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Abstract: The design, synthesis, and analysis of analogs of d(CGCGAATTCgiS$essing one or two intrahelical
disulfide cross-links is reported. The cross-linked oligomers were prepared by first synthesizing duplexes where the
3'- and B-terminal bases of the parent sequence were replaced\#ithioethylthymidine. Following deprotection

and purification, air oxidation afforded the desired cross-linked constructs in high yield. Analysis of both the oxidized
(disulfide cross-linked) and reduced (thiol modified) duplexes by UV, circular dichroism, and NMR spectroscopies
along with susceptibility td&ecaR| cleavage indicates that the modifications are not structurally perturbing. Optical
thermal denaturation and differential scanning calorimetry measurements suggest that introducing disulfide cross-
link(s) into d(CGCGAATTCGCG)does, however, cause two fundamental changes. First, the cross-link(s) increase
the thermal stability of the modified duplexes by changing the molecularity of denaturation without an increase in
enthalpy. Second, the disulfide cross-link traps one of the conformations of the conformationally heterogeneous
parent molecule resulting in a conformationally homogeneous system. Both of these features are themselves unique
and will be important for further applications of disulfide cross-linked oligomers such as these in studies of nucleic
acid structure and function.

Introduction thermodynamic experimeritsand as conformationally stable
constructs for molecular recognition studfeg.ypically, cross-

A range of chemical and enzymatic methods have been links are introduced by reaction of alkylating agéntr
developed to incorporate cross-links into the helical regions of Mutagendwith nucleophilic sites on the bases. Because these
DNA and RNA! Cross-linked oligonucleotides have many reagents often have little or no sequence specificity, a complex
utilities such as models of high molecular weight DNA in
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mixture of adducts is often producéd.Although natural
products like mitomycin &7 and cisplatif form lesions at

Osborne et al.

duplexes have a reduced stability due to end-effects, often
referred to as “end fraying®® Therefore, chemically modifying

unique sites, these reagents require specific recognition se-the hydrogen bonding groups of opposing bases at oligonucle-
quences to be present within a target duplex to generate theotide termini should have a limited influence on the stability of

cross-link thereby limiting their utility. In some cases, cross-
link formation by natural products can also disrupt base
stacking®82

An alternative approach for preparing cross-linked nucleic
acids is to site-specifically place reactive functional groups in
proximity on opposing strands of a dupl&xThese cross-links

duplexed’ provided that the modification does not significantly
disrupt base stacking. We selected to use disulfide bonds to
form the cross-link because disulfide bonds are formed in high
yield, are stable to wide array of solvents and reagents, the
chemical reversibility available through reduction will allow for
physical analysis of the modified structures before and after

are generally designed to occupy the sterically accessible spacéhe cross-link is formed, and disulfide cross-linked nucleic acids

of either the major or minor groove. For example, Cowart and
Benkovic replaced '2deoxyguanosine witiN®,N6-ethano-2,6-
diaminopurine on a 13-base single stranded DNA prifaé?.
Upon annealing to a template, attack by the cytodifi@tom
complementary to the modification selectively opens the aziri-
dine to form the cross-link. More recently, Verdine’s group
demonstrated that placing thioalkyl derivatives of eithér 2
deoxyadenosine or2leoxycytosine in consecutive base-pairs
on opposite strands of a duplex affords disulfide cross-links
under oxidative condition¥:11 These cross-links impart in-
creased stability to DNA, apparently with minimal distortion
of native geometry.

Although cross-links positioned within the grooves of duplex

DNA are valuable tools, such modifications can have several

drawbacks. For example, by occupying either the major or
minor groove, protein and drug binding may not be possible
since the cross-link could sterically occlude recognifidn.
Moreover, cross-links in the grooves may alter the hydration
state of the DNA which could effect the overall stability of the
structure in questio® An alternative approach is to cross-
link the terminus of a duplex where modifications should
interfere less with ligand recognition and hydration. For
example, several groups have cross-linked the terminar@i
5'-hydroxyl groups with tethers like (oligo)ethylene glycol or
(oligo)nucleotideg:* However, it is not easy to end-label these
structures? which can restrict the utility of such oligonucle-
otides for studying both protein and drug binding. In addition,
glycol cross-links can disrupt native geometty.

are in fact well-knowrt8

In several preliminary communications, we have demonstrated
that disulfide cross-links can be site-specifically incorporated
at the helical termini of various DNA secondary structuf®s.
As with any nucleic acid modification, a comprehensive
understanding of the chemical and biological consequences of
incorporating our cross-link is needed for broad application of
this chemistry. Hence, we report the synthesis and analysis of
disulfide cross-linked analogs of the Dickerson/Drew dodecam-
er, d(CGCGAATTCGCG)? As part of this work we present
the first use of calorimetry to elucidate, rigorously, the
thermodynamic consequences of constraining DNA with dis-
ulfide cross-links.

Results

Design and Synthesis The design of our disulfide cross-
link has been described previoush. Briefly, molecular
modeling studies indicate that a six-atom carbon linker can span
the N2 positions of two opposing thymidine residues. |If this
“mismatch” is at the terminus of a duplex, the linker can be
accommodated beneath the helix and should not disrupt
structure/base-pairing of the adjacent residues. Therefore, to
cross-link these\® positions we synthesizel®-thioethylthy-
midine (T*sy). Using automated solid-phase DNA synthesis,
we have incorporated*sy at both the 3 and 3-ends of
oligonucleotides, and under oxidative conditions, the thiol
groups react to afford disulfide cross-links.We chose to

Due to the advantages associated with cross-link formation explore the properties of such cross-linked DNA constructs by

at the terminus of nucleic acid duplexes, we decided to modify

positions other than the terminal hydroxyl groups. In designing
our cross-link we exploited the fact that the terminal bases in
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Scheme 1.Synthesis otert-Butyl Protected T* isy) Mononucleosides (Bz benzoyl; DMTr= 4,4-dimethoxytrityl; CPG=
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a(a) 1-tert-butylthio)-1,2-hydrazinedicarboxmorpholiéfé,iOH-H,0, CHOH, THF (79% yield); (b)N,N-diisopropylethylamine, CkCl,, Chloro-
N,N-diisopropylamings-cyanoethylphosphine (71% vyield); (c) 4-(dimethylamino)pyridine, pyridine, succinic anhydride (76% yield); §6).CH
N,N-dicyclohexylcarbodiimidep-nitrophenol (59% yield); () CPG (500 A, 120/200 mesh, 1Qdviol/g), DMF, EtN; (f) pyridine, 4-(dimethy-

lamino)pyridine, acetic anhydride (loading concentration of8®l/g).

synthesizing analogs of d(CGCGAATTCGCQ)ecause the
structure, thermodynamic stability, anid witro biological
activity of this dodecamer are very well-establisR&d!

In initial studies we protected the thiol group dfisy with

thiol group onT* gy as atert-butyl mixed disulfide T* ) and
found that this protecting group is stable to all conditions of
solid-phase synthesis, deprotection, and purificadfoff In
addition, with this new strategy standahibenzoyl andN-

a benzoyl group for solid-phase DNA synthesis since it can be isobutyryl base protected amidites can be used.

removed under conditions used to cleave the DNA from the

solid support and an extra deprotection step would not be

required. However, additional exposure to ) for 7 h at
55 °C, which removes thé&l-benzoyl andN-isobutyryl base-
protecting group$? leads to degradation of the thiols. Although

this degradation could be partially suppressed using rapid

deprotecting amidite®, base deprotection still resulted in low
yields of product due to degradation of the thiol linker. Several

laboratories have reported that mixed disulfides can be used to

protect thiol groups during solid-phase DNA synthé$iThese

mixed disulfides remain intact during base deprotection and can

be removed by mild reduction. Therefore, we protected the

(21) (a) Patel, D. J.; Kozlowski, S. A.; Marky, L. A.; Broka, C.; Rice, J.
A.; ltakura, |.; Breslauer, K. Biochemistryl982 21, 428-436. (b) Hare,
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S.; Breslauer, K. Biopolymersl983 22, 1247-1257. (d) Ott, J.; Eckstein,
F. Biochemistryl985 24, 2530-2535. (e) Nerdal, W.; Hare, D. R.; Reid,
B. R. Biochemistry1989 28, 10008-10021.
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Biochimie1993 75, 13—-23.
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Synthesis of théert-butyl protected monomers was conducted
on multigram scale in high yield (Scheme 1). Briefly, th&
thiobenzoyl thymidineX) was prepared as previously described
by Glick!®a and was then converted to thert-butyl mixed
disulfide 2 using 1-{ert-butylthio)-1,2-hydrazinedicarboxmor-

(25) Goodwin, J. T.; Glick, G. DTetrahedron Lett1993 34, 5549~
5552.

(26) For reviews of solid-phase oligonucleotide chemistry and synthesis,
see: (a) Beaucage, S. L.; Caruthers, M.Tétrahedron Lett1981, 22,
1859-1862. (b) Gough, G. R.; Brunden, M. J.; Gilham, P T&trahedron
Lett 1981, 22, 4177-4180. (c) Adams, S. P.; Kavka, K. S.; Wykes, E. J,;
Holder, S. B.; Galluppi, G. Rl. Am. Chem. S0d.983 105, 661-663. (d)
Caruthers, M. H.; Barone, A. D.; Beaucage, S. L.; Dodds, D. R.; Fisher, E.
F.; McBride, L. J.; Matteucci, M.; Stabinsky, Z.; Tang, J.-Methods
Enzymol1985 154, 287—-313. (e) Caruthers, M. HAcc. Chem. Re4.99],

24, 278-284.
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512345678 9101112 512345678 9101112

CGCGAATTCGCG TGCGAATTCGCT
GCGCTTAAGCGC TCGCTTAAGCGT
I 11
5
CGCGAATTC GC T(N)CH,CH,S-S/Bu
GCGCTTAAGCG T(N»)CH,CH,S-StBu BuS-SCH,CHyN)T GCGAAT T C GC T(N)CH,CH,S-S/Bu
3
I1I v 5
1. DTT I. DTT
2. [ox], 0.1 M Na* 2. [ox], 0.1 M Na*
60% yield 77% yield
CGCGAATTCGCT—S> S—TGCGAATTCGCT-=S
GCGCTTAAGCGT-5S CS—TCGCTTAAGCGT—S

v VI
Figure 1. Synthesis of the thiol/disulfide modified oligomers. Duplexes Ill and IV were purified by reversed-phase HPLC before and after detritylation.
Incorporation ofT* g, andT*, was confirmed by polyacrylamide gel electrophoresis and enzymatic nucleoside composition analysis as previously
described?® Sequence Ill requires the annealing of two non-self-complementary strands whereas the self-complementary sequence IV spontaneously
anneals to form duplex DNA. Yields reported are from tag-butyl protected oligonucleotides to the isolated cross-linked sequences (the cross-
linking reaction was near quantitative by HPLC). Numbering for the duplexes refers to base-pair froretiteshown explicitly.

1.0, conditions to enhance the stability of the modified duplexes (i.e.,
[Na'], temperature, [DNA], or pH) prior to oxidative cross-
linking are not required. Thermal denaturation of the dodecam-
ers containingl* sy (the reduced forms of Il and IV) under
anaerobic conditions affords UV curves and melting temeratures
(Tm) that are similar to the corresponditegt-butyl analogs (data

not shown). Because seguences containifgs, cannot
oxidatively cross-link, they are easier to manipulate and were
used as a model for the reduced dodecamers in the remaining
studies.

Synthesis of cross-linked duplexes V and VI was conducted
by first removing the thiol protecting groups from IIl and 1V,
respectively, with dithiothreitol (DTT). After purification by

0.8 ‘ ‘ , ‘ , reversed-phase high performance liquid chromatography (HPLC),
0 20 40 60 80 100 the reduced oligonucleotides were dissolved in phosphate buffer
s and stirred vigorously while exposed to air at room temperature
Figure 2. UV thermal denaturation curves of |, Ill, and IV measured for 18 h to effect air oxidation of the thiol groups (Figure 1).
in 0.1 M NaCl, 1 mM NaHPQ,, and 0.1 mM EDTA buffer, pH 7.0 The cross-linked products were then purified by reversed-phase
%r:d”EPaNrﬂ glss()%':ﬂivMeltlng temperatures’C) are 61.2 for I; 622 p) ¢ 10 give V and VI in~45% isolated overall yield (based
' : ) on a 1umol synthesis). Nucleoside composition analysis

pholide?” Preparation of oligonucleotides containifityg, at confirmed incorporation of the disulfide cross-link(s). Analysis
the B-terminus was accomplished by activation of the 3 Dy native and denaturing polyacrylamide gel electrophoresis
hydroxyl as theN,N-diisopropyl-cyanoethyl phosphoramidite (PAGE) |qd|cated that the structures formed were the requisite
(3). For sequences that requifé s, at the 3-terminus, the ~ Monomeric duplexes (data not shov).
3'-hydroxyl group on2 was attached to controlled-pore glass Chemical Stability. Reduction of the disulfide bond(s) in
(CPG;6) via a succinate linker. Loading 6fon CPGisusually ~ T*wu, T*2, IV, and VI was examined using DTT angmer-
33 umol/g as determined by trityl cation release as¥ay. captoethanol (BME). The apparent half-lives for reduction of
Synthesis of thd* g, containing dodecamers (sequences Il T*wgu andT*; using DTT (5.0 mM, 125 equiv, pH 8.3, 2&)
and IV) was achieved via automated solid-phase DNA synthesisare 85 and<1 min, respectively, whereas the apparent half-
using standard coupling protocols with average stepwise cou-lives for reduction of sequences IV and VI are 270 min and 32
pling efficiencies>98.5% (Figure 16 Following isolationand ~ Min, respectively. The slower reduction rate 11g, relative
purification of the tert-butyl protected dodecamers, optical t0 T*2 probably results from steric hindrance presented by the
melting experiments were performed to determine whether the tert-butyl group. The decrease in reactivity for the DNA
thiol modification affects the stability of the duplex relative to  Oligomers relative to the protected mononucleosides may arise
the parent dodecamer (Figure 2). Replacement of one or bothfrom electrostatic repulsion between the thiolate anion on the
of the terminal dGJC bases of d(CGCGAATTCGCgWith reductart® and the phosphate groups proximal to the modified
T* gu*T* 1y does not significantly alter the thermal stability or  thymidines®® This hypothesis is supported by the observation
shape of the UV melting transition relative to the wild-type that the cross-linked oligomers that are phosphorylated at the
dodecamer. These data indicate that changes in solutionS'-terminus are significantly more resistant to reduction (data

oD

260

(rel)

(27) (a) Bock, H.; Kroner, JChem. Ber.1966 99, 2039-2051. (b) (29) The K, of DTT and BME are 8.9 and 9.5, respectively, atZ5
Winsch, E.; Moroder, L.; Romani, $loppe-Seyler's Z. Physiol. Chem Lange’s Handbook of Chemistripean, J. A., Ed.; McGraw-Hill: New
1982 363 1461-1464. York, 1992; p 8.39.

(28) Schaller, H.; Weimann, G.; Lerch, B.; Khorana, HJGAmM. Chem. (30) Snyder, G. H.; Reddy, M. K.; Cennerazzo, M. J.; FieldBdchim.

Soc.1963 85, 3821-3827. Biophys. Actal983 749, 219-226.
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Table 1. Reduction of VI Using DTT 58 6,7 2,11 3,10 4,9
‘ |

[reductant], mM  ty, pH 7.02 min t12 pH 8.32 min | \ ‘
DTT 0.1 >24 h >24h
5 82 40 I
10 72 15
15 55 5
BME 5 >24h >24h I

50 270 43
100 50 6
200 15 3 v

ML

aError in the apparent half-lives 10%. M
6- / IL IV & VI \%
y \%!

T —T

138 136 134 132 130 128 126
ppm
Figure 4. H NMR imino proton spectra of I, I, IV, V, and VI at 30
°C in phosphate buffer (10 mM NaRQ,, pH 7.0 and [DNA]= 2
mM). Numbering for each imino proton resonance refers to base-pair
from the 8-end shown explicitly in Figure 1.

(degecm®/mol)*10°
2

spectrum of Il is nearly superimposible with IV and VI
suggesting that the small differences in the CD spectra may
simply arise from the inherent differences in the composition

Figure 3. Circular dichroism curves ofHVI measured in 0.1 M NaCl, of'th.e.sequence? It is also possible that the Incr.eas.e in
1 mM NaHPQ, and 0.1 mM EDTA buffer, pH 7.0 and [DNAF 20 ellipticity at 283 nm may be related to an increased winding of

uM. Data points were normalized from millidegreesttaccording to the helix induced by the presence of the thymidine béses.
DNA concentration. Regardless, the general correspondence in the CD curves

suggests that the terminal base modifications do not significantly
not shown). The smaller difference in the rate of reduction distort the helical geometry of the duplex relative to | and there
between IV and VI versu$* g, andT*, (e.g., 8.5- versus 85-  appears to be no helical differences between tdrebutyl
fold, respectively) is probably steric in origin. protected sequences and their cross-linked counterparts.
At low concentrations of DTT (0.1 mM) or BME (5 mM), Structural Analysis: NMR. The 'H NMR spectra of
the disulfide cross-link in VI appears to remain intact for 24 h, sequences |, IV, and VI measured at @D in H,0/D,O each
either at pH 7.0 or at 8.3 (Table 1). Increasing the concentration show five imino proton resonances (Figure 4). By contrast, V
of either reductant (515 mM DTT and 56-200 mM BME), is not C2-symmetric so that eight imino proton resonances are
leads to a decrease in the apparent half-life of the cross-link. observed (the dAIT base-pairs are not resolved at 500 MHz).
When the pH is decreased from 8.3 to 7.0, the disulfide bond These signals, along with the nonlabile proton resonances, were
is between 2- and 12-fold more resistant to reduction. The assigned using NOESY spectra as previously descisedihe
apparent resistance to reduction of the cross-link at low chemical shift values for the imino proton resonances in IV and
concentrations of either DTT or BME is probably due to VI are within 0.07 ppm of the corresponding signals for the
competitive reoxidation of the dodecamer rather than direct wild-type dodecamet'® The small differences in chemical shift
resistance to the reductait.Indeed, if the reduction is allowed  relative to | may result from structural changes imparted by the
to proceed for several days (regardless of starting reductantdisulfide cross-link or from the inherent differences in the base
concentration), only the cross-linked structure remains which composition. To distinguish between these possibilities, we
presumably results from the depletion of all reductant. The examined Il. As seen in Figure 4, the imino proton spectrum
increase in resistance to reduction with lower pH is due to the of Il resembles the spectra of IV and VI more closely than the
smaller percentage of thiolate present under neutral condffons. spectrum of | Ad < 0.04 ppm). These data suggest that the
Structural Analysis: Circular Dichroism (CD). CD spectral differences in the imino proton region result mainly
spectroscopy was used to study the macroscopic helicalfrom local anisotropy changes associated with different base-
geometry of the chemically modified oligomers. The wild-type stacking patterns between the terminal and penultimate bases
dodecamer displays a characteristic B-DNA spectrum possessingvhich is consistent with the UV and CD data.
a positive ellipticity at 283 nm, a negative ellipticity at 252 nm, A thermal melting study monitoring the imino protons was
and a crossover at 269 nm (Figure®3)Sequences Ill and V  conducted to determine how the terminal modification(s) affects
which contain the thiol-modified thymidines at one end of the end-fraying and denaturation of these dodecamers. Denaturation
helix afford the same spectral pattern as | but with higher of I, Il, and V begins with fraying of the terminal base-pairs at
positive amplitude at 283 nm. Duplexes IV and VI possessing 10 °C, then proceeds sequentially toward the center of the helix
the modification at both ends display a greater increase in (data not shown). After the second base-pair has denatured,
positive amplitude at 283 nm without any other significant there is rapid melting of the central region. The imino protons
changes in the overall CD spectrum relative to I. To understand for sequences IV and VI appear to melt along pathways similar
the origin of the increased elliptic signal at 283 nm, we replaced to the wild-type dodecamer: the central-dA base-pairs exhibit
the terminal dGJC bases on | with dT (Sequence Il). The CD
(33) Amaratunga, M.; Snowden-Ifft, E.; Wemmer, D. E.; Benight, A. S.
(31) A similar observation has been made by Ferental Biopolymers1992 32, 865-879.

(32) Ivanov, V. I.; Minchenkova, L. E.; Schyolkina, A. K.; Poletayev, (34) Baase, W. A.; Johnson, W. C., Blucleic Acids Res979 6, 797—
A. |. Biopolymers1973 12, 89-110. 814.
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Figure 5. Optical and DSC data. (A) UV thermal denaturation curves
of I, V, and VI measured in 0.1 M NaCl, 1 mM NaPQ, and 0.1 mM
EDTA buffer, pH 7.0 and [DNA}= 50 uM. Sequences V and VI melt

in a concentration independent manner, indicating that the molecularity

has been reduced from bimolecular to monomolecular (data not shown).

Similar data was obtained at lower scan rates {G/tnin) and hysteresis

Osborne et al.

Table 2. Thermodynamic Values Obtained from DSC Experiments
Performed in 0.1 M NaCl, 10 mM NaiRQ,, and 0.1 mM EDTA
Buffer at pH 7.0

sequence C,2mM  Tn® AHca® AHW® ASaP AHuw/AHca
| 0.2608 70.0 85.4 56.0 248.9 0.66
1l 0.2558 64.4 79.0 541 234.1 0.68
\Y 0.2444 87.8 98.9 97.7 274.0 0.99
VI 0.2545 1025 95.3 96.9 253.7 1.02

2 DNA concentrations are for the double-stranded (initial) stafg,
values are irfC, and the error i1 °C; AHcy andAH,4 values are in
kcal/mol, and the error is5%; values ofASy are in eu and the error
is £5%.

reveals that a single disulfide cross-link results in a dramatic
increase in thermal stability. By accounting for the differences
in composition between | (two terminal d@C base pairs), Il
(two terminal dFdT mismatches), and V (one terminal die
base pair and one terminal modified -dT mismatch), we
estimate that a single disulfide cross-link results in an increase
in thermal stability of roughly 20C. Introducing a second
disulfide cross-link into V to form the (bis)cross-linked duplex
results in a further increase in thermal stability from 87C8to
102.5°C (ATm = 14.7°C). Accounting for the difference in
composition between V and VI, we estimate that the second
disulfide cross-link induces a further increase in thermal stability
of 17.5°C. Thus, the two disulfide cross-links result in a net
overall thermal stabilization of 38.9C (64.4°C for Il versus
102.5°C for VI). TheseT, changes are particularly noteworthy
considering that our NMR, CD, ariecaRl (vide infra) structural
studies suggest no significant change in secondary structure is
induced by the cross-link.

Duplexes | and Il thermally denature in a bimolecular reaction
to form two single strands. As a consequence, melting of |
and Il is dependent on the overall oligonucleotide concentration.
In contrast, V and VI melt in a concentration independent
monomolecular manner, with V denaturing to a single stranded

was not observed for any of the sequences studied. Melting temperaturesstate, while VI denatures to a conformationally constrained ring.

(°C) are 61.2 for I; 87.8 for V; and 95 for IV. (B) DSC curves of |
O), Il (@), V (#), and VI (&) measured in 0.1 M NaCl, 10 mM NaH
PO, and 0.1 mM EDTA buffer, pH 7.0 at the concentrations listed in
Table 2. The calorimetric van't Hoff values agree within 5% of the
optically determined values.

a linear change in chemical shift with temperature and the imino
resonances of the third and fourth @i€ base-pairs do not
display a temperature dependence beloW@0 Similar imino

melting spectra for | and related sequences have been observe
which suggests that the base modifications do not disrupt the

local dynamics of the dodecan®@f:35 Although sequence V
also displays a similar melting profile, this spectrum is difficult
to analyze due to the loss of C2-symmetry and significant
resonance overlap.

Thermal and Thermodynamic Stability. UV and dif-

ferential scanning calorimetry (DSC) measurements were con-
ducted to characterize the thermally-induced denaturation of

duplexes +VI with the specific goal of elucidating the thermal

To estimate how much of the observAd,, difference results
from this change in molecularity, one can “correct” for the
concentration dependence of fiigin the bimolecular duplexes
following the general procedure outlined by Marky and Bre-
slauerd” Specifically, “reduced” concentration independ@&pt
values can be estimated by extrapolatinglversus In¢plots
to 1 M strand concentration (actualll M activity), or
alternatively by simply rearranging the corresponding van't Hoff
quation for bimolecular processes. Using the latter approach
nd our calorimetrically determined enthalpies, we estimate a
reduced concentration independdit of 94 and 90°C for |
and Il, respectively. These “reducedy values are quite close
to the Ty, value observed for V which suggests that the overall
impact of a single disulfide cross-link is largely due to the
change in molecularity of the complex. In contrast, the observed
increase inTy, due to the second disulfide cross-link in VI
relative to V, most likely results from a different mechanism
since these duplexes melt with the same molecularity. In fact,
we show below that the increase in the of VI relative to V

and thermodynamic consequences of modifying and constrainingg overwhelmingly entropic in origin, resulting primarily from

DNA via our disulfide chemistry® The results of these studies

the difference in the nature of the native and denatured states

are shown in Figures 2 and 5, with the associated data listed inof V and VI.

Table 2. Comparing the calorimetrically determinggvalues
for (mono)cross-linked duplex V (87.%&) and for the uncon-
strained duplexes | and Il (70.0 and 64°@, respectively)

(35) Patel, D. J.; Pardi, A.; Itakura, Ksciencel982 216, 581—590.
(36) DSC and UV measurements indicate that Il and IV have a greater

The transition entropy for a bimolecular complex also depends
on strand concentration. To correct for this concentration
dependence, we used the general procedure outlined by Marky
and Breslauéf to calculate a reduced entropix$%) from the
observedAS,s values. Note, however, that our conclusions

propensity to adopt a hairpin structure relative to | and Il. Therefore, these presented below and in the Discussion Section are not signifi-
sequences are less useful than | and Il in helping to estimate the increase
on thermal stability of the cross-linked DNAs.

(37) Marky, L. A.; Breslauer, K. JBiopolymersl987 26, 1601-1620.
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Figure 6. Autoradiogram of a 20% non-denaturing PAGE of thecRlI restriction digest patterns for-§°2P] end-labeled dodecamer sequences.
Digested dodecamers |, lll, and VI contain fragments that are four bases in length with the 4-mer coiitaininggrating slower on polyacrylamide

gels than the unmodified 4-mer (the underlined base indicates the incorpcf&jeeind-label). Cross-linked sequences V and VI display a digested

DNA fragment which is 12 bases in length arising from the 4-mer containing'tbadslabel covalently attached via the disulfide cross-link to the

8-mer on the opposite strand. Note that I, Ill, and IV each contain a band that corresponds to the hairpin conformation which remains in equilibrium
with the duplex structure. This hairpin is not cleaved BiyoRI.1*" Because cleavage rates were calculated by the disappearance of the starting
duplex structure, the presence of any hairpin structure should not affect the accuracy of the rate of digestion. In addition, we observe an unequal

representation of the digested material in Il and IV resulting from an unequal incorporation éfRhéapel at the two ends of the helix.

cantly changed by this “correction”. Comparison of the
calorimetrically obtained enthalpyAHony and entropy ASony
values for Il with those measured for V reveals a significant
increase in both enthalpA@AHg,s= 19.9 kcal/mol) and entropy
(AASps = 40 eu; AAS* = 23.5 eu). By comparing the
thermodynamic properties of | and INAHq,s = —6.4 kcal/
mol andAASps= —15 eu;AASt = —15 eu), we estimate that
replacement of a single d@C base-pair at the terminus with
thymidines results in a reduction of both enthalgyA\Hops =
—3.2 kcal/mol) and entropy\ASyps= —7.5 eu;AAS* = 7.5
eu). Consequently, after correcting for differences in the
terminal base pairs of Il and V, we conclude that a single
disulfide cross-link contributes 16.7 kcal/mol to the enthalpy
and 32.5 euAAS* = 16 eu) to the entropy of the duplex.
Introducing a second cross-link into the duplex (i.e., comparing
V and VI), results in a small overall decrease in enthalpy
(AAHqps= —3.6 kcal/mol) and a more pronounced decrease in
entropy AASps= —20 eu). Again, after “correcting” for the
replacement of the terminal d@C base-pair with thymidines,
we observe a negligible change in enthalpyAHqps = —0.4
kcal/mol) and a larger entropic penalthASps = —12.5 eu)
for introducing the second disulfide cross-link. Thus, introduc-
ing two disulfide cross-links into Il results in an overall enthalpy
gain of 16.3 kcal/mol AHq,9 and an entropy gain of 20 eu
(AAS* = 4 eu).

A comparison of the model dependent van't Hoff enthalpy
obtained either from calorimetric melting curves or the UV data

Nuclease Susceptibility. The class Il restriction endonu-
cleaseEcaRl recognizes 5GAATTC and cleaves between the
G-4:A-5 step*® EccRlI is sensitive to subtle conformational
changes and has been used to probe for perturbations in B-DNA
structure; i.e., a reduction in the rate of cleavage can be directly
correlated to a change in helical geoméfryTherefore, analysis
of the cleavage rates of I-VI provides another means to
determine whether our modifications affect the structure of I.
After 90 min, sequencesVI are completely cleaved, produc-
ing digestion patterns unique for each sequence (Figure 6). The
fact that we observe no loss in enzymatic activity forVl
relative to | suggests that the thiol/disulfide modifications do
not induce structural distortions in the parent duplex and is
consistent with the UV, CD, and NMR data presented above.
Inspection of theEcdRl digestion patterns in Figure 6 also
reveals the presence of some hairpin for I, Ill, and IV. This
hairpin is not cleaved by the enzyme and the amount of hairpin
does not increase during the digestion experiment.

Cleavage by an exonuclease was also examined since the
enzyme recognition site is proximal to our modified thymidines.
Snake venom phophodiesterase (SVPD) degrades DNA from
the 3-end of double-stranded DNA releasingdNMPs#! This
exonuclease degrades sequences Il and IV at ratesf(3.8
min and 5.3 min, respectively) that are similar to that obtained
for | (ty2 of 4.1 min, Figure 7). This result suggests that the

for I and 11 with the model independent calorimetric enthalpies te€rminal base modifications alone do not inhibit the enzyme.
reveals the van't Hoff values are considerably smaller than the Placing one cross-link in the dodecamer does not alter the rate
corresponding calorimetric data. This disparity indicates that of nucleolytic digestiont,, of 5.1 min), however, when both
denaturation of duplexes | and Il proceeds via a non-two-state termini are cross-linked, the apparent half-life is 500-fold greater
process. This observation could reflect population of a signifi- (tz > 24 h). Only when the enzyme concentration is increased

cant fraction of partially melted duplexes. Alternatively, it is

possible that some of the 12-mer exists in a competing hairpin
nJacobson, L.; Wang, B.-C.; Greene, P.; Boyer, H. W.; Rosenberg, J. M.

state rather than in the duplex state. Such a concentratio
dependent hairpin to dimer equilibrium, in fact, previously has

(39) (a) Frederick, C. A.; Grable, J.; Melia, M.; Samudzi, C.; Jen-

Nature (London)1984 309 327-331. (b) Germann, M. W.; Kalisch, B.
W.; Lundberg, P.; Vogel, H. J.; van de Sande, J.Ndicleic Acids Res.

been observed under these solution conditions, albeit at lower199q 18, 1489-1498. (c) Yang, D.; Gao, Y.; Robinson, H.; van de Marel,

oligonucleotide concentratioR&38 Significantly, the van't
Hoff and calorimetric data are nearly identical for V and VI

G. A,; van Boom, J. H.; Wang, A. H.-Biochemistry1993 32, 8672
681.
(40) (a) Alves, J.; Pingoud, A.; Haupt, W.; Langowski, J.; Peters, F.;

which suggests that these disulfide cross-linked duplexes meltmaass, G.; Wolff, CEur. J. Biochem1984 140, 83—92. (b) Alves, J.;

in a near two-state manner.

(38) (a) Wemmer, D. E.; Chou, S. H.; Hare, D. R.; Reid, BNrcleic
Acids Res1985 13, 3755-3772. (b) Seela, F.; Kaiser, WNucleic Acids
Res.1987 15, 3113-3129.

Riter, T.; Geiger, R.; Fliess, A.; Maass, G.; PingoudBfachemistry1989
28, 2678-2684. (c) Wilk, A.; Koziolkiewicz, M; Grajkowski, A.; Uzanski,
B.; Stec, W. JNucleic Acids Resl99Q 18, 2065-2068.

(41) Williams, E. J.; Sung, S.-C.; Laskowski, M. SrBiol. Chem1961,
236, 1130-1134.
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100 gy Do n modification with T* g, or T*,. This conclusion is based on

the fact that we observe an isobestic point at the crossover at
269 nm and no shift in the elliptic maxima at 283 nm in the
spectra of I+VI relative to I. The greatest differences observed
in the CD spectra of HVI is the magnitude of the positive
signal at 283 nm. This increase is apparently due to the
replacement of the terminal d@C base-pair with thymidine
bases; i.e., it is related to the differences in the composition of
the various dodecamers. This hypothesis is supported by studies
of DNA dumbbell sequences containing (oligo)thymidine loops
where an increase in elliptic signal at 283 nm is proportional to
the number of thymidines located in the loop regféré*
Although NMR studies of | containing either terminal base-
pair mismatches or chemical modifications of the terminal bases
are not available, there are reports of variants of | containing
. ) ) modifications/sequence alterations within the hélix.For
Figure 7. Exo_nucleolytlc degradatlon for sequences | a_nd—VI. example, replacement of the ¢GC with mismatches like dg
Apparent half-lives are 4.1 min for I; 3.8 min for Ill; 5.1 min for IV; ’ . . o
5.3 min for V: and>24 h for VI. dT, dGs-dA, qIC3-dT, or dA@,tdC result_s in a shift of the imino
protons proximal to the mismatch site (e.f) values range
between 0.150.30 ppm)!® These chemical shift changes
Jelative to the corresponding resonances in | have been
correlated with local structural perturbations within the helix.
In contrast, Feigoret al. have demonstrated that the imino
proton spectrum of a variant of | containingas-dT (which
has been shown by crystallography to be structurally isomor-
phous to 1) is nearly identical to the imino proton spectrum |
(AS for each resonance are 0.1 ppm)*’ Replacing the
terminal dGdC bases of | with either d®@T, T*, T*, or the
disulfide cross-link, leads to a small shift of the imino proton
Discussion resonances proximal to thg .ba.se substitutipn . (0.07 ppm)
suggesting that the base modifications do not significantly alter
Although synthetic methods to prepare nucleic acids contain- the native structure of I. This conclusion is also supported by
ing terminal cross-links are available, they generally possessthe fact that (1) NOESY spectra for IV, VI, and | are quite
several shortcomings. For example, in some cases the groupsimilar*® and (2) the NMR structures of two other constructs
that form the cross-link destabilize helical structé#e,°c and possessing our modification do not possess local conformational
although this energetic penalty may be compensated for upondistortions proximal to the cross-lirfR.
forming the cross-link, it necessarily limits the overall (ther-  Thermodynamic Studies. The thermodynamic characteriza-
modynamic) stability that the cross-link can provide. AlSO, tion of I, II, and V reveals that introducing a single disulfide
many synthetic protocols do not yield enough purified cross- cross-link into the parent duplex results in a large increase in
linked material for biophysical analysis like DSC, X-ray thermal and thermodynamic stability. Introducing a second
crystallography, and NMR?14¢ Furthermore, because most gisylfide cross-link into duplex V results in an additional
methods bridge the terminal hydroxyls to form the cross-link, increase in thermal stability. We have dissected the thermo-
[¥?P]-end-labeling may be difficult to accomplish. dynamic and extra-thermodynamic origins of the observed cross-
We have designed our chemistry to address, among othersjinked induced increases in thermal stability. Upon introduction
the points listed above. Specifically, our cross-link bridges of a single disulfide cross-link, the increase T, can be
functional groups on the terminal bases thereby leaving the accounted for primarily by the change in molecularity of the
terminal hydroxyls available foPP]-end-labeling. Disulfide  complex. However, if the observed changdinis due entirely
bonds were chosen to form the cross-link because disulfide to the molecularity of the complex, then one might expect only

redox chemistry is thiol-specific, highly efficient, chemically o observe changes in entropy. However, we observe significant
reversible, and is precedented in the nucleic acid literdfifte. changes in enthalpy in addition to entropy changes.

Although placing a cross-link between the terminal bases can
disrupt Watsor-Crick hydrogen bonding, this loss should be (45) (a) Miller, M.; Kirchhoff, W.; Schwarz, F.; Appella, E.; Chiu, Y.-

ini “ _ i i y. H.; Cohen, J. S.; Sussman, J.Nucleic Acids Resl987, 15, 3877
mlnlmal due to end.fraylng ef.feCtsﬁ' Moreover’ our modl 3890. (b) Roongta, V. A.; Jones, C. R.; Gorenstein, D B&chemistry
fications shoul_d not |nterfe_re with stackmg on the penultimate 199q 29 5245-5258. (c) Borden, K. L. B.; Jenkins, T. C.: Skelly, J. V.;
bases, which in general, is energetically more favorable than Brown, T.; Lane, A. N.Biochemistry1992 31, 5411-5422.

Watson-Crick hydrogen bonding?"“‘ (46) (a) Patel, D. J.; Kozlowski, S. A.; Marky, L. A.; Rice, J. A.; Broka,
. S C.; Dallas, J.; Itakura, K.; Breslauer, K. Biochemistry1982 21, 437—
Structural Studies. The CD spectra of+Vl indicates that 444" (n) Patel, D. J.; Kozlowski, S. A.; Ikuta, S.; Itakura, Red. Proc.
the global geometry of the parent duplex is not altered upon 1984 43, 2663-2670. (c) Patel, D. J.; Kozlowski, S. A.; Ikuta, S.; Itakura,
K. Biochemistryl984 23, 32073217. (d) Patel, D. J.; Kozlowski, S. A.;
(42) Degradation may occur within the helix since this enzyme has an Ikuta, S.; Itakura, KBiochemistryl984 23, 3218-3226.
endonuclease function, albeit about 10 times slower than the exonuclease (47) Rajagopal, P.; Gilbert, D. E.; van der Marel, G. A.; van Boom, J.
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by 50-fold is appreciable cleavage observéeg ©f 90 min;
under these conditions the other sequences are completel
degraded in< 1 min)#2 These data suggest that the nucleolytic
activity may require the enzyme to partially expose the
phosphodiester bontfsby unwinding or “melting” the helix
upon binding, which is limited by the topological constraint
imposed by the cross-link. Indeed, similar results have been
observed by Benkovic and co-workers in the exonulcease
function of the Klenow fragment for DNA polymerasé®l.

activity: Pritchard, A. E.; Kowalski, D.; Laskowski, M., St. Biol. Chem. H.; Feigon, J.J. Magn. Resonl988 78, 526-537.
1977, 252, 8652-8659. (48) Stevens, S. Y.; Glick, G. D., unpublished observations.

(43) Tarky, M.; Leumann, CAngew. Chem., Int. Ed. Engl993 32, (49) (a) Wang, H.; Osborne, S. E.; Zuiderweg, E. R. P.; Glick, GJ.D.
1432-1434. Am. Chem. Sod994 116, 5021-5022. (b) Wang, H.; Zuiderweg, E. R.

(44) (a) Freier, S. M.; Alkema, D.; Sinclair, A; Neilson, T.; Turner, D.  P.; Glick, G. D.J. Am. Chem. S0d.995 117, 2981-2991. (c) Cain, R. J.;
H. Biochemistry 1985 24, 4533-4539. (b) Sugimoto, N.; Kierzek, R.; Zuiderweg, E. R. P.; Glick, G. DNucleic Acids Res1995 23, 2153~
Turner, D. H.Biochemistryl987, 26, 4559-4562. 2160.
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A hairpin to dimer equilibrium could account for the lower Conclusion
than expected enthalpy for the melting of | and 8ome hint
for the origin of the enthalpy change may be found in the
observation that the calorimetric enthalpies of | and Il are
significantly lower than the enthalpy predicted (107.8 kcal/mol)
for these duplexes based on nearest neighbo®éldtaaddition,
in constrast to either of the cross-linked duplexes, we observe
that the model dependent van’t Hoff enthalpies for | and Il are
significantly smaller than the corresponding calorimetric en-
thalpies for these duplexes. Lastly, we find that the observed
enthalpy for | is somewhat smaller than the enthalpy reported
in a previous study at higher oligonucleotide concentratiéhs.
Based on these observations and the known propensity of | to
equilibrate between a hairpin and a dimer at low ionic strength
and low oligonucleotide concentratiof§;3we suggest that the
observed low enthalpies for | and Il are due primarily to the
presence of a small fraction of the hairpin conformation. Based
on the predicted enthalpy values for the hairpin and duplex states
of I, we estimate that between 4@0% of the hairpin form
would be sufficient to give rise to our calorimetric results, an
amount that might be difficult to detect via optical and/or NMR
measurements. However, thecoRl experiments presented
above reveal an extra band corresponding to the hairpin form
for | and Il (see Figure 6), an observation consistent with our
expectations based on the thermodynamic and extra-thermody- Monomer Synthesis The general synthetic procedures employed
namic data. here have been previously descriiéd.

The disulfide cross-link appears nearly enthalpically neutral. ~ 5-O-(4,4-Dimethoxytrityl)- N*-(ethyl)thymidine tert-Butyl Dis-
In contrast to the bimolecular duplexes | and II, the (mono)- Ulfide (2). 5-O-(4,4-Dimethoxytrity\-(thiobenzoylethyl)thymidiné®
cross-linked duplex V and the (bis)cross-linked duplex VI reveal (1) @nd 1-{ert-butyithio)-1,2-hydrazinedicarboxmorpholidevere pre-

. o . S pared as previously described. Compoun(..01 g, 2.5 mmol) and
no evidence for hairpin to dimer equilibrium. These results 1-(tert-butylthio)-1,2-hydrazinedicarboxmorpholide (0.90 g, 2.6 mmol,

sugggst that the Increase in enthal'py upon introducing one ory o5 equiv) were dissolved in a MeOH/THF solution (2:1, 15.4 mL),
two disulfide cross-links in I may simply be due to a shift in  4nq [ jOHH,0 (0.31 g, 7.4 mmol, 3 equiv) was added. The reaction
the hairpin to dimer equilibrium towards the dimer state. This mixture was stirred underNor 4 h after which the solution was diluted
reasoning is consistent with the observation that upon introduc- with CH,Cl, and washed with saturated sodium bicarbonate and brine.
ing the second disulfide cross-link we observe insignificant The organic layer was dried over p&0, and concentrated under
changes in enthalpy relative to the (mono)cross-linked sequencereduced pressure to give a yellow oil. The residue was chromato-
This observation also suggests that the modification required 9raphed on silica gel (eluting with 25% acetone in petroleum ether) to
to form the cross-link is essentially enthalpically neutral. 9ive compoun (0.91 g, 79% yield) as a white foam. TLC (7.5%
Consistent with this interpretation is the fact that the measured Meog '&C"'chlzigf ;_?'785 g N'\z/lza(f’ggygzﬁ CQ’%T‘_') 0 lé35§)7£9
calorimetric enthalpy for V is_very clpse to the expecte_d enthalpy 2.’951’ (2(H,32713),' 8,;1& b)(' 3.2’65_’3_'283)(’1 H m, -5H£). 3.'32;3'_33‘))(’1 H m,
value based on nearest neighbor interaction enetgjies.  B-Hy), 3.75 (6 H, s, 2 OB), 3.91-3.94 (1 H, m, &4H), 4.10-4.14
Constraining the dodecamer by a second disulfide cross-link (o 4 'm, 7H,,), 4.42-4.49 (1 H, m, 3H), 6.26 (1 H, t,J = 6.7 Hz,
lowers the entropy.Experimentally, the additional increase in  1'-H), 6.84-7.47 (14 H, m, 6H, ArH). 3C NMR (90 MHz, CQ:CN)
Tm observed on introducing the second disulfide cross-link into ¢ 13.0 (5CHs), 30.1 (CCHa3)s), 37.3 (8), 41.0 (7), 41.3 (R 48.4
V is found to be almost entirely entropic in origin. The change (C(CHs)s), 55.9 (OCHs), 64.6 (8), 72.0 (3), 86.1 (1), 86.9 (4), 87.4
in entropy will reflect differences in the native and/or denatured (OC(Ph)), 110.4 (5), 114.1, 127.9, 129.0, 131.0 (Ar.), 135.2 (6), 136.7,
states of VI as compared to V, including differences in solvation. 136.8, 146.0 (Ar.), 151.8 (2), 159.7 (Ar.), 164.1 (4). IR (KBr) 3441,
On first inspection, it would appear that the most likely source 2957, 1704, 1666, 1641, 1608, 1509, 1466, 1447, 1251, 1094, 1033,
for the observed decrease in entropy is the denatured state, sinc828 6™ FAB MS (3-NBA) m/2693 (M" + 1). .
clearly the number of conformational degrees of freedom of S -O-’(4,4-D|met_hoxytr|tyl)- N*(ethyl)thymidine tert-Butyl Dis-
the denatured state of VI is less than those of V. However, the ulfide 3'-O-(N.N-diisopropylamino--cyanoethyhphosphoramidite)

. . ) .~ (3). Compound (0.65 g, 0.94 mmol) antl,N-diisopropylethylamine
current experimental evidence cannot exclude some differential (660.L, 3.8 mmol, 4.0 equiv) were dissolved in GEl, (3.8 mL) and

entropic contributions from the native states, as well as cooled to °C. ChloroN,N-diisopropylamings-cyanoethylphosphine
influences from differential solvation in both the initial and the was then added (326L, 1.4 mmol, 1.5 equiv), and the mixture was
final states. Regardless of whether the observed change is duatirred under N while gradually warming to room temperature for 2

to the native or denatured state, our data shows that the entropyh. The excess chloridate was quenched by the addition of dry MeOH
term is responsible for the increase in thermal stability of VI (0.5 mL), and the mixture was diluted intosSEtOAc (10 mL 1:9)
relative to V. To our knowledge, this is the first conforma- and W_ashed with ice-_cold saturated sodium bicarbonate and brine. The
tionally constrained nucleic acid system where the increase in °'9anic layer was dried over b0, and concentrated under reduced

. : . pressure to give a tan foam. The residue was chromatographed on
melting temperature is predominantly due to an entropy silica gel (eluting with a step gradient of $25% acetone in petroleum

We have described the design and synthesis of disulfide cross-
linked analogs of d(CGCGAATTCGCG@and have character-
ized the structural, dynamidn vitro biological, and thermo-
dynamic consequences of placing our cross-links in this
sequence. NMR, CD, UV, and nuclease susceptibility studies
of the reduced and oxidized forms of the dodecamers show that
alkylthiol modifications and the disulfide cross-link are not
structurally perturbing. DSC measurements suggest that intro-
ducing cross-link(s) into | results in two fundamental changes.
First, constraining the dodecamer with a disulfide cross-link
results in a significant increase in thermal stability that is
primarily due to entropic effects: a single disulfide cross-link
changes the molecularity of the complex from bimolecular to
monomolecular, while a second disulfide cross-link results in a
constrained conformation with a reduced entropy. Second, the
disulfide cross-link traps one of the conformations of the parent
molecule resulting in a structurally homogeneous system.
Collectively, our findings suggest that disulfide cross-linked
oligomers such as these should be of significant utility in studies
of nucleic acid structure, function, and folding.

Experimental Section

decreasé!4
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1988; pp 106-144. 1993 75, 433-441.
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ether) affording3 (0.53 g, 71% yield, 1:1 mixture of diastereomers) as
a white foam. TLC (25% acetone in petroleum eth&ry= 0.40. H
NMR (360 MHz, CQCN) 6 1.02-1.18 (12 H, m, 2 NCH(El3),), 1.30

(9 H, s, C(G43)3), 1.51-1.52 (3 H, d, 5-Cls), 2.35-2.43 (2 H, m,
2'-Hay), 2.49-2.64 (2 H, m, OCHCH-CN), 2.89 (2 H, tJ = 7.3 Hz,
8-Hay), 3.25-3.38 (2 H, m, 5Hay), 3.48-3.82 (4 H, m, OGI,CH,-

CN, 2 NCH(CHa)2), 3.75 (6 H, s, 2 OBl3), 4.05-4.15 (3 H, m, 4H,
7-Hap), 4.60-4.63 (1 H, m, 3H), 6.24-6.30 (1 H, m, 1-H), 7.28-
7.47 (13 H, m, AH), 7.50 (1 H, s, 6H). 3C NMR (90 MHz, CD-

CN) 6 13.0 (5CH3), 20.9, 21.0 (OCHCH,CN), 24.8, 24.8, 24.9
(NCH(CHs)y), 30.1 (CCHa)3), 37.2 (8), 40.1, 40.2 (NH(CHa),), 41.3

(7), 43.9, 44.1 (3, 48.4 C(CHs)s), 55.9 (QCH3), 59.3, 59.5 (@H,-
CH:CN), 64.1 (3), 64.3 (3), 85.8, 85.8 (1), 86.1, 86.2 (4, 87.4
(OC(Ph)), 110.5, 110.6 (5), 114.1, 128.0, 128.9, 129.0, 129.0, 131.1
(Ar.), 135.1, 135.2 (6), 136.6, 136.6, 136.7, 145.9 (Ar.), 151.7 (2), 159.8
(Ar.), 164.0 (4). 33> NMR (202 MHz, CRCN) 6 145.78. IR (KBr)

Osborne et al.

1252, 1176, 1121, 829 cth FAB MS (3-NBA) m/z914 (M™ + 1).
Anal. Cacld for GHsiN3O12S,: C, 61.68; H, 5.63; N, 4.59. Found:
C, 61.28; H, 5.52; N, 4.37.

5'-O-(4,4-Dimethoxytrityl)-3 '-O-succinyl-(CPG)-N3-(ethyl)thymi-
dine tert-Butyl Disulfide (6). Amino-substituted CPG (0.51 g, 500
A, 120/200 mesh, 100.&mol/g NH, substitution) and BN (95 uL,
0.68 mmol, 2.0 equiv) were suspended in DMF (3.4 mL). The resin
was swirled for several minutes after which active eSt¢3.31 g, 0.34
mmol, 1.0 equiv) was added to the resin. The resin was swirled (the
mixture instantaneously became bright yellow) under d room
temperature for 18 h after which the support was isolated by filtration
and washed with DMF, MeOH, gD, and dried overnight under reduced
pressure. The remaining amino groups on the CPG were capped by
suspending the resin in pyridine (2.5 mL) and 4-(dimethylamino)-
pyridine (0.3 mg, 2«mol, 0.1 equiv) followed by the addition of acetic
anhydride (0.3«L, 3 umol, 0.01 equiv). The resin was swirled under

2966, 2242, 1705, 1669, 1647, 1510, 1465, 1448, 1252, 1179, 1082,N, at room temperature for 30 min after which the support was isolated

1034, 1008, 977, 829 cth  FAB MS (3-NBA) m/z893 (M' + 1).
Anal. Cacld for GeHe2N4OsPS: C, 61.85; H, 6.90; N, 6.27. Found:
C, 61.98; H, 6.64; N, 6.11.

5'-0-(4,4 -Dimethoxytrityl)-3 '-O-succinyl-N3-(ethyl)thymidine
tert-Butyl Disulfide (4). Compound2 (1.03 g, 1.49 mmol) and
4-(dimethylamino)pyridine (91 mg, 0.75 mmol, 0.5 equiv) were
dissolved in pyridine (6 mL) and succinic anhydride (157 mg, 1.56
mmol, 1.05 equiv) was added to the solution as a solid over 5 min.
The mixture was stirred under,Nit 45°C for 18 h after which the
solution was diluted with CkCl, and washed with ice-cold 10% citric

by filtration and washed with pyridine, MeOH, &, and dried
overnight under reduced pressure. The amoun® dbaded was
determined by release of the &imethoxytrityl cation as described by
Schaller and co-workers and was usually;380ol/g 2

Nucleic Acids Synthesis Solid-phase DNA synthesis was con-
ducted on a Millipore Expedite 8909 DNA/RNA synthesizer using
dAN-Bz dC\-Bz d@¥-Bu, and dTB-cyanoethyIN,N-diisopropylamino
phosphoramidites following the manufacturer’s protocols. Average
coupling efficiencies were 98.5%. HPLC was performed using either
a Waters Associates model 600 chromatograph coupled to a Waters

acid, saturated sodium bicarbonate, and brine. The organic layer wasmodel 484 absorbance detector (260 nm) for peak detection or a Waters
dried over NaSQ, and concentrated under reduced pressure to give a 510 chromatograph coupled to a Waters 441 absorbance detector (254

yellow foam. The residue was chromatographed on silica gel (eluting
with a step gradient of-910% MeOH in 4:6 acetone:petroleum ether)
affording4 (0.90 g, 76% yield) as a white foam. TLC (4:5:1 acetone:
petroleum ether:MeOHR: = 0.47 *H NMR (360 MHz, CQXCN) 6
1.30 (9 H, s, C(€l3)3), 1.45 (3 H, s, 5-@l3), 2.37-2.43 (2 H, m, 2
Hap), 2.55 (4 H, bs, El,CH,CO:H), 2.89 (2 H, t,J = 7.3 Hz, 8Hay),
3.30 (1 H, ddJ = 2.9, 10.6 Hz, 5H,), 3.37 (1 H, ddJ = 3.5, 10.6
Hz, 5-Hy), 3.75 (6 H, s, 2 OE3), 4.07-4.09 (1 H, m, 4H), 4.12 (2
H, t, J = 7.3 Hz, 7Hay), 5.36-5.38 (1 H, m, 3H), 6.29 (2 H, ddJ
= 6.6, 8.1 Hz, 1:H), 6.84-7.43 (13 H, m, AH), 7.49 (1 H, s, 6H).
13C NMR (90 MHz, CRCN) 6 12.9 (5CHs3), 30.1 (CCHa)s), 37.2
(8), 38.1 (2), 41.4 (7), 48.4 C(CHz)3), 55.9 (CCH3), 64.6 (8), 75.9
(3),84.6 (1), 86.1 (4), 87.6 (OC(Ph)), 110.9 (5), 114.2, 128.0, 129.0,
131.0 (Ar.), 135.0 (6), 136.5, 136.7, 145.8 (Ar.), 151.8 (2), 159.8 (Ar.),
164.0 (4), 172.4Q0O,CH,CH,CO,H), 173.0 (CQCH,CH,CO.H). IR
(KBr) 3327, 2929, 2851, 1741, 1707, 1668, 1627, 1611, 1578, 1246,
1175, 1158, 828 cnt. FAB MS (3-NBA) m/z792 (M' + 1).
5'-0O-(4,4-Dimethoxytrityl)-3 '-O-succinyl-(p-nitrophenyl ester)-
N3-(ethyl)thymidine tert-Butyl Disulfide (5). Compound4 (0.76 g,
0.96 mmol) was dissolved in GBI, (4 mL) cooled to C°C, andN,N-
dicyclohexylcarbodiimide (198 mg, 0.96 mmol, 1.0 equiv) was added
as a solid in one portion. The mixture was stirred undgatN) °C for
5 min after whichp-nitrophenol (134 mg, 0.96 mmol, 1.0 equiv) was
added. The reaction was stirred underdti 0 °C for 4 h after which
theN,N-dicyclohexylurea that had precipitated during the reaction was
filtered through Celite. The Celite was washed with ice-colt,Cly

nm) for peak detection. Unless otherwise noted, purification of
oligodeoxynucleotides was conducted using Vydacc@umns (4.6
x 250 mm for analysis, 1 mL/min and 79 250 mm for preparative
runs, 4 mL/min) and triethylammonium acetate (TEAA; 0.05 M, pH
6.6) and CHCN as the mobile phases. All sequences were ion-
exchanged into the sodium form prior to analysis by incubating the
DNA in NaCl (4 M) overnight at #C. The excess salts were removed
by reversed-phase HPLC (step gradient of 10099+0% CH;CN in
7 min to 80% HO-20% CHCN in 15 min). All sequences prepared
following this protocol were>99% pure as judged by HPLC and
denaturing PAGE (20% polyacrylamide gels (19:1) containing 8 M
urea). Molar extinction coefficientg£so, M~ cm™?) were determined
by phosphate analysis as described by Snell and*Saetl are 113,000
for 1; 112 000 for II; 107 000 for 1II; 110 000 for IV; 242 000 for V;
and 197 000 for VI.

tert-Butyl Protected Duplexes Ill and IV. Support containing
modified thymidine6 (30 mg, 1umol) was loaded into an empty
reaction cartridge and elongated to give the sequences shown in Figure
1 (the terminal trityl group was not removed). AmidBevas added
through the 5-nucleotide port on the synthesizer in the last coupling
step. After the synthesis was complete, the resin was removed from
the reaction column and suspended in concentrategORHO0.5 mL).
After 1 h the support was pelleted by centrifugation, and the supernatant
was removed and washed with fresh J}HH (0.5 mL). After an
additiona 7 h at 55°C the NHOH was removeéh vacua The residue
was dissolved in water (2 mL) and purified by reversed-phase HPLC

and the organic layer was concentrated under reduced pressure. Théli_near gradient of 80% TE_AAZO% C_H;CN to 35% CHCN in 60
residue was chromatographed on silica gel (eluting with a step gradientmin for sequence llI, or a linear gradient of 75% TEAR5% CH-

of 25—50% EtOAc in petroleum ether) affordirigy(0.52 g, 59% yield)

as a white foam. TLC (1:1 EtOAc:petroleum eth&)= 0.62. H
NMR (360 MHz, CXCN) 6 1.29 (9 H, s, C(®l3)3), 1.47 (3 H, s,
5-CH3), 2.38-2.44 (2 H, m, 2H,y), 2.70-2.91 (6 H, m, 8Hap,
CH,CH,CO,H), 3.30 (1 H, ddJ = 3.1, 10.5 Hz, 5H,), 3.37 (1 H, dd,
J=3.7,10.5 Hz, 5Hy), 3.74 (6 H, s, 2 OBl5), 4.08-4.14 (3 H, m,
4'-H, 7-Hayp), 5.40-5.44 (1 H, m, 3H), 6.30 (1 H, ddJ = 6.1, 8.3
Hz, I'-H), 6.84-8.25 (17 H, m, AH), 7.48 (1L H, s, 6). 13C NMR

(90 MHz, CDsCN) 6 12.9 (5CH3), 29.8 (CQCH,CH,CO,PNP), 30.0
(CO.CH,CH,CO,PNP), 30.1 (CCHg)3), 37.2 (8), 38.1 (3, 41.4 (7),
48.4 (C(CHs)s), 55.9 (OCHs3), 64.6 (8), 76.2 (3), 84.6 (1), 86.1 (4),
87.6 (QC(Ph)), 110.9 (5), 114.1, 123.8, 126.2, 128.0, 129.0, 131.0
(Ar), 134.9 (6), 136.5, 136.6, 145.8 (Ar.), 151.8 (2), 159.8 (Ar.), 163.9
(4), 171.6 CO,CH.CH,CO,PNP), 172.6 (CGCH,CH,CO,PNP). IR
(KBr) 3329, 2932, 2853, 1740, 1705, 1669, 1647, 1526, 1510, 1347,

CN to 45% CHCN in 60 min for sequence |V). Retention times are
22.5 min for 11l and 26.1 min for IV. The fractions that contained the
product were pooled, and the solvent was remaweghcua The 3-
trityl group was removed by treating the DNA with 80% AcOH (1
mL). After 20 min the reaction was quenched with EtOH (0.2 mL),
and the solvent was removed vacua The tert-butyl protected
modified sequences were purified by reversed-phase HPLC (linear
gradient of 95% TEAA-5% CHCN to 25% CHCN in 60 min for
Ill, or a linear gradient of 85% TEAA15% CHCN to 30% CHCN
in 60 min for 1V) to give 2.59 mg (0.6&mol, 68% yield) of Il or
2.77 mg (0.7Jumol, 71% yield) of IV. Retention times are 27.8 min
for Il and 30.7 min for IV.

Cross-Linked Duplexes V and VI. The reduction of theert-butyl
protected dodecamers was performed by dissolving the DNA in buffer
(0.1 M NaHPQ,, [DNA] = 2 mM, pH 8.3) containing DTT (200 equiv)
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and incubating at 4C while monitoring the reaction via reversed- of 4096 complex points were collected. The spectral width in both
phase HPLC. After 18 h, the reduction was complete, and the reduceddimensions was 10 000 Hz. The data was transferred to a Silicon
sequences were purified away from excess DTT by reversed-phaseGraphics workstation and processed using the FELIX software (Biosym

HPLC (linear gradient of 95% TEAA5% CHCN to 25% CHCN in Technologies). All spectra were convoluted in the time dimension in
60 min for 1, or linear gradient of 90% TEAA10% CHCN to 25% order to reduce the intensities of the water resonance. The exchangeable
CH3CN in 60 min for IV). Retention times are 17.4 min for reduced protons were assigned as previously descrided.

Il and 28.2 min for reduced IV. The solvent was relmowed;acuq UV Denaturation Experiments. UV spectra were measured on a
and the DNA was dissolved in buffer (1 mM NaPy; [DNA] = 2 Cary 3 spectrophotometer equipped with a Varian Peltier. Prior to

mM, [NaCl] = 0.1 M, pH 8.3) and vigorously stirred for 18 h exposed  mejiing, the solutions were heated to 98 and then allowed to cool
to the atmosphere. EveB h analiquot (3uL) was removed fromthe 44 5 constant rate of X/min to 5°C. After equilibration for 30 min,

reaction mixture and tested for the presence of free thiol groups with o 2hsorbance was monitored at 259 nm while heating 098t a
Ellman’s reagent. After 18 h, a negative test was observed, and the ;o of 0.5°C/min in 0.1-cm long self-masking cuvettes. DNA

?J;ﬁg;i;’vsvseﬁzeguz;géﬁﬁg \:\gt/heéggtp't:gngHiﬁgd (Iti:i:rr(;srzgiigﬁdo  concentrations were based on extrapolating the upper baseline to 90
o . . °C using extinction coefficients given above. The optical melting
95% TEAA=5% CHCN to 20% CHCN in 60 min) to give 3.03 mg transitions were translated into fraction of initial statg) (versus

(0.41umol, 41% yield) of V and 2.06 mg (0.58mol, 55% yield) of temperature using the sloping baselines technifgue.the case of the

VI. Retention times are 24.8 min for V and 29.3 min for V1. non-self-complementary sequence Ill, a symmetry factor of RIn(4) is

Nut(:jlgosildeonmposition Analysis.Drz\lA sr?mplle§ (054 f?[‘zo U) included in the van’t Hoff enthlapyH,+) analysis. For the monomo-
were dissolved in water (to 24L). Dephosphorylation buffer (4L lecular hairpin V, the melting temperature and the van’t Hoff enthalpy

of 500 mM TRIS-HCI, 1 mM EDTA, pH 8.5), calf intestine alkaline were determined using nonlinear regression analysis as previously

phosphatase (gL, 6 U), and snake venom phosphodiesterase from described® Meltin )
- ! g temperatures are defined as the temperature where
Crotalus durissug6 ug, to a total volume of 4@&L) were added, and a is equal to 0.5 and have a variance-6£.0 °C.

the mixture was incubated at 3T for 24 h. Aliquots of the reaction . . .
mixture (15uL) were filtered through an Amicon Microcon-3 filter to DSC Denaturation Experiments. Apparent excess heat capacity
remove the protein and analyzed by HPLC (linear gradient of 98% (ACy) versus temperature profiles for oligonucleotides I, II, V, and VI
TEAA—2% CHCN to 5% CHCN in 12 min, linear gradient to 10%  Were measured using either a Microcal MC2 (Microcal, Amherst, MA)
CH:CN in 8 min, and then linear gradient to 70% 3N in 20 min) or DS93 (Johns Hopkins University, Baltimore, MD) differential

using a PhenomenexBondaclone @ column (3.8x 300 mm, 1 mL/ scanning calorimeter. Oligonucleotide solutions ranging from 0.1 to
min) and peaks quantitated via a Shimadzu C-R6A integrator using 0-9 MM total strand concentration in 100 mM NaCl, 10 mM NaH
nucleoside extinction coefficiertyezs, M~ cm2) of 13 300, for dA; POy, pH 7.0 buffer were scanned repeatedly from 5 to 10MC2)

6300 for dC; 13 000 for dG; 6600 for T; 5700 fdF g,; and 10 500 or 120 °C (DS93) using a constant heating rate of@min and
for T*,. Retention times (min) are 4.6 for dC; 11.2 for T; 10.7 for ~analyzed as previously describ&d.For a given oligonucleotide, the

dG; 17.6 for dA; 31.5 foiT*»; 36.7 for T* .. resulting enthalpy and entropy values determined using the two
Disulfide Reduction Studies: HPLC. Mononucleosided* 5, and calorimeters were within 5%, which reflects the uncertainty in the

T*, (1.0 nmol) and dodecamers IV and V (1.0 nmol and 0.5 nmol, Mmeasurements.

respectively) were incubated in buffer (a@, 10 mM TRIS-HCI, 1 2P Labeling. DNA samples (7 pmol) were end-labeled in reaction

mM EDTA, pH 8.3) with various concentrations of DTT (0.1, 1.0, and buffer (10uL, 100 mM TRIS-HCI, 10 mM MgCJ, 0.1 mM EDTA,

5.0 mM). Aliguots (4uL) were quenched with AcOH (0.5L of a 5% glycerol, pH 7.5) containing/f?P] ATP (10xCi, 3,000 Ci/mmol)

0.1 M solution) at the indicated times and then quickly chilled on ice. and T4 polynucleotide kinase (10 U). Reactions were incubated at

The samples were then analyzed by reversed-phase HPls€di@mn 37 °C for 1.5 h then purified by nondenaturing PAGE on 20%

for monomers and £xolumn for oligonucleotides) by peak integration  polyacrylamide gels (1& 10 cm x 0.75 mm). Gel slices were soaked

of the remaining starting material relative to an unmodified standard. in water (25QuL) at 4 °C overnight, and the radiolabeled DNA samples

Apparent half-lives were calculated based on remaining starting material were separated from the gel fragments through a Micropure filter.

using exponential curve fitting (assuming second-order kinetics). Error  Restriction Endonuclease Digestion. DNA samples (3 pmol,

in the apparent half-lives i&:10%. 50 000 cpm) were diluted in buffer (48, 50 mM TRIS-HCL, 100
Disulfide Reduction Studies: Gel Electrophoresis.Sequence VI mM NacCl, 10 mM MgC}, 1 mM dithioerythritol, pH 7.5), an&coRI

(20 ug/mL) was incubated in buffer (40, 10 mM TRIS-HCI, 1 mM (0.5uL, 5 U) was added. The reactions were incubatediftn at 37

EDTA, pH 8.3 or 7.0) with various reductant concentrations (DTT or ¢ gng quenched with EDTA (0,6L of a 0.5 M solution), and the

BME) at 25°C. Aliquots (4uL) were withdrawn and quenched with  fragments were separated by nondenaturing PAGE on 20% polyacry-

AcOH (0.5uL of a 0.1 M solution) at the indicated times and then  |3mjde gels (10« 10 x 0.5 cm). The gels were autoradiographed for

quickly chilled on ice. The DNA was electrophoresed on a 20% 1  at—78 °C and analyzed using a Molecular Dynamics Personal

nondenaturing polyacrylamide gel (1010 cmx 0.75 mm) and were | oger Densitometer running the IMAGEQUANT software. Note that

visualized with Stains-Alf? The bands were quantified by laser hen these experiments are conducted without dithioerythritol being
densitometry and half-lives were calculated as described for the HPLC present in the enzyme incubation buffer, similar results to those

redéjlgti(s)n experimentz.DError in the apparent hzlf-live&]ﬁ;’f\} 6208 presented in Figure 6 are obtained.
pectroscopy. spectra were measured on an / . Exonuclease ResistanceDNA samples (0.25 mM) were incubated
spectrometer equipped with a thermoprogrammable peltier with a step.

; : . L in buffer (to a total volume of 2@L, 50 mM TRIS-HCI, 100 mM
size of 0.5 nm, bandwidth of 1.5 nm, and signal averaging time of 1.0 NaCl, 1 mM MgCh, pH 9.2) with snake venom phosphodiesterase from
s. Each scan was repeated five times with the resultant average plot ! gtb pH 2. phosp

smoothed using manufacturers protocaldt < 2.25). For each Crotalus durissugl U/10 nmol DNA) at 37C. Aliquots (2uL) were

sample, CD measurements were performed in 0.1-cm long self-maskingWithdr'r’“’vn and quenched with EDTA (8- of a 0.5 M solution) at

cuvettes and DNA concentrations were determined based on dynodethe indicated times and chilled on ice. The DNA was analyzed and

voltage at 260 nm guantified as described above. Error in the apparent half-liv&§%.

NMR Spectroscopy. NMR spectra of oligonucleotide samples were
measured on a Bruker AMX 500 spectrometer. DNA samples were Acknowledgment. Supported by NIH Grant GM 52831.
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denatured and slowly renatured prior to analysis. The carrier frequency Faculty Research Award, a National Science Foundation Young
was centered on the water resonance, which was suppressed using fhyestigator Award, a Camille Dreyfus Teacher-Scholar Award,
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referenced to the water resonance. The NOESY spectra were measured
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