Gary D. Glick

Department of Chemistry, . .
University of Michll'gan, DeS|gn, SyntheS|S, and

Ann Arbor, MI 48109 Analysis of Conformationally
Received and accepted 28 July 1998 Constrained Nucleic Acids

Abstract: In this review | discuss straightforward and general methods to modify nucleic acid
structure with disulfide cross-links. A motivating factor in developing this chemistry was the notion
that disulfide bonds would be excellent tools to probe the structure, dynamics, thermodynamics,
folding, and function of DNA and RNA, much in the way that cystine cross-links have been used to
study proteins. The chemistry described has been used to synthesize disulfide cross-linked hairpins
and duplexes, higher order structures like triplexes, nonground-state conformations, and tRNAs.
Since the cross-links form quantitatively by mild air oxidation and do not perturb either secondary
or tertiary structure, this modification should prove quite useful for the study of nucleic
acids. © 1998 John Wiley & Sons, Inc. Biopoly 48: 83—96, 1998
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INTRODUCTION ity and form complex mixtures of cross-linked
aductst®~*8 Although some natural products like mi-
tomycin C and synthetic compounds such as cisplatin
. and psoralen can form lesions at unique sits, these
ular weight DNA and RNA molecules. Although of P ; ! unique st o
reagents require the presence of specific recognition

immense utility, short oligonucleotides usually pos- . I,
- sites within a target sequence to generate the cross-
sess lower structural and thermal stability and have

19-22 i ; .
greater end effects than the larger nucleic acid con- link. *~*In some cases, cross-link formation by al
structs they are intended to model. Hence, the physio- kylating agents also can have undesirable effects such

- - - e ’ as disrupting base stacking?®!

chemical properties of oligonucleotides may not al- X ) ,

ways compare favorably to those of larger nucleic  Cross-links can also be placed into oligonucleo-
acids'™® Arguably, the most successful approach to tides through solid-phase synthesis of oligomers site
stabilize oligonucleotides is to connect the strands that SPecifically labeled with modified nucleosides that
comprise helical structure with a cross-litk:*® present reactive groups. Positioning the reactive
Methods to cross-link nucleic acids can generally be 9roups in proximity on opposing strands of a helix
divided into two categories. In the first group, cross- allows for formation of a cross-link. This second
links are formed using an exogenous reagent, like a general strategy requires selection of both the loci to
(bis)electrophile. Because (bis)electrophiles can react be bridged as well as a chemistry to form the cross-
with nearly all of the nucleophilic sites on the bases, link. In one of the most effective examples of this
these agents often have little or no sequence specific-approach, Webb and Matteucci demonstrated that

Characterization of synthetic oligonucleotides shapes
much of our understanding of “native,” higher molec-
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DNA oligomers containing cytosines bearing an aziri- residing in either the major or minor groove could
dine group on the N4 position form cross-links after interfere with ligand recognition and hydration, we
annealing to a complementary oligomer, and selective chose to place our cross-links at the terminus of
opening of the aziridine by the exocyclic amine of an helical structure. To avoid using thé-3and 3-hy-
opposing dC or d&2 These cross-links have proved droxyl groups, we decided to modify the terminal
useful for some experiments, but this chemistry in bases themselves. This strategy exploited the fact that
particular, and related methods in general, have sev-the terminal residues in duplexes have a reduced
eral limitations. For example, ethano-bridged cross- stability due to end effects, often referred to as “end

links are not formed in high yield, the internal mis-
match required to form the cross-link can give rise to
(local) disruption of helical geometry, and these
cross-links potentially can interfere with protein and
drug binding?*—2°

An alternate location for incorporation of an intra-
strand cross-link is at the terminus of helical structure.

fraying.”*® Therefore, altering the hydrogen bonding
groups of the two opposing bases at the terminus of a
duplex should not adversely affect helical stability,
provided the thiol modifications do not disrupt base
stacking?®#™* While this energetic penalty could be
compensated for upon formation of the cross-link, it
necessarily limits the overall (thermodynamic) stabi-

For example, one end of a duplex can be covalently lization the cross-link can provide.

linked by bridging the 3 and B-terminal hydroxyl
groups with either oligonucleotide, (oligo)glycol, or
alkyl linkers to form stem-loop structures (“hair-
pins”).2’* Both ends of a duplex can also be co-
valently capped with linkers to generate double hair-
pins or “dumbbells.?>~*3 Because dumbbells dena-

When two thymidine residues directly oppose each
other in duplex DNA, their N3 positions project to-
ward the center of the helix and converge to about 4.5
A. Based on this observation, we reasoned that re-
placing the terminal bases on one or both ends of a
duplex with an N3-(alkylthiol)thymidine should be an

ture in a monomolecular fashion and do not suffer ideal way to form interstrand disulfide cross-links.
from end effects, they are particularly useful in ther- Molecular modeling studies suggest that disulfide
modynamic experimentS:*® However, the synthesis  cross-links can form when the terminal bases of a
of DNA dumbbells has in some cases proved to be duplex are replaced with either N3-(methylthiol)thy-
quite challenging, which has limited their utilif§.In midine or N3-(ethylthiol)thymidine. Since N3-(meth-
addition, because the linkers are tethered to the ter-ylthiol)thymidine is expected to decompose under the
minal hydroxyl groups, some standard enzymatic ma- acidic conditions used to detritylate synthetic oligo-
nipulations such as end labeling are not possible. nucleotides, N3-(ethylthiol)thymidin@s,,) was cho-
sen (Figure 1). In the following sections we describe
key aspects pertaining to the synthesis, structure, dy-
namics, thermodynamic stability, and in vitro bio-
Several years ago we set out to develop a simple andlogical properties of our disulfide cross-linked DNA
general approach to cross-link oligonucleotides that oligonucleotides. We then discuss two applications of
would overcome the drawbacks of other methods. In our cross-linking chemistry and describe recent ex-
developing our chemistry, we focused on addressing periments using different thiol modified nuclosides to
eight criteria (Table I). At the outset of this work, it generate disulfide cross-links within RNA secondary
was clearly desirable to incorporate our cross-links by and tertiary structure. Last, we provide a brief outline
solid-phase synthesis to permit the modifications to be of other methods that have been developed to incor-
placed site specifically and in close proximity within porate disulfide cross-links into nucleic acids.
any given target sequence. Yet it was critical to find
chemistry that would be specific and efficient for
cross-link formation. We selected thiols as the reac- DISULFIDE CROSS-LINKED
tive functional groups because the mild redox chem- DNA DUPLEXES
istry to form disulfide bonds from thiols is specific for
sulfur. In addition, disulfide bonds are formed in high Synthesis
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 con-
strain macromolecular architecture has already been
demonstrated in the peptide/protein literattfte. . .

* The free energy of a dTdT mismatch located at the terminus

The next st_ep In deye_lopmg our chemistry Wa_s 0 ofa duplex is approximately 1.0 kcal/mol more stable than a dT
select the loci for modification. Because cross-links dT mismatch within a duplex.

Design of an Ideal Cross-Link

We explored the properties of disulfide cross-linked
DNA duplexes by synthesizing analogues of two pre-
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Table | Requirements for an “ldeal” Nucleic Acid Cross-Link

Requiremerit Rationale Potential Solution

1. Increase the conformational stability Conformationally stable, nucleic Covalent interstrand cross-links

toward thermal-, ionic-, pH-, and
concentration-induced conformational
changes

. Form interstrand cross-link site
specifically

. Cross-link does not alter native geometry

. Grooves of the helices, counterion
binding, and hydration must remain
unaltered

. 3- and B-Hydroxyl groups are free to
[32P] end label

. Prepared and isolated in large quantities

. Reversible

. Flexible to a wide variety of nucleic acid
structures

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

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

Necessary if the structural

aspects of cross-linked
constructs are to be compared
to their unmodified nucleic
acid precursors

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

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

Allows for high-resolution
physical measurements such
as nmr, DSC, and x-ray
diffraction studies
Assess structural and

thermodynamic effects of
base modification before and
after cross-linking

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

confer a large degree of
conformational stability

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

Position cross-link within a
sterically accessible space

Linker at terminus of helix

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

Efficient cross-linking chemistry

Reversible disulfide cross-link

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

2 Relative to the unmodified nucleic acid.

viously well-studied oligonucleotides. The first is a polyacrylamide gel electrophoresis (PAGE) or HPLC
hairpin whose sequence is derived from the ColE1 and incorporation of the modified bases was confirmed
cruciform? and the second is the Dickerson/Drew by enzymatic digestion. Importantly, disulfide bond for-
dodecamer (Figure 2f.Synthesis o2b, 4b,and5b was mation was quantitative.

conducted using standard phosphoramidite chemistry
using N-benzoyl and N-isobuturyl protected bages?
After deprotection and purification of each thiol-modi-
fied DNA by reversed-phase high performance liquid The effects of introducing the thiol modifications
chromatography (HPLC), thébutyl mixed disulfide were first assessed by comparing uv thermal denatur-
protecting groups on each sequence were cleaved withation profiles of2a to that of the corresponding wild-
dithiothreitol (DTT; ~ 20 equivalent per thiol, pH 8, type sequence. We observed that Tg values are
4°C, overnight). Reduced DNA samples were separatedwithin =1°C and the transitions are nearly superim-
from the DTT by reversed-phase HPLC. Disulfide bond posable, which suggests that the thiol linkers do not
formation was performed by dissolving each sample in alter the stability or thermal denaturation pathways of
phosphate buffer (pH 8.3, [DNA} 2 uM) and stirring the modified hairpin relative to its unmodified coun-
vigorously at 25°C exposed to air. The reactions were terpart®® These data also suggest that all of the sta-
usually completeri 8 h agudged by a negative Ellman’s  bility conferred by the disulfide bond will be reflected
test. The cross-linked DNAs were then isolated by either in the cross-linked structure, since there is not a

Structural Studies
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| ' FIGURE 1 (Top) Synthetic strategy. To place cross-links
N/%O within a duplex requires synthesizing thiol-modified nucleo-

sides, incorporating the modified bases within a target by
solid-phase synthesis, and following removal of all protecting

dRib groups, air oxidation to form the cross-link. (Bottom left)
) Chemical structure of cross-link. During synthesis, the thiol
'I'” :R=H group onTY, is protected as dert-butyl mixed disulfide
SH: h = x ! : ) -
(Tisu), @and this protecting group is stable to all conditions of
* . o solid-phase synthesis, deprotection, and purification. The cou-
T tBus R =StBu pling efficiency of this base is indistinguishable from thymi-
2 . dine (>99% per cycle). To plac&?,,, at the 3-terminus, the
T3 ;R=) 5 (>99% per cycle). To plac& g,

3'-hydroxyl group is attached to controlled-pore glass.

significant energetic penalty for replacing the terminal Similar to the results described above for the

bases with our N3 thiol modified thymidines. Intro-
ducing a disulfide cross-link il increases the,
from 65 to 81°C in low ionic strength buffers. If the
[Na*] > 100 niM, the cross-linked hairpin denatures
above 96°C and,, values cannot be measured by uv
spectroscopy*

To investigate further the structural effects of the
disulfide modification, the solution-phase confor-
mations ofl and2b were determined by nmr spec-
troscopy>* The eight base-pair long stem of these

ColE1 hairpin, replacing one or both of the terminal
dG - dC bases in d(CGCGAATTCGCGwith our
modified thymidine does not significantly alter the
thermal stability of these duplexes relative to the
parent sequenc®:>>The exchangeable and nonex-
changeable protons along with ti& resonances

of 4b and5b were assigned and compared to those
data for the parent duplex. We find that the spectra
of 5b are virtually identical to those obtained f8r
which strongly indicates that these sequences also

sequences adopts a B-form helix whereas the five adopt very similar structures (becaudb is not
base long single-stranded loop appears to be flexi- symmetric, a direct comparison with eithgior 5b

ble and cannot be represented by a unique staticis not possible). To provide further evidence of this
conformation. Nuclear Overhauser effect spectros- point, two-dimensional (2D) NOESY spectra 5ib
copy (NOESY) cross-peak volumes, proton (both as a function of mixing time were measured and
labile and nonlabile) and phosphorus chemical interproton distances were obtained from initial
shifts, as well as both homo- and heteronuclear buildup plots. These data f&b are nearly identical
coupling constants for the cross-linked hairpin are to those for the wild-type dodecamer. Based on
virtually identical to those measured for the unmod- these findings, along with the results of CD and
ified sequence, even for the residues that are prox- nuclease-susceptibility experiments, we conclude
imal to the cross-link. Thus, within the resolution of that our alkylthiol modifications, either on the di-
nmr spectroscopy, the two hairpins are structurally sulfide cross-linked or reduced and protected forms,
isomorphous. do not alter native structurg.
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FIGURE 2 Duplex sequences and cross-linked analogs.

Thermodynamic Measurements

Differential scanning calorimetry (DSC) measure-
ments were conducted in collaboration with K.J.
Breslauer and co-workers to characterize the ther-
mally induced denaturation of duplexg@s5.Our goal
was to elucidate the thermal and thermodynamic con-
sequences of modifying and constraining DNA via
our disulfide chemistry® These experiments repre-
sented the first use of calorimetry to investigate the
thermodynamic consequences of constraining DNA
with disulfide cross-links. The use of calorimetry is
critical here becaus8 denatures in a non-two-state
fashion and cannot be analyzed using a van't Hoff
treatment. Consistent with our nmr data, a large en-
ergetic penalty is not incurred by replacing the termi-
nal base pair(s) with N3-(ethylthiol)thymidine: the
melting temperaturel(,) of 3, 4a,and5aare=1°C of
each other. The overall free energy fyr4a,and5a

are also comparable, and this similarity arises due to
compensations in both enthapy and entropy.

The DSC measurements suggest that introducing
cross-link(s) inta3 results in two changes. First, con-
straining the dodecamer results in a significant in-
crease in thermal stability. A single disulfide cross-
link changes the molecularity of the complex from
bimolecular to monomolecular. However, a second
disulfide cross-link results in a constrained conforma-
tion with a reduced entropy compareddio. From the
DSC data, we estimate that the cross-link imparts
about 3 kcal/mol of stabilization. The change in en-
tropy certainly reflects differences in the native and/or
denatured states db as compared t@lb. 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 dena-
tured state ofbb is less than that ofib. However,
based on the data, we cannot exclude differential
entropic contributions from the native states, as well
as influences from differential solvation in both the
initial and the final states. Notwithstanding, our data
show that the entropy term is responsible for the
increase in thermal stability &b relative to4b. To

our knowledge, this is the first conformationally con-
strained nucleic acid system where the increase in
melting temperature is predominantly due to a de-
crease in entropy>®

Dynamics Measurements

The static structure of DNA can explain many aspects
of its function and properties. However, local base-
pair opening is implicated in a number of important
chemical, biological, and mechanical processes in-
volving DNA.>®~¢°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, etc.) have not been
reportecf® Therefore, we chose to measure the base-
pair lifetimes and apparent dissociation constants of
and2b (Figure 2)%* Comparison of the lifetimes and
apparent dissociation constants for corresponding
base pairs of the two hairpins indicates that the cross-
link neither increases the number of base pairs in-
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FIGURE 3 Triplex schematic.

volved in fraying nor alters the lifetime, dissociation
constant, 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

specificity for diagonsitic purposes in vitro and for use
in vivo. While methods exist to stabilize pypu—py
triple helices, they rely on modifications that may
alter the native triplex structuf€:®® Therefore, we

penultimate base pair of the stem duplex by increasing designed experiments to determine if covalently lock-

the closing rate of this base pair. Significantly, the
disulfide cross-link is more effective at preventing
fraying than the five base long hairpin loop.

DISULFIDE CROSS-LINKED
DNA TRIPLEXES

Design

Folding of DNA triple helices based on the pyrimi-
dine - 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), composi-

ing the third strand of a triplex to the major groove
through a structurally nonperturbing disulfide cross-
link would afford constructs that are stable under
physiological conditions. In other words, can the con-
straint provided by a disulfide cross-link alter the
apparent g, value of a triplex?

We chose to test this hypothesis using an intramo-
lecular 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 3Y%"*To place a cross-link between
the Hoogsteen and Watson—Crick strands, sites of
chemical modification on the terminal bases must first
be identified. In a F T—A triplet, which is analogous

tion, the presence of base-pair mismatches, as well asto the base-pair substitution used to cross-link the

solution conditions including pH and mono- and di-
valent counterion concentratiofs.5*For example, a
major factor in the stability of triplexes that contain
C* - G—C triplets is the necessity of protonation of
the N3 position of cytosine, which generally limits the
stability of small triple helices of this type to pH
values below ?°¢"The narrow pH range required for
folding of these triplexes has hampered efforts to
assess the physical properties of this motif under

terminus of duplexes (see Figure 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, we designed a triplex cross-link using a C5-alkyl
thiol modified thymidiné? (C3S; where the subscript
three is the number of atoms in the linker, including
thiol) and N3-(ethylthiol)thymidine (Figure 4).

The optimal pH for air oxidation of thiols to form

physiological conditions. Such data are clearly needed disulfide bonds generally is above thi€ of the thiol

to design triplex sequences of higher affinity and

of interest (- 8.5). At the X, of many thiols, triple
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FIGURE 4 Chemical structure of triplex cross-link.

helices containing € - G—C base triplets are un-
folded because the N3 position of cytosine is not
protonated. To form a disulfide cross-link in a pyr
pur—pyr triple helix, it is necessary to identify a se-
quence that (partly) folds into a triplex at a pH where
cross-link formation readily proceeds: i and Der-
van reported a 34 base long intramolecular triple helix
that remains partially folded up to pH 7.5 at 24°C in
buffer containing 25 i Mg?*.”® In principle, there-
fore, a disulfide cross-link can form under the condi-
tions needed to fold a suitably modified variant of this
oligonucleotide (Figure 5).

Preparation of triplex sequences containifify,,
andC3StBu was achieved via automated solid-phase
DNA synthesis using standard protocols with an av-
erage stepwise coupling efficiency of 98.5%. Re-

moval of the phosphate and base protecting groups

followed by reversed-phase HPLC purification pro-
vided 7a in about 42% vyield (based on a dmol
synthesis). To form the cross-link, thert-butyl thiol
protecting groups were removed with DTT and the

reduced sample was vigorously stirred at room tem-

perature in phosphate buffered saline (pH 7.25N m
MgCl,) while exposed to air. After 24 h, no starting
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material was observed by HPLC and aliquots from the
reaction mixtures tested negative with Ellman’s re-
agent. Cross-linked DNA was purified by reversed-
phase HPLC to giverb in ~ 28% isolated overall
yield (based on a fumol synthesis:~ 75% yield from
78). Enzymatic nucleoside composition analysis con-
firmed incorporation of the modified bases and for-
mation of the cross-link, and native and denaturing
PAGE indicated that the structure formed is mono-
meric.

Structural Studies

The imino proton spectra & and 7b were assigned
using standard 2D techniques. Under conditions that
favor triplex formation (pH 6, 0.5 M Mg?"), the
imino proton spectra of both sequences are virtually
identical, which indicates that our modifications do
not disrupt native triplex structuré.When6 or 7ais
titrated from pH 6 to 8, dissociation of the third strand
is observed. By contrast, cross-linked tripl@k is
conformationally stable over this pH range and only
begins to unfold at pH~ 9. Moreover,7b is stable
from pH 6 to 8 in the absence of M§. Because of
line broadening above 5°C, nmr cannot be used to
study these triplexes. Therefore, we turned to CD
spectroscopy. Monitoring the triplex CD signature
band at 215 nm, we find that in the presence ofMg

7b does not begin to melt untit 60°C at pH 6 (30°C
for 6 and7a) and 40°C at pH 8<€20°C for6 and7a).
Constructing titration curves from the CD data reveals
that the apparentif, for 7b is ~ 8.6 which is at least
1.5 K, units greater thar6 and 7a. These results
clearly demonstrate that our cross-link can be used to
stabilize higher order DNA structures.

Thermodynamic Measurements

DSC measurements were conducted to elucidate the
thermodynamic consequences of modifying and con-
straining DNA triplexes with our disulfide chemis-
try.”* Cross-linked triplexe$ and7amelt in a bipha-

T, 5 Ty C3 Ty T €55 Xy

Tyl 5-A G, A;G, A ACG Y,
T T )T,
T20 C[9 Tlg CI7 ’1-16 'T]5 Cl4 Al3
6:X,Y=T
Ta: X =T Th:X =TS | disulfide cross-link
Y = C5,5-StBu Y =C%8

FIGURE 5 Triplex sequence.
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sic manner above pH 6, with the initial triplex to and is consistent with the greater stability of Watson—
duplex transition (Hoogsteen strand release) occurring Crick over Hoogsteen base pairs. The rate of triplex to
at lower temperatures than melting of the hairpin. In duplex conversion forb at 1°C, pH 6.9, is low with
contrast, cross-linking increases the thermal stability an upper bound of 3.% 10~ “#s™*. The imino protons
of the Hoogsteen transition such that the triplex and of 7b exchange slowly in PBS with exchange times as
hairpin duplex denature simultaneously. Model-inde- long as 1 h, but the base-pair lifetimes are all less than
pendent thermodynamic data obtained by DSC re- 3 min, reflecting the fact that imino proton exchange
veals the cross-link-induced increase in triplex ther- is not opening-rate limited. Because the disulfide
mal stability corresponds to a free energy stabilization cross-link effectively prevents conformational heter-
of about 3 kcal/mol, with this stabilization being en- ogeneity associated with pyr pur—pyr triple helices
tirely entropic in origin. In other words, the cross-link containing C - G—C base triplets at neutral pH,
is enthalpically neutral, but nevertheless induces a constructs possessing this modification can serve as
triplex stabilization of 3 kcal/mol due to a reductionin  model systems to examine the structural and thermo-
the entropy change associated with triplex melting. To dynamic aspects of triplex formation in vitro, and to
deduce the origin(s) of this entropic impact, we mea- develop sequences that bind DNA with higher affinity
sured the pH and ionic strength dependence of the and specificity.
melting transitions. From a comparison of the melting
transitions at different pH values and ionic strengths,
we estimate that 0.4 more protons are associated with APPLICATIONS OF DISULFIDE CROSS-
the cross-linked triplex state than with the uncross- LINKED DNA
linked triplex, and 1.3 fewer counterions are released
on melting the cross-linked triplex. Thus, the entropic Defining the biochemical, structural, dynamic, and
stabilization is not solely a result of a reduction in thermodynamic impacts of constraining DNA with
conformationally entropy. our disulfide chemistry as described above opens the
way for applying these cross-links in a host of differ-
ent experiments. Uses of this chemistry include,
among others, the joining of large pieces of DNA or
At the start of this project, it was not known whether RNA through disulfide bonds for the construction of
the base pairs (Hoogsteen and Watson—Crick) that nanoscale architectures, the design of redox activated
comprise triple-helical DNA open to any significant switches/devices, and the probing of secondary and
extent within a stable triplex. To address this question, tertiary structure. Below is described two representa-
the conformational dynamics 6fand7b were studied tive applications of our chemistry. In the first, a di-
by 2D exchange and NOE spectroscopy, and by mea- sulfide bond was employed to stabilize or “trap” a
suring base-catalyzed imino-proton exchange rates. DNA structure that would not be stable in its absence,
Under conditions that promote triplex formation (pH and in the second, a disulfide bond was used to report
6.0, 1°C),6 and 7b exhibit a small and identical on conformational transitions in a protein binding
degree of conformational heterogeneity. However, at study.
higher temperature (pH 6.0, 37°®) exhibits more
extensive heterogeneity thai. The exchange times
for Watson—Crick imino protons are 1 h for both
triplexes. However, the Hoogsteen base-pair lifetimes In the absence of our disulfide cross-links, the mole-
of 6 could not be measured because this sequence iscules described in the second and third sections are
conformationally labile under the alkaline conditions themselves relatively stable with respect to conforma-
necessary to conduct the exchange experiments. tional isomerization. In principle, however, it should
Because of the extraordinary pH stability conferred also be possible to trap higher energy nonground-state
by the cross-link, it is possible to measure the Hoogs- structures with disulfide cross-links. Synthetic access
teen lifetimes for7b. The lifetimes of these base pairs to such constructs should be important in areas such
range from about 3—370 ms. Similar to Watson—Crick as targeted drug delivery, protein—-DNA recognition,
base pairs, the Hoogsteen lifetimes are highest at theand biophysical studies of alternate DNA geometries.
central region within the triplex and taper off toward We first demonstrated the practicality of using disul-
the termini, which is suggestive of imino exchange fide cross-links in such endeavors by trapping the
mechanisms involving end effects. In all cases, the Dickerson/Drew dodecamer premelting intermediate
lifetime of a Hoogsteen base pair is shorter than the with a disulfide cross-link and studying the structural
Watson-Crick base pair contained in the same triplet, properties of this sequence.

Dynamics Measurements

Stabilizing Nonground-State Structures
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FIGURE 6 Stereoview of average structure ®ffrom nmr refinement (yellow van der Waals
surface: sulfur atoms; white CPK: thymidine residues that form the cross-link; green: cytosine;
purple: guanosine; red: adenosine; brown: loop thymidine residues).

Both d(CGCGAATTCGCG)and5athermally de-
nature in a biphasic manner in buffers containing
[Na*] = 10 mM and with [DNA] = 50 uM.”® The
first transition defines melting of the duplex to a
hairpin structure while the second transition repre-
sents denaturation of the hairpin to a random coil. To
cross-link the premelting intermediate, we conducted
air oxidation of the sulfhydryl groups b at 50°C in
dilute solution in low salt buffef? Unlike the stem—
loop intermediate produced by initial melting of the
parent dodecame8 does not denature as a result of
increasing temperature, [N§ or DNA concentra-
tion.>>77

ciple” advanced by Haasnoot, which predicts exten-
sion of the helix by three bases followed by a sharp
bend in the lood? The aromatic bases face into the

major groove while the negatively charged backbone
contacts solution. 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 absence of x-ray data
this “induced fit” can be difficult to study. In princi-

To address the structural consequences of ourple, the constraint imposed by the disulfide bond

cross-link, the solution-phase conformation of hairpin
8 was determined by nmr spectroscdpy 2 The stem
region of this hairpin forms a B-form DNA duplex
with a helical rise of 3.5 A and a helical twist of 34.6°
(Figure 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 prin-

should provide a way to investigate conformational
changes in DNA structure that occur upon protein
recognition. To illustrate this point, we studied the
binding of monoclonal antibody BV04-01 to disulfide
cross-linked analogues of hairpifis-12 (Figure 7)%°

This anti-DNA autoantibody was isolated from an
autoimmune mouse that develops a syndrome related
to human lupus, and BV04-01 may be involved in the
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5 N N dation is mild and highly selective, cross-links can be
GGCAATCC N= ?190 used to verify theoretical models of RNA tertiary
CCGTTAGG G.11 structure. By varying the length of the alkyl thiol

N C 12 linkers, both dynamic motions and the distance be-
N tween structural elements can be investigated. In ad-
FIGURE 7 Hairpin ligands for binding study. dition, because of the linkage between disulfide bond

formation and RNA stability, it is possible to examine
the thermodynamics of RNA folding by thiol-disul-
fide exchange. Last, measuring the rate at which
cross-linked RNAs fold and unfold should report on
the structure of tertiary folding transition states.

As a first step toward using disulfide cross-links in
these ways, we synthesized a set of thiol-modified
nucleosides that have proven of general utility to
cross-link RNAZ*-85Wjith these monomers, we pre-

pathogenesis of this disorder in mice. BV04-01 binds
only single-stranded DNA, which can be modeled by
the loop region of DNA hairpin&°

If conformational reorganization of the hairpin li-
gands is required for binding, then BV04-01 should
possess aower affinity for the cross-linked se-
quences, since the disulfide bond renders them resis-
tant to structural changes. However, if preorganiza- -
tion is important for complexation, then the more Pared analogues of unmodified yeast t_FﬁtI%\goss-
rigid oligomers should bind with equal or greater S€SSING a single disulfide cross-link (Figure _@)j{.
affinity than the unmodified ligands. When binding to Air oxidation to form these cross-links is quantitative,
cross-linked hairpins was measured, nearly a 100-fold and analysis of the cross-linked products by footprint-
increase Ky relative to9—12was observed. If the INg and thermal denaturation experiments demon-
weaker affinity of BV04-01 for the cross-linked mol-  strates that the disulfide bridges do not alter the struc-
ecules results from the constraint imposed by the ture of the thiol-modified tRNAs relative to the parent
cross-link rather than as a result of a structural per- sequence. We are currently using these modified con-
turbation introduced by the alkylthiol linkers, then structs to address a range questions regarding the
removing this constraint by reduction of the disulfide kinetics and thermodynamics of tertiary folding.
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 U U
was indistinguishable from binding t8—12. DNA 3 GGAC u
o . e S—UGAC
footprinting experiments showed that upon binding, -~ yg
. L . . S—UCUG
residues within the duplex are recognized by single- C C
strand specific reagents, which provides further evi- G G

dence that the stem duplex of the hairpin ligands is

. FIGURE 8 Sequence of RNA tetraloop hairpin and di-
partially denatured?! d p hairp

sulfide cross-linked analogue.

DISULFIDE CROSS-LINKED RNA OTHER DISULFIDE CROSS-LINKED
NUCLEIC ACIDS
Small oligoribonucleotides often exist in solution as
conformationally heterogeneous mixtures, particu- In 1966 Lipsett showed that iodine-mediated oxida-
larly at high RNA concentrations. For example, at tion of the two native 4-thiouridine residues in
high concentrations, even rather stable RNA hairpins tRNA™" from Escherichia coliaffords a unique in-
can dimerize. As a means to prevent such conforma- tramolecular disulfide cross-lirfl€. Although the po-
tional equilibria, we demonstrated that the uridine tential of these disulfide cross-links as probes of nu-
analogue ofT 5., Ugy, can be used to generate cross- cleic acid structure and function was noted in this
links at the terminus of A-form duplexes (Figure®).  work, neither the methods to synthesize nucleic acids
As with DNA duplexes, cross-links withlg,, impart site specifically labeled with thiol groups, nor the
considerable thermal stability to small RNA con- biochemical and structural assays needed to analyze
structs and effectively prevent both concentration in- the cross-linked products, were available. It was not
duced aggregation and equilibration between alternate until early in 1991, several months prior to our first
conformations. However, stabilizing small motifs for paper in this area, that Ferenz and Verdine reported
analysis is just one utility of our chemistry as it relates synthesizing the first disulfide cross-linked oligonu-
to RNA. Since disulfide bond formation via air oxi- cleotide®”#8Using convertible nucleoside chemistry,
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Site 1 °  Site2
.
o NH, 7 f‘w
MH N—F'L HO\| D\"J | NJ;;‘J\NHw
| /J\ | [ y l NH
R " MD Ofl\ru _SOR
o] o, N, }_"HT
l:- ﬂ R D\_/n-ls\ oy N
N\ S | oo
RO Oﬂ_‘/-«‘ /\\‘/D OR =] 2 .
S “OH
u(1ep |- 8.35 A—— C{B0) G{45) |=—5.13 A——‘ OF G(10)
Site 3 Site 4
WH, HH, o
H\h N‘Jj EI\NMSHSV%NH
[ ;‘N’J‘“ D‘,al\N 5 OR RO o M/LE'D n’i\'w g _OR
RO O\/"\S_S/“vo on RE oM HO DR
C{11) ‘ g9.22 A -| C(25) Uit |- 4.50 A - U{72)

FIGURE 9 (Top) Chemical structure of RNA cross-links. (Bottom) Yeast tRNAcrystal
structure showing the locations of the cross-links. Green: aminoacyl acceptor stem; purple: dihy-
drouridine stem and loop; blue: anticodon stem and loop; rddC Btem and loop. Site 1: upper
right; Site 3: middle left; Site 4: upper left. The site 2 cross-link is not visible in this orientation.

they showed that placing ®thioalkyl derivatives of links upon air oxidation. These cross-links reside in
2'-deoxyadenosine in consecutive base pairs on op-the major groove and impart increased stability with
posite strands of a duplex afforded disulfide cross- minimal distortion of native DNA geometry. This
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chemistry was extended several years later to the 7.

synthesis of minor groove cross-links using modified

dC residues. Verdine and co-workers have used these 8

major and minor groove cross-links with excellent
effect in variety of ways, including, studies of pro-
tein - DNA interactions3°° stabilization of intrinsi-
cally bent DNA?* the apparent induction of torsional
stress in short oligonucleotid@$and cross-linking Z-
DNA.®® More recently, this chemistry has been
adapted to synthesize disulfide cross-linked RNA
molecules’*°°thus making it possible to conduct the
type of experiments described above in the fifth sec-
tion.

Several other reports of incorporating disulfide cross-
links into DNA and RNA have appeared over the past
few years’23396-1%jany of the chemistries developed
have allowed previously unapproachable problems to be
addressed. In a very interesting study on ribozyme dy-
namics, Cohen and Cech demonstrated that thiol groups
can be incorporated into very large RNA molecules
through synthesis and ligatidf® This ability to con-
struct large molecules modified with thiol groups at
specific residues, coupled with the fact that virtually
every available position on the base and sugar can be
labeled with thiol groupg&—2859495.101-104j|| facilitate
the continued use of disulfide cross-links in the study of
RNA, and nucleic acids in general.
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