoff distance was used for nonbonded interactions and a distance dependent dielectric
constant was used as a model solvent. No constraints were used in the energy

minimizations.

2.3 Theory
Thermodynamic Analysis of the Triplex Transition
The melting profile for the triplex shows two well resolved transitions corresponding to
the dissociation of the third strand from the core duplex, and for the melting of duplex at
much higher temperature. Assuming there is no strand overlap at the low strand
concentration at which the triplexes were formed (10-5 M), the transitions can be treated
as separate intermolecular transitions; and because the strands are only 12 residues in
size, each transition can be treated using a two-state analysis. This is consistent with the
spectral data showing wavelength independence of Ty, (Figures 1A-F). The first
transition, i.e., the dissociation of the third strand from the core duplex can be described
by the equilibrium: T & D+S

where, T = triplex = d(C*-T)g:[d(A-G)g'd(C-T)g]; D = duplex = [d(A-G)g'd(C-T)g] and

S = single strand = d(C-T)g.

11



If C; is the total concentration of D + S available to form T; o is the fraction of third

strand in triplex; D and S are each always present at the same concentration (1- a)%: and

C
(oz)'iI is the concentration of T then the observed equilibrium constant is

(102 S
_[Dis) 2 with o = A(duplex + coil)255 - A255 1
Kobs = m  « ~ A(duplex + coil)y55 - A(triplex)2s5

where, K, is obtained from the equilibrium between the triplex and the core duplex +
third strand, in contrast to Kgypj that explicitly includes Na* and H¥ in the equilibrium
(see below); the hyperchromic change at 255nm is a measure of the dissociation of
triplex; A(triplex))s5 is the absorbance of intact triplex; A(duplex + coil)255 is the sum
of the absorbances of duplex and single _strand; A25s is the absorbance at any temperature
within the transition.

Values for the observed van't Hoff enthalpy for the transition, AH® 55, were obtained

according to [2], from a plot of In K, vs 1/T

-AH°® AS°
In Kops = ~ R + 2

where, R is the gas constant (1.989 cal.K-1.mol-1) and T is the absolute temperature
interval over which the transition occurs.

The value for the observed transition entropy, AS®,p¢, Was then calculated at T = Tpy,.
Values for the observed transition free energy at 25 °C, AG® 5, Were obtained from

To08
MG ghs = AH g (1 - 5. [3]

12



To evaluate the effects of the ionic environment on triplex stability, both electrostatic
shielding (Debye-Hiickel) by the counterion atmosphere and condensation of counterions
(Na') onto the nucleic acid polyelectrolyte are considered. To these are added site
binding of H¥ on a ring N of a base, which may be viewed as a special type of
condensation. This analysis assumes the site binding of the H* ions bound to N3 of the
third strand dC residues in the triplex can be treated in a manner comparable to that used
for condensed Nat ions, which seems justified because those H ions reduce the net
negative charge in the triplex structure, thereby effectively reducing the amount of Nat
condensation. This approach is supported by the observed inverse ionic strength
dependence of triplex stability, and as seen below, gives a chemically meaningful value

for the number of protons bound by the third strand in the triplex.
Following Manning’s approach (21,22) U, let Z be the negative charge per phosphate

separated by their average spacing b. Then, the extent of counter ion binding is given by

the dimensionless parameter

o2
& = bekT 41

where e is the charge of the electron, € is the solvent dielectric constant, k is the

Boltzmann constant and T is the absolute temperature.

The fraction of counterion condensation per charge

(5]

NS | r—

6m=1"

That is, after counterion condensation, a net negative charge of 1 - 8, remains on each

phosphate, and must be screened by the counterion atmosphere. Using a shielded

13



potential, the electrostatic free energy per mole of phosphate associated with counterion

screening
Ge1=-RTéln1cb (6]

where the Debye-Hiickel screening parameter for a cylindrical geometry

_[Ame2Ve, 7
K= EkT [ ]
and the ionic strength of the solution
C; z;2
I=3; = [8]

where C;j is the molar concentration of the ith counterion species with charge z;.
Having developed a general form of the electrostatics, we now explicitly introduce
Nat and Ht into the equilibrium for the dissociation of triplex to duplex and third strand,

thus:

+1An] pp+7AR2
Te D+ S+An)Nat + AnpHt and Kexpl=[D][S][Na []T] LM 9]

where Anj is the number of Na¥ released or bound, Anj is the number of H¥ released or
bound, and T, D and S are triplex, duplex and single strand, respectively.

The explicit Gibbs free energy change associated with release of third strand, AGexpl’
has the following components: AGgtryctures the change associated with separation of
third strand and duplex (i.e., AH due to loss or gain of H-bonding and base stacking, AS
due to loss or gain of conformational and vibrational freedom of the system); AGNga+, the

change associated with release or uptake of Nat; AGy+, the change associated with

14



release or uptake of H+; AGe] N+, the change associated with the different ion-
atmosphere shielding by Na* of the triplex vs duplex plus single strand; AGg] g+, the
change associated with the different ion-atmosphere shielding of the triplex vs duplex
plus single strand for H*. Since only the triplex contains H ions, this effect comes from
their contribution to electrostatic shielding by way of reducing the net charge on the
triplex.

For completeness, a sixth free energy change associated with the difference in water
binding or hydration of the triplex vs that of the duplex plus single strand should be
included. However, we do not address the water explicitly and this factor is considered as
part of AG®.

For a triplex with Z; phosphates, the change in the number of condensed Nat on

dissociation of the third strand is

1
&D)

1 1
a1 =)
"3 g

1.2
Anj =njT-n1D-018§=Z1(1[1 -émi-g[l
2 1 1
=7Z1C -
Sep) 3% &M

[10]

where n| T'is the average number of Na* bound to triplex; np) is the average number of

Nat bound to duplex; nj § is the average number of Na* bound to single strand.

Knowing that Nat and H* must both contribute to electrostatic shielding of the triplex,
we use the Debye-Hiickel approximation for a shielded potential and obtain expressions

for the Nat and H* dependence.

15



For a solution with Na* concentration M, the entropic contribution of the Nat
~ counterions to the free energy of third strand dissociation

2 1 1
— RT Zi( 1 =-RT Anj In 11

and for a triplex with Z| phosphates, using [6], the shielding contribution (enthalpic

contribution) of the Na* counterions to the free energy of third strand dissociation

1
AGe] Na+=-RT Zl{[;'). In xb(T3] - [3§ D) In kbl - [3§($ Inxb( 51} [12]

Assuming the fraction” of H+ bound per third strand dC residue to be given by 1-'1‘,
g

and that their contribution to the electrostatic shielding can be modeled by a shielded
potential, then the H¥ contribution to the free energy of third strand dissociation has the
following entropic [14] and enthalpic [15] components, with the change in the number of

H* on third strand dissociation, Anj, given by:

-1 [13]

Any =np7-nmp§=2Z(1[1 -

1
&n &P~ 2(&@ &m

where nj Tis the average number of H¥ site bound to triplex; ny § is the average number

of H site bound to single strand; and Z is the total number of potential H¥ binding sites
in the triplex.
Then, for a solution with H* concentration M», the entropic contribution of the bound

H* to the free energy of third strand dissociation

1
=- — In -
AGy+ = -RT Zz(i(S) : T)) [M3] = -RT Anj In[M>] [14]

16



and for a triplex with protonated dC residues, from [6], the shielding contribution

(enthalpic contribution) to the free energy of third strand dissociation
1 1
AGej g+ = -RT Zp{[~— In xb(T3] - [, _Inkb( )]} [15]
e ECT) (7 £S) Q)

Substituting [11], [12], [14] and [15] into
AGexpl = (AGgtructure) + (AGNat) + (AGe| Nat) + (AGH+) + (AGe] HY)

-AG,
and using In Kgxp/ = —T{?m we obtain

2 1
In Kexpl = In Kstructure + 21(3&('D) 3E(S) §(T) In[M;]

+zl{[§(_’_) In kb(TY] - [3§ D In kb(D)] - [35 5 Inkb( )]}

+Zz(é N T)) In[M3] +Zz{[g%‘ In xb(TY] - [E—lmcb(s)]} [L6a]

42 V2
For a monovalent electrolyte, x = ( kT [M]'/2 X [M]% Substituting for x and

simplifying, we obtain

1 2 1
In Kexpl = In Ktructure * 2 2138, 15, * 3¢ ) 5(73 ]

1 2 1
+ ZIE—(;’)— In xd(T) - Zlgg('—D; In ¥d(D) - 213—&5 In x'b(§)

—Zz (& S {; T) In[M3] +Zg§—5 In K'b(‘r) Zz[g‘g)‘ In lc'b(s)]} [16b]

Thus, the effect of Na+ concentration (M) on the explicit equilibrium constant is
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a(1n§,[)1(2+1_1)
a(in [Na*]) (D) 38 &N

1
=7 4ny (171

and the effect of H concentration (M2) on the explicit equilibrium constant is

o(n Keyp)) 1

1
on [HFY) ™ 2 (§($ gy "2 el

The temperature dependence of In Kexp is

MaKyp) 3 AG _aH
T - INRT)=RIZ"

[19]

Finally, we obtain expressions giving the effect of counterion concentration on triplex

stability, as reflected by observed Ty, values. Thus

Kexp] 2
aTm+ =a(1n i )x aTm =lAnl R(I'm) [20]
d(In[Na*]) ~ a(n[Na*]) © d(ln Kexp) ~ 2 Z1  AH}

dTy d(In &ml) 0T - 14Amp !:!:m! 1]

A(In[H+]) = 9(n[H*) * dnKexp) 2 Z2 AHp
Integration and simplification of [20] and [21] yields respectively

1 1 2 303R

1

Al=—] = +

bp1= 2(35(0) s Ty any AdeelNa'D [22)
1 1 2303R

Alp 1= 2<§( S Ty Ay AP (23]

An
where _Z_ll is the stoichiometric change in Nat bound per phosphate; AH| is the enthalpy

change per mole phosphate; Anj is the stoichiometric change in Nat bound on triplex

dissociation, and —Zg‘ is the stoichiometric change in H+ bound per third strand dC
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residue; AHJ is the enthalpy change per mole third strand dC residue; Anj is the

stoichiometric change in H* bound on triplex dissociation.

While Manning’s approach to include ionization of the nucleic acid bases and the
effect that this has on the Nat and H* dependence has previously been extended by
Record et al. (23), there are distinct differences between their results and ours (see

Discussion).

Thermodynamic Analysis of the Duplex Transition

The melting of the duplex in both the duplex and triplex mixtures is described by the
following equilibrium: | Do Si+H
where D = duplex = d(A-G)g:d(C-T)g; S1 = single strand = d(C-T)g and S = single

strand = d(A-G)g.

For these non-self complementary strands, the observed equilibrium constant

C
(spis; %%

Kobs = D] - « for the duplex mixture [24]
with o0 = A(coil)255 - A255
&= 'A(coil)yss - A(duplex)zss
aspisy -0
Kobs = D] = o for the triplex mixture [25]

with o= A(coil)255 - A255
1 &=A (coil)2 55 - A(duplex + coil)ps5
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where a is the fraction of single strand in duplex; Cy is the total concentration of single

strands. The fraction of dissociated duplex is measured in terms of the quantities
A(duplex);5s, the absorbance of the duplex; A(coil)255, the absorbance of the separated
strands; A255, the absorbance at some temperature within the transition; and A(duplex +

coil)y535, the absorbance of the duplex and dissociated single strand.

2.4 Results
Identifying the Triplex and Duplex Transitions
Melting of the triplex formed from d(C-T)g and [d(A-G)gd(C-T)g] at pH 7.0, is shown in
Figure 1B, where the absorbance difference spectrum (AAj = AeCL) over a range of
wavelengths, A, at any temperature, T, is given by AA) T (triplex mixture) =
A), T - A), 1°- Two transitions are apparént, one between 5 - 15 °C and the second
between 40 - 60 °C. The first transition must represent dissociation of the third strand
from the core duplex of the triplex since the second transition clearly coincides with that
for the duplex alone at the same pH (Figure 1A). Similarly, Figure 1C shows the
comparable melting pattern of the triplex at pH 4.2, with the first transition occurring
from 25 - 35 °C and the second from 55 - 70 °C.

Melting profiles at individual wavelengths between 240 and 280 nm for the duplex
mixture at pH 7.0 (e.g., Figure 1D) and the triplex mixture at pH 7.0 (e.g., Figure 1E) and
pH 4.2 (e.g., Figure 1F), clearly illustrate the features of the thermal transition(s) and
confirm that Ty, is wavelength independent. This behavior is consistent with cooperative

transition(s) as all the chromophores undergo spectral changes simultaneously.
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An analysis of the difference in spectral changes on triplex melting at the two pH
. values is given below; so is a thermodynamic analysis of the pH dependence of Ty, for

the transition.
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Figure 1:

(A) Melting spectra, AA) T (duplex mixture) = A} T (duplex mixture)--
A, 1° (duplex mixture), of duplex mixture in mixing buffer at pH 7.0. The scan at 1 °C
was subtracted from all subsequent scans, so the plot represents a series of temperature

dependent difference spectra.

(B) Melting spectra, AA) T (triplex mixture) = A} T (triplex mixture) - A, 1° (triplex

mixture), of triplex mixture in mixing buffer at pH 7.0 [y-axis labels omitted for clarity].

(C) Melting spectra, AA)_ T (triplex mixture) = A), T (triplex mixture) - A), 1° (triplex

mixture), of triplex mixture in mixing buffer at pH 4.2.

(D) Melting profiles of duplex mixture in mixing buffer at pH 7.0, measured at 245 nm
(—) and 275 nm (). Ty, is wavelength independent, consistent with a cooperative

transition.

(E) Melting profiles of triplex mixture in mixing buffer at pH 7.0, measured at 245 nm

(—) and 275 nm (---). Ty, values are wavelength independent for both transitions.

(F) Melting profiles of triplex mixture in mixing buffer at pH 4.2, measured at 245 nm

(—) and 275 nm (). Ty, values are wavelength independent for both transitions.

22



0 20 40 60
tpoF vt 0.96

0.24

0.96

A

- AA

0.00 O.Pl o018

0.92

A245

0.88

f E—
u
A

0.84

0.80 .
0.85 y

0.80

0.75

A245

0.70

0.65

0.60

0.75
0.70

0.65

A245

0.60

035 ... . 0.89

0.50 0.82

23



Spectroscopic Characterization of the Triplex — Duplex Transition

Of the four residues contained in the triplex, only dC shows significant near-UV spectral
differences under relevant acidic and neutral conditions. On dissociating a proton from
5'dCtMP (pK, 4.6), these differences take the form of a positive peak between 220 and
265 nm and a negative peak centered at 288 nm (Figure 2A). Hoogsteen pairing of a third
strand dC residue to the dG residue of a target G-C base pair results in a base triplet that is
isostructural to T:A-T (Figure 9A), the third strand dC residue interacting with the target
dG via two H-bonds if it is protonated at N3 (Figure 9B), and via one H-bond if it is not.
Moreover, if the third strand dC residues are protonated at all pH values where the triplex
exists, the fraction that should lose their protons on third strand dissociation at any given
pH can be estimated by assuming that the pK, of dC in d(C+-T)g is the same as for
dCMP, i.e., 28% at pH 4.2 and 100% at pH 7.0. This means that at pH 4.2 the
characteristic spectral change for dC* — dC should contribute to the total spectral change
upon third strand dissociation from the core duplex only to a small extent, whereas at pH
7.0 the contribution should be very pronounced. We have therefore particularly evaluated
the observed spectral change on third stand dissociation for evidence of that characteristic
contribution for dC* — dC at pH 7.0.

To do so we ask whether the total spectral change, AAj), observed on dissociating the
putative third strand d(C*-T)g from the core duplex d(A-G)g-d(C-T)g at pH 7.0 is a linear
combination of the following "library" spectral contributions: 1. the dissociation and
unstacking of dT from A-T target base pairs (AA}, T:A-T — T + A-T); 2. the dissociation

and unstacking of dC* from G-C target base pairs (AA} C+:G-C — C+ + G-C);
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3. the consecutive deprotonation of dC* — dC at pH 7.0 (AA), ¢+ — ©)-

The first spectral library component, AAj T:A-T — T + A-T»> Was obtained from the
difference spectrum [(duplex + single strand) - (triplex)] for the dissociation of the third
strand (dT);] from the core duplex (dA)71°(dT);1 in neutral mixing buffer. That
difference spectrum (Figure 2B) shows a broad peak centered at 265 nm.

The second spectral library component, AA)  Cc+:G-C — C+ + G-C» Was approximated
from the difference spectrum [(poly(dC), 80 °C) - (poly(dC), 1 °C)], i.e., for the melting
of poly(dC) in neutral mixing buffer. This component (Figure 2C) shows the double peak
characteristic of unstacking dC residues, and its use implies that it is very similar for
unstacking dC* residues.

The third spectral library component, AA) c+ — C, Was obtained from dCMP,
pH 7.0 - dC*MP, pH 2.0 in 0.05M sodium phosphate buffer at 25 °C, as described above
(Figure 2A). The sum of the three library spectra is shown in Figure 2D along with the
observed difference spectrum for third strand dissociation at pH 7.0. While the two
spectra do not coincide, it can be seen that they do so when the summated one is
displaced on the wavelength axis +6 nm, as can be seen in Figure 2E. That the sum of the
library spectra needs to be red shifted 6 nm is not unreasonable given that the library
spectra do not account for the characteristic red shift that occurs on breaking H-bonds
between bases (24), in this case between the third strand dC+ residues and the target dG
residues. Moreover, the second spectral library component accounts for the unstacking of
dC rather than dC* residues, the latter being inaccessible because poly(dC+) forms a

hemiprotonated double stranded helix under acidic conditions (25,26). These two
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limitations notwithstanding, it is apparent that the spectral components contributing to
third strand dissociation from the duplex are quite well approximated, and that the major
contribution to the difference spectrum at pH 7.0 derives from deprotonation of the third
strand dC* residues. That being the case, the third strand dC residues must be fully
protonated in the tripiex.

Figure 3 shows difference spectra for third strand dissociation as a function of pH. The
reason for the large blue shift as pH rises is that the library component for dC+ — dC
(Figure 2A) makes an increasingly greater contribution, resulting in increasing
enhancement of the peak at 245 nm and the trough at 294 nm, while the contribution from
the two other spectral components is unchanging. At pH 4.2, for example, the difference
spectrum shows a broad peak centered at 275 nm due to the dissociation and unstacking
of the dT residues from the A-T target base pairs. That peak is seen only as a shoulder of
the main peak at pH 5.0 and 7.0, due to the superposition of the large contribution of the
dC* — dC difference spectrum.

In sum, UV spectroscopic evidence shows that at pH 7.0 the third strand dC residues
are protonated in the triplex, and therefore the presence of two H-bonds in the Hoogsteen
C+:G base pair component. If the Hoogsteen pair of the C:G-C base triplet could form
with only one H-bond, then that pair should remain stable so long as the target base pair
is stable. Yet, the hyperchromic change at 255 nm on dissociating‘the third strand drops
from 12% at both pH 5.0 and pH 7.0 to 4% at pH 7.5. This 2/3 loss of hyperchromic

change indicates a comparably reduced proportion of triplex formation, a reduction which
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can be ascribed to the limited availability of H¥ ions, which are required to drive the

equilibrium toward triplex formation, thus:
H* +d(C-T)g + d(A-G)g:d(C-T)g & d(C*-T)g:[d(A-G)g:d(C-T)g].

In this respect, hydrogen ion concentration may be seen as a switch for triplex formation.
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Figure 2: Library spectral components for analysis of dissociation of the triplex at
different pH values.

(A) Spectral change associated with deprotonation of dC*MP, i.e.,

AA = A} pH 7.0- AA, pH 2.0) in 0.05 M sodium phosphate buffer at 25 °C. This is
taken to represent the spectral change associated with deprotonation of dC* residues in

the third strand, i.e., AA) c+ > C

(B) Spectral change associated with both dissociation and unstacking of dT residues from
A-T target base pairs (AA), T:A-T — T + A-T)- It was obtained from the difference
spectrum [(duplex + melted single strand) - (triplex)] for the dissociation of the third

strand (dT)71 from the core duplex (dA);1+(dT)21 in neutral mixing buffer.

(C) Spectral change associated with unstacking of dC residues of poly(dC), i.e.,

AAj, 80° - 1°C; in neutral mixing buffer. This difference spectrum was used to mimic the

change due to unstacking of third strand dC¥ residues upon dissociation from G-C target

base pairs (AA), C+:G-C — C++ G-C)-

(D) Spectral change calculated for the dissociation at pH 7.0 of d(C-T)g from the target

duplex by linear summation of the difference spectra in (A), (B) and (C).

(E) Comparison of the calculated difference spectrum in (D), displaced +6 nm (—), with

the melting difference spectrum (20 - 1 °C) of the triplex at pH 7.0 (--).
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Figure 3: Difference spectra (20 - 1 °C) for the triplex mixture at pH 4.2 (—), 5.0 (--*)

and 7.0 (--) in mixing buffer.
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Thermodynamic Parameters for the Triplex and Duplex Transitions

It is evident from the linearity of the van't Hoff plots in Figures 4, 5 and 6 that the data
obtained from the UV melting profiles are in accord with that type of analysis, i.e., the
enthalpy change over the temperature range of each transition is essentially constant. This
enables the accumulation of the standard molar thermodynamic parameters given in

Table 1. The average AH® ,p¢ per mole base pair were obtained by dividing AH® ¢ per

mole oligomer by 12, the number of residues per strand that are unstacking in the
transition. This analysis was possible as the transitions are well separated, cooperative
and have good baselines. The one exception to this were the triplex and duplex profiles at
pH 4.2, which had poor baselines and gave anomalously high enthalpy values.

The unique occurrence of high Ty, values for the duplex at pH 4.2 in both the duplex
(57 °C) and triplex (62 °C) mixtures suggested the presence of some species other than a
Watson-Crick duplex (48 °C). Since protonation of dC at N3 must lead to disruption of a
Watson-Crick G-C base pair, and both protonated dC and neutral dT residues are
amenable to isostructural Hoogsteen pairing with dG and dA respectively, we inferred
that at low pH d(C*-T)g + d(A-G)g must form a parallel Hoogsteen rather than an
antiparallel Watson-Crick duplex. In fact, such a duplex has been observed at low pH
(27) for a similar 20 mer sequence. The CD spectra of this duplex at pH 4.2 and 7.0
(Figure 10), in comparison to those in (27), confirm the formation of a parallel Hoogsteen
duplex under acidic conditions.

The enthalpy values show that under all conditions studied the Hoogsteen-bound third

strand in the triplex is more tightly held than the comparable Watson-Crick strand (in the
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duplex). For example, at pH 7.0 in mixing buffer, AH® 5p5 = 6.4 kcal.mol-1 base pair for
duplex dissociation, and 9.7 kcal.mol-1 base pair for third strand dissociation. In addition,
the formation of a parallel Hoogsteen duplex at pH 4.2 with eleven base pair interactions
and a significantly higher Ty, than that of the Watson-Crick duplex with twelve base pair
interactions clearly confirms the greater stability of the Hoogsteen interactions. This
finding is consistent with several earlier observations:

1. Hoogsteen (28) found that 1-methylthymine and 9-methyladenine cocrystallize only in
an H-bonding geometry that is different ("Hoogsteen") from that of the Watson-Crick A-T
base pair.

2. Omnstein and Fresco (29) calculated that the Hoogsteen T:A base pair is more stable by
-1.03 kcal.mol-1 than the Watson-Crick AT base pair.

3. In contrast, the monomers of C and G-only co-crystallize in the Watson-Crick G:C
geometry, and not in the neutral Hoogsteen C:G geometry.

4. The total H-bond interaction energy for a neutral H-bond consists of dispersion,
polarization and electrostatic components, with the latter contributing about 80% of the
total energy. Hence, for the Hoogsteen C+:G base pair with an jonic H-bond, the
interaction energy is higher. In fact, doubling and tripling of the interaction energy for
ionic H-bonds has been both calculated and experimentally observed (30,31). Further,
Pullman et al. (32) calculated interaction energies (kcal.mol™') for base pairs and triplets
as follows: UAU -12, Watson-Crick GC -19, Hoogsteen CC +13, Hoogsteen C'C -35,

C'GC -48, with the latter triplet the most stable.
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The foregoing trends in the enthalpy values notwithstanding, under all conditions
studied, the free energy of formation of triplex at 25 °C is less than that for the
comparable Watson-Crick duplex. For example, at pH 7.0 in mixing buffer,

AG®yps,298 =-5.5 kcal.mol-1 oligomer for duplex formation but 5.7 kcal.mol-! oligomer
for triplex formation. The less favorable free energy values for formation of the triplex
obviously result from their more negative AS® ¢ values than those for the duplex under
comparable conditions (Table 1). Thus, for this triplex, association of the third strand to
the duplex is enthalpicaly driven (favorable) and entropicaly unfavorable. This behavior
is consistent with proton uptake by the third strand dC residues.

For triplex formation the free energy at 25 °C becomes increasingly negative with
decreasing pH, as is expected with the requirement that third strand dC residues be
protonated (AG°pps 298 = 8.5 kcal.mol-1 oligomer at pH 7.5, 5.7 at pH 7.0,

-1.2 at pH 5.0, and -2.5 at pH 4.2 (Table 1). Finally, the endergonic values at pH 7.0 and
7.5 are consistent with the fact that the triplex does not exist at 25 °C, its Ty, values under
these conditions being 11 and 1 °C, respectively.

The high values of AH® 5p5, AS°® pps and AG® o for the triplex in 3M NaCl merit
additional comment. The large positive AH® 3¢ of 15.4 kcal.mol-! base pair dissociation
shows the third strand binding interactions to be favorable. At the same time, the large

positive AS® 535 (0.67 kcal.mol-1.K-1 oligomer) is significant in that it compensates for
this positive enthalpy change, resulting in a negative AG®,p (-13.3 kcal.mol-! oligomer).
The significantly larger AS® s for dissociation of third strand at 3M NaCl must to a

significant extent result from an increase in entropy of the water, as the dissociated
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duplex and single strand have a net gain of 9 Nat (see next section). That is, removal of
ions from the solution results in the release of HyO from the ion-H2O clusters that were
in solution. This is also the case for 2M NaCl (5 Nat) and 1M NaCl (4 Na*), but to a
lesser extent. We note also that the % hyperchromicity for the third strand dissociation is
significantly less in 3M NaCl: 1.0M NaCl 17%; 2M NaCl 13%; 3M NaCl 2%. This
significant reduction in the % hyperchromicity is probably due to the equilibrium being
shifted to the right, resulting in less triplex formation under these conditions and therefore

an anomalous value of AH° ¢ for the triplex in 3M NaCl.
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Table I: Thermodynamic Parameters for Dissociation of the Third Strand from the Target
Duplex and for Dissociation of the Duplex
Sample Conditions AH'pe  AH'ghs AS°, AG'M Tm
kcal.mol'! kcal.mol-! keal.mol-l.K-1 kealmol-l °c
of base pair of oligomer _of oligomer _ of oligomer

Triplex Mixture2 pH42 8.9 107 0.35 25 32
1st Transition 5.0 73 88.1 0.29 1.2 29
7.0 9.7 116 0.41 5.7 11
1.5 8.1 9.5 0.36 4.5 1
8.0 - - - - 0
Triplex Mixture® M NaC10.1 7.2 86.0 0.31 5.5 7
1st Transition 0.3 6.6 7.1 0.28 5.1 7
0.4 7.1 85.4 0.31 5.5 7
0.5 1.3 8s.1 0.31 5.3 8
0.8 6.4 76.5 0.27 4.1 10
0.9 59 70.9 0.25 a8 10
1.0 73 87.6 0.31 5.0 9
20 9.2 110 0.39 .1 7
3.0 15.4' 185 0.67 -13.3 s
Triplex Mixture2 pH4.2 13.6 163 0.49 18.0 62!
2nd Transition 5.0 9.3 12 0.35 8.7 s0
7.0 8.2 98.7 0.31 7.6 50
7.5 726 - 914 0.24 7.1 50
8.0 8.2 98.4 0.31 1.6 S0
8.5 8.8 106 0.33 1.9 49
Triplex Mixture® M NaC10.1 6.8 82.0 0.26 5.6 )
2nd Transition 0.3 76 - 91.3 0.28 7.3 s1
0.4 7.8 93.3 0.29 8.0 s3
0.5 6.6 78.9 0.24 1.0 54
0.8 7.4 8.8 0.27 8.4 56
0.9 7.8 93.1 0.28 8.8 56
1.0 6.8 82.0 0.25 13 54
2.0 7.8 93.7 0.29 8.3 s4
3.0 8.7 104 0.32 10.1 57
Duplex Mixtured pH4.2 8.4 101 0.3 9.8 57
5.0 5.7 619 0.21 49 4
7.0 6.4 76.9 0.24 55 4
1.5 6.2 74.8 0.23 5.4 4
8.0 6.6 7.1 0.25 5.7 48
8.5 6.3 75.6 0.24 5.4 48
Duplex Mixture® M NaCl10.1 5.6 61.3 0.21 40 “
0.3 5.8 69.0 0.21 5.3 50
0.4 6.1 7.9 0.22 59 51
0.5 5.7 68.3 0.21 5.7 52
0.8 5.8 69.4 0.21 6.1 54
0.9 5.8 69.6 0.21 6.2 S4
1.0 6.0 72.0 0.22 6.2 53
2.0 5.1 68.7 0.21 5.7 52
3.0 5.7 68.8 0.21 5.7 52

“The more positive the AGop the more stable the triplex or duplex. .01M Cacodylate/0.15M

NaCl/0.005M MgCly. PpH 7.0/0.01M Cacodylate. 'For discussion of these values see Results
section, Thermodynamic Parameters for the Triplex and Duplex Transitions.
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Figure 4: van't Hoff plots for the first transition of triplex mixtures (triplex dissociation

to third strand + duplex).

(A) mixing buffer, pH 4.2 (@), 5.0 (A), 7.0 (W), 7.5 (®).

(B) 0.01 M cacodylate pH 7.0, with 0.1 M NaCl (@), 0.3 M NaCl (A), 0.4 M NaCl (m),

0.5 M NaCl (#), 0.8 M NaCl (+), 0.9 M NaCl (x), 1.0 M NaCl (o), 2.0 M NaCl (A),

3.0 M NaCl ().
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Figure 5: van't Hoff plots for the second transition of triplex mixtures (duplex

dissociation in presence of the third strand).

(A) mixing buffer, pH 4.2 (@), 5.0 (A), 7.0 (®), 7.5 (®), 8.0 (+), 8.5 (x). The plots
superimpose between pH 5.0 - 8.5, indicating that Ty, for the duplex is pH independent

over this range.

(B) 0.01 M cacodylate pH 7.0, with 0.1 M NaCl (@), 0.3 M NaCl (A), 0.4 M NaCl (W),

0.5 M NaCl (@), 0.8 M NaCl (+), 0.9 M NaCl (x), 1.0 M NaCl (o), 2.0 M NaCl (A),

3.0 M NaCl ().
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Figure 6: van't Hoff plots for melting of duplex.

(A) mixing buffer, pH 4.2 (@), 5.0 (A), 7.0 (W), 7.5 (@), 8.0 (+), 8.5 (x). The plots
superimpose between pH 5.0 - 8.5, indicating that Ty, for the duplex is pH independent

over this range.

(B) 0.01 M cacodylate pH 7.0, with 0.1 M NaCl (@), 0.3 M NaCl (A), 0.4 M NaCl (H),

0.5 M NaCl (#), 0.8 M NaCl (+), 0.9 M NaCl (x), 1.0 M NaCl (o), 2.0 M NaCl (A),

3.0 M NaCl ().
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Sodium Ion Dependence of Third Strand Binding
The thermal stability of the triplex is not affected on increasing NaCl concentration from
0.1 to 0.4M, but above 0.4M increases to a maximum at approximately 0.9M (T, =
10 °C) and then decreases to 5 °C at 3M NaCl (Table 1 and Figures 7A-C). That
decreasing NaCl concentration below 0.4M has no effect on Ty; was repeatedly
confirmed. This unusual behavior must result from the protons of dC* contributing to the
stability of the triplex. That this is not an artifactual result is shown by the Ty, for the
duplex in the triplex solution decreasing in the normal manner below 0.4M. Thus, Figure
7C shows the log[NaCl] dependence for the duplex in triplex solution and for the duplex
in duplex solution, confirming the decreasing ionic strength of these solutions.

Between 0.4 and 0.9M NaCl the dominant effect of increasing Nat concentration is

presumably to contribute to triplex stability by shielding the negative charges of the three
: Ty . : :
phosphodiester backbones; yet, over that range JlogNa*] 10 °C (Figure 7B), relative

to a value of 11 °C (Figure 7C) for the duplex, a value in good agreement for oligomers
of this length. Dependence of Ty, on log[Na*] has been shown to fall off sharply with

decreasing strand length, N, in the range 16 S N < 44, e.g., for d(T-A)g,

dT
m =12 °C (33). Blake et al. (34) showed much higher salt dependence of triplex

dT
stability, —a—lo—g'[ﬁﬁ = 31 °C, for the analogous polymer triplex with uncharged

homopyrimidine third strand residues [poly(U:A-U)] in comparison to “average” duplex

polymer DNA that has a value of 18 °C (35,36). It must be that the salt dependence of our
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triplex is reduced because the net repulsive energy in the backbone is partially
counterbalanced by the positive charges on the third strand dC residues. Moreover,
saturation is not observed at higher NaCl concentration, as is the case for poly(U:A-U),
presumably because the ionic interaction between the Hoogsteen C+:G base pair is

0T
" dlog[Na*lo9 0 3m

destabilized by still higher monovalent cation concentration =9 °C

(Figure 7B). This inverse salt dependence has not been observed previously (37, 38) as

earlier work only examined salt dependence below 1M NaCl. Plum et al. (37) determined

oTm
dlog[NatJo2 . 1M

= 12 °C for melting of the third strand 5-"TTTTTCTCTCTCTCT-3’

from a core homopurine-homopyrimidine duplex with 21 base pairs. Our value of 10 °C

over an equivalent salt range is similar.

From equation [22] a plot of ﬁ ' lo-g[N aCl]og o 3m (Figure 7A) shows positive
logarithmic dependence at pH 7.0 (Y = 1.1x10-4K-1 X). Substituting for Z1 =33 and
AH®) =2.7 kcal.mol"l phosphate at IM NaCl into [22], one obtains An| = - 4. Similarly
at 2M NaCl with AH°| = 3.3 kcal.mol-! phosphate, Anj = - 5 and at 3M NaCl with
AH°|= 5.6 kcal.mol-! phosphate, Anq =9.

In triplexes without protonated residues in the third strand, Anj is positive as the

triplex has a higher charge density than its core duplex; in that event, third strand
dissociation should result in release of Nat. For this triplex, however, the positive
charges on the dC residues of the third strand reduce the net negative charge of the

triplex. Hence, on third strand dissociation above 0.9M NaCl at pH 7.0, there is a net



uptake of Nat by the duplex and single strand. Confirmation that the protons on the dC
residues contribute to shielding, i.e., reduce the net negative charge on the triplex, comes
from the negative values for Anj (uptake of Nat) obtained on dissociating the third strand
from the core duplex at pH 7.0. Increasing NaCl concentration should favor the
dissociation (Le Chiteliers principle), which is what is observed in the form of decreasing
triplex stability. Thus, the inverse dependence of triplex stability on NaCl concentration
above 0.9M NaCl provides additional evidence that the dC residues are protonated at

pH 7.0.
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Figure 7:

1
(A) Linear plot according to [22], ?I; vs log[NaCl]g.9 1 3m at pH 7.0, 0.01M cacodylate,

for dissociation of third strand.

(B) Plot of Ty, vs log[NaCl]o.1 0 3m at pH 7.0, 0.01M cacodylate, for dissociation of third

strand.

(O) Plot of Ty, vs log[NaCllo.1 10 0.8m at pH 7.0, 0.01M cacodylate, for dissociation of

duplex in triplex solution (@), and duplex in duplex solution (A).
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Hydrogen Ion Dependence of Third Strand Binding

Figure 8 shows negative dependence of Ty, for third strand dissociation on pH, i.e., with

ﬁ; decreasing linearly with -pH (Y = -1.08x10-4K-1 X). Substituting AH® =

116 kcal.mol-1 oligomer at pH 7.0 into equation [23], one obtains Anjy =5.5,ie.,0n
dissociating the third strand at pH 7.0, 5.5 protons are released into solution. This value
equals 1 H per third strand dC residue if the likelihood of bound third strands with
dangling 5’ dC and 3’ dT residues is the same (see Figure 11 and Discussion). It is not
surprising therefore that increasing hydrogen ion concentration favors triplex stability.
While this pH dependence has been widely observed, the number of protons involved in

the transition has been underestimated previously (11). Quantitation in that work was

dT 2.3 R(Tp)2
based upon -d_(_m_ = AH*+ —gml- by Record et. al. (23), which differs from our
pH) AH®gbs

equation [23] by a factor of one half because it does not take into account the shielding
contribution of protonated dC residues in the triplex. For example, the binding of
d(mMCTTmCmCTmC mCTmCT) (mC = d 5-methylC residues) to duplex was calculated (11)
to involve three protons whereas use of equation [23] gives a value of six protons, which
equals the number of third strand dC residues.

It is possible to calculate the free energy associated with transfer of H* from aqueous
solution to the third strand dC residues at various pH values using AGpKa =
2.303 RTApK,, where ApK; is essentially the difference between 4.6 (pK,; of dCMP) and
the pH of the bulk solution. This will be favorable if the pH of the solution is below 4.6

or unfavorable if above. At 25 °C, AGpga =-0.6 kcal.mol-1 H+ at pH 4.2, 0.6 at pH 5.0,
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3.3 at pH 7.0 and 4.0 at pH 7.5. The increasingly large positive values as pH rises above
5.0 indicate that third strand association with duplex requires significant favorable
interactions for triplex to form. For the triplex at pH 7.0, at Try (11 °C),

AGyota] = 0 =AGpKa + AGstructural> Where AGgructural is the favorable free energy
contribution resulting from the third strand-duplex interactions. With AGpga =

3.1 kcal.mol-1 H* at 11 °C, AGgtructural = -18.6 kcal.mol-! oligomer. Since we have
shown that triplex formation requires protonation of the third strand dC residues, a
significant contribution to AGgtryctural must come from elimination of the lone pair
repulsion between N3 of dC and N7 of dG by formation of an ionic H-bond (Figure 10),
and the favorable Coulombic attraction between the protonated dC residues and the
surrounding negatively charged phosphodiester backbones of the three strands. These
observations provide further evidence for the protonated state of third strand dC residues

in C:G-C triplets at neutrality, i.e., C*:G-C.
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1
Figure 8: Linear plot according to [23], T Vs -pH in mixing buffer, for dissociation of
m

third strand.
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Energy Minimized Structures of T:A-T and C+:G-C vs C:G-C

The energy minimized structure for the isolated base triplet T:A-T, shown in Figure 9A,
was obtained after 309 search directions and 686 single point calculations, resulting in an
energy minimum of -90.5 kcal.mol-L. The space filling model shows four H-bond
'contacts', all within standard H-bond distances.

The comparable energy minimized structure for C*+:G-C (Figure 9B) was obtained
after 265 search directions and 561 single point calculations, resulting in an energy
minimum of -169.0 kcal.mol-1. The space filling model shows five H-bond 'contacts', all
within standard H-bond distances. Noteworthy is the significantly shorter ionic H-bond of

2.66A vs 2.84 +0.02 for the others, showing the additional stability arising from the

significantly larger electrostatic contribution to this H-bond.

In contrast, no reasonable structure céuld be obtained for the isolated base triplet
C:G-C. Since all the energy minimizations were done with no constraints, the neutral
Hoogsteen N1-methylcytosine was apparently forced away from the N9-methylguanine,
resulting in no realistic structure. The repulsion between the negatively charged N3 of the
Hoogsteen cytosine and the N7 of guanine results in an energetically very unstable
Hoogsteen C:G interaction that would require large amounts of compensatory stacking
energy not likely to result from the overlap of dT and dC residues in the third strand. As
expected, the Watson-Crick G-C base pair in these base triplets remained normal after
these minimizations. Thus, there is a clear electrostatic basis for the requirement for

protonation of dC in order to form a C*:G-C base triplet at any pH value.
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Figure 9: Energy minimized structures of isostructural base triplets between third strand

pyrimidine residues and target Watson-Crick base pairs:

(A) T:A-T. H-bond distances from left to right are 2.81A, 2.87A, 2.87A and 2.834;

(B) C*:G-C. H-bond distances from left to right are 2.66A, 2.834, 2.85A, 2.86A and

2.83A.
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2.5 Discussion
Condensation-Screening Theory
Our derivation for the salt dependence of Ty, without taking protonated residues into

account [20] is the same as that obtained by Manning (22)3/. When Record et al. (23)

analyzed the dependence of Ty, on salt concentration for protonated helices, they

obtained for the dependence of Ty, on pH (their equation 22)

m 2.3 R(Tpy)?
dT - AR+ 3 Ro (A]
d(pH) AH®gbs

where AH* is the number of Ht involved in the helix-coil transition.

In contrast, we obtain

dTpy _ AH* 2.3 R(Tpp)?
dipH) = 2 AH®ghs

[B]

where the factor of one half results from-explicit inclusion of electrostatic shielding by
H* (i.e. AGe} g+ of our [15]). Although we have developed our analysis for the triplex at
pH 7, it is easily generalized to any coil to helix transition involving proton uptake. For
such cases [B] is the same, but the expression for AHt [13] would be different e.g.,

1 ) 1 )
S,) &O

1
+ + A+ + = 7n(
2 poly(A) + 2 H* — poly(AT-A™) and AH Zz(zé(sl) + 2E

As is the case for the triplex we have studied and the similar one studied by Xodo et al.
(11), use of [B] results in exact agreement with the number of Ht involved in third strand
binding. These results show that all the third strand dC residues must be protonated, even

at pH 7. The importance of all the third strand dC residues requiring H+ upon binding has
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also been shown for dC residues that are adjacent d(TTC*C+C+TC+TTC+CYC+C+C*)
(39).
The difference in the number of Ht released when poly(A+-A*) is melted at pH 4.2

and 5.3 is 0.55 (40). Using the data and [A] from (23), AHY was calculated to be 0.2
(23); however using our equation [B] we obtain AH* = 0.4, much closer to the value

observed experimentally.

UV Spectroscopy

The spectral components contributing to the UV-absorbance difference on third strand
dissociation have been identified, and explicitly shown that deprotonation of dC residues
is the major spectral component at pH 7.0. This method of spectral analysis should prove
useful for current work on the acid induced structures of poly[d(C)] and poly[r(C)] (41)
and of d(C-T), and d(C,T,) (42-44) in which dC residues are required in the base pairing
schemes, C*C, C*+-T, and C-T for a number of proposed novel structures (parallel and

antiparallel duplexes, tetraplexes).

Enthalpy Values for Dissociation of Third Strand and Duplex
For the duplex, d(A-G)g*d(C-T)g, in a duplex mixture over a variety of conditions,
0.15 M NaCl/0.005M MgCl,/pH 5.0 to 8.5, and 0.1 to 3.0 M NaCl/pH 7.0, our mean

AH® 55 value of about -6 kcal.mol-! base pair is in very good agreement with other
reported mean AH® values, e.g., for a similar homopurine-homopyrimidine 21 base pair

duplex, AHC = -6 kcal.mol-1 base pair obtained by DSC (37). Unlike the sensitivity to pH
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and ionic conditions indicated by the AH° values for the triplex, the AH® values show that
the interactions that stabilize the Watson-Crick duplex are not similarly sensitive.
However, our AH® ;3¢ values for dissociation of third strand do vary with solution
conditions, showing that the interactions of these Hoogsteen base pairs are quite sensitive
to ionic strength and pH and that this third strand binding interaction is stronger than that
between the strands of a Watson-Crick duplex. Our AH® ;¢ values for the dissociation of
the third strand include all the enthalpic components that contribute to the &ansition:
dissociation of the Hoogsteen base pairs, T:A and C*:G; deprotonation of the dC*
residues (when the solution pH > 4.6) and any additional enthalpy changes occurring in
the core Watson-Crick duplex, i.e., A — B transition. The literature contains a variety of
AHP° values for the Hoogsteen base pairs of similar deoxytriplexes: -6.6 by UV and after

subtracting the estimated enthalpy contribution from protonation of the dC* residues
(45), -5.8 by DSC and UV and after subtracting the estimated enthalpy contribution from
protonation of the dC* residues (46), -5 by UV (47), -4.2 by UV (48), -2.0 by calorimetry
and -6 kcal.mol-1 Hoogsteen base pair by UV (37). This spread of values may result from
differences in oligomer sequence (stacking interactions); end effects due to variation in
length of strands, including in some cases differences in the third strand and core duplex
length; various solution conditions (pH, ionic strength, different cations); and variations

in the methods and models used to obtain the enthalpy values YA recent paper by

Wilson et al. (49) has shown that calorimetrically-obtained enthalpy values, only for

third strands with C residues, vary significantly with the type of buffer used and the pH
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(for a third strand (19 mer) containing only three dC residues the enthalpy values vary

* from -2.9 to -5 kcal.mol™ base triplet).

Ionic Strength Dependence

If the third strand dC residues in the triplex were uncharged at pH 7.0, then one would
expect a positive ionic strength dependence of triplex stability over a broad range of ionic
strength, due to the high negative charge density arising from the negatively charged
phosphates on the three strands. Such ionic strength dependence of stability is the norm
for duplexes and triplexes with uncharged bases, e.g., poly(U:A-U) (34). In contrast,
inverse salt dependence of Ty, at moderate ionic strengths is observed with duplexes
stabilized by ionic interactions, as in the case of poly(C*-C) (25,50) and poly(At-A*¥)
(51). Similarly, we observe that increasirig NaCl concentration above 0.9M destabilizes
third strand binding, and we attribute this reversal of salt dependence to increased
shielding by the Nat, resulting in a reduced affinity of the dC residues for H*, and a
decrease in the electrostatic attraction between the Ct:G Hoogsteen base pair, and also
the dC residues and the phosphodiester backbone of the duplex. We do not attribute this
reduction in Ty to the higher concentrations of CI-, as the duplex at these high
concentrations (1M NaCl to 3M NaCl) shows no reduction in stability (Table 1). In this
regard, there is some confusion in the literature as to the effect that high concentrations of
anions have on duplex stability. Our results confirm those of Hamaguchi and Geiduschek
- (52), who showed that DNA has a constant Tyy, of 90 °C at high ionic strengths of up to

4M NaCl; i.e., there is no T, dependence on ClI- concentration, unlike other anions that

58



were shown to decrease duplex stability and were classed as hydrophobic bond breaking

agents and arranged in a chaotropic series by those authors.

Third Strand Orientation and Register

Binding of the homopyrimidine third strand via reverse Hoogsteen base pairing is not
known to occur, i.e., with the third strand antiparallel to the Watson-Crick homopurine
strand (Figure 11A). Binding of the third strand parallel to the homopurine strand has
been proposed from fiber diffraction data and modeling (8,53) and confirmed by NMR
for the triplex d(T-C)4:d(G-A)4-d(T-C)4 (15). But even with parallel third strand
orientation via Hoogsteen base pairing, two alternative registers are possible. The third
strand must be displaced, with either a dangling dC residue at the 5' end (Figure 11B) ora
dangling dT residue at the 3' end (Figure- 11C). While both of these binding arrangements
have 11 base pair interactions, the structure with the 3' overhang is more likely under
acidic conditions (Figure 11C), whereas the 5' overhang is more likely at neutrality, since
the 5’ third strand dC residue need not then be protonated (Figure 11B). Asinoted above,

an equilibrium between these alternatives is consistent with the value of 5.5 calculated

for Anj.
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Figure 10: Comparison of CD spectra of the duplexes d(A-G)gd(C*-T)g at pH 4.2 (—)

and d(A-G)gd(C-T)g at pH 7.0 (--) in mixing buffer titrated to the indicated pH.
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Figure 11: Conceivable binding motifs of the third strand, shown as the top strand in

italics.

(A) Third strand binding antiparallel requires reverse Hoogsteen base pairing.

(B) Third strand binding parallel with Hoogsteen base pairing and a 5' overhang.

(C) Third strand binding parallel with Hoogsteen base pairing and a 3' overhang. Strand

orientation is expressed with reference to that of the homopurine strand (middle strand) of

the target duplex.
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3'-TCTCTCTCTCTC-5"
5 ' -AGAGAGAGAGAG-3"'
A 3'-TCTCTCTCTCTC-5"'

5'-CTCTCTCTCTCT-3"'
5 ' -AGAGAGAGAGAG-3'
B 3'-TCTCTCTCTCTC-5'

5'-CTCTCTCTCTCT-3'
5' -AGAGAGAGAGAG-3'
C 3'-TCTCTCTCTCTC-5'
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2.6 Conclusion
We have shown that protonation of third strand dC residues is required for d(C-T)g to
interact with [d(A-G)gd(C-T)g] to form a triplex at neutrality or above. In this respect,
formation of this triplex is mediated by a "proton switch". Not surprisingly, under such
conditions third strand dissociation is cooperative, occurring with release of H¥ ions. An
electrostatic rationale is provided for the essentiality of dC residue protonation. The
reason is not so much the formation of the second H-bond per se, as it is to prevent the
charge repulsion between the lone pair electrons at N3 of the third strand dC residues and
those at N7 of the dG residues of the target Watson-Crick base pairs. The understanding
developed here for the Ct:G-C base triplet should provide insights regarding the
properties of other base triplets with analogous potential for ionizable third strand
residues, as well as of other structures with base-base interactions involving ionized

residues.



2.7 Footnotes

V" Our duplex and triplex length is = 41A (3.4A x 12) which, for the ionic strengths
studied here, is longer then the Debye length, K. Using [7] and [8]: K'=17A (3M

NaCl soln.); 7.3A (mixing buffer soln.); 9.1 A (0.1M NaCl soln.).

1
%" For both Na* and H+ binding, g must be dependent on the phosphate and third strand

dC residue spacing. Equations [21] and [23] are still valid if the fraction of H* bound per

1
third strand dC residue, By+, is not described by 1 - E, but some other unknown function,

1 - fnc. That is,
2

d(n[H*]) "2 Z35 AHp

Y See (54,55) for comparison of the Poisson-Boltzmann equation and the Debye-Hiickel

approximation as applied to polyelectrolytes of the DNA type. The work of Bleam et al.

(56) has shown that for DNA the fractional extent of neutralization (Bn,*+ = 0.75 £0.1) is
in very good agreement with that predicted by counterion condensation theory (8nat =

0.76). Thus, in spite of the simple model used in counterion condensation theory, it gives

accurate calculation of many polyelectrolyte phenomena for a variety of systems (56-59).

“"In this connection, we take issue with the notion that spectroscopically obtained

enthalpy values must be incorrect when they are not similar to calorimetrically obtained
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values. It is the prevailing view that calorimetrically obtained values are correct because
they are obtained from a direct enthalpic measurement, whereas spectroscopically derived
values require assumption of a model (37,60). However, these differences in mode of
enthalpic estimation could mean that they measure different enthalpic events. The
calorimetric measurement subtracts the enthalpic changes occurring in the reference
solution (equivalent solution with no oligonucleotide) from those occurring in the sample.
In the spectroscopic method the reference solution does not contribute to the absorbance
difference at the wavelength of observation, in this case 255 nm, and therefore does not
affect the transition curve. Different results from the two methods may also be due to the
different oligomer concentrations used, calorimetry generally requiring 20x more
concentrated solutions. Equivalent AH® values for third strand dissociation in solutions of
very different oligomer concentration can only be expected if their water activity is the
same and if water does not contribute to the enthalpy change on third strand dissociation;
neither of these assumptions is correct. This has been confirmed by calorimetric studies
showing a significant enthalpic contribution from reorganization of water during
complexation in aqueous solution between protein-nucleotide, protein-peptide, protein-
carbohydrate, and small molecule-small molecule systems (61). Also, we have shown that

water plays an important role in triplex formation (62).
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ITII. Enhanced stabilization of the triplexes
d(C"-T)s:d(A-G)s-d(C-T)s; d(T)21:d(A)21d(T)1 and Poly r(U:A-U)

by various additives; evidence for a role for water in triplex

stability

Laurence Lavelle and Jacques R. Fresco

in preparation

The stability of the triplexes d(C+-T)5:d(A-G)5-d(C-T)5, d(T)21:d(A)21-d(T)2,

Poly r(U:A-U) and their respective core duplexes, d(A-G)s-d(C-T)s, d(A)21-d(T)21,

Poly r(A-U) has been studied in the presence of a variety of inorganic and organic anions
and cations, cationic lipids, low molecular weight alcohols, SDS, coralyne, trehalose,
glycerol, low molecular weight polyethy'lene glycols, and DMSO in otherwise aqueous
solution. Triplex stability enhancement follows the Hofmeister series for anions, and
similarly the water structure-making ability of the organic cations, the low molecular
weight alcohols and other water structure-making solutes, whereas water structure-
breaking solutes have the opposite effect. Water structure-making solutes appear to
induce partial unwinding of target duplexes and removal of water therefrom, thereby

facilitating the binding of a third strand in the major groove.
Abbreviations: MA-CI, Methylammonium Chloride; DMA-CI, Dimethylammonium

Chloride; TriMA-C], Trimethylammonium Chloride; TMA-CI, Tetramethylammonium

Chloride; TMA-S, Tetramethylammonium Sulfate; TEA-CI, Tetracthylammonium
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Chloride; TPA-CI, Tetrapropylammonium Chloride; CTriMA-Cl,
Cetyltrimethylammonium Chloride; DidecylA-Cl, Didecylammonium Chloride;
TridodecyIMA-Cl, Tridodecylmethylammonium Chloride; DOSPA, 2,3-dioleyloxy-N-
[2(sperminecarboxamido) ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate; SDS,
Sodium Dodecylsulfate; MeOH, Methanol; EtOH, Ethanol; 2-PrOH, 2-Propanol; BuOH,
1-Butanol; Trehalose, o-D-glucopyranose o-D-glucopyranoside; DMSO, Dimethyl
Sulfoxide; PEG200, poly(ethylene glycol) ave. MW200; PEG400, poly(ethylene glycol)
ave. MW400; PEG600, poly(ethylene glycol) ave. MW600; NaCl, Sodium Chloride;
Na,HPO,, Disodium Phosphate; NaOOCCHj3, Sodium Acetate; Na;SO4, Sodium Sulfate;
NaClOQ,, Sodium Perchlorate; NH;sCl, Ammonium Chloride; (NH4)2SO4, Ammonium

Sulfate.

3.1 Introduction
Although triplexes have been studied extensively (see (1 - 6) for reviews), no study has
systematically explored the broad range of solution conditions that affect their stability.
Such an analysis has the potential to provide insights into the factors that determine both
the stability of triplexes and the mechanism of their formation.

As polyanions, it is natural that the stability of nucleic acids is, in general, largely
dependent on the concentration and type of cation in solution. Stabilization occurs by
reducing the very high negative charge density of the phosphodiester backbone. However,
the chemical nature of the cation can also determine other ways in which it can interact

with nucleic acids. The triplex stabilizing effect of the group IA (e.g., Na*, K") and group
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A (e.g., Mg®*) cations is well known, as is the ability of the transition metal cations to
interact with the ring nitrogens and carbonyl groups of the purine and pyrimidine bases.
[The ability of the transition metals to form organo-metallic complexes (e.g., square-
planar, octahedral) is well known; and in the presence of nucleic acids the ligands are the
purine and pyrimidine bases.] The positively charged organic polyamines, spermine and
spermidine are also known to favor DNA triplex formation at neutral pH (7).

In this study the stabilizing effect of the organic cations MA*, DMA®, TriMA",
TMA*, TEA*, and TPA" on triplex and duplex stability was first determined. As
enhanced triplex stability was found in MA-Cl, DMA-CI, TriMA-Cl, TMA-C], and TEA-
Cl, the cationic lipids CTriMA (TriMA with one Cig tail), TridodecyIMA (MA with three
C2 tails) and DOSPA (essentially a spermine headgroup with two C,3 tails, the
headgroup has five positive charges at pH 7.0) were studied in an attempt to further
increase triplex stability. Didecylamine, which has a positively charged NH," head group
at pH 7 and two C)j tails, was also explored, but was found to be insoluble in water.

The foregoing examination of organic cation enhancement of triplex stability was
complemented by experiments in which the nature of the anion was varied for particular
sets of inorganic cations. This allowed a distinction to be made between the effect of
cations which interact directly with the nucleic acid backbone, and the effect of anions
which can affect the chemical potential and structure of water and thereby indirectly
affect triplex stability.

The effect of another group of neutral additives capable of interacting with the

aqueous solvent was also studied, including trehalose, glycerol, PEG and DMSO. Of
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these, the disaccharide trehalose, is a well known stabilizer of proteins at high
temperatures and is used in long-term storage of dried protein formulations (8, 9). This
protein stabilizing ability is believed to be a combination of its own chemical stability
(non-reducing disaccharide) and its glass forming (T 110 °C) and water replacing
capacities (10). Glycerol is interesting in that it is a strong dehydrating compound,
absorbing water up to 50% of its weight. PEG was selected for study because it facilitates
crystallization of nucleic acids, and DMSO because it is a broad spectrum solvent of

organic and inorganic compounds with a strong H-bonding ability.

3.2 Materials and Methods
Deoxyoligomers and Ribopolymers

d(A-G)g and d(C-T)s were synthesized, purified and analyzed as previously (11). Molar
extinction coefficients determined after phosphodiesterase I digestion, €, , = 9890 for
d(A-G)s and €, = 8510 for d(C-T)s at 25°Cin 2.6 x 10 SMTrispH 74/2.4x10°M

MgClz, were used to determine oligomer concentration. d(T),; and d(A),; were similarly

synthesized and purified (Midland Certified Reagent Co., Midland, Texas) and analyzed

for purity. The concentrations of these strands were calculated using the molar extinction

coefficients for poly(dA) (i-:257 = 8600) and for poly(dT) (8265 = 8700) at 25 °C. Poly(A)

and poly(U) were the same samples used in previous work from this laboratory (12);
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concentrations of these strands were calculated using the molar extinction coefficients for

poly(A) (€5, = 2880) and for poly(U) (€,5,=3140) at 25 °C.

Sample Preparation
Unless otherwise stated, triplexes were prepared in a mixing buffer (MB) of 0.15M

NaCl/0.005M MgCL,/0.01M cacodylate, titrated to the desired pH (£ 0.1). Thermal

stability of the triplexes and duplexes was compared with reference to their stability in
MB at pH 7.0, which is considered a reasonable approximation of the physiological ionic
and pH environment. Triplex mixtures were made with equimolar stocks of the two
strands; after forming the duplex, a stoichiometric amount of the third strand was added.

All samples were made with ddH,O, buffered with 0.01M cacodylate, and titrated with

HCI or NaOH. For many samples the pH was additionally checked after obtaining their
melting profiles.

All additives were of the highest purity and purchased from the following sources.
Aaper Alcohol and Chemical Co.: Ethanol; Aldrich: Methylammonium Chloride,
Dimethylammonium Chloride, Trimethylammonium Chloride, Tetramethylammonium
Chloride, Tetramethylammonium Sulfate, Tetraethylammonium Chloride,
Tetrapropylammonium Chloride, Didecylamine, Cetyltrimethylammonium Chloride,
Tridodecylmethylammonium Chloride, Poly(ethylene glycol) 200 (400, 600); J. T. Baker:
Sodium Acetate, Ammonium Chloride, 1-Butanol; Baxter: Methanol; EM Science:
Sodium Sulfate; Fisher: Dimethyl Sulfoxide; Kodak: Sodium Dodecylsulfate; Life

Technologies: (DOSPA) 2,3-dioleyloxy-N-[2(sperminecarboxamido) ethyl}-N,N-
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dimethyl- 1-propanaminium trifluoroacetate; Merck: Ammonium Sulfate; Mallinckrodt:
Disodium phosphate, 2-Propanol; Sigma: Trehalose, Sodium Chloride, Sodium

Perchlorate.

UV Spectroscopy and Melting Profiles

Absorption spectra and thermal melting profiles were determined in a computer driven
AVIV 14DS spectrophotometer equipped with a thermoelectrically controlled cell holder
for cells of 1cm pathlength. Filtered, dry air was passed through the cell compartment to
prevent condensation on the cell walls at low temperatures. The flow rate was set low
enough so as not to create a temperature gradient between the sample and the cell holder,
which was confirmed by monitoring the temperature in the sample and cell holder during
trial melting profiles. For melting experiments, spectra were measured every 1 nm and 2
°C. Only triplex and duplex transitions that occur between 0 and 100 °C were observed.
Care was taken to obtain true equilibrium melting profiles by recording scans only after a
cuvette was allowed to reach the desired temperature (8 min). This ensured that the rate
of temperature rise is less than the rate of the association-dissociation reaction under
study, as confirmed by the absence of further absorbance change on longer incubation at
some fixed temperature within the transition. These spectra were used to obtain melting
profiles and their derivatives at appropriate wavelengths, from which melting transition
temperatures, Tm values, were obtained from the midpoint of the transition. Tm values

(T £ 0.5 °C) were obtained by measuring each melting profile at least twice. Unless

otherwise stated, Tm and % hyperchromism values were obtained from melting profiles
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at 260 nm. All UV-melting profiles, wavelength scans and difference spectra are plotted
using raw data. % Hyperchromism was calculated using:

Abs(duplex + coil)260 - Abs(triplex)260
Abs(duplex + coil)yg0

X 100 for 3 — 2 + 1 triplex transitions; and

Abs(coil)260 - Abs(triplex)260
Abs(coil)260

X 100 for 3 — 1 + 1 + 1 triplex transitions; and

Abs(coil)260 - Abs(duplex)260
Abs(coil)260

X 100 for 2 — 1 + 1 duplex transitions.

CD Spectroscopy

CD was measured every 0.2 nm (1 sec. average), with a 1.5 nm bandwidth, from 320 to
200 nm at 1 °C on a computer-driven AVIV 62DS CD spectrometer with a
thermoelectrically-controlled cell holder. The cell compartment was continuously purged

with dry N»y. The data was smoothed by a least-squares polynomial fit of 6th order.

3.3 Results

Tables 1 to 10 list the Tm values and the % hyperchromism obtained from the UV-
melting profiles at 260 nm of the triplexes d(C -T)g:d(A-G)s-d(C-Ts,
d(T)21:d(A)21-d(T)21, Poly r(U:A-U), and their respective core duplexes d(A-G)g-d(C-T)s,

d(A)21-d(T)a1, Poly r(A-U). These tables list ~450 transitions, which are not individually
discussed. The first part of the Results section describes how the triplex and duplex were
identified (Figures 1 to 10), while the second part (Figures 11 to 20) emphasizes the

solution conditions that affect triplex stability.
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Spectral identification of the triplexes

Triplex formation is often identified by the presence of two transitions in the UV-melting
profile of a sample, e.g., Figures 9 and 16. The first transition generally represents the
release of third strand from the core duplex while the second transition, at a higher
temperature, results from dissociation of the remaining core duplex. One way to identify
the duplex transition in the triplex mixture is to melt the equivalent duplex mixture and
confirm that these transitions essentially coincide. Such confirmation was obtained for all
second transitions so characterised. Triplex formation in some duplex mixtures as a

consequence of duplex disproportionation will be discussed below.

d(C+-T)5:d(A-G)6-d(C-T)6. We have previously reported the unique difference spectrum
for this triplex on dissociation of the third strand from its core duplex at neutral pH (11).
Figure 1 shows the four possible difference spectra in mixing buffer (MB) at pH 7.0:

1. Difference spectrum for dissociation of the duplex in duplex mixture; 60 °C (single
strands) - 40 °C (duplex), giving the difference spectrum for a2 — 1 +1 transition.

2. Difference spectrum for dissociation of the duplex in triplex mixture; 60 °C (single
strands) - 40 °C (duplex + single strand), giving the difference spectrum foral +2 — 1

+1 + 1 transition. The difference spectrum for dissociation of the duplex shows a main

peak at 270 nm and a slightly lower intensity peak at 250 nm.
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3. Difference spectrum for dissociation of the third strand from its core duplex; 20 °C
(single strand + duplex) - 1 °C (triplex), giving the difference spectrum fora3 -2 +1

transition. This difference spectrum shows a peak at 245 nm and a trough at 295 nm.

4. Difference spectrum for dissociation of all three strands; 60 °C (single strands) - 1 °C
(triplex), giving the difference spectrum fora 3 — 1 + 1 + 1 transition. As expected, this
difference spectrum has the characteristics of both third strand and duplex dissociation
with peaks at ~247 and ~267 nm and a trough at 295 nm.

These unique spectral characteristics for dissociation of the third strand and
dissociation of the duplex enable identification of the transitions obtained from UV-
melting profiles. All the transitions for this triplex and its core duplex were analyzed in
this manner; however, only specific examples are shown. The difference spectra in
Figures 1 - 6 are included to illustrate thé analysis that was performed for each transition.
Figures 2 - 6 include examples of triplex identification that were especially difficult
because of either of two factors, one being that the transition is 3 — 1 + 1 + 1, the other
that some of the additives (e.g., CTriMA) undergo UV-sensitive transitions themselves.
Non-triplex and non-duplex transitions were identified by melting the equivalent solution
without nucleic acid. In addition, many triplex transitions were confirmed by
demonstrating the expected pH dependence of triplex stability, as we prevously reported,
and an absence of such increase in duplex stability above pH 4.2 (11).

In this way, it was shown for the triplex mixture in TriMA-CI at pH 7.0 that the first

transition (Tm = 28 °C) in 1.0 M TriMA-Cl represents the dissociation of third strand,

while the second transition (Tm = 52 °C) is that for dissociation of the remaining core
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duplex (peak at 270 nm and no trough at 245 nm). Similarly, the difference spectra for the
triplex mixture in 3.0 and 4.0 M TriMA-Cl confirm that their monophasic melting
profiles, with Tm = 50 and 53 °C, respectively, are due to direct melting of the triplex to
its single strands.

The triplex mixture with 10 Wt% CTriMA-CI (3 x 10° M), pH 7.0, with Tm of 20

°C was shown to represent (Figure 3) the dissociation of duplex,ie., 1 +2—>1+1+1

transition. However, on increasing CTriMA-Cl to 102 Wt% (3 x 10* M), the triplex is
formed, and displays a Tm = 28 °C at pH 7.0 for what is clearly a3 — 2 + 1 transition;
yet, a Tm value could not be obtained for the expected subsequent duplex transition
(Table 2) because CTriMA undergoes its own phase transition with large near-UV
changes that mask the duplex transition. The CTriMA transition is readily observable
between 220 and 320 nm, whereas spw&ﬂ transitions due to nucleic acids give a
maximum hyperchromic change at ~260 nm but essentially no absorbance change above
300 nm. In addition, the difference spectrum of the CTriMA transition is distinctly
different.

As shown in Table 2, CTriMA, TridodecyIMA, and DOSPA all aggregate forming
micelles due to their hydrophilic positively charged nitrogen at one end and a
hydrophobic tail at the other.

The difference spectra for the triplex mixture in 10 and 10* Wt% (2 x 10° and 2 x
10°M respectively) TridodecyIMA-Cl at pH 7.0 (Figure 4) confirm that no triplex forms.

Instead, the observed transition is that of the duplex (1 +2 — 1 + 1 + 1). However, on
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lowering the pH to 6.0 for the 10° Wt% solution, triplex formation is observed and the
difference spectrum is characteristicof a3 — 1 + 1 + 1 transition, see Figure 1, plot 4.

Such data (Figure 5) also allowed confirmation that the single transition at 42 °C for
the triplex mixture in 2.0 M NaClOy at pH 7.0 is only that for dissociation of duplex.
Again, on lowering the pH to 6.0, the UV-melting profile shows two transitions with Tm
= 18 and 43 °C. Moreover, the difference spectrum for the first transition is clearly
characteristic of third strand release (3 — 2 + 1), while the difference spectrum for the
second transition is the same as that for the difference spectrum at pH 7.0 (2.0 M
NaClO,) and for the difference spectrum of the duplex mixture in MB at pH 7.0 (Figure
1, plot 1). Thus, perchlorate ion is triplex destabilizing.

For the triplex mixture in 40% PEG200 + MB at pH 7.0 there is only one transition
with Tm = 33 °C. Consistent with the significantly larger hyperchromic change (23%),
the difference spectrum for this transition is characteristic of adirect3 — 1 +1 +1
transition (Figure 6). For comparison, Figure 6 also shows the difference spectrum for the
single transition of the triplex mixture in 5.0 M NaCl (51 °C, 10% hyperchromism). This

difference spectrum is clearly thatofa 1 +2 — 1 + 1 + 1 transition, i.e., melting of

duplex.
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Figure 1: Difference spectra for the triplex d(C*-T)s:d(A-G)s-d(C-T)s and duplex
d(A-G)sd(C-T)s in mixing buffer (MB) at pH 7.0:

(2 —» 1 +1) dissociation of the duplex in duplex mixture;

(1+2-1+1 + 1) dissociation of the duplex in triplex mixture;

(3 = 2 + 1) dissociation of the third strand from its core duplex;

(3 & 1 +1 + 1) dissociation of all three strands.

Figure 2: Difference spectra for the triplex d(C+-T)5:d(A-G)5-d(C-'I‘)5 and duplex
d(A-G)ed(C-T)s in TriMA-Cl at pH 7.0:

(3 — 2 +1) dissociation (first transition) of the third strand in 1.0 M TriMA-CI;
(1+2—>1+1 + 1) dissociation (second transition) of the duplex in triplex mixture in

1.0 M TriMA-Cl;

(3 = 1 +1 + 1) dissociation of triplex to single strands in 3.0 M TriMA-Cl;

(3 = 1 +1 + 1) dissociation of triplex to single strands in 4.0 M TriMA-Cl.
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Figure 3: Difference spectra for the triplex d(C+-T)6:d(A-G)5-d(C-T)5 and duplex
d(A-G)e-d(C-T)s in CTriMA-Cl at pH 7.0:

(1 +2— 1+ 1+ 1) dissociation of the duplex only in triplex mixture in 10* Wt%

(3 x 10 M) CTriMA-C], i.e., no triplex formation;

(1+2— 1+ 1 + 1) dissociation of the duplex in triplex mixture in 10° Wt% (3 x 10° M)

CTriMA-CI (There is possibly a very small amount of triplex present as indicated by a
reduced peak at 270 nm and a very small trough at 295 nm.);

(3 = 2 + 1) dissociation of the third strand to duplex and single strand in triplex mixture

in 102 Wt% (3 x 10* M) CTriMA-CL

Figure 4: Difference spectra for the triplex d(C+-T)6:d(A-G)5-d(C-'I')6 and duplex
d(A-G)s:d(C-T)s in TridodecylMA-Cl at pH 6.0 and 7.0, respectively:
(1 +2—1+1+1)dissociation of the duplex in triplex mixture in 10° Wt% 2x 10° M)

TridodecylMA-Cl at pH 7.0;

(1+2— 1+ 1+ 1) dissociation of the duplex in triplex mixture in 10° Wt% (2 x 10° M)

TridodecyIMA-Cl at pH 7.0;
(3 = 1 + 1 + 1) dissociation of triplex to single strands in 102 Wt% (2 x 10° M)

TridodecylMA-Cl at pH 6.0. See Figure 1, plot 4 for comparison.

84



Wavelength (nm)

Q8

DAL oy S L N S S A O S O
+ o+ CTAMA 10%W1%, pH7,30-10°C (1 +2—=>1+1+1) i
3 = = CTAMA 10°WI%, pH7,34-14°C (1 ¢2—> 1414+ 1)
-~ CTMA 109W1%, pH7, 40-20°C (3—>2+1)
0.10 -
13 . .
g s . . J
] T s -
= ./ -~ - .
a0.05 |- I bt N . —
g | TR
2 p- . N :
@ ,I \ \\'.
£ . .
5000 |- - R T T
a J v ==
< -\-/ \ P
M ”
005 E R
. \. .,
i Mo )
010 R TR NP IR ST MUTEN TSN IR S M
220 230 240 250 260 270 280 290 300 310 320
Wavelength (nm)
0.15 I [ ¥ l 1) | ] 1 fj T l ] r T ]’—l [ T
s ¢
- . ¢ s, 4
. *
0.10 . . —
Q . . .
Q . L.
=4 L e, LR . |
g l\..-'.'r--~-.:_.t" ‘\'...
*es® - \°e
£ o005 -7 Vie -
[0} "_l
g I K -
[\ -
*
oo boo 5,
3 0.00 - TNl S e
_o v
< . .
- LI 1
-0.05 = |- - TidodecyMa 103Wt%, pH7,30-10°C (1 +2—>1 +1+1) -
* * * TridodecylMA 10*Wi%, pH7, 30-10°C (1 +2—>1+1+1)
[ | TridodecylMA 10°WI%, pHS, 50-30°C (3—>1+1+1) i
0.10 PR DTSR DR DU DU R AN I B R
220 230 240 250 260 270 280 290 300 310 320



Figure 5: Difference spectra for the triplex d(C+-T)6:d(A-G)5-d(C-T)5 and duplex
d(A-G)6-d(C-T)s in 2.0 M NaClO; at pH 6.0 and 7.0, respectively:
(1+2—>1+1+1)dissociation of the duplex in triplex mixture in 2.0 M NaClO, at pH
7.0;

(3 = 2 + 1) dissociation of the third strand to duplex and single strand in triplex mixture
in 2.0 M NaClO; at pH 6.0;

(1+2— 1+ 1+ 1)dissociation of the duplex in triplex mixture in 2.0 M NaClO, at pH

6.0.

Figure 6: Difference spectra for the triplex d(C+—T)5:d(A-G)5-d(C-T)5 in 40% PEG200 +
MB at pH 7.0 and duplex d(A-G)s-d(C-T)s, in 5.0 M NaCl at pH 7.0:
(3 — 1+ 1 + 1) dissociation of triplex to single strands in triplex mixture, 40% PEG200

+ MB at pH 7.0;

(1+2—1+1+1)dissociation of duplex in triplex mixture, 5.0 M NaCl at pH 7.0.
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d(T)21:d(A)21°d(T)21. Tables 8 and 9 list the Tm values for this triplex and for some of

the target duplex mixtures. For these strands, because the difference spectrum for release

of third strand from the core duplex d(A);-d(T),; is rather similar to the difference
spectrum for dissociation of the core duplex, while the CD-spectra of the triplex and
duplex are significantly different, CD spectroscopy was used to characterize the
complexes formed under different conditions. In fact, the transitions in the UV-melting
curves were characterized as triplex or duplex melting based upon: 1) the number of
transitions observed; 2) % hyperchromism; 3) CD-spectra; and 4) the presence of one or
more isosbestic points (see below).

Figure 7 shows the CD-spectra of the duplex mixture in MB and in 2.0 M TriMA-Cl
+ MB, and of the triplex mixture in MB and in 2.0 M TriMA-Cl + MB. The duplex in
both solutions gives an intense positive band at 217 nm and an intense negative band at
247 nm. Between 235 nm and 320 nm the triplex in both solutions has a spectrum similar
to that of the duplex, but below 235 nm it has an additional negative band at 209 nm.
These CD-spectra are very similar to those reported in the literature for
poly[d(T):d(A)-d(T)] and poly[d(A)-d(T)] (13). Thus, the single transition with Tm = 66
°C observed in the UV-melting profile of the triplex mixture in 2.0 M TriMA-Cl + MB is

thatof a3 — 1 + 1 + 1 transition, and as is the case for all the 3 — 1 transitions for this

triplex, one observes a significantly larger hyperchromic change (see Tables 8 and 9 for
% hyperchromism).
Similarly, for the triplex mixture in 2.0 M (NH4)CI (single transition with Tm = 71

°C, 36 % hyperchromism) and in 50 Vol% methanol + MB (single transition with Tm =
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38 °C, 38 % hyperchromism) the CD-spectra confirm the formation of

d(T)21:d(A)21-d(T)21 (Figure 8).

The UV-spectra taken in the course of a melting experiment can also be analyzed to
determine the number of equilibria in solution. Each species will have its own UV-
spectrum and changing the temperature will change the ratio of those species, so at the
wavelength where the two sets of spectra intersect an isosbestic point is obtained.
Therefore, if there are three species in equilibrium, e.g., triplex, duplex and single strand,
there should be a minimum of two isosbestic points corresponding to the wavelengths

where the two families of spectra intersect. This type of analysis is possible for all the

triplexes studied; the spectra for the triplex mixture d(T);:d(A)z;-d(T);; in 1.0 M TMA-
Cl is shown as an example. Figure 9 shows the UV-melting profile at 260 nm and Figure
10 shows one ‘family’ of spectra with an isosbestic point at 284 nm that results from the
equilibrium between the duplex and single strands. The equilibrium between the triplex

and duplex + single strand gives an additional isosbestic point (data not shown).

Poly r(U:A-U). The melting temperatures of the triplex poly r(U:A-U) and of the duplex
poly r(A-U) are given in Table 10. This triplex and duplex have been studied extensively
(14). For triplex mixtures that gave two transitions in UV-melting profiles at 260 nm, the
second transition was confirmed to be dissociation of the duplex by comparison with the
melting profiles of the equivalent duplex mixture. For triplex mixtures that gave one
transition, the % hyperchromism identified them as 3 — 1 + 1 + 1 transitions. For

example, in varying the Vol% ethanol from 10 to 50, the % hyperchromism for the
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duplex mixture remains constant at 26 % (2 — 1 + 1) while that for the triplex mixture

witha 3 — 1+ 1 + 1 transition gives an increasing hyperchromic change from 37 to 54%.
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Figure 7: CD-spectra at 1 °C, pH 7.0 of duplex mixture d(A),;-d(T)2; in MB and in 2.0

M TriMA-Cl + MB ; and of triplex mixture d(T);;:d(A)2;-d(T)2; in MB and in 2.0 M

TriMA-Cl + MB.

Figure 8: CD-spectra at 1 °C, pH 7.0 of triplex mixture d(T);1:d(A)z1-d(T)s; in 2.0 M

(NH4)CI and 50 Vol% methanol + MB.
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Figure 9: UV-melting profile at 260 nm of triplex mixture d(T)2;:d(A)2;1-d(T)2; in 1.0M

TMA-Cl at pH 7.0.

Figure 10: UV-spectra between 58 and 74 °C of triplex mixture d(T)2;:d(A)21-d(T)2; in

1.0 M TMA-CI at pH 7.0 showing an isosbestic point at 284 nm.
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Triplex stability
The effect of the various additives on the stability (Tm value) of each triplex is discussed
with respect to the stability of the triplex in MB at pH 7.0 (Tm = 11 °C, Table 4), unless

stated otherwise.

d(C+-T)6:d(A-G)6-d(C-T)6. The organic salts MA-Cl, DMA-CI, TriMA-Cl, TMA-CI and
TEA-CI all enhance triplex stability (Tables 1 and 2, Figure 11). However, the organic

salt TPA-Cl inhibits triplex formation at the concentrations studied (= 0.1 M). Only TEA-

Cl and TPA-Cl decrease duplex stability with increasing concentration, while the other
organic salts have little effect on duplex stability (Table 6). At pH 7.0 all of these methyl-
substituted nitrogen compounds are protonated: MA, pKa 10.7; DMA, pKa 10.7; TriMA,
pKa 9.8 and the quaternary nitrogen compounds TMA, TEA and TPA are positively
charged over a very wide pH range.

In addition to the triplex stabilizing ability of DMA-Cl, TMA-CI and TEA-CI, these
organic cations also drive disproportionation of the duplex mixture to form a limited
amount of triplex, as indicated by the low % hyperchromism. Table 6 tabulates the ability
of these organic cations to promote triplex formation in the duplex mixture and their
effect on duplex stability.

Since triplex stability is significantly enhanced by TriMA and TMA, it was
rationalized that chemical species with a positive charge density and a molecular volume
similar to these compounds at one end, but with a hydrophobic (hydrocarbon) tail may

also enhance triplex stability. The underlying reasons for this expectation are: 1) the
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positive charge neutralizes the high negative charge density of the three phosphodiester

~ backbones of a triplex; 2) the TriMA or TMA headgroups have the correct steric volume
and charge density to interact with the backbones; and 3) the hydrophobic tail will
facilitate reactions driven by removal of water, in this case from the major groove (and
possibly the minor groove) of the target duplex to allow for third strand binding. In this
connection, since the hydrogen bonding of the nucleic acid bases with water and with
each other is very similar, the process of base pairing occurs largely as a result of the
bases preferring a hydrophobic environment.

Thus, the cationic lipids CTriMA, TridodecyIMA and DOSPA were studied in an
effort to further increase triplex stability. Even with the very low concentrations that are
possible with these cationic lipids, a stabilizing effect was observed. At pH 7.0 triplex Tm
was 28 °C (10”2 Wt% CTriMA-Cl (3 x 10* M)), 22 °C (10° Wt% DOSPA (7 x 10° M)),
27 °C (102 Wt% DOSPA (7 x 10°%)). Lowering the pH to 6.0 resulted in further
enhancement of triplex stability, Tm = 41 °C (10” Wt% TridodecyIMA-CI (2 x 10”° M)),
40 °C 10 Wt% and 10~ Wt% DOSPA. The only additive effect observed was for 102

Wt% CTriMA-Cl + 0.1 M TMA-CI + MB at pH 7.0, Tm = 45 °C. Table 2 lists the other

combinations and the resultant effects on triplex stability.

Unfortunately, these cationic lipids are difficult to study for two reasons: 1) even at
very low concentrations they show their own transitions in UV-melting profiles, which
complicates analysis due to their masking of the triplex and duplex transitions; and 2)
their limited solubility up to 10” or 10* M is not sufficient cation concentration to

significantly stabilize the three negatively charged phosphodiester backbones. Addition of
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MB to provide sufficient cations has two effects (Table 2): 1) the solubility of all the
cationic lipids is further decreased; and 2) the limited stabilizing effect that most cationic
lipids have on triplex stability is lost, with the triplex and duplex having similar Tm
values with only MB in solution, e.g., 10° Wt% TridodecylMA-Cl + MB, triplex Tm =

11 °C and 10> Wt% DOSPA + MB, triplex Tm = 12 °C.

For these reasons it is difficult to fully elucidate the effect of changing the size and
shape of the organic cation headgroup, and the length and number (orientation) of the
lipid tails.

As expected for an anionic lipid, SDS appears to inhibit triplex formation (Table 3);
however, the ability to observe transitions below 20 °C is obscured because the solution
solidifies below ~20 °C.

Previous work has claimed that triplex stability is significantly enhanced (+25 °C) in

the presence of coralyne, with maximum stability at 2 x 10° M (15). However, the triplex

d(C*-T)s:d(A-G)s-d(C-T)s does not show significantly enhanced stability in the presence
of coralyne (Table 3), Tm = 14°Cin 2 x 10 M coralyne + MB. In addition, the UV-
melting profile of only coralyne in the presence of salt shows a highly cooperative
transition (Tm = 58 °C, 40% hyperchromism at 260 nm), apparently due to stacking of
this positively charged hetero-cycle. It is therefore likely that the observation of a
transition at 260 nm may have been mistakenly identified as a triplex transition,
especially since it shifts with sait and H* ion concentration.

In spite of the extensive use of trehalose as a protein stabilizer, this sugar does not

affect triplex stability (0.75, 1.5, 2.0 M in MB, Tp, = 12, 12, 13 °C, respectively), though
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it does destabilize the duplex (0.75, 1.5, 2.0 M in MB, T, =47, 44, 41 °C, respectively)
(Figure 13 and Table 3). This indicates that general protein stabilizing agents such as
trehalose, that are believed to enhance stability by virtue of their dehydrating ability, do
not necessarily stabilize triplexes. In fact, they appear to destabilize duplexes.

Similar effects are seen with glycerol, which is known to absorb water up to 50% of
its weight and is therefore a strong dehydrating compound. Thus, glycerol, too, does not
affect triplex stability (10, 20, 30 Vol% in MB, Ty, = 11, 12, 12 °C, respectively), while it
does destabilize the duplex (10, 20, 30 Vol% in MB, Ty, = 49, 45, 42 °C, respectively)
(Figure 13 and Table 3). It is interesting to note that 30 Vol% glycerol + MB gives a Tm
of 12 °C for dissociation of the third strand, which is essentially the same as MB alone
(11 °C), whereas 30 Vol% glycerol + MB + 1.0 M TriMA-Cl gives a Tm of 19 °C, which
is 9 °C less than in 1.0 M TriMA-Cl alore (28 °C). This is a clear example of a
compound that has no effect on triplex stability by itself, yet counteracts the stabilizing
effect of another compound.

PEG is often used to facilitate crystallization of nucleic acids, and DMSO is used as
a broad spectrum solvent of organic and inorganic compounds and has strong H-bonding
ability. Both PEG and DMSO enhance triplex stability (Figure 13, Table 3). For this
triplex, increasing PEG molecular weight (20 Vol% PEG200, 400, 600) increases the
stability of the triplex (Tm = 18, 22, 24 °C, respectively) and the duplex (Tm = 44, 48, 49
°C, respectively). Maximum stability with DSMO is obtained with 50 Vol% DMSO +
MB (Tm = 27 °C), with decreasing stability both below and above 50 Vol%. In addition

to the difference spectral analysis, as previously discussed, the single transition in 60
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Vol% DMSO is sensitive to pH, a well known characteristic of this triplex (60 Vol%

DMSO, pH 7.0 Tm = 15 °C, pH 6.0 Tm = 36 °C). Besides increasing triplex stability,

DMSO decreases duplex stability (10, 20, 40 Vol%, Tm = 48, 45, 41 °C, respectively).
For the anion series and in comparison to the stability of the triplex in NaCl:

Na,HPO;, NaOOCCHj;, Na,SQO,, and (NH,;)>SO; all enhance stability (Figure 12) of

d(C+-'I')5:d(A-G)5-d(C—T)6, whereas NaClO4 and NH,4Cl destabilize it. NaClOj is the only
inorganic salt that destabilizes the duplex.

As both the organic cation TMA" (with respect to Na") and the inorganic anion SO*
(with respect to CI') both significantly enhance triplex stability, it was thought that an
additive effect might be obtained with (TMA),SO4. However, this is not the case (Figure
11) as 1.0 M (TMA),SO;4 gives a Tm of 25 °C in comparison to 2.0 M TMA-CI (29 °C).

Of the alcohols MeOH, EtOH, 2-PrOH and 1-BuOH (Figure 14), only 1-BuOH
significantly destabilizes theltn'plex. Studies with 1-pentanol were attempted but resulted
in phase separation of 1-pentanol and water. Maximum stability of the triplex is attained
in 70 Vol% MeOH + MB (16 °C), 60 Vol% EtOH + MB (40 °C), and 50 Vol% 2-PrOH +
MB (40 °C). Various combinations of EtOH and 2-PrOH with TMA-CI and TriMA-Cl
were evaluated, but no additive effects were observed (Table 5).

In addition to the triplex stabilizing ability of MeOH, EtOH and 2-PrOH, these
alcohols also drive disproportionation of the duplex mixture to form triplex. Table 7
provides ample evidence for the ability of these alcohols to promote triplex formation in

the duplex mixture. In the 1:1 strand mixture with 60 Vol% EtOH + MB, the extreme
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case is observed with only triplex formation, i.e., 3 — 1 + | transition. As expected,

duplex stability decreases with increasing triplex stability.
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Figure 11: Plot of Tm vs organic salt concentration for melting of the triplex

d(C"-T)s:d(A-G)g-d(C-T)s at pH 7.0.

Figure 12: Plot of Tm vs inorganic salt concentration for the anion series CI', HPO,,

CH1COO0", SO4Z, for melting of the triplex d(C+-T)5:d(A-G)5~d(C-T)6 atpH 7.0.
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Figure 13: Plot of Tm vs % Vol(neutral organic molecule)/Vol(total) + MB and Tm vs

trehalose concentration + MB, for melting of the triplex d(C+-T)5:d(A-G)5-d(C-T)5 atpH

7.0.

Figure 14: Plot of Tm vs % Vol(alcohol)/Vol(total) + MB for melting of the triplex

d(C"-T):d(A-G)s-d(C-T)s at pH 7.0.
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d(T)21:d(A)21°d(T)21. Figure 15 shows the melting profiles for the triplex mixture at
various NaCl concentrations. Three observations are apparent: 1) the melting profiles

have two transitions at [NaCl] < 2.0 M and one transition at [NaCl] 2 2.0 M; 2) triplex

stability is strongly dependent on [NaCl] < 2.0 M but less so at [NaCl] = 2.0 M; and 3)

unlike the triplex d(C+-'I')6:d(A-G)5-d(C-T)5, which is destabilized at [NaCl] > 0.9 M
(maximum Tm of 10 °C), this triplex is strongly stabilized with increasing [NaCl]. Figure

16 also shows the decreasing salt dependence of Tm at [NaCl] 2 2.0 M; but for the salts
(NH4)CI and (NH4),SOq, a strong salt dependence is still observed at concentrations > 2.0

M.

Relative to the stability of the triplex in NaCl, Na,HPO,, Na,SO,, (NH4)Cl and
(NH,),SO4 all enhance stability, whereas NaClO; destabilizes. 2.0 M NaOOCCH; and
2.0 M NaCl have the same Tm of 66 °C£ for this triplex (Table 8).

The organic cations TriMA* and TMA* stabilize the triplex (Figure 17, Table 8), but
less so than equivalent concentrations of NaCl, i.e., at 1.0 M TMA-CI (Tm = 28 °C),
TriMA-CI (Tm = 39 °C), NaCl (Tm =49 °C). However, as noted above, in NaCl triplex
stability starts to platean (Figure 16) at about 2.0 M, with a maximum Tm of 72 °C in 5.0
M NaCl, whereas in 6.0 M TMA-Cl triplex stability is increased to 95 °C. This behavior
has two possible implications: 1) the charge density of the organic cations, TriMA™ and
TMAT is less than that of Na*, and 2) charge screening is not the only mechanism by

which these cations stabilize triplexes.
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MeOH, EtOH and 1-PrOH also stabilize this triplex (in SO Vol% + MB: MeOH (Tm
= 38 °C), EtOH (Tm = 53 °C), 2-PrOH (Tm = 65 °C) (Figure 18), and to a greater extent
than the shorter triplex d(C"-T)s:d(A-G)g-d(C-T)s.

Again, contrary to previous reports (15) coralyne has no effect on the stability of this
triplex, Tm = 23 °C in MB and 23 °C in 2 x 10> M coralyne + MB (Table 9).

Increasing stability is observed in PEG (Figure 18), and with increasing PEG
molecular weight, Tm = 39 °C (PEG200) and Tm = 52 °C (PEG600) (Table 9).

DMSO also increases stability of this triplex, but maximum stability is obtained in 40
Vol% DMSO + MB (Tm = 38 °C), with decreasing stability both below and above 40
Vol% (Figure 18). For the triplex, d(C+-'I')5:d(A-G)5-d(C-T)5, maximum stability occurs

in 50 Vol% DMSO.
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Figure 15: UV-melting profiles at 260 nm of the triplex mixture d(T)2;:d(A)2;-d(T)a;

with increasing NaCl concentrations at pH 7.0.

Figure 16: Plot of Tm vs inorganic salt concentration for melting of the triplex

d(T)21:d(A)21-d(T)2; at pH 7.0.
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Figure 17: Plot of Tm vs TriMA-Cl concentration + MB for melting of the triplex

d(T)21:d(A)21-d(T),; at pH 7.0.

Figure 18: Plot of Tm vs % Vol(neutral organic molecule)/Vol(total) + MB for melting

of the triplex d(T)2;:d(A)2-d(T); at pH 7.0.
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Poly r(U:A-U). The stability of this triplex and its core duplex in NaCl has been studied
extensively (14). As expected for a triplex polymer that contains no C*:G-C triplets, the
stability of poly r(U:A-U) is very sensitive to ionic strength. Thus, although poly
r(U:A-U) shows increased stability with increasing TriMA-Cl and TMA-CI concentration,
relative to comparable concentrations of NaCl there is no enhancement of stability.
However, in 0.053 M TriMA + 0.016 M NaCl the triplex melts 3 — 1 + 1 + 1, whereas in
0.069 M NaCl (14) the triplex melts 3 — 2 + | and only at higher NaCl concentrations
does it melt 3 — 1 + 1 + 1 (of course with higher Tm values).

Enhanced stability (Tm = 38 °C) in 10° Wt% CTriMA-CI (3 x 10™'* M) + 0.016M
NaCl is observed in comparison to 26 °C for the same NaCl concentration. Unfortunately,
because CTriMA-Cl forms micelles, studies at higher concentrations are not possible.

Significant enhancement of stability in the presence of EtOH is observed (Figure 20).

The three triplexes studied all have homopyrimidine third strands, but they are
otherwise different with respect to the presence or absence of protonated third strand C
residues, the nature of their sugar or their length. Despite these differences the majority of
observations are similar. The following are the only observed differences with these
triplexes. NaCl and (NH,4)CI destabilize the triplex d(C+-T)5:d(A-G)5-d(C-T)6, but
stabilize the triplex d(T)21:d(A)y;-d(T)2;. 1.0 M TMA-S has less of a stabilizing effect on
d(C+-T)6:d(A-G)6-d(C~T)5 but more so on d(T),;:d(A)2;-d(T),; with respect to 2.0 M

TMA-CL
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Figure 19: Plot of Tm vs organic salt concentration + 0.016M NaCl for melting of the

triplex poly r(U:A-U) at pH 7.0.

Figure 20: Plot of Tm vs ethanol concentration + 0.016M NaCl for melting of the

triplex poly r(U:A-U) at pH 7.0.
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Table 1: Melting Temperatures for the Triplex Mixture d(C*-T)s:[d(A-G)s*d(C-T)s].

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm  Hyperchromism Tm Hyperchromism

All chloride salts °C % °C %
1.0M Methylammonium 18 13 53 8
2.0M MA 19 12 53 8
3.0M MA 20 13 52 6
4.0M MA 19 11 51 8
1.0M Dimethylammonium 20 11 53 8
2.0M DMA 23 10 52 8
3.0M DMA 26 9 51 6
4.0M DMA 27 10 49 8
1.0M Trimethylammonium 28 10 52 6
2.0M TriMA 36 9 52 7
3.0M TriMA (pH 3.7) 72° 19 - -
3.0M TriMA (pH 4.9) 67* 15 - -
3.0M TriMA (pH 5.8) 58° 15 - -
3.0M TriMA 50° 17 - -
3.0M TriMA (pH 7.4) 36 8 51 7
3.0M TriMA (pH 7.8) - - 52 8
4.0M TriMA 53° 16 - -
4.0M TriMA (pH 7.4) 36 8 50 6
1.0M Tetramethylammonium 31 10 54 9
2.0M TMA 29 9 55 7
3.0M TMA (pH 3.7) 75° 18 - -
3.0M TMA (pH 4.9) 72° 16 - -
3.0M TMA (pH 5.8) 61° 14 - -
3.0M TMA 30 10 56 9
4.0M TMA 43 9 59 7
6.0M TMA 50° 23 - -
6.0M TMA (pH 6.0) 67° 23 - -
0.5M Tetraethylammonium 16 10 43 6
1.0M TEA 22 13 43 10
1.6M TEA 26 9 37 7
2.0M TEA insoluble
0.1M Tetrapropylammonium - - 29 8
0.SM TPA - - 31 8
0.9M TPA - - 28 8
0.9M TPA (pH 8.5) - - 27 8
1.OM TPA insoluble

* Melting temperature of triplex with a 3 — 1 transition.
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Table 2: Melting Temperatures for the Triplex Mixture d(C*-T)s:[d(A-G)6-d(C-T)s].

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm Hyperchromism Tm Hyperchromism
°C % °C %
10 Wt% CTriMA (3 x 10° M) - - 20 10
10 Wt% CTriMA (3 x 10° M) - - 23° 5
102 Wt% CTriMA (3 x 10* M) 28° 5 - -
10! Wt% CTrMA (3 x 103 M) insoluble, micelle formation
10* Wt% CTrMA + MB . 10 11 50 13
107 Wt% CTriMA + MB 22° 8 52 14
102 Wt% CTrMA + MB insoluble, micelle formation
103 Wt% CTiMA + 0.02M TMA+MB 12 8 51 10
10 Wt% CTriMA + 0.IM TMA + MB 14 11 51 9
103 Wt% CTrMA + 0.2M TMA + MB 15 10 52 8
10 Wt% CTriMA + 0.4M TMA + MB 16 11 52 8
102 Wt% CTriMA + 0.IM TMA + MB 45 11 64 11

102 Wt% CTriMA + 0.2M TMA + MB insoluble, micelle formation
DidecylA is insoluble in water (pH 7.0) at all concentrations.

10" Wt% TridodecyIMA (2 x 10° M) - - 20
10" Wt% TridodecyIMA (2 x 107 M) - - 20
10" Wt% TridodecyIMA (pH 6.0) .41 14 -
102 Wt% TridodecylMA (2x 10°M) insoluble, micelle formation
10™ Wt% TridodecyIMA + MB 10 10 51
10 Wt% TridodecyIMA + MB 11 9 51
102 Wt% TridodecyIMA + MB insoluble, micelle formation
10™ Wt% DOSPA (7 x 107 M) - - 21
10 Wt% DOSPA (pH 6.0) 40° 10 .
102 Wt% DOSPA (7 x 10° M) 22¢ 7 -
10 Wt% DOSPA (pH 6.0) 40 6 79
102 Wt% DOSPA (7 x 10° M) 27 6 77
10" Wt% DOSPA (7 x 104 M) insoluble, micelle formation
10 W% DOSPA + MB 10 11 50
10 Wt% DOSPA + MB 12 7 50
102 Wt% DOSPA + MB insoluble, micelle formation

10
10

11
10

11

7
25°

16
15

MB, Mixing Buffer (0.15M NaCl; 0.005SM MgCl,); CTriMA, Cetyltrimethylammonium;
DidecylA, Didecylammonium; TridodecylMA, Tridodecylmethylammonium; DOSPA, 2,3-
dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate.
* See Figure 3, duplex melting but possibly a very small amount of triplex melting.

® 3 — 2 + 1 transition (see Figure 3), phase transition of CTriMA masks duplex transition.

® Very broad transition (3-40°C). ¢ Melting temperature of triplex with a 3 — 1 transition.

¢ Significant overlap with phase transition of DOSPA.
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Table 3: Melting Temperatures for the Triplex Mixture d(C*-T)s:[d(A-G)s-d(C-T)g].

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm Hyperchromism Tm Hyperchromism

°C % °C %

0.1 Wt% SDS (4 x 10° M) + MB A - 51 12

1 Wt%SDS (4x102M) + MB + - 51 11

10 Wt% SDS (4 x 10" M) + MB 2 - 54 12

0.1M Tetramethylammonium Sulfate 16 7 48 21

0.5SM TMA-S 20 17 56 11

1.0M TMA-S 25 14 57 11

1.5M TMA-S TMA-S precipitates out of solution

2 x 10” M Coralyne in H;0 (no triplex) no cooperative transitions

2 x 10 M Coralyne + MB (no triplex)  Coralyne has a highly cooperative transition at
58 °C with 40% hyperchromism (260 nm)

2 x 10°° M Coralyne + MB 14 14 54 13

2 x 10° M Coralyne + 0.075M NaCl

+0.0025M MgCl, 16 10 49 10
0.75M Trehalose + MB 12 7 47 10
1.5M Trehalose + MB 12 4 44 10
2.0M Trehalose + MB 13 4 41 9
10 Vol% glycerol + MB 11 9 49 10
20 Vol% glycerol + MB 12 9 45 10
30 Vol% glycerol + MB 12 6 42 12
30 Vol% glycerol + MB + 1.OM TriMA 19 8 45 9
20 Vol% PEG200 + MB 18 11 44 10
40 Vol% PEG200 + MB 33° 23 - -
20 Vol% PEG400 + MB 22 22 48 17
20 Vol% PEG600 + MB 24 15 49 14
10 Vol% DMSO + MB 15 12 48 12
20 Vol% DMSO + MB 17 11 45 12
40 Vol% DMSO + MB 20 12 41 12
50 Vol% DMSO + MB 27° 17 - -
60 Vol% DMSO + MB 15° 12 - -
60 Vol% DMSO + MB (pH 6.0) 36° 24 - -

MB, Mixing Buffer (0.15M NaCl; 0.005M MgCly); SDS, Sodium Dodecylsulfate; Trehalose,
o-D-glucopyranose a-D-glucopyranoside; PEG200, poly(ethylene glycol) ave. MW 200;
PEG400, poly(ethylene glycol) ave. MW 400; PEG600, poly(ethylene glycol) ave. MW 600;
DMSO, Dimethyl Sulfoxide. * SDS appears to inhibit triplex formation, however, transitions
below 20°C may be occurring but are not observed as the solution solidifies below ~20°C.

b Melting temperature of triplex with a3 — 1 transition.
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Table 4: Melting Temperatures for the Triplex Mixture d(C*-T)s:[d(A-G)e*d(C-T)s).

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm Hyperchromism Tm  Hyperchromism
°C % °C %

0.15M NaCl; 0.005M MgCl, (pH 4.2) 32 9 62° 13
0.15M NaCl; 0.005M MgCl. (pH 5.0) 29 12 50 9
0.15M NaCl; 0.00SM MgCl; pH7.0) 11 12 50 10
0.15M NaCl; 0.005M MgCl, (pH 7.5) 1 4 SO 10
0.4M Na(Cl 7 7 53 12
0.5M NaCl 8 14 54 10
0.8M NaCl 10 16 56 11
0.9M Na(Cl 10 17 56 11
1.0M NaCl 9 17 54 12
2.0M NaCl 7 13 54 12
3.0M NaCl 5 2 57 7
5.0M NaCl - - S1 10
6.0M NaCl NaCl crystallizes out of solution
0.4M Na,HPO, 8 9 54 12
0.8M Na,HPO, 12 11 56 11
2.0M Na,HPO, 15 11 57 11
2.0M Na,HPO, (pH 6.5) 29 14 59 11
3.0M Na,HPO4 -.Na,HPO, crystallizes out of solution
0.4M NaOOCCH; 9 12 53 11
0.8M NaOOCCH; 12 12 56 11
2.0M NaOOCCH; 15 13 55 11
3.0M NaOOCCH; 16 13 54 12
0.4M Na,S04 14 12 54 10
0.8M Na;SO4 (pH 7.2) 9 8 56 11
0.8M Na,SO4 17 13 55 12
2.0M Na,SO, 21 14 58 11
3.0M Na,S0O, Na,SO; crystallizes out of solution
2.0M NaClO4 - - 42 11
2.0M NaClO; (pH 6.0) 18 12 43 10
0.4M NH,C1 8 S 56 12
0.8M NH.Cl - 54 12
2.0M NH4Cl - - 58 12
0.4M (NH,).SO4 - 8 4 55 12
0.8M (NH,),SO4 19 13 57 12
2.0M (NH,)2.SO4 28 13 58 11
3.0M (NH,),S04 37 14 60° 10

® See Discussion in text. ® Overlapping transitions.
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Table 5: Melting Temperatures for the Triplex Mixture d(C*-T)s:[d(A-G)s"d(C-T)s].

40% 2-propanol + 3M TMA phase separation
50% 2-propanol + 3M TMA insoluble

50% ethanol + 1.5M TriMA 30° 16
Mixing Buffer (MB): 0.15M NaCl; 0.005M MgCl,

* Broad transition (20-60°C). ® Overlapping transitions.
€ Melting temperature of triplex with a 3 — 1 transition.

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm  Hyperchromism Tm Hyperchromism

Vaiconol/ Viotal °C %o °C %
10% methanol + MB 15 13 51 . 11
20% methanol + MB 15 14 48 11
30% methanol + MB 15 12 44 12
60% methanol + MB 16 7 37 7
70% methanol + MB 16 7 35 7
80% methanol + MB soluble, no transitions
10% ethanol + MB 12 12 48 10
20% ethanol + MB 13 12 44 11
30% ethanol + MB 15 6 41 11
40% ethanol + MB 15 7 36 10
50% ethanol + MB 21 23 38 8
60% ethanol + MB 40*¢ 31 - -
70% ethanol + MB soluble, no transitions
5% 2-propanol + MB 9 7 49 7
10% 2-propanol + MB 11 14 47 12
20% 2-propanol + MB 17 9 43 13
30% 2-propanol + MB 20 11 40 12
40% 2-propanol + MB 27° 31 39° 15
50% 2-propanol + MB 40° 38 - -
60% 2-propanol + MB insoluble
0.1% 1-butanol + MB 8 10 51 9
1% 1-butanol + MB 7 9 50 9
5% 1-butanol + MB 7 10 47 9
10% 1-butanol + MB phase separation
30% 2-propanol + 20% ethanol

+3MTMA 32° 10 - -
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Table 6: Melting Temperatures for the Duplex Mixture [d(A-G)s*d(C-T)e].

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm  Hyperchromism Tm Hyperchromism

All chloride salts °C % °C %
1.0M Methylammonium - - 52 16
2.0MMA - - 52 16
3.0M MA - - 52 16
40M MA - - 50 15
1.0.M Dimethylammonium - - 51 16
2.0M DMA - - 51 16
3.0M DMA 23 2 50 15
40M DMA - - 48 16
1.0M Trimethylammonium - - 50 14
2.0M TriMA - - 52 16
3.0M TriMA - - 51 17
4.0M TriMA - - 52 19
1.0M Tetramethylammonijum 33 2 54 14
2.0M TMA 33 2 57 14
3.0M TMA 33 2 S5 17
40M TMA 43 3 58 15
0.5M Tetraethylammonium - - 41 13
1.0M TEA 23 3 40 13
1.6M TEA 26 4 36 10
0.1M Tetrapropylammonium - - 29 13
0.SM TPA - - 30 15
09M TPA - - 27 16
0.9M TPA (pH 8.5) - - 26 16
MB (pH 4.2) - - 57 23
MB (pH 5.0) - - 48 18
MB (pH 7.0) - - 48 15
MB (pH 7.5) - - 48 ~ 15
0.4M NaCl - - 51 15
0.5M NaCl - - 52 15
0.8M NaCl - - 54 15
0.9M NaCl - - 54 16
1.0M NaCl - - 53 16
2.0M Na(Cl - ' - 52 16
3.0M NaCl - - 52 15

Mixing Buffer (MB): 0.15M NaCl; 0.005M MgCl,
2 See Discussion in text.
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Table 7: Melting Temperatures for the Duplex Mixture [d(A-G)sd(C-T)s].

Conditions 1st Transition 2nd Transition
pH 7.0 (or as stated) Tm  Hyperchromism Tm Hyperchromism

Vaicono Vot °’c % °C %
10% methanol + MB (pH 6.7) 20 8 48 15
10% methanol + MB 13 5 47 17
20% methanol + MB 15 5 45 18
30% methanol + MB 15 5 42 18
60% methanol + MB 17 7 38 13
70% methanol + MB 17 6 35 12
80% methanol + MB soluble, no transitions
10% ethanol + MB - - 46 20
20% ethanol + MB - - 41 20
30% ethanol + MB - - 38 21
40% ethanol + MB 20° 7 38 7
50% ethanol + MB 19 11 39 12
60% ethanol + MB 42° 30 - .
70% ethanol + MB soluble, no transitions
5% 2-propanol + MB - - 48 19
10% 2-propanol + MB - - 46 19
20% 2-propanol + MB - - 42 20
30% 2-propanol + MB - - 39 20
40% 2-propanol + MB 21° 4 41° 15
50% 2-propanol + MB 32° 16 44° 10
60% 2-propanol + MB insoluble
0.1% 1-butanol + MB - - 50 17
1% 1-butanol + MB - - 49 17
5% 1-butanol + MB - - 44 17
10% 1-butanol + MB phase separation

Mixing Buffer (MB): 0.15M NaCl; 0.005M MgCl,
2 Broad and overlapping transitions. ® Melting temperature of triplex with a 3 — 1

transition. ©Significant overlap of transitions resulting in possible overestimation of 2nd
transition Tm.
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Table 8: Melting Temperatures for the Triplex Mixture d(T)2;2[d(A)z1°d(T)a:].

Conditions 1st Transition 2nd Transition
pH7.0 Tm Hyperchromism Tm  Hyperchromism
°C % °C %
MB 23 18 53 15
0.4M NaCl 24 17 58 19
0.8M NaCl 42 18 62 17
1.0M NaCl 49* 18 64* 18
2.0M NaCl 66° 33 - -
3.0M NaCl 70° 33 - -
5.0M NaCl 72° 33 - -
6.0M NaCl NaCl crystallizes out of solution
2.0M Na,HPO, 80° 33 - -
2.0M NaOOCCH; 66° 33 - -
2.0M Na,SO4 80° 33 - -
2.0M NaClO, 44° 30 - -
1.0M (NH4)Cl 65 36 - -
2.0M (NH,)Cl 71 36 - -
3.0M (NH,)Cl 76 36 - -
1.0M (NH,),SO; 71 36 - -
2.0M (NH,),SOq4 83 36 - -
3.0M (NH.),SO;4 93 36° - -
1.0M TriMA-Cl + MB 45 16 61 11
2.0M TriMA-Cl + MB 66° 27 - -
3.0M TriMA-C] + MB 70° 26 - -
1.0M TriMA-Cl 39 17 63 18
1.0M TMA-CI 28 17 65 19
6.0M TMA-CI 95° 33° - -
1.0M TMA-S 54 10 74 13
1.5M TMA-S TMA-S precipitates out of solution

Mixing Buffer (MB): 0.15M NaCl; 0.005M MgCl,

* Overlapping transitions. ®Melting temperature of triplex with a 3 — 1 transition.

€ Obtained by extrapolation.
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Table 9: Melting Temperatures for the Triplex Mixture d(T),;:[d(A)21°d(T)21] and for the
Duplex Mixture [d(A)21-d(T)z1].

Conditions 1st Transition 2nd Transition
pH 7.0 Tm Hyperchromism Tm  Hyperchromism
°C % °C %
d(T)2:[d(A)21+d(T)21]
50 Vol% methanol + MB 38° 38 - -
50 Vol% ethanol + MB 53 74 - -
50 Vol% 2-propanol + MB 65° 74 - -

2x 10'5 M Coralyne in H;O (no triplex) no cooperative transitions
2x10°M Coralyne + MB (no triplex)  Coralyne has a highly cooperative transition at
58 °C with 40% hyperchromism (260nm)

2 x 10”° M Coralyne + MB 23 5 59 33
2 x 10° M Coralyne + 0.075M NaCl

+ 0.0025M MgCl, 23 3 54 28
20 Vol% PEG200 + MB 39° 25 - -
40 Vol% PEG200 + MB 41® 45 . -
20 Vol% PEG600 + MB 52° 54 - -
30 Vol% DMSO + MB - 34° 18 44° 16
40 Vol% DMSO + MB 38° 35 - -
50 Vol% DMSO + MB 15 9 34 28
[d(A)23°d(T)2]
MB . . 53 28
1.0M TriMA-Cl + MB - - 60 23
2.0M TriMA-Cl + MB - - 65 25
3.0M TriMA-Cl + MB - - 70 23

Mixing Buffer (MB): 0.15M NaCl; 0.005M MgCl,
2 Melting temperature of triplex with a 3 — 1 transition. ° Overlappmg transitions.
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Table 10: Melting Temperatures for the Triplex Mixture Poly(rU):Poly(rA)-Poly(rU) and
for the Duplex Mixture Poly(rA)-Poly(rU).

Conditions 1st Transition 2nd Transition
pH7.0 Tm Hyperchromism  Tm Hyperchromism

All chloride salts °C % °C %
Poly(rU):Poly(rA)-Poly(rU)
0.016M NaCl 26 17 40 23
0.020M TriMA + 0.016M NaCl 34 21 42 18
0.053M TriMA + 0.016M NaCl 44 37 - -
0.600M TriMA + 0.016M NaCl 69* 41 - -
0.020M TMA + 0.016M NaCl 31 18 40 17
10 Wt% CTriMA (3 x 10°M) +
0.016M NaCl 27 16 40 20
10™ Wt% CTrMA (3 x 10°M) +
0.016M NaCl 38® 12 63° 18
102 Wi% CTriMA (3 x 10*M) +
0.016M NaCl insoluble, micelle formation
10 Vol% ethanol + 0.016M NaCl 39% 37 - -
20 Vol% ethanol + 0.016M NaCl 42° 39 - -
30 Vol% ethanol + 0.016M NaCl 45 40 - -
50 Vol% ethanol + 0.016M NaCl 532 54 - -
60 Vol% ethanol + 0.016M NaCl insoluble
Poly(rA)-Poly(rU)
0.016M NaCl - - 40 25
0.020M TriMA + 0.016M NaCl - - 41 25
0.053M TriMA + 0.016M NaCl - - 45 24
0.600M TriMA + 0.016M NaCl - - 69 28
10 Vol% ethanol + 0.016M NaCl - - 39 26
20 Vol% ethanol + 0.016M NaCl - - 42 26
30 Vol% ethanol + 0.016M NaCl - - 46 26
50 Vol% ethanol + 0.016M NaCl - - 58 26

60 Vol% ethanol + 0.016M NaCl insoluble

* Melting temperature of triplex with a 3 — 1 transition. ® Overlapping transitions.
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3.4 Discussion
Enhancement of stability of triplex varies with triplex length. It is apparent that the

stabilizing effect of DMSO, ethanol and CTriMA-Cl increases with triplex length.
Examples are: 1) a maximum effect is observed with 50 Vol% DMSO for d(C+-T)5:d(A-
G)s-d(C-T)s and 40 Vol% with d(T),:d(A)z;-d(T)zy; 2) for d(C+-T)5:d(A-G)5'd(C-T)6 in
ethanol a significant effect is observed at S0 Vol% and above, whereas for poly r(U:A-U);
a significant effect is observed at 10 Vol% and above; and 3) 10 Wt% CTriMA-Cl does
not enhance the stability of d(C+-T)5:d(A-G)6-d(C-'I')6 but does so for poly r(U:A-U);
however, here two factors are different, length and the presence of a positively charged
triplet repeat, C":GC.

There are two reasons for believing that the mechanism by which the organic salts
MA-Cl, DMA-C], TriMA-Cl, TMA-CI1 ;md TEA-CI enhance the stability of the triplex
d(C+-T)5:d(A-G)5-d(C-’I')5 does not involve raising the pKa of the dC residues. Firstly,
these salts also enhance to a greater extent then NaCl, the stability of the triplex
d(T)21:d(A)21-d(T)21, which contains no protonated residues in its T:A-T triplets. The
stability of this triplex reaches a plateau at 3.0 M NaCl, with a maximum Tm of 72 °C at
5.0 M NaCl (Figure 17), whereas in 6.0 M TMA-CI Tm = 95 °C (Table 8). Secondly, for
the triplex d(C+-T)6:d(A-G)5-d(C-T)5, if the pKa of the dC residues was raised in the
presence of these organic salts, then lowering the pH would not increase triplex stability;

in fact it should decrease it. This too is not observed; rather, the stability of this triplex
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increases substantially with decreasing pH, e.g., from a Tm in 3.0 M TMA-CI of 30 °C at

pH7.0to 75 °C atpH 3.7.

A model for interpreting the findings. The physical and chemical properties of water
have been extensively studied (for example, 16, 17, 18), and it is known that when a salt
is dissolved in water, different anions and cations are observed to decrease, increase or
have little effect on the volume of the solution. These alternative effects have been
explained in terms of the interaction of the anion or cation with water molecules
according to what is often called the multilayer hydration model (17). Briefly, this model
of ion-water interaction divides the volume of an ion in solution, Vjeq, into four
components:

Vion = Veryst + Veteet + Viisord + Vieaged
where: Vs is the volume of the ion based on its crystal radius; Veject is the
electrostriction volume (stronger ion-H,O interaction decreases volume); Visord is the
disordered or void-space volume (weaker ion-H,O interaction increases volume); and
Veaged is the caged or structured volume (that occurs when a hydrophobic ion (organic
cation) interacts with H,O molecules, which decreases volume).

Although these ion volume factors are interdependent, the observed solution volume
changes on addition of ions is readily explained by this descriptive model". Using this

model, ions can be divided into three classes: 1) electrostrictive “structure-making” ions
when Ve is dominant; 2) disordered “structure-breaking” ions when Vgisorg is dominant;

and 3) hydrophobic “structure-making” ions when Vcageq is dominant.
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The volumes, Veiect, Vdisors and Viaged have been calculated for each anion and cation
for which a listing is given in (17). As these volumes are additive, predictions of the
solution volume effect of a particular salt can be made. It is interesting that the structure-
making or structure-breaking tendency of anions based upon this model follows the rank
order of the Hofmeister series, which is the relative tendency of anions to stabilize and
solubilize proteins. These effects (reviewed in 19) were first noted by Hofmeister in his
classic 1888 paper in which he listed the effect of anions on protein solubility. A partial
rank order follows:

(destabilize proteins) ClO; < CI" < CH;COO < HPO4> < SO, (stabilize proteins)
This rank order has subsequently been called the “chaotropic series”, as extensive studies
have shown CI to have little effect on water-structure, whereas anions to the left of CI”
are water structure-breakers (Vgisorg is dominant) called chaotropes (from the Greek,
meaning disorder (chao)) because they destabilize proteins, while anions to the right of
CI" are water structure-makers (Veiec: is dominant) called kosmotropes (from the Greek,
meaning order (kosmos)) because they stabilize proteins. Thus, polar or charged
chaotropes “disrupt” the structure of water because they interact with water less strongly,
while polar or charged kosmotropes interact with water more strongly than bulk water
molecules with each other.

Previous work (20) has shown that the effect of various salts on the stability of
duplex DNA also follows the Hofmeister series. In that work, the only minor exception to

the Hofmeister series occurred with CH3COOQ", which was ranked one before CI” instead
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of one after CI". For sea urchin DNA (37 % GC) in 4.0 M salt at pH 7.0, rank order
according to duplex Tm values (°C) for the various sodium salts was (20):

(destabilize duplex DNA)CIO4" (74°) < CH3COO" (84°) < CI' (90°)(stabilize duplex DNA)
Although the effect on duplex stability of many salts was studied by Hamaguchi and
Geiduschek (20), HPO,* and SO4* were not. In the same study it was concluded that at
the very high concentrations needed to observe the anion effects, there were only minor
differences observed when the cations Li*, Na*, K*, and TMA* were varied.

The results obtained in this work show that the effect of anions on triplex stability
follows the Hofmeister series. For the triplex d(C+~T)6:d(A-G)5-d(C-T)5 in 2.0 M anion at
pH 7.0, rank according to triplex Tm values (°C) for the various salts is:

NaClO; (inhibits triplex formation) < NaCl (7°) < NaOOCCH; (15°); Na,HPO; (15°) <
Na;SO4 (21°) < (NH4)2SO0, (28°).

For the triplex d(T)21:d(A)21-d(T)2; in 2.0 M anion at pH 7.0, rank according to triplex
Tm values (°C) for the various salts is:

NaClO, (44°) < NaCl (66°); NaOOCCH; (66°) < Na,HPOQ, (80°); Na,SO4 (80°) <
(NH4)2SO4 (83°).

Whereas duplex DNA stability is not greatly affected by cations in general when at
very high concentration, the results obtained in this work show that organic cations have
a strong effect on triplex stability. Their stabilizing ability can also be explained by the

ion-water model. Thus, for these organic cations Vcaged is dominant, and in this case water

“structure-making” occurs as a result of the hydrophobic cation. That is, the organic
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cation (kosmotrope) interacts much less strongly with water, and in so doing orders the
water molecules around them (the effect on the interfacial water surrounding the nonpolar
solute is that it becomes more ordered).

Generally, for the triplex d(C+-T)6:d(A-G)5-d(C-T)5 at pH 7.0:

TPA-CI (inhibits triplex formation) < NaCl < MA-Cl < DMA-CI < TEA-Cl < TMA-CI £
TriMA-CL

For the triplex d(T)2;:d(A)z21-d(T)2; at pH 7.0, the highest obtainable Tm is 72 °C in 5.0 M
NaCl, while the highest obtainable Tm is 95 °C in 6.0 M TMA-CI”.

As both triplexes and duplexes have a very high negative charge density, cations of
sufficient positive charge density are required to stabilize them. Therefore, although
Veaged is negative for the organic cations (because of their water structure-making nature,
ie., decreased volume), TMA* (-21 cm’.mole™), TEA* (-18 cm®.mole™), and TPA*

(-24 cm’ .mole'l), TPA* must not have sufficient positive charge density. Thus, it is
possible that the size (and hence charge density) of these organic cations also plays a role
in their ability to stabilize triplexes. At pH 7.0 they all have one positive charge and
thcref;)re their charge density will scale with their surface area (calculated using
ChemPlus in HyperChem (21)): MA* (178 A%, DMA* (208 A%), TriMA* (232 A%) TMA*
(252 A%, TEA* (325 A?), and TPA* (383 A?). This would imply that THMA" and TMA*
have the optimum size and charge density to stabilize triplexes. However, as observed,
their decreasing charge density also makes them less soluble in H,0, and this may also

have an effect.
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It should be noted that TEA™ and TPA* have a significant destabilizing effect on the
duplex d(A-G)s-d(C-T)s (Table 6).

The observations for the stability of the triplexes in the alcohols, PEG, and DMSO
are the following.
Generally, for the triplex d(C -T)s:d(A-G)s-d(C-T)s at pH 7.0:

MeOH < EtOH < 2-PrOH > 1-BuOH.
For the triplex d(T)21:d(A)21-d(T)2;1 in 50 Vol% alcohol + MB at pH 7.0, rank according
to triplex Tm values (°C):
0 %, MB only (23°) < MeOH (38°) < EtOH (53°) < 2-PrOH (65°).
For the triplex poly r(U:A-U) in Vol% EtOH + 0.016 M NaCl at pH 7.0:
0 % (26°) < 10 % (39°)< 20 % (42°) < 30 % (45°) < 50 % (53°).
For the triplex d(C+-'I')5:d(A-G)5-d(C-'I')6 in 20 Vol% PEG(ave. molecular weight) + MB
atpH 7.0:
0 %, MB only (11°) < PEG200 (18°) < PEG400 (22°) < PEG600 (24°).
For the triplex d(C+-T)5:d(A-G)5-d(C-T)6 in Vol% DMSO + MB at pH 7:
0 %, MB only (11°) < 10 % (15°) <20 % (17°) <40 % (20°) < 50 % (27°) > 60 % (15°).
For the triplex d(T)z;:d(A)21-d(T),; in Vol% DMSO + MB at pH 7.0:
0 %, MB only (23°) < 30 % (34°) <40 % (38°) > 50 % (15°).
Aqueous neutral polar organic solutes can also be classified as water structure-

breaking (chaotropes) or water structure-making (kosmotropes) (19). The low molecular
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weight alcohols are water structure-making, as is the neutral hydrophilic polymer PEG
and the potent H-bond acceptor DMSO.

It would appear therefore that solutes that are water structure-making enhance the
stability of triplexes. Conversely, no water structure-breaking solute has been observed to
enhance triplex stability. This thermodynamic mode! of ion-water interaction has given a
thermodynamic answer. We now attempt to relate this thermodynamic understanding of
how “altered water structure” may influence the conformation of DNA to the molecular
mechanism for triplex formation.

The result of the water-alcohol or PEG or DMSO interaction is that there is less
water available to hydrate other ‘solutes’. This is a well known observation for DNA in
water/ethanol mixtures. The higher the proportion of ethanol, the less the proportion of
water available for hydration of DNA (i.e., dehydration), and in 60 to 70 % ethanol there
is sufficient dehydration to induce a conformational change from B to A or Z. Such
conformational changes require varying degrees of unwinding the DNA with resultant
changes in rotation of the nucleotide residues from 36 - 45 ° to 30 - 33 ° in the case of B
to A, and even anti to syn isomerization in the case of B to Z.

In this connection, the unwinding of duplex DNA has been observed to increase in
the presence of MeOH, EtOH, ethylene glycol and DMSO but not glycerol (22). It was
also observed that the degree of unwinding is a continuous process in response to the
concentration of organic solvent. The Vol % required for unwinding increases in the

order: DMSO < MeOH < EtOH < ethylene glycol.
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As glycerol does not enhance triplex formation, it is likely that MeOH, EtOH, 2-
PrOH, PEG and DMSO all enhance triplex stability by facilitating unwinding of the
duplex. In fact, it would make sense that all compounds that facilitate both a B to A/Z
transition and dehydration also enhance binding of third strands that must enter the major
groove of the duplex. Clearly, third strand binding must require displacement of water
from the major groove of the duplex to accommodate this extra strand. This is further
supported by the observation that RecA facilitates third strand binding, since the
hydrophobic environment created by the protein must facilitate removal of water (23).

Thus, it would appear that solutes that are water structure-making enhance the
stability of triplexes by facilitating the unwinding of the duplex to the extent needed to
accommodate the third strand and this need not necessarily involve a B to A transition.
And since water structure-makers may also be good dehydrating agents, this also
| facilitates the removal of water that must be required to allow for third strand binding.

Given that a triplex has essentially the same cylindrical diameter as a duplex, it is
understandable why triplexes are far more sensitive to solution conditions than duplexes,
a fact that the present work confirms. This understanding of the solution conditions that
significantly impact on triplex stability should prove useful in efforts to obtain crystals of
a triplex in a well-ordered lattice, currently a major obstacle in obtaining highly ordered

single crystals for structure analysis.
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3.5 Footnotes
Y Thisis a thermodynamic model, in that it is able to describe observations made. This
model ignores the ‘chemical details’ that clearly give each anion and cation its chemical
identity. For example, inorganic cations are known to form unique structures with water,
where water molecules are acting as ligands via their oxygen atoms to form coordination

complexes.

2 TMA could be used as a model ‘solvent’ to mimic the environment of DNA in vivo.

DNA is in a highly compact ‘condensed phase’ when interacting with histone proteins
that are essentially highly positively charged organic electrolytes. DNA concentration in
vivo is very high, 70-80% w/v in sperm heads, virus capsids, bacterial nucleoids (24,25).
A comparable TMA concentration is 6.4M (70% wiv). It is therefore interesting to note

that TMA significantly enhances triplex stability.
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IV. O-DNA, a single-stranded secondary structure stabilized
by ionic and hydrogen bonds: d(A+-G)p

Mary Claire Shiber, Laurence Lavelle*, John A. Fossella, and Jacques R. Fresco
published in Biochemistry (1995) 34, 14293-14299

A novel nucleic acid secondary structure, exemplified by d(A+-G)10, is formed by an
intramolecular, cooperative, acid-induced, coil — helix transition. The helix is apparently
left-handed, lacks base stacking and pairing, and is maintained by hydrogen and ionic
bonds between dA¥ “side chain” residues (with electropositive hydrogens -NgH?2, -

N1+H) and the phosphodiester backbone. Modeling indicates that those dA¥ residues lie

approximately parallel to the helix axis, interacting with the n-1 backbone phosphates

(with electronegative oxygens), somewhat like the -C=0--H-N- longitudinal interactions
in a protein a-helix. Moreover, the intervening dG side chain residues are extrahelical, as

are amino acid side chains of an a-helix.

* As I was responsible for the modeling, Chapter IV contains only the modeling section

of this paper.
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4.1 Introduction
All currently recognized types of nucleic acid secondary structure involve helical stacks
of bases. Such stacks occur in single strands, in base pairs of hairpins formed by single
strands, in base pairs of two-stranded complexes, in base triplets of three-stranded
structures, and in base quartets of four-stranded complexes.

This chapter describes an entirely different type of nucleic acid helical secondary
structure, one that does not depend for its stabilization on helically wound stacks of bases
or base pairs. Rather, this novel type of secondary structure encompasses single strands of
the repeating homopurine doublet sequence d(A-G)p helically twisted by an unusual
combination of ionic and hydrogen (H-) bonds essentially parallel to the helix axis.

Previous studies (1,2) had shown d(A-G)10 to display unusual properties under acidic
conditions. That is, an intense differential absorption of circularly polarized light (CD)
without concomitant development of hypochromism in the near-ultraviolet (UV) (1).
Additional observations (2) enabled attribution of this unusual dichotomy in optical
properties to a single-stranded helical secondary structure stabilized largely by Coulombic
interactions between negatively charged backbone phosphates and distal protonated dA

(dA¥) residues that do not overlap with their nearest neighbor dG residues.

4.2 Methods
Modeling was on an IBM PC, Intel 486DX, 66 MHz, 24 MB RAM with AMBER as ‘part
of HyperChem (3). Parameters are those of AMBER 3.0A (4), using the standard

unmodified all-atom force field. Base charges for dA™ are those for dA but with a proton
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on N1 with bond length of 1.1 A (force constant of 14 kcal-mol-1-A-2), bond angle of
117.4° and torsion angle of 0.0° (force constants of 125 and 16 kcal-mol-1-degree-2,
respectively) to maintain the proton in the plane of the purine ring. All calculations were
done with a 0.5 fs time step (integration step) as the hydrogen atoms were not
constrained. The initial conformation was generated by putting d(A*-G)s, a tractable
length of oligomer, in the helical conformation of one of the strands of a B-DNA duplex,
and rotating every dA™ residue ~180° to obtain an unstacked single strand.

In order to generate various conformations, a 22 ps, constant energy, constant volume
(microcanonical ensemble), high temperature molecular dynamics simulation of
d(A*-G)5 was performed. No cutoff distance was used for nonbonded interactions and a

distance dependent dielectric constant, €, [€ = (permittivity of free space) x (scale factor)

X (interatomic separation)] was used as a model solvent. For a highly charged system
such as this, a dielectric constant scale factor of 4.0 was used (5), and 1-4 scale factors
were set at 0.5 for electrostatic and Van der Waals interactions. Previous simulations
using scale factors of 1 and 2 resulted in the dA™ residues remaining in close proximity to
the electronegative backbone oxygens, thereby restraining the conformational search. The
startiné temperature of the simulation was 0 °K with temperature steps of 10 °K taking
the system to 3000 °K in 0.15 ps, conformations (snapshots) were stored at 4000 time
step intervals resulting in eleven conformations at 2 ps intervals.

To obtain a low energy conformation, simulated annealing was done on the high

temperature 2 ps conformation by cooling slowly from 3000 to 300 °K in 0.5 °K steps,
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with conformations stored every 0.25 ps. Conditions used were those of the high
temperature molecular dynamics.

Room temperature molecular dynamics was used to obtain the most favorable
conformation. The structure obtained from the simulated annealing was placed in a
periodic box, 26 x 26 x 56.1 A [~1110 H20, TIP3P model (equilibrated at 300 °K and
1 atm) (6)]. At this stage, the 5’ dA residue was found to be non-interacting and set
neutral; hence, 5 Na' ions were placed 1.7 A equidistant from the oxygen atoms of the
non-interacting phosphates and constrained to each oxygen with a force constant of 14
kcal-mol-1.A-2, Using the AMBER protocol with explicit water molecules, the dielectric
constant scale factor was set at 1.0 and 1-4 scale factors were set at 0.5 for electrostatic
and Van der Waals interactions. Nonbonding interactions were limited by a switched
cutoff, with outer and inner radii of 13 and 9 A, respectively. To allow for stable
trajectories, this system was first energy minimized to an rms gradient of 10.

A 10.625 ps constant temperature (300 °K), constant volume (canonical ensemble)
molecular dynamics simulation was performed to search for a low energy conformation

using a bath coupling constant of 0.1 ps and conformations stored every 0.125 ps.

4.3 Results
The low energy conformation obtained at the end of the room temperature simulation was
energy minimized (with the same parameters) using a conjugate gradient method (Polak-
Robiere) and convergence set at 0.1 kcal-A-1-mol-1 for the rms gradient. The resultant

structure had a non-regular “bent” backbone conformation with the following
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characteristics: ~13 A diameter, ~51 A length, formed by a lattice of unstacked dA+
residues lying more or less parallel to the long axis, each translated ~12 A and linked to
its n-1 phosphate by both ionic and H-bond interactions from which protrude non-
interacting dG residues.

The above protocols (simulated annealing, room temperature molecular dynamics,
energy minimization) were performed on the 4, 6 and 8 ps conformations obtained from
the high temperature molecular dynamics simulation. In these cases, the resultant
structures showed the dA™ residues interacting with the oxygens of the phosphodiester
backbone, but with various non-regular backbone conformations.

After building a physical model that was adjusted to fit the above energy minimized

models, it became apparent that the da*- phosphate binding motif allows for

conformational freedom between each “dinucleotide unit™:

where the - bond indicates the site of conformational freedom (in particular, the o-torsion

angle 03°-P-O5°-Cs5’). We therefore chose the above 2 ps energy minimized structure

and changed the a-torsion angles (-) so as to obtain a more regular, non-bent backbone

conformation. To remove any unfavorable interactions, a room temperature molecular
dynamics simulation (canonical ensemble, with the same parameters) was performed and

terminated after 3 ps with the potential energy (Ep) reaching a plateau at -20572
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kcal-mol-1. The low energy conformation obtained at the end of this simulation was
energy minimized (with the same parameters, rms of 0.1 kcal-A-1-mol-1 etc., with a
resultant Ep = -24307 kcal-mol-1) and is the model discussed below and shown in Figures
1 and 2 with Nat and H20 removed.

The model derived for d(A+-G)5 (Figures 1 and 2) reveals a helical structure ~12 A in
diameter and ~54 A in length. It is formed by a lattice of unstacked dA+ residues lying
more or less parallel to the long axis, linked to the n-1 phosphate oxygens, i.e., one
phosphate upstream, by strong ionic and H-bonds mediated by A-NjH+ and A-NgH,
while the non-interacting dG residues protrude from the helix. The backbone
conformation of this novel secondary structure is unlike any known duplex conformation.
However, the CD spectrum of d(A¥-G)] is remarkably like that of Z-DNA (1), and the
model does indicate a left-handed helical sense of backbone twist (Figure 2).

With the exception of dA [, which is displaced due to the absence of an upstream
phosphate with which to bond (Figure 2), the dA+ residues are held very close and
parallel, rather than perpendicular, to the backbone. The distance between the N9 atoms
of successive dA+ residues is ~12 A. While there is some variation in orientation about
the glycosyl bonds, the torsion angle, X, indicates an anti or high-anti conformation for all
the residues. In this connection, it is important to note that the modeling was done with
no constraints, and that UV resonance Raman (UVRR) observations confirm that all the
residues are in an anti type conformation (7). There is no apparent interaction between the
dG residues and any other component of the helix; rather, they are unrestricted and

accessible to bulk solvent, just as indicated by the results of UVRR and solvent
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perturbation spectroscopies. In this regard, conformational heterogeneity is expected for
the first (5") dA residue (which lacks an upstream phosphate partner) and the dG residues,
as they are relatively free to rotate about their glycosyl bond.

In sum, the calculations reveal a stable structure maintained by H-bond and Coulombic
interactions between the dA* residues and the oxygens of the phosphodiester backbone.
In the absence of the more typical base stacking and H-bonded base pairing, these must

be the major interactions that stabilize the structure.
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Figure 1: Five center residues of d(A*-G)s, i.e., 5-d(pA*;pG,pA+ pGpAt,)-3'
showing ionic and H-bonds as indicated by dashed lines in wire representation (H20 and

Nat omitted for clarity). All structures are oriented 5' — 3' top to bottom.

First panel: space filling representation. Atom colors: C, green; N, blue; O, red; P, yellow;

H, white.

Second panel: wire representation (same perspective).
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Figure 2: Stereo view of d(A+-G)s.
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4.4 Discussion
The molecular modeling gives a clearer definition of the secondary structure first
glimpsed indirectly from solution studies. It is particularly impressive that the energy
minimized structure contains the full variety of non-covalent interactions, base
dispositions and left-handed helical sense, independently demonstrated by the various
spectroscopic observations (1,2,7).

In comparing d(A+-G)1( to other biopolymers, one is struck by its similarity in both
structural organization and physical properties to ot-helical polypeptides. For hydrophilic
polypeptides such as polylysine and polyglutamic acid, the optical changes accompanying
their pH and thermally induced helix — coil transitions are not unlike those observed for
the comparable transition for d(A+-G)10 (2) which, different from other types of nucleic
acid helices, exhibits no evidence of base stacking or base pairing (1). Rather, d(A+-G)10
is a single-stranded helical oligomer whose dA* side chain residues and backbone
provide a helical core with stabilizing interactions approximately parallel to the helix
axis, and whose dG constituents protrude into the surrounding solvent. The analogy with

the properties of the protein o-helix is also indicated by the moderate cooperativity in

proton uptake, partially melted intermediate states, and rise in apparent pKa with
oligomer length shown by d(A+-G)10 (2).

Possible biological roles for the single-stranded helix of d(A+-G)0 have previously
been suggested (1,2) and that protein binding could stabilize the structure under
physiological conditions. In fact, the new type of secondary structure described here need

not be restricted to the alternating d(A-G) sequence, nor to the deoxyribo- backbone, so
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there are likely to be sequence-specific variants, i.e., a family of such structures, just as
there are o, 7t and 3, polypeptide helices. In fact, additional modeling of d(C*-T)p
indicates that the interactions stabilizing the helical structure are capable of greater
sequence versatility than has been tested with the simple alternating A-G sequence. In this
respect, C and T residues possess the chemical features to serve analogously to the A and
G residues of d(A*-G)10. i.e., to form ionic bonds with backbone phosphates (essentially
at neutrality (8)), and to serve as "spacers", respectively. Thus, we can imagine other
sequences, particularly repetitive ones, with even all four bases, for which some type of
single-stranded helical array stabilized by longitudinal rather than horizontal interactions
relative to the helix axis, represents the optimal energy minimum. Such sequences abound
in eukaryotic genomes, and their extension has in some cases been associated with a
number of genetic diseases (9,10,11). So it would not surprise us if they are found to

exhibit a variety of structural and functional consequences in biological systems.
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V. Other possible Ol-DNA analogs, e.g., d(C*+-T)qp

5.1 Introduction, Results and Discussion
It may be said that to some degree it is unfortunate that the first nucleic acid structure was
that of the regular double helix. Like an energy landscape that remains frustrated in a
local minimum, the double helix “domain” has frustrated exploration of the nucleic acid
structural landscape. More recently however, progress has been made in exploring this
structural landscape as nucleic acids have been shown to adopt'a wider variety of
structures, such as quadruplexes, triplexes, parallel duplexes and uniplexes. The Fresco

laboratory has in the past and continues to explore this less traveled structural landscape.

This brief chapter will discuss the feasi‘i)ility of additional uniplexes (O(-DNA analogs)

that are stereochemically possible and energetically feasible. Whether such structures play
arole in the structural landscape of biological functionality remains to be determined.
The model derived for d(A+-G)5 in chapter 4 (1) revealed a helical structure ~12 A in
diameter and ~54 A in length, maintained by unstacked dA* residues lying more or less
parallel to the long axis, and linked to the n-1 phosphate oxygens, i.e., one phosphate
upstream, by strong ionic and H-bonds mediated by A-N1H* and A-NgH, while the non-
interacting dG residues protrude from the helix. As dC residues have a higher pKa (4.6

for dCMP) than dA residues (pKa = 4.2 for dAMP), it would appear that d(C*+-T)p, with

dT residues acting as spacer analogs of dG, may be capable of forming a similar O(-
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helical type uniplex at a higher pH, and possibly at neutrality (2). The major difference is
the shorter length of the structural unit dC* in comparison to dA+:

dC+, N1to N4H =4.6 A and N1 to N3H+ =32 A;

dA+, N9 to N6H = 5.6 A and N9 to NIH+ =53 A.

Nonetheless, dA* was replaced by dC*, and dG was replaced by dT, i.e., only the
bases were replaced (the existing conformation of the phosphodiester backbone and the
deoxyribose moieties was maintained). After all the bases were replaced, they were
energy minimized (to remove bad contacts) with respect to the phosphodiester backbone
and sugars that were maintained in their original positions, i.e., a rigid lattice with respect
to the energy minimizing bases.

Prior to the above base substitutions and energy minimization, a physical model of
d(C*-T)5 built with unstacked dC residues lying more or less parallel to the long axis,
and linked to the n-1 phosphate oxygens was found to be structurally similar to d(A*-
G)s.

As described in the Methods section below, Nat counterions and water were added to
this energy minimized structure and placed in a periodic box, and all atoms were
minimized (Ep = - 23035 kcal-mol'l). The resultant model is discussed below and shown
in Figures 1 and 2 with Nat+ and H20 removed for clarity.

The model obtained for d(C*-T)5 reveals a helical structure ~12 A in diameter and
~51 A in length, just 3 A shorter than the d(A*-G)5 equivalent. It is formed by a lattice of
unstacked dC* residues lying more or less parallel to the long axis, linked to the n-1

phosphate oxygens, i.e., one phosphate upstream, by strong ionic and H-bonds mediated
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by C-N3H* and C-N4H, while the non-interacting dT residues protrude from the helix.
With the exception of dC1, which is displaced due to the absence of an upstream
phosphate with which to bond (Figure 2), the dC* residues are held very close and
parallel, rather than perpendicular, to the backbone. The distance between the N atoms
of successive dC+ residues is ~11 A. There is no apparent interaction between the dT
residues and any other component of the helix; rather, they are unrestricted and accessible
to bulk solvent.

In spite of the significant difference between the larger (two ring) purine dA+ and dG
residues and the smaller (single ring) pyrimidine dC* and dT residues, there is a
remarkable structural similarity between d(A*-G)5 (Figure 3) and d(C*+-T)5 (Figures 1
and 2). The minor differences between d(C*-T)5 and d(A*+-G)s5 are:

1) the distance between successive dC+ residues is ~11 A, while for the dA+ residues it is
~12 &;

2) the overall length of d(C*-T)5 is 51 A, while for d(A+-G)5 it is 54 A.

It is important to note that the resultant conformation of d(C*-T)5 in H2O was obtained
with no constraints, as is made evident by the conformational differences between
d(C*-T)5 and d(A*-G)s. In this regard, conformational heterogeneity is expected for the
first (5) dC residue (which lacks an upstream phosphate partner) and the dT residues, as
they are relatively free to rotate about their glycosyl bond.

In sum, the calculations reveal a stable structure maintained by H-bond and Coulombic

interactions between the dC* residues and the oxygens of the phosphodiester backbone.
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In the absence of the more typical base stacking and H-bonded base pairing, these must
be the major interactions that stabilize the d(C*-T)5 structure.

The intramolecular binding motif involving protonated base - phosphodiester
backbone interaction mediated by ionic and H-bonds has been shown to be
stereochemically possible and energetically feasible for both d(C*-T)5 and d(A+-G)s. It
is therefore reasonable to imagine other sequences, particularly repetitive ones, with even
all four bases, for which some type of single-stranded helical array stabilized by
longitudinal rather than horizontal interactions relative to the helix axis, represents the

optimal energy minimum.
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Figure 1: Seven center residues of d(C*+-T)s,
ie., 5-d(pC+,pT,pCtpTpCt,pT,pCt,)-3' showing ionic and H-bonds as indicated by
dashed lines in wire representation (H20 and Nat+ omitted for clarity). All structures are

oriented 5' — 3' top to bottom.

First panel: space filling representation. Atom colors: C, green; N, blue; O, red; P, yellow;

H, white.

Secord panel: wire representation (same perspective).
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Figure 2: Stereo view of d(C*-T)s.
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Figure 3: Stereo view of d(A+-G)s.
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5.2 Methods
The programs and protocols used in the above calculations were the same as those used in
chapter 4 (1). Modeling was on an IBM PC, Intel 486DX, 66 MHz, 24 MB RAM with
AMBER as part of HyperChem (3). Parameters are those of AMBER 3.0A (4), using the
standard unmodified all-atom force field. Base charges for dC* are those for dC but with
a proton on N3 with bond length of 1.1 A (force constant of 14 kcal'mol-1-A-2), bond
angle of 117.4° and torsion angle of 0.0° (force constants of 125 and 16 kcal-mol-
L.degree-2, respectively) to maintain the proton in the plane of the purine ring. All
calculations were done with a 0.5 fs time step (integration step) as the hydrogen atoms
were not constrained.

For initial energy minimization of the newly replaced bases, dC*+ and dT, no cutoff
distance was used for nonbonded interactions and a distance dependent dielectric
constant, g, [€ = (permittivity of free space) x (scale factor) x (interatomic separation)]
was used as a model solvent. For a highly charged system such as this, a dielectric
constant scale factor of 4.0 was used (5), and 1-4 scale factors were set at 0.5 for
electrostatic and Van der Waals interactions. A conjugate gradient method (Polak-
Robiere) was used and convergence set at 0.1 kcal-A-1-mol-! for the rms gradient. To this
energy minimized structure 5 Na* ions were placed 1.7 A equidistant from the oxygen
atoms of the non-interacting phosphates and constrained to each oxygen with a force
constant of 14 kcal'mol-1-A-2.

The above structure was then placed in a periodic box, 26 x 26 x 56.1 A, resulting in a

total of 3686 atoms [~1123 H20, TIP3P model (equilibrated at 300 °K and 1 atm) (6)]
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and energy minimized (Polak-Robiere). Using the AMBER protocol with explicit water
molecules, the dielectric constant scale factor was set at 1.0 and 1-4 scale factors were set
at 0.5 for electrostatic and Van der Waals interactions. Nonbonding interactions were

limited by a switched cutoff, with outer and inner radii of 13 and 9 A, respectively.
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