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Practically all of the observations reported in Table I can be
accounted for in terms of carbene character associated with C;H™.
Therefore it would appear that after the long-range ion—molecule
interaction has brought the species within “chemical range”, it
is primarily the carbenoid feature of :C;H™ rather than the de-
localized positive charge that determines the path of reaction.
Further insight into such behavior should be forthcoming from
studies of the reactivities of other possible carbene cations such
as :CsH*, :C,N*, :C,N*, and so on. The gas-phase approach with
the SIFT technique adopted here is sufficiently versatile to allow
such studies and therefore should provide a new opportunity to
improve our understanding of carbene chemistry in general.
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The potential of nuclear magnetic resonance (NMR) for
structural studies of biomacromolecules greatly depends on the
possibility to identify individual resonances in the spectrum.
Recently, significant progress has been made in this field, par-
ticularly by the systematic application of the nuclear Overhauser
effect (NOE). Using so-called one-dimensional NOE techniques,
two groups!? have now independently obtained a complete as-
signment of the imino proton spectrum of yeast tRNAF while
part of the imino proton spectra of three other tRNAs have been
characterized.**

Notwithstanding these accomplishments, in principle two-di-
mensional NOE is a more powerful and more efficient method
for the detection of NOE’s between neighboring protons in bio-
logical macromolecules.® Moreover, it has been shown’ that the
2D-NOE experiment provides an immediate qualitative view of
the relative rate of exchange of the imino protons in nucleic acid
fragments, i.e., a fingerprint of the stability of individual base pairs
in a double helical fragment.

However, in the case of a 2D-NOE experiment involving imino
protons, e.g., of yeast tRNAP™, a serious technical problem is posed
by the fact that the imino proton resonances are only detectable
when the compound is dissolved in (nondeuterated) water. This
experimental condition implies a “dynamic range” problem of a
factor 10° as the solute signal (typically present in 1 mM con-
centration) is to be recorded in the presence of a huge water signal
(proton concentration ca. 110 M). When imino protons of nucleic
acids are involved, the “standard” water suppression technique,
i.e., (pre-) irradiation of the solvent signal, is prohibited as chemical
exchange between water protons and imino protons will give rise
to magnetization transfer from the irradiated water to the nucleic
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Figure 1. Contour plot of a 500-MHz 'H NMR 2D-NOE spectrum of
yeast tRNAP™ (1.8 mM dialyzed against H;0/D,0, 95:5 v/v, containing
5 mM MgCl,, 0.1 mM EDTA, and 12 mM Na,HPO,, pH 6.9), T = 28
°C. Spectral width was 20000 Hz; quadrature detection was used with
the carrier at the low-field end of the spectrum. The data set consisted
of 4K data points in w-dimension, 512 data points in w,-dimension; 256
FID’s were accumulated for each value of 7,; total acquisition time was
ca. 66 h. Before Fourier transformation, the FID’s were multiplied with
a sine-bell window!! and zero filled to 2K data points in the w,-dimension,
An absolute value plot of the relevant part of the spectrum is shown. The
nonsymmetrical appearance of the contour plot is a result of the method
of data collection and processing.” The vertical and (partly) the hori-
zontal spikes at 4.75 ppm are due to the resonance of residual solvent
protons. The top spectrum is a normal 1D spectrum of the same sample
recorded by using a time-shared long pulse in combination with DSA.?
Total accumulation time 6 min, no digital filtering was applied before
Fourier transformation.

acid imino protons, thus leading to a saturation of the latter
resonances and impairing their observation.?

Recently, an alternative experimental method using a semise-
lective observation pulse in combination with the digital shift
accumulation (DSA) technique was proposed’ for the present type
of measurements. Moreover, it was shown’ that the method is
easily extended to 2D-NOE experiments. Backed by this water
suppression technique we explored the limits of 2D-NOE NMR
spectroscopy and report here a 2D-NOE experiment involving the
imino protons of yeast tRNAPP, It will be shown that 2D-NOE
spectroscopy is indeed feasible for a molecule of the size of a tRNA
(molecular weight ~28 000).

Figure 1 shows the absolute value contour plot of the 2D-NOE
spectrum of a 1.8 mM solution of tRNAP", The spectrum was
recorded by using the [90°—7,-90°-7,~90°~Acq(z,)] pulse se-
quence introduced by Macura and Ernst® except that in our
experiment the last pulse (the observation pulse) was replaced by
a time-shared long pulse.” The mixing time 7, was 0.3 s. After
recording the spectra, the FID’s were subjected to a DSA
treatment,!® followed by window multiplication and Fourier
transformation in two dimensions. For reference purposes a
normal 1D spectrum (recorded using a time-shared long pulse in

(8) Johnston, P. D.; Redfield, A. G. Nucl. Acids Res. 1977, 4, 3599-3616.

(9) Macura, S.; Ernst, R. R. Mol. Phys. 1980, 41, 95-117.

(10) Roth, K.; Kimber, B. J.; Feeney, J. J. Magn. Reson. 1980, 41,
302-309.

© 1983 American Chemical Society



5484 J. Am. Chem. Soc. 1983, 105, 5484-5486

Hy0

uTABE

©r3G22
/ GI5Ce8

Figure 2. Comparison of NOE results obtained for the A/B imino proton
resonance of yeast tRNAP™ using different techniques. The assignments
of the imino protons of adjacent Watson-Crick base pairs are indicated.
The large NOE observed at 7.7 ppm is from the A14H8 and the A67H2
proton resonances, which at this temperature coincide. (A) Reference
spectrum (same as in Figure 1). (B) 1D-NOE spectrum recorded with
a “Redfield 2-1-4” pulse in combination with ADA .17 (C) Cross section
(parallel to w;) through the contour plot given in Figure 1 taken for a
value of w, corresponding to the position of resonance A/B. (D) Same
cross section as in (C), however, after “phase sensitive” Fourier trans-
formation in both dimensions.

combination with DSA?) is presented above the contour plot.

The peaks along the diagonal of the contour plot in Figure 1
represent the normal 1D-NMR spectrum, while the cross peaks
depict the transfer of magnetization that occurs between several
resonances during the mixing period 7. As explained elsewhere’
the 2D spectrum is not symmetrical with respect to the diagonal
due to the use of a semiselective observation pulse in combination
with the DSA technique.

A detailed analysis of all the cross peaks observed in the 2D-
NOE spectrum is clearly beyond the scope of the present com-
munication; however, one general feature merits further discussion.
In Figure 2C a cross section along the f; axis of the 2D spectrum
is shown, which was taken at the f;, position coinciding with the
resonance at 14.4 ppm marked A/B in the 1D spectrum (Figure
2A). The latter resonance was shown! to originate from two imino
protons of the tRNAP': base pair U6A67 and the (tertiary) base
pair U8A14. Using 1D-NOE techniques (Figure 2B), the reso-
nances arising from the base pairs adjacent to these U6A67 and
UB8A14 pairs were identified! as indicated in Figure 2.

When the 1D-NOE difference spectrum (Figure 2B) is com-
pared with the aforementioned cross section in Figure 2C, it is
seen that not all interimino proton NOE’s detected in the 1D-
experiment have counterparts in the analogous 2D experiment.
The reason for this fact must be sought in the method of 2D-data
processing. In general, 2D spectra are presented in absolute value
mode (as is the case in Figures 1 and 2C) in order to avoid phase
correction in two dimensions. However, as absolute value mode
signals normally display line shapes with long “tails” on both sides,

2D spectra must be heavily resolution enhanced (e.g., by multi-
plying the FID’s with a sine-bell window!!) in order to remove
these “tails” from the spectrum.!? The loss in sensitivity intro-
duced by this type of resolution procedures is considerable and
in the case at hand it even leads to an intolerable loss of infor-
mation (cf. Figure 2, B and C). The solution for this problem
is found in a “phase sensitive” 2D-FT procedure. Recently, States
et al.!? have shown that pure absorption phase 2D spectra have
a much better intrinsic resolution, thus abolishing the need for
resolution enhancement digital filtering. In fact, it is possible to
enhance the signal-to-noise ratio by applying line-broadening
digital filters without significant loss in resolution. This is shown
in Figure 2D, which depicts the same cross section as given in
Figure 2C, but now after the (same) 2D data file was Fourier
transformed after applying a Gaussian line-broadening filter in
both dimensions. It is seen that all four expected interimino proton
NOE:s are present in the spectrum (Figure 2D). The magnitude
of these NOE’s depends somewhat on the position where the cross
section is chosen, because the A/B imino proton resonances are
not coinciding exactly. The spectrum represents a compromise
in the sense that for the given cross section all four NOE’s are
visible.

In summary, we have demonstrated that 2D-NOE spectroscopy
is indeed possible for tRNA molecules having a molecular weight
of ~28000 even when large dynamic range problems are involved.
Moreover, it is shown that, using this experimental technique,
NOE:s between imino protons of adjacent Watson—Crick base pairs
are detectable, but full information can only be extracted after
a “phase sensitive” 2D Fourier transformation of the data.
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There has been considerable recent theoretical and experimental

interest in the methyleneoxonium (CH,OH,*-)!* and hydroxy-
methylene (HCOH™*.)4® radical cations. The methyleneoxonium
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