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Figure 1. Structure of the cross-linked hexamer used in these studies.
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The archetypal B-form structure of duplex DNA can isomer-
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ize into a variety of alternate helical structures. Perhaps the e -10 7 99
most intriguing and controversial amongst these is Z-DNA, so- g 0 ® 6
named for the jagged appearance of its left-handed backbéne. 3 -20 0 ’. )
Although the physiological role of Z-DNA remains a topic of g Y o 99 0 1MNaCl 5'-Ceeera-3°
active debate, conclusive evidence indicates that Z-DNA is £ -30 4 P O 5MNaCl 3'-GcGeee-5'
formed at least transiently in transcriptionally active chromatin ' 0 0. ® 1MNaCl 5 -Coraca-3
as the result of superhelical strés_,s_Short oligonucleotides S 401 % B 5MNaGl 3 -codoco-5:
containing alternating purine-pyrimidine tracts can be induced = qup
to form Z-DNA in vitro by high salt or organic cosolvents. The 50 : : : . : : : ,
B < Z transition requires not only inversion of the helical screw 230 240 250 260 270 280 290 300 310

sense and concomitant adjustments in backbone dihedral angles Wavelength (nm)

bu_t also requires that each base-pair flip over along 'FS '0”9 Figure 2. CD spectra of the unmodified and cross-linked hexamers
axis. Various models have been advanced to describe thisiy’joy, (1 M) and high (5.3 M) salt solutions. The oligonucleotides
process, including some that involve strand separatidriere were annealed prior to measurement; all spectra were recorded at 12
we use disulfide cross-linking to impose severe restrictions on oc.

the motions available to DNA during the B Z transition.
These cross-links slow the 8 Z transition only slightly and been determined in the Z-for#® Molecular modeling sug-
have virtually no effect on the crystallographic structure of gested that it should be possible to bridge the two symmetry-
Z-DNA. _ _ L o _ related guanines in the center of the hexamer usingCél,-

The rational engineering of disulfide cross-links into nucleic cH,cH,S—SCH,CH,CH,- linker attached on either end to the
acid$ has been used extensively to study their structural and exocyclic amine of G (Figure 1).
functional propertiesand to gain insight into protetnnucleic The thiol-tethered self-complementary hexaneE&0GCG-
acid interaction§® Whereas this prior work has largely focused 3 (G = N2-(3-thiopropyl)deoxyguanosine was synthesized by
on using disulfide cross-linking to control the ground staté the convertible nucleoside method as previously descfibed.
properties of nucleic acids, here we explore the alternate oyigation to the disulfide cross-linked hexamer was carried out

possibility of using disulfide cross-linking to alter the kinetics
of a defined structural transition in DNA. For these studies we
chose the self-complementary hexamer seque@GEGCG-

3, which has been extensively studied biochemically and
biophysically and for which several X-ray crystal structures have

* Author to whom correspondence should be addressed.

T Harvard University.

* University of Alberta.

(1) (@) Wang, A. H. -J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.;
van Boom, J. H.; van der Marel, G.; Rich, Nature1979 282 680-686.
(b) Drew, H.; Takano, T.; Tanaka, S.; Itakura, K.; Dickerson, RNE&ture
198Q 286, 563-573.

(2) Saenger, WPrinciples of Nucleic Acid StructuréSpringer-Verlag:
New York, NY, 1984.

(3) Dickerson, R. EMethods Enzymoll992 211, 67—111.

(4) Nordheim, A.; Lafer, E. M.; Peck, L. J.; Wang, J. C.; Stollar, B. D.;
Rich, A. Cell 1982 31, 309-318. Peck, L. J.; Wang, J. ®roc. Natl.
Acad. Sci. U.S.A1983 80, 6206-6210. Wittig, B.; Widfl, S.; Dorbic, T.;
Vahrson, W.; Rich, A . EMBO J. 1992 11, 4653-4663. Herbert, A.;
Lowenhaupt, K.; Spitzner, J.; Rich, Rroc. Natl. Acad. Sci. U.S.A995
92, 7550-7554.

(5) Jovin, T. M.; Soumpasis, D. M.; Mcintosh, L. Rnnu. Re. Phys.
Chem.1987, 38, 521—560.

(6) Ferentz, A. E.; Verdine, G. L1. Am. Chem. S0d991, 113 4000~
4002

(7) (a) Glick, G. D.J. Org. Chem1991, 56, 6746-6747. (b) Wolfe, S.
A.; Verdine, G. L.J. Am. Chem. S0d993 115 12585-12586. (c) Wang,
H.; Osborne, S. E.; Zuiderweg, E. R. P.; Glick, G. D.Am. Chem. Soc.
1994 116, 5021-5022.

(8) Erlanson, D. A.; Chen, L.; Verdine, G. . Am. Chem. S0d.993
115 12583-12584.

(9) (a) Stevens, S.; Swanson, P.; Voss, E.; GlickJGAm. Chem. Soc.
1993 115 1585-1586. (b) Wolfe, S. A.; Ferentz, A. E.; Grantcharova,
V.; Churchill, M. E. A.; Verdine, G. LChem. Biol.1995 2, 213-221.

S0002-7863(97)01066-4 CCC: $14.00

under conditions that favor a B-form dupl&k.To compare

the global helical structure of the unmodified and disulfide cross-
linked hexamers, we measured their circular dichroism (CD)
spectra under conditions that favor either the B- or Z-form
(Figure 2). A 1 M NacCl, the unmodified and disulfide cross-
linked hexamers exhibited similar CD spectra, which reveal
features characteristic of B-form DNA. Increasing the NaCl
concentration to saturation (5.3 M) results in a marked change
in the CD spectra for both the unmodified and cross-linked
hexamers. However, whereas the CD spectrum of the native
hexamer at high salt was prototypical for Z-DNAhat of the
cross-linked hexamer still has a slight negative inflection in the
255 nm range, suggesting it retains a small residual population
of B-form duplex structure under these conditions. Thus it
appears that cross-linking causes a slight shift in the position
of the B<> Z equilibrium in favor of B-form.

To determine the effect of disulfide cross-linking on the rate
of the B < Z isomerization, we performed a series of salt-
jump experiments, in which oligonucleotides were instanta-
neously exchanged from one buffer to another at a different
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nitrobenzoic acid) to facilitate disulfide bond formation, and the cross-linked
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chromatography (see ref 9b).
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Figure 3. Representative salt-jump experiment, in which an oligo-
nucleotide stock was rapidly diluted from b 4 M NaCl. The
experiment shown was carried out at 3@.

salt concentration, and the rate of duplex isomerization was
measured by ultraviolet (UV) spectroscoBy:? A representa-
tive measurement shown in Figure 3 reveals that both the
unmodified and cross-linked oligonucleotides isomerize from
the B to Z form with simple exponential behavior but do so
with markedly different kinetics. Specifically, the half-life of
the B<> Z interconversion reaction was increased roughly 4-fold
by disulfide cross-linking (16 vs 73 s); a similar increase was
observed for the Z~ B transition (37 vs 152 s; data not
shown)!4 Thus, disulfide cross-linking clearly alters the
conformational dynamics of the B~ Z transition but not so
profoundly as to lock the duplex in either form.

To describe in detail the effect of disulfide cross-linking on
the structure of Z-DNA, we crystallized the cross-linked
hexamer in the Z-form and determined its structure by X-ray
diffraction to a final resolution of 2.25 A The solution
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Figure 4. View looking into the minor groove of the final structure.
The carbon atoms of the tether are shown as black spheres, and the
sulfur atoms are shown as slightly larger light gray spheres.

angle is—87°, a value characteristic of unstrained disulfides.
Overall, the tether fits snugly into the minor groove of the
hexamer.

Here we have shown that disulfide cross-linking retards the
rate of the B< Z transition in DNA but has little or no effect
on the structure of the Z-form duplex. CD, NMR, and molecular
modeling experiments further suggest that cross-linking has little
effect on the structure of the B-form hexamer (data not shown).
At this stage, it is not possible to state conclusively whether
the 4-fold decrease in rate of the<B Z transition results from
ground-state stabilizatiolf, transition state destabilization, or

structures of several disulfide cross-linked oligonucleotides have both. Nevertheless, it is clear from NMR melting experiments
been determined by NMR spectroscdpy® however, to our  on these and other oligonucleotides that an unstrained interstrand
knowledge this represents the first report of an X-ray structure disulfide cross-link stiffens the duplex and greatly retards strand
determination of disulfide cross-linked DNA. The structure, separation, yet despite this, the cross-link has only a modest
shown in Figure 4, is remarkably similar to that of unmodified effect on the rate of the B> Z transition!* These experiments
Z-DNA,*2with an overall root-mean-squared-deviation (RMSD) further suggest strongly that strand separation is not required
between the cross-linked and unmodified hexamers of only 0.60for the B <= Z transition to occur. The disulfide cross-link

A. This degree of variation is comparable to that found for the imposes a steric limitation on the relative motions of the two
unmodified hexamer crystallized under slightly different condi- linked base-pairs during the B Z transition, such that both
tions. Interestingly, whereas the phosphate P5 is found in the cannot undergo domino-like movements. It thus seems likely

minor 2, conformation in most X-ray structures of the Z-form
hexamer® this phosphate adopts the majar édnformation
in the disulfide cross-linked hexamer.
exhibit a higher degree of overall disorder than the rest of the
molecule; excluding it lowers the RMSD for the disulfide cross-
linked versus unmodified hexamer to 0.47 A. Electron density
corresponding to the sulfur atoms in the tether was obvious from
the earliest stages of refinement, but thea@d C, carbons did

not refine well and seem to be partially disordered; indeed, the
average B factor of the tether is more than double that of the
duplex as a whole (14.4%vs 6.0 &). The disulfide dihedral
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Nonetheless, P5 does

that the dinucleotide repeat of Z-DNA is established in the
transition state leading to its formation.
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