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synthesized with an oligonucleotide that was not complementary
to any site in pUC 19, failed to hydrolyze DNA selectively.
Neither a 17-nt (4) nor an 18-nt (8) hybrid nuclease designed
to deliver the nuclease to a second site within pUC 19 (Figure
2¢) was able to selectively hydrolyze that site. Lack of cleavage
may be due to unfavorable secondary structure that prevents
hybridization, or to inefficient cleavage of both strands by the
bound hybrid nuclease. Simultaneous addition of 4 and § to the
reaction mixture afforded selective cleavage (fragment sizes ~
2120 and ~ 566 base pairs), possibly because each nuclease was
required to hydrolyze only one strand of the duplex. The intro-
duction of additional supercoiling into pUC19 with topoisomerase
I and ethidium bromide'* substantially enhances selective cleavage
by hybrid nucleases 2, 4, and S.

This work illustrates that supercoiled DNA can be sequence-
specifically hydrolyzed with a hybrid nuclease delivered via D-loop
formation. The hydrolysis is relatively efficient and can be carried
out on a preparative scale. The generality of this approach with
respect to DNA sequence and structure remains to be determined.
Nevertheless, this is an important step toward the development
of strategies for cleaving large linear duplex DNAs.
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The nuclear Overhauser effect (NOE) between two protons is
one of the most useful NMR parameters for structural studies
of biomolecules in solution.! It forms the basis for the methods
of sequential resonance assignment in 'H NMR spectra of
biomolecules, and it is the source of distance constraints necessary
in the structure determination.

For small rigid molecules, the NOE, which is due to dipolar
cross-relaxation between the protons,? is simply related to the
inverse 6th power of the proton—proton distance. Thus mea-
surements of NOE intensities lead in a direct way to relative
distances, which can be calibrated by using known distances.?
However, for large molecules the cross-relaxation pathways via
other protons contribute to the NOE between two protons as well.4
In analogy with similar effects in solid-state NMR, this indirect
magnetization transfer is often called spin diffusion.*® Because
of the uncertainties due to spin diffusion and the motional behavior
of the biomolecule, the NOE is often used to derive just ap-
proximate distances.

In the past, several methods have been developed to obtain more
accurate distances from NOE data. Instead of recording
steady-state NOEs, it was proposed to measure NOE buildup rates
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Figure 1. Pulse scheme of the 3D NOE-NOE experiment. Saturation
of the HOD line was achieved by low-power irradiation during the re-
laxation delay, RD, and the two mixing times, 7., and 7, The fre-
quency for the rf pulses and the decoupling was derived from one syn-
thesizer. The phase cycling used is as follows: ¢ = x, -x, y, -y; ¢, =
2(=x), 2(-p); ¢3 = 2(-x), 2(=y), 2(x), 2(p); ¢4 = 2(x), 2(); @5 = 2(x),
2(-y); acq = x, =x, =y, y, =X, x, y, -y. TPPI was applied independently
for the ¢; and 1, domains on ¢, and ¢s.

after short irradiation times or by transient techniques.’ In the
case of biomolecules, the NOE is nowadays generally measured
by two-dimensional (2D) NOE spectroscopy,'#® a method related
to the 1D transient technique. Furthermore, for these 2D methods
it was preferred to use short mixing times or to use a series of
mixing times to extract the initial buildup rate.!%!1 Recently,
Olejniczak et al.!2 proposed to irradiate the intermediate spin in
the mixing time of a 2D NOE experiment and to estimate in that
way the contribution of the indirect magnetization transfer to the
NOE. Other approaches used to reduce the effects of spin dif-
fusion are based on the back transformation of the complete NOE
matrix, to obtain the relaxation matrix directly.!>!* For bio-
molecules, where it is difficult to assign the complete NOE matrix,
this procedure can be combined with restrained molecular dy-
namics to reduce iteratively the effects of spin diffusion.!4

Recently, a number of 3D NMR experiments have been re-
ported, such as the homonuclear 3D J-resolved experiment,'* 3D
soft COSY—-COSY,!¢ soft NOESY-COSY,!” soft NOESY-
HOHAHA,'® nonselective 3D NOE-HOHAHA,!* HMQC-
COSY,® and HMQC-NOESY .22 Most of these experiments
were motivated by the resulting reduction of overlap on adding
a third frequency domain to the 2D NMR spectrum. In addition,
as pointed out by Griesinger et al.,!’ the 3D cross-peaks in a
COSY-COSY experiment can reveal unambiguously two-step
J connectivities. Similarly, in the present communication we want
to stress the observation of such second-order magnetization
transfer for the NOE by the 3D NOE-NOE experiment.

The pulse scheme of the 3D NOE-NOE experiment (Figure
1) reveals two mixing periods separating two evolution periods
and a detection period. In each mixing time, the magnetization
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Figure 2. Two w,/w, cross-sections taken from the 500-MHz 3D NOE-
NOE spectrum of 5 mM 22-bp symmetric lac operator in 2H,0, 50 mM
KP;, 200 mM NaCl, pH 6.5, 27 °C. The cross sections were taken at
the w; frequencies of the G5 H8 proton (a) and of the T8 H,” proton (b).
The lines indicated with N'1, N2, and B are the intersection of the cross
sections with the diagonal NOE planes and the back-transfer plane. The
two-step NOE transfers indicated with x and y are explained in the text.
The spectrum was recorded with two dummy scans and eight scans and
resulted in a real 200*224*512 data matrix in the 1,, t,, and 7, dimension,
respectively. Both mixing times were equal and taken to be 200 ms.
Sixty degree shifted sinebell (t;) and Hamming (¢, and ;) window
multiplications were used. Zero filling was used in the ¢, and 7z, dimension
to yield a real 3D spectrum of the size 256*256*256. An automatic
third-order-polynomial base-line correction was applied on the three
domains. The data were processed with our 2D NMR processing soft-
ware, optimized for fast data access in all domains.!®

of one spin is transferred with a certain efficiency to another.
Assuming indirect transfer to second order, we obtain for the NOE
intensity

ay = —oytn + (X 040y T’ (1)

where 7, is the mixing time and o the cross-relaxation rate
between spins 7 and j. The 3D cross-peak intensity is proportional
to the product of both transfer efficiencies

@ = ayay = (050507’ (2)

in a first approximation and when both mixing times are the same.
It is clear that in that case the 3D intensity is identical with one
term of the second-order transfer in eq 1. Thus the 3D NOE-
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NOE experiment can trace specific spin-diffusion pathways, while
in 2D cross-peaks, only the sum of all pathways is observed and
it is often impossible to dissect this sum into the various contri-
butions because of overlap.

Of course, magnetization transfer in the mixing periods is
usually incomplete. This results in intensity accumulating on the
body diagonal and two cross-diagonal NOE planes in the 3D
spectrum, as pointed out previously for the 3D NOE-HOHAHA
spectrum.’® Furthermore, magnetization transferred forward in
the first mixing time can be transferred backward in the second
period over the same pathway. This leads to intensity on a third
diagonal plane, the so-called back-transfer plane.!”!® However,
all intensity outside these three planes can be ascribed to at least
double magnetization transfer. Of course, for long mixing times
7 there may be contributions of spin diffusion to 3D cross-peaks
as well.

The pulse train of Figure 1 was applied to a symmetric 22-bp
lac operator fragment.>?* The experiment took 137 h, 29 h of
which was required for I/O operations. By using field gradient
pulses in the mixing times instead of phase cycling for the NOE
selection, a further time reduction should be possible. Although
one might expect problems with instrumental stability over such
prolonged measurements, no serious #,/¢, noise artifacts were
observed in the resulting 3D spectrum. As an example, Figure
2 shows two slices from the 3D spectrum perpendicular to the w;
axis, taken at the resonance frequencies of the aromatic H8 proton
of G5 and the methyl group of T19. Three lines are indicated
in the spectrum, which represent the intersection of the slices with
the diagonal planes. On lines N1 and N2 are found the direct
NOE:s due to the first and second mixing times, respectively, while
line B reveals the weaker two-step back transfer via the other spins.
The many cross-peaks outside these three lines are all indicative
of double magnetization transfer. Thus, the peak marked with
x in Figure 2a shows that a spin-diffusion pathway exists from
G35 Hy’ via G5 Hy to G5 H8, while peak y in Figure 2b dem-
onstrates the transfer from T19 H,” via T19 H,’ to the T19 methyl
group. The results emphasize the contribution of spin diffusion
to the NOE in large biomolecular systems. The 3D NOE-NOE
experiment reported here could be used to estimate the various
contributions to indirect magnetization transfer and thus to obtain
more accurate values for the cross-relaxation rates. The 3D
cross-peak intensities could be quantitated by summation of all
intensity present in a volume around the cross-peak. In this way
the various contributions of first-order spin diffusion (cf. eq 2)
could be determined. Due to the large number of 3D cross-peaks
observed (about 10000), some tools for automation are highly
desirable. The reduced overlap is then an advantage, since rel-
atively simple algorithms can be used for peak extraction.

Another feature of the present nonselective 3D NOE-NOE
experiment is the reduction of overlap in complex 'H NMR
spectra. This could be extremely useful for obtaining a large
number of distance constraints, which is crucial for accurate
structure determinations by NMR.! 1t could push the size of
biomolecular systems amenable for structural NMR studies be-
yond the present limit of ca. 15 kDa. In fact the method is very
suitable for studying large biomolecules, since it is not based on
possibly small homonuclear J couplings and cross-relaxation
becomes more efficient with larger molecular weights.
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