
UNIT 5.7Engineering Terminal Disulfide Bonds Into
DNA

Characterization of synthetic oligonu-
cleotides shapes much of the understanding of
“native,” higher-molecular-weight DNA and
RNA molecules. Although of immense utility,
short oligonucleotides usually possess lower
structural and thermal stability and have greater
end effects than the larger nucleic acid con-
structs they are intended to model. Hence, the
physiochemical properties of oligonucleotides
may not always compare favorably to those of
larger nucleic acids (Elson et al., 1970; Schef-
fler et al., 1970; Baldwin, 1971; Record and
Lohman, 1978; Breslauer, 1986; Breslauer et
al., 1986; Olmsted et al., 1991; MacGregor,
1996; SantaLucia et al., 1996). Arguably, the
most successful approach to stabilize oligonu-
cleotides is to connect the strands that comprise
a helical structure with an interstrand cross-link
(Pinto and Lippard, 1985; Borowy-Borowski
et al., 1990; Kirchner and Hopkins, 1991; Bo-
ger et al., 1991; Sigurdsson et al., 1993; Willis
et al., 1993). Methods to cross-link nucleic
acids can generally be divided into two
catagories. In the first category, cross-links are
formed using an exogenous reagent, most com-
monly a (bis)electrophile. Because (bis)elec-
trophiles can react with nearly all of the nucleo-
philic sites on the bases, these agents often have
little or no sequence specificity and form com-
plex mixtures of cross-linked aducts (Millard
et al., 1990, 1991; Kirchner et al., 1992). Al-
though some natural products (like mitomycin
C) and synthetic compounds (such as cisplatin
and psoralen) can form lesions at unique sites,
these reagents require the presence of specific
recognition sites within a target sequence to
generate the cross-link, which limits their util-
ity (Sherman et al., 1985; Tomasz et al., 1987;
Teng et al., 1989; Lemaire et al., 1991). In some
cases, cross-link formation by alkylating agents
can also have undesirable effects such as dis-
rupting base stacking (Sherman et al., 1985;
Millard et al., 1990).

In the second category, cross-links can be
introduced into oligonucleotides through solid-
phase synthesis of oligomers site-specifically
labeled with modified nucleosides that present
reactive groups. Positioning the reactive groups
in proximity on opposing strands of a helix
allows for the formation of a cross-link. This
general strategy requires appropriate selection
of both loci to be bridged, as well as a chemistry

to form the cross-link. In one of the most
effective examples of this approach, Webb and
Matteucci (1986) demonstrated that DNA oli-
gomers containing cytosines bearing an azirid-
ine group on the N4 position form cross-links
after annealing to a complementary oligomer,
followed by selective opening of the aziridine
by the exocyclic amine of an opposing dC or
dA. These cross-links have proved useful for
some experiments, but this chemistry in par-
ticular, and related methods in general, have
several limitations. For example, ethano-
bridged cross-links are not formed in high
yield, the internal mismatch required to form
the cross-link can give rise to (local) disruption
of helical geometry, and the resulting cross-
links can potentially interfere with protein and
drug binding (Catalano and Benkovic, 1989;
Cowart et al., 1989; Cowart and Benkovic,
1991).

An alternate approach involves incorporat-
ing an intrastrand cross-link at the terminus of
a helical structure. For example, one end of a
duplex can be covalently linked by bridging the
3′-and 5′-terminal hydroxyl groups with either
oligonucleotide, oligoglycol, or alkyl linkers to
form stem-loop structures or “hairpins”
(Durand et al., 1990; Kool, 1991; Rumney and
Kool, 1992; Salunkhe et al., 1992; Bannwarth
et al., 1994; Gao et al., 1994, 1995; Williams
and Hall, 1996). Both ends of a duplex can also
be covalently capped with linkers to generate
double hairpins or “dumbbells” (Germann et
al., 1985; Wemmer and Benight, 1985; Erie et
al., 1987, 1989; Benight et al., 1988; Ashley
and Kushlan, 1991; Amaratunga et al., 1992;
Doktycz et al., 1992; Paner et al., 1992). Be-
cause dumbbells denature in a monomolecular
fashion and do not suffer from end effects, they
are particularly useful in thermodynamic ex-
periments (Erie et al., 1987, 1989). However,
the synthesis of DNA dumbbells has in some
cases proved to be quite challenging, thus lim-
iting their utility (Erie et al., 1987). In addition,
because the linkers are tethered to the terminal
hydroxyl groups, some standard enzymatic ma-
nipulations such as end-labeling are not possi-
ble.
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DESIGN OF AN IDEAL
CROSS-LINK

To develop a cross-linking approach that
would be simple and general and would over-
come the drawbacks of other methods, the
author of this unit, and colleagues, chose eight
important criteria that should be met (Table
5.7.1). It was clearly desirable to incorporate
the cross-links by solid-phase synthesis to per-
mit the modifications to be placed site-specifi-
cally and in close proximity within any given
target sequence. Yet it was critical to find chem-
istry that would be specific and efficient for
cross-link formation. Thiols were selected as
the reactive functional groups because the mild

redox chemistry used to form disulfide bonds
from thiols is specific for sulfur. In addition,
disulfide bonds are formed in high yield, often
quantitatively, and are stable to a wide variety
of solvents and reagents, yet are cleaved by
reduction. Finally, the use of disulfide bonds to
constrain macromolecular architecture has al-
ready been demonstrated in the peptide/protein
literature (Clarke and Fersht, 1993, and refer-
ences therein).

The next step in developing this chemistry
was to select appropriate loci for modification.
Because cross-links residing in either the major
or minor groove could interfere with ligand
recognition and hydration, cross-links were de-

Table 5.7.1 Requirements for an “Ideal” Nucleic Acid Cross-Linka

Requirementsb Rationale Potential solution

Increase the conformational
stability towards thermal-,
ionic-, pH-, and
concentration-induced
conformational changes

Conformationally stable
nucleic acids that are
structurally homogeneous will
facilitate their structural and
thermodynamic analysis

Covalent interstand
cross-links confer a large
degree of conformational
stability

Form interstrand cross-link
site-specifically

Limits undesired adduct
formation resulting in high
yields of cross-linked product

Position functional groups
proximal to one another on
opposing strands of a helix

Cross-link does not alter
native geometry

Necessary if the structural
aspects of cross-linked
constructs are to be compared
to their unmodified nucleic
acid precursors

Position cross-link within a
sterically accessible space

Grooves of the helices,
counter-ion binding, and
hydration must remain
unaltered

Allows for protein and
ligand-nucleic acid
interactions to be studied;
maximizes (thermal) stability

Linkers at terminus of helix

3′- and 5′-hydroxyl groups are
free to [32P]-end-label

Needed for wide range of
biochemical assays (e.g.,
footprinting/sequencing)

Cross-link located on the base
rather than terminal hydroxyl
groups

Prepared and isolated in large
quantities

Allows for high-resolution
physical measurements such
as NMR, DSCc, and X-ray
diffraction studies

Efficient cross-linking
chemistry

Reversible Assess structural and
thermodynamic effects of
base modification before and
after cross-linking

Reversible disulfide cross-link

Flexible to a wide variety of
nucleic acid structures

Broad applicability will be
necessary if this methodology
is to be used uniformly in
nucleic acids

Position functional tether at
any base or sugar site;
cross-link within a sterically
accessible space

aFrom Glick (1998).
bRelative to the unmodified nucleic acid.
cDSC, differential scanning calorimetry.
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signed at the terminus of the helical structure
(Figure 5.7.1). To avoid using the 3′- and 5′-hy-
droxyl groups, the terminal bases themselves
were modified. This strategy exploited the fact
that the terminal residues in duplexes have a
reduced stability due to end effects, often re-
ferred to as “end fraying” (Patel and Hilbers,
1975). Therefore, altering the hydrogen bond-
ing groups of the two opposing bases at the
terminus of a duplex should not adversely affect
helical stability, provided the thiol modifica-
tions do not disrupt base stacking. The free
energy of a dT-dT mismatch located at the
terminus of a duplex is ∼1.0 kcal/mol more
stable than a dT-dT mismatch within a duplex
(Aboul-ela et al., 1985; Freier et al., 1986).
While this energetic penalty could be compen-
sated for upon formation of the cross-link, it
necessarily limits the overall (thermodynamic)
stabilization the cross-link can provide.

When two thymidine residues directly op-
pose each other in duplex DNA, their N3 posi-
tions project toward the center of the helix and
converge to ∼4.5 Å. Based on this observation,
replacing the terminal bases on one or both ends
of a duplex with N3-(alkylthiol)thymidine
should be an ideal way to form interstrand
disulfide cross-links. Molecular modeling
studies suggest that disulfide cross-links can
form when the terminal bases of a duplex are

replaced with either N3-(methylthiol)thymid-
ine or N3-(ethylthiol)thymidine. Since N3-
(methylthiol)thymidine is expected to decom-
pose under the acidic conditions used to detrity-
late synthetic oligonucleotides, N3-(ethyl
thiol)thymidine (T*

SH) was chosen (Figure
5.7.1B).

The following sections describe key aspects
pertaining to the synthesis, structure, dynam-
ics, thermodynamic stability, and in vitro bio-
logical properties of these disulfide cross-
linked DNA oligonucleotides. Two applica-
tions of this cross-linking chemistry are then
discussed, as are recent experiments using dif-
ferent thiol-modified nucleosides to generate
disulfide cross-links within RNA secondary
and tertiary structure. Lastly, other methods
that have been developed to incorporate disul-
fide cross-links into nucleic acids are briefly
outlined.

DISULFIDE CROSS-LINKED DNA
DUPLEXES

Synthesis
The properties of disulfide cross-linked

DNA duplexes were explored by synthesizing
analogs of two previously well-studied oli-
gonucleotides. The first is a hairpin whose
sequence is derived from the ColE1 cruciform
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Figure 5.7.1 ((A) Synthetic strategy. To place cross-links within a duplex requires synthesizing
thiol-modified nucleosides, incorporating the modified bases within a target by solid-phase synthe-
sis, removal of all protecting groups, and air oxidation to form the cross-link. (B) Chemical structure
of modified thymidine and cross-link. During synthesis, the thiol group on T*

SH is protected as a
tert-butyl mixed disulfide (T*

tBu) and this protecting group is stable to all conditions of solid-phase
synthesis, deprotection, and purification. The coupling efficiency of this base is indistinguishable
from thymidine (>99% per cycle). To place T*

tBu at the 3′ terminus, the 3′-hydroxyl group is attached
to controlled-pore glass. For T*

2, R is the disulfide cross-link. From Glick (1998).
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(S.1; Figure 5.7.2; Blatt et al., 1993), and the
second is the Dickerson/Drew dodecamer (S.3;
Wing et al., 1980). Synthesis of S.2a, S.4a, and
S.5a is conducted using standard phos-
phoramidite chemistry using N-benzoyl- and
N-isobutyryl-protected bases (Glick et al.,
1992; Cain et al., 1995; Osborne et al., 1996).
After deprotection and purification of each
thiol-modified DNA by reversed-phase HPLC,
the t-butyl mixed disulfide protecting groups
on each sequence are cleaved with DTT (∼20
equiv per thiol, pH 8, overnight at 4°C). Re-
duced DNA samples are separated from the
DTT by reversed-phase HPLC. Disulfide bond
formation is performed by dissolving each sam-
ple (DNA concentration of ∼2 µM) in phos-
phate buffer (pH 8.3) and stirring vigorously at
25°C with exposure to air. The reactions are
usually complete in 8 hr, as determined by a
negative Ellman’s test. The cross-linked DNAs
(S.2b, S.4b, and S.5b) are then isolated by
either PAGE or HPLC, and incorporation of the
modified bases is confirmed by enzymatic di-
gestion. Importantly, disulfide bond formation
is quantitative.

Structural Studies
The effects of introducing the thiol modifi-

cations were first assessed by comparing UV
thermal denaturation profiles of S.2a to that of
the corresponding wild-type sequence (S.1).
The melting temperatures (Tm) values are
within 1°C and the transitions are nearly super-
imposable, which suggests that the thiol linkers

do not alter the stability or thermal denaturation
pathways of the modified hairpin relative to its
unmodified counterpart (Glick, 1991). These
data also suggest that all of the stability con-
ferred by the disulfide bond will be reflected in
the cross-linked structure, since there is not a
significant energetic penalty for replacing the
terminal bases with the N3-thiol-modified
thymidines. Introducing a disulfide cross-link
in S.1 to generate S.2b increases the Tm from
65° to 81°C in low-ionic-strength buffers. If the
concentration of Na+ is >100 mM, the cross-
linked hairpin denatures above 96°C and Tm

values cannot be measured by UV spectroscopy
(Glick, 1991).

To further investigate the structural effects
of the disulfide modification, the solution-
phase conformations of S.1 and S.2b were
determined by NMR spectroscopy (Cain et al.,
1995). The 8-bp-long stem of these sequences
adopts a B-form helix, whereas the 5-bp-long
single-stranded loop appears to be flexible and
cannot be represented by a unique static con-
formation. NOESY cross-peak volumes, pro-
ton (both labile and non-labile) and phosphorus
chemical shifts, as well as both homo- and
heteronuclear coupling constants for the cross-
linked hairpin are virtually identical to those
measured for the unmodified sequence, even
for the residues that are proximal to the cross-
link. Thus, within the resolution of NMR spec-
troscopy, the two hairpins are structurally iso-
morphous.
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Figure 5.7.2 Duplex sequences and cross-linked analogs. From Glick (1998).
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Similar to the results described above for the
ColE1 hairpin, replacing one or both of the
terminal  dG-dC base pairs in
d(CGCGAATTCGCG)2 with the modified
thymidine does not significantly alter the ther-
mal stability of these duplexes relative to the
parent sequence (Osborne, 1996; Osborne et
al., 1996). When the exchangeable and non-ex-
changeable protons and the 31P resonances of
S.5b are assigned and compared to those for
the parent duplex, S.3, the spectra are virtually
identical, which strongly indicates that these
sequences also adopt very similar structures.
(Because S.4b is not symmetric, a direct com-
parison with either S.3 or S.5b is not possible.)
To provide further evidence of this point, 2-D
NOESY spectra of S.5b as a function of mixing
time can be measured and interproton distances
obtained from initial build-up plots. These data
for S.5b are nearly identical to those for the
wild-type dodecamer. Based on these findings,
along with the results of CD and nuclease-sus-
ceptibility experiments, these alkylthiol modi-
fications, in either the disulfide cross-linked or
reduced and protected forms, do not alter native
structure (Osborne et al., 1996).

Thermodynamic Measurements
To elucidate the thermal and thermody-

namic consequences of modifying and con-
straining DNA duplexes via the disulfide chem-
istry, differential scanning calorimetry (DSC)
measurements can be conducted to characterize
their thermally induced denaturation. DSC
measurements on duplexes S.3 to S.5 (Osborne
et al., 1996) represent the first use of cal-
orimetry to investigate the thermodynamic con-
sequences of constraining DNA with disulfide
cross-links. The use of calorimetry is critical
here because S.3 does not denature in a two-
state fashion and cannot be analyzed using a
van’t Hoff treatment. Consistent with the NMR
data, DSC data show that a large energetic
penalty is not incurred by replacing the terminal
base pair(s) with N3-(ethylthiol)thymidine: the
Tm values  of S.3, S.4a, and S.5a are within
11°C of each other. The overall free energies
for S.3, S.4a, and S.5a are comparable; this
similarity arises due to compensations in both
enthalpy and entropy (Osborne, 1996).

The DSC measurements suggest that intro-
ducing cross-link(s) into S.3 results in two
changes. First, constraining the dodecamer re-
sults in a significant increase in thermal stabil-
ity. A single disulfide cross-link changes the
molecularity of the complex from bimolecular
to monomolecular (S.4b). However, a second

disulfide cross-link (S.5b) results in a con-
strained conformation with a reduced entropy
compared to S.4b. From the DSC data, the
cross-link imparts ∼3 kcal/mol of stabilization.
The change in entropy certainly reflects differ-
ences in the native and/or denatured states of
S.5b compared to S.4b. On first inspection, it
would appear that the most likely source for the
observed decrease in entropy is the denatured
state, since the conformational freedom of the
denatured state of S.5b is less than that of S.4b.
However, based on the data, differential en-
tropic contributions from the native states, as
well as influences from differential solvation in
both the initial and the final states, cannot be
excluded. Notwithstanding, the data show that
the entropy value is responsible for the increase
in thermal stability of S.5b relative to S.4b. This
is the first conformationally constrained nu-
cleic acid system where the increase in melting
temperature is predominantly due to a decrease
in entropy (Erie et al., 1987, 1989).

Dynamics Measurements
The static structure of DNA can explain

many aspects of its function and properties.
However, a local base-pair opening is impli-
cated in a number of important chemical, bio-
logical, and mechanical processes involving
DNA (Frank-Kamenetskii, 1985; Ramstein
and Lavery, 1988, 1990; Guéron and Leroy,
1995; Tari and Secco, 1995). Hence, defining
the dynamics of base-pair opening is necessary
to fully understand the physiochemical and
biological properties of DNA. Although the
opening kinetics for several different constructs
have been measured, the opening kinetics for
oligonucleotides constrained with cross-links
(e.g., hairpin loops, glycol bridges) have not
been reported (Gueron and Leroy, 1995). To
address this, the base-pair lifetimes and appar-
ent dissociation constants of S.1 and S.2b were
measured (Cain and Glick, 1997). Comparison
of the lifetimes and apparent dissociation con-
stants for corresponding base-pairs of the two
hairpins indicates that the cross-link neither
increases the number of base-pairs involved in
fraying nor alters the lifetime, dissociation con-
stant, or the opened structure from which ex-
change occurs for the base-pairs that are not
frayed. The cross-link does, however, stabilize
the frayed penultimate base-pair of the stem
duplex by increasing the closing rate of this
base-pair. Significantly, the disulfide cross-link
is more effective at preventing fraying than the
5-bp-long hairpin loop.
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DISULFIDE CROSS-LINKED DNA
TRIPLEXES

Design
Folding of DNA triple helices based on the

pyrimidine⋅purine-pyrimidine motif (py⋅pu-
py; dot = Hoogsteen and dash = Watson-Crick
base-pairing) is affected by a number of factors
including sequence length (i.e., the number of
triplets formed), composition, the presence of
base-pair mismatches, as well as solution con-
ditions including pH and monovalent and diva-
lent counterion concentrations (Moser and Der-
van, 1987; Pilch et al., 1990; Kiessling et al.,
1992; Plum et al., 1995). For example, a major
factor in the stability of triplexes that contain
C+⋅G-C triplets is the necessity for protonation
of the N3 position of cytosine, which generally
limits the stability of small triple helices of this
type to pH below 7 (Callahan et al., 1991;
Singleton and Dervan, 1992). The narrow pH
range required for folding of these triplexes has
hampered efforts to assess the physical proper-
ties of this motif under physiological condi-
tions. Such data are clearly needed to design
triplex sequences of higher affinity and speci-
ficity for diagnostic purposes in vitro and for
use in vivo. While methods exist to stabilize
py⋅pu-py triple helices, they rely on modifica-
tions that may alter the native triplex structure
(Sun and Hélène, 1993; Thuong and Hélène,
1993). Therefore, it became important to deter-
mine if covalently locking the third strand of a
triplex to the major groove through a structur-
ally nonperturbing disulfide cross-link would
afford constructs that are stable under physi-
ological conditions. In other words, can the
constraint provided by a disulfide cross-link
alter the apparent pKa of a triplex?

This question was tested by using an intra-
molecular triplex rather than an intermolecular
construct because the former should require
only one cross-link to link the Hoogsteen strand
to the Watson-Crick duplex (Figure 5.7.3;
Goodwin et al., 1994; Osborne et al., 1997). To
place a cross-link between the Hoogsteen and
Watson-Crick strands, sites of chemical modi-
fication on the terminal bases must first be
identified. In a T⋅T-A triplet, which is analo-
gous to the base-pair substitution used to cross-
link the terminus of duplexes (see Figure 5.7.1),
the N3 position on the Hoogsteen thymidine
and the C5 position of the Watson-Crick
thymidine converge. Since the cross-link used
for B-form duplexes is inappropriate here, a
triplex cross-link was designed using a C5-
alkylthiol-modified thymidine (C5

3S, where
three is the number of atoms in the linker,
including thiol) and N3-(ethylthiol)thymidine
(Figure 5.7.4; Goodwin and Glick, 1993).

The optimal pH for air oxidation of thiols to
form disulfide bonds is generally above the pKa

of the thiol of interest (∼8.5). At the pKa of many
thiols, triple helices containing C+⋅G-C base
triplets are unfolded because the N3 position of
cytosine is not protonated. To form a disulfide
cross-link in a py⋅pu-py triplet, it is necessary
to identify a sequence that (partly) folds into a
triplex at a pH where cross-link formation read-
ily proceeds. Recently, Häner and Dervan
(1990) reported a 34-bp-long intramolecular
triple helix that remains partially folded at up
to pH 7.5 at 24°C in a buffer containing 25 mM
Mg2+. In principle, therefore, a disulfide cross-
link can form under the conditions needed to
fold a suitably modified variant of this oligonu-
cleotide (Figure 5.7.5).

5′ 5′

3′3′
S S

Figure 5.7.3 A triplex schematic. From Glick (1998).
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Preparation of triplex sequences containing
T*

tBu and C5
3StBu can be achieved via auto-

mated solid-phase DNA synthesis using stand-
ard protocols with an average stepwise cou-
pling efficiency of >98.5%. Removal of the
phosphate- and base-protecting groups fol-
lowed by reversed-phase HPLC purification
provides a ∼42% yield of S.7a (based on a
1-µmol synthesis). To form the cross-link, the
tert-butylthiol protecting groups are removed
with DTT and the reduced sample is vigorously
stirred at room temperature in PBS (pH 7.25, 5
mM MgCl2) while exposed to air. After 24 hr,
no starting material is observed by HPLC, and
aliquots from the reaction mixtures test nega-
tive with Ellman’s reagent. Cross-linked DNA
is purified by reversed-phase HPLC to give
S.7b in ∼28% isolated overall yield (based on

a 1-µmol synthesis; ∼75% yield from S.7a).
Enzymatic nucleoside composition analysis
confirms incorporation of the modified bases
and formation of the cross-link, and native and
denaturing PAGE indicates that the structure
formed is monomeric.

Structural Studies
When imino proton spectra of S.6 and S.7b

are assigned using standard 2-D techniques
under conditions that favor triplex formation
(pH 6, 0.5 mM Mg2+), the imino proton spectra
of both sequences are virtually identical, which
indicates that the modifications do not disrupt
native triplex structure (Osborne et al., 1997).
When S.6 or S.7a is titrated from pH 6 to 8,
dissociation of the third strand is observed. By
contrast, the cross-linked triplex S.7b is con-
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Figure 5.7.4 Chemical structure of triplex cross-link. From Glick (1998).
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formationally stable over this pH range and
only begins to unfold at pH ∼9. Moreover, S.7b
is stable from pH 6 to 8 in the absence of Mg2+.
Because of line broadening above 5°C, NMR
cannot be used to study these triplexes. There-
fore, CD spectroscopy is used. Monitoring the
triplex CD signature band at 215 nm in the
presence of Mg2+, S.7b does not begin to melt
until ∼60°C at pH 6 (30°C for S.6 and S.7a)
and 40°C at pH 8 (<20°C for S.6 and S.7a).
Constructing titration curves from the CD data
reveals that the apparent pKa for S.7b is ∼8.6,
which is at least 1.5 pKa units greater than S.6
and S.7a. These results clearly demonstrate that
the presented cross-link can be used to stabilize
higher-order DNA structures.

Thermodynamic Measurements
DSC measurements can be conducted to

elucidate the thermodynamic consequences of
modifying and constraining DNA triplexes
with the disulfide chemistry (Völker et al.,
1997). Cross-linked triplexes S.6 and S.7a melt
in a biphasic manner above pH 6, with the initial
triplex-to-duplex transition (Hoogsteen strand
release) occurring at lower temperatures than
melting of the hairpin. In contrast, cross-linking
increases the thermal stability of the Hoogsteen
transition such that the triplex and hairpin du-
plex denature simultaneously. Model-inde-
pendent thermodynamic data obtained by DSC
reveal that the cross-link-induced increase in
triplex thermal stability corresponds to a free
energy stabilization of ∼3 kcal/mol, with this
stabilization being entirely entropic in origin.
In other words, the cross-link is enthalpically
neutral, but nevertheless induces a triplex sta-
bilization of 3 kcal/mol due to a reduction in
the entropy change associated with triplex
melting. To deduce the origin(s) of this entropic
impact, the pH and ionic strength dependence

of the melting transitions were measured. From
a comparison of the melting transitions at dif-
ferent pH values and ionic strengths, it can be
estimated that 0.4 more protons are associated
with the cross-linked triplex state than with the
uncross-linked triplex, and 1.3 fewer count-
erions are released on melting the cross-linked
triplex. Thus, the entropic stabilization is not
solely a result of a reduction in conformational
entropy.

Dynamics Measurements
At the start of this project, it was not known

whether the base-pairs (Hoogsteen and Wat-
son-Crick) that comprise triple-helical DNA
open to any significant extent within a stable
triplex. To address this question, the conforma-
tional dynamics of S.6 and S.7b were studied
by 2-D exchange and NOE spectroscopy, and
by measuring base-catalyzed imino-proton ex-
change rates (Cain and Glick, 1998). Under
conditions that promote triplex formation (pH
6.0, 1°C), S.6 and S.7b exhibit a small and
identical degree of conformational heterogene-
ity. However, at higher temperatures (pH 6.0,
37°C), S.6 exhibits more extensive heterogene-
ity than S.7b. The exchange times for Watson-
Crick imino protons are ∼1 hr for both triplexes.
However, the Hoogsteen base-pair lifetimes of
S.6 could not be measured because this se-
quence is conformationally labile under the
alkaline conditions necessary to conduct the
exchange experiments.

Due to the extraordinary pH stability con-
ferred by the cross-link, it is possible to measure
the Hoogsteen lifetimes for S.7b. The lifetimes
of the these base-pairs range from ∼3 to 370
msec. As for Watson-Crick base-pairs, the
Hoogsteen lifetimes are highest at the central
region within the triplex and taper off towards
the termini, which is suggestive of imino ex-

T21-26
T9-12

T27 C28T29 C30T31T32 C33 X34

A1 G2 A3 G4 A5 A6 G7 Y85′-

+ + +

T20 C19T18 C17

6: X, Y = T

7a: X = T*tBu

Y = C5
3S-StBu

7b: X = T*S
Y = C5

3S
disulfide cross-link

T16T15 C14 A13

Figure 5.7.5 Triplex sequence. From Glick (1998).
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change mechanisms involving end effects. In
all cases, the lifetime of a Hoogsteen base-pair
is shorter than that of the Watson-Crick base-
pair in the same triplet, which is consistent with
the greater stability of Watson-Crick over
Hoogsteen base-pairs. The rate of triplex-to-
duplex conversion for S.7b at 1°C and pH 6.9
is low, with an upper bound of 3.2 × 10−4 sec−1.
The imino protons of S.7b exchange slowly in
PBS with exchange times as long as 1 hr, but
the base-pair lifetimes are all <3 min, reflecting
the fact that imino proton exchange is not open-
ing-rate limited. Because the disulfide cross-
link effectively prevents conformational het-
erogeneity associated with py⋅pu-py triple heli-
ces containing C+⋅G-C base triplets at neutral
pH, constructs possessing this modification can
serve as model systems to examine the struc-
tural and thermodynamic aspects of triplex for-
mation in vitro, and to develop sequences that
bind DNA with higher affinity and specificity.

APPLICATIONS
Defining the biochemical, structural, dy-

namic, and thermodynamic impacts of con-
straining DNA with the disulfide chemistry
described above opens the way for applying
these cross-links in a host of different experi-
ments. Uses of this chemistry include, among
others, the joining of large pieces of DNA or
RNA through disulfide bonds for the construc-
tion of nano-scale architectures, the design of
redox-activated switches/devices, and the
probing of secondary and tertiary structure.
Below is a description of two representative
applications of this chemistry. In the first, a
disulfide bond was employed to stabilize or
“trap” a DNA structure that would not be stable
in its absence; in the second, a disulfide bond
was used to report on conformational transi-
tions in a protein binding study.

Stabilizing Non-Ground-State
Structures

In the absence of disulfide cross-links, the
molecules described in the above sections are

themselves relatively stable with respect to con-
formational isomerization. In principle, how-
ever, it should also be possible to trap higher-
energy non-ground-state structures with disul-
fide cross-links. Synthetic access to such
constructs should be important in areas such as
targeted drug delivery, protein-DNA recogni-
tion, and biophysical studies of alternate DNA
geometries. The practicality of using disulfide
cross-links in such endeavors can be demon-
strated from the example of trapping the Dick-
erson/Drew dodecamer premelting intermedi-
ate with a disulfide cross-link.

Both S.3 and S.5a (Figure 5.7.2) thermally
denature in a biphasic manner in buffers con-
taining 10 mM Na+ and 50 µM DNA (Marky
et al., 1983). The first transition defines melting
of the duplex to a hairpin structure, while the
second transition represents denaturation of the
hairpin to a random coil. The premelting inter-
mediate is cross-linked by air oxidation of the
sulfhydryl groups in S.5b at 50°C in diluted
solution with low-salt buffer (Glick et al.,
1992). Unlike the stem-loop intermediate pro-
duced by initial melting of the parent dode-
camer, the hairpin does not denature as a result
of increasing temperature, Na+ concentration,
or DNA concentration (Glick et al., 1992; Wang
et al., 1994).

To address the structural consequences of
the cross-link, the solution-phase conformation
of the hairpin was determined by NMR spec-
troscopy (Wang et al., 1994, 1995). The stem
region of this hairpin forms a B-form DNA
duplex with a helical rise of 3.5 Å and a helical
twist of 34.6°. The first three nucleotides in the
loop stack over the 5′ end of the helix and are
followed by a sharp turn at residue T8, which
acts to close the loop. The conformation agrees
with the “loop folding principle” advanced by
Haasnoot, which predicts extension of the helix
by 3 bases followed by a sharp bend in the loop
(Haasnoot et al., 1986). The aromatic bases face
into the major groove while the negatively
charged backbone is in contact with solution.

G C
N = A, 8

T, 9
G, 10
C, 11

A A

N

T
N

NN

C C

N

C
G

5′

C G T T A G G

Figure 5.7.6 Hairpin ligands for the binding study. From Glick (1998).
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Significantly, the cross-link does not alter the
geometry of the stem duplex.

Probes in Molecular Recognition
Experiments

DNA ligands often undergo conformational
changes upon binding to proteins. In the ab-
sence of X-ray data, this “induced fit” can be
difficult to observe. In principle, the constraint
imposed by the disulfide bond should provide
a way to investigate conformational changes in
DNA structure that occur upon protein recog-
nition. This point can be illustrated by the
binding of monoclonal antibody BV04-01 to
disulfide-cross-linked analogs of hairpins S.8
through S.11 (Figure 5.7.6; Stevens et al.,
1993). This anti-DNA autoantibody was iso-
lated from an autoimmune mouse that develops
a syndrome related to human lupus, and BV04-
01 may be involved in the pathogenesis of this
disorder in mice. BV04-01 binds only ssDNA,
which can be modeled by the loop region of
DNA hairpins (Stevens et al., 1993, and refer-
ences therein).

If conformational reorganization of the hair-
pin ligands is required for binding, then BV04-
01 should possess a lower affinity for the cross-
linked sequences, since the disulfide bond ren-
ders them resistant to structural changes.
However, if preorganization is important for the
formation of complexes, then the more rigid
oligomers should bind with equal or greater
affinity than the unmodified ligands. Measure-
ments of BV04-01 binding to cross-linked hair-
pins reveals a nearly 100-fold increase in Kd

relative to S.8 through S.11. If the weaker
affinity of BV04-01 for the cross-linked mole-
cules results from the constraint imposed by the
cross-link rather than as a result of a structural
perturbation introduced by the alkylthiol link-
ers, then removing this constraint by reduction
of the disulfide bond should afford a set of
ligands that bind with roughly the same affinity
as the unmodified hairpins. Indeed, BV04-01
recognition of the reduced hairpins is indistin-
guishable from binding to S.8 through S.11.
DNA footprinting experiments show that, upon
binding, residues within the duplex are recog-
nized by single-strand-specific reagents, which
provides further evidence that the stem duplex
of the hairpin ligands is partially denatured
(Swanson et al., 1994).

SYNTHESIS OF DISULFIDE
CROSS-LINKED DNAs USING
CONVERTIBLE NUCLEOSIDES

The chemistry developed and advanced by
Verdine and co-workers stands as the best
method to place cross-links within the helical
regions of DNA (Ferentz et al., 1991, 1993).
Using convertible nucleoside chemistry, they
showed that placing N6-thioalkyl derivatives of
2′-deoxyadenosine in consecutive base pairs on
opposite strands of a duplex afforded disulfide
cross-links upon air oxidation. These cross-
links reside in the major groove and impart
increased stability with minimal distortion of
native DNA geometry. This chemistry was ex-
tended several years latter to the synthesis of
minor groove cross-links using modified dC
residues. These major and minor groove cross-
links have been used with excellent effect in a
variety of ways, such as studying protein-DNA
interactions (Erlanson et al., 1993, 1997), sta-
bilizing intrinsically bent DNA (Wolfe and Ver-
dine, 1993), inducing torsional stress in short
oligonucleotides (Wolfe et al., 1995), and
cross-linking Z-DNA (Wolfe and Verdine,
1993).
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