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Techniques for the correlation of 'H and '*N chemical shifts based on zero and double
quantum NMR are discussed. The indirect determination of nitrogen shifts from the
proton signals provides a dramatic gain in sensitivity over direct observation of '*N signals.
Examples are given of applications of the methods to samples with natural abundance
"*N concentration and to a sample of 0.7 mM 65% "N enriched tRNAM in H,0. Two-
dimensional 'H-'*N shift correlation spectra of 0.1 M samples with natural abundance
N concentration in a 5 mm sample tube can be obtained in measuring times on the
order of 1 hr.

1. INTRODUCTION

It was realized at an early stage that, in principle, detection of the nucleus with
the highest magnetogyric ratio in a heteronuclear shift correlation experiment offers
the highest sensitivity (I, 2). However, in most two-dimensional shift correlation
experiments one prefers to detect the rare nucleus, of usually low magnetogyric ratio
(e.g., '*C, '°N), rather than the protons. Among other reasons (3), this is done to
avoid dynamic range problems and suppression of signals from protons that are not
coupled to the rare nucleus.

Bodenhausen and Ruben (4) have demonstrated that heteronuclear '"H-'°N shift
correlation with direct detection of proton signals (here referred to as the Overbod-
enhausen experiment) is feasible for small peptides at natural abundance °N con-
centration. In principle, this experiment gives close to optimal sensitivity for the
indirectly measured '°N signals. In the Overbodenhausen experiment a set of 90 and
180° pulses is applied to the protons prior to data acquisition. This makes suppression
of large unwanted signals, which are a major source of the dynamic range problem,
very difficult. This problem is particularly severe in many compounds of biological
interest that can only be dissolved in H,0. No saturation of the water resonance can
be employed because chemical exchange with the imino protons would also saturate
those latter signals. It is for this reason that Redfield (5) has modified the Overbod-
enhausen experiment by omitting the 180° proton pulses, which are a basic bottleneck
in the dynamic range problem. However, omitting the 180° pulses leads to a major
loss in sensitivity and to a complication of the spectrum (5). The dynamic range
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problem is still severe, since three (composite) 90° pulses are applied to the protons
prior to acquisition.

We describe a set of chemical shift correlation experiments that are based on
multiple quantum NMR and minimize dynamic range problems, while optimizing
sensitivity. The principle of chemical shift correlation via multiple quantum NMR
has been described by several workers (6-9), but its potential advantages in 'H-"*N
shift correlation have never been demonstrated. Our new method gives excellent
suppression of signals that are not coupled to a '*N nucleus (10, 11) and is therefore
directly applicable to samples with natural abundance '*N concentration. Very recently,
experiments which are similar to those described and demonstrated in this paper
have been proposed by Bendall et al. (12), using a Heisenberg vector picture. In our
description we use the more familiar Schrédinger formalism.

2. ZERO AND DOUBLE QUANTUM COHERENCE

As pointed out by Minoretti et al. (6), the resonance frequency of a spin, S, with
low magnetogyric ratio can be detected with enhanced sensitivity by creation and I-
spin detection of I-S multiple quantum coherence. The pulse schemes that are most
appropriate for the indirect observation of the S spin, °N, are based on an idea of
Jeener (13), and are set out in Fig. 1. For reasons of simplicity, only '’N-H systems
will be considered, although the same theory also applies to '>N-H, groups. For the
simple case of an isolated '’N-H pair, a density matrix analysis is straightforward.
First the simplest scheme, shown in Fig. 1a, will be discussed. In the derivatives given
below, the flip angle of the proton pulse is assumed to be 90°. The density matrix
calculations are similar to those given in Ref. (14). Just before the '*N 90° pulse, at
a time 1/(2Jp) after the proton pulse, the proton doublet components are in antiphase,
and the density matrix ¢ is given by

0 a O 0
*

=0 | % 2 0 O lramm [
0 0 —-a* O

where D equals AQy/(kT), h, k, and T have their usual meanings and {y is the
angular proton chemical shift frequency. The factor g is given by the expression
a = exp[i(Qy + =J)/(2J)]. Since all operators commute with the unity operator, 1,
in all further equations the unity matrix will be omitted. A >N pulse of flip angle
90°, applied along an axis that makes an angle ¢ with the positive x axis in the SN
rotating frame, is described by an operator R,y given by (15)

1 0 i O
_ 0O 1 0 ie |,
Rov= V2| o o | o |}
Lo it 0 1
T1 0 —ie 0
o 0 1 0 —ie
RR=1V2| Lo o 1 o 2]
L 0 —iet 0 1
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FIG. 1. Various experimental schemes for the heteronuclear shift correlation of 'H and '*N nuclei, as
discussed in the text.

with et = exp(i¢) and e = exp(—i¢).
At the beginning of the evolution period ¢, the density matrix ¢(0) is given by

0 0 0 lae”

- p-l _ 0 0 iaxe~ O
0(0) = Ryno’'Ryn = D 0 —ige* 0 0 . [3]

—ia*e* 0 0 0

Hence, all transverse proton magnetization has been converted into zero and double
quantum coherence (o,; and oy4). At the end of the evolution period, the elements
dam(t;) are given by

1) = 0un0) eXpliwpml 1) [4]

with w,,, = (E, — E)/h, where E, is the energy of level n. The appropriate energy
level diagram is illustrated in Fig. 2. Because '°N has a negative magnetogyric ratio,
the zero quantum coherence has the highest frequency, &y + dy, while the double

quantum coherence oscillates at y — Sy, where 8y and 6y are the chemical shift
frequencies of the 'H and '°N nuclei.
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FIG. 2. Energy levels and eigenfunctions of a '"H-'*N spin system.

A final 90°, '*N read pulse converts the multiple quantum coherence into observable
'H transverse magnetization:

o(t1, 1) = Rabo(t))Ren [5a]

and
a1ty, 1) = Yo[—ae* exp(—iwast)) — ae” expliwyat))] expliw ats) [5b]
0'34([1, tz) = 1/2[a9+ exp(—iw23t1) + ae” exp(iw14t1)] exp(iw34t2). [SC]

From Egs. [5b] and [5c¢], it is seen that the detected proton doublet components (g,
and o3,) are modulated by both the zero and double quantum frequencies, and that
they have opposite phase just after the final 90° 'N pulse. An example of spectra
obtained with the method of Fig. 1a will be shown in Fig. 5. To determine the >N
resonance frequency relative to the !N transmitter, one has to distinguish between
the zero quantum frequency and the double quantum frequency for each 'H-'"N
pair. Inspection of Eqgs. [5b] and [5c] shows that this is easily done by cycling the
phase ¢ of the first 1°N pulse in two steps. In practice, four steps will be used, since
this also provides cancellation of signals from protons not coupled to *N. In Table
1, the phase ¢ of the first 90° '’N pulse is given for the four steps of the experiment
as well as the relative phases of the proton magnetizations that originate from zero
quantum coherence (Mzq) and double quantum coherence (Mpg). In analogy with
conventional heteronuclear shift correlation (16-19), broadband ’N decoupling can

TABLE 1

PHASE, ¢, OF THE FIRST 90° 'N PULSE, AND RELATIVE
PHASES OF THE DETECTED TRANSVERSE MAGNETIZA-
TION THAT ORIGINATES FROM DOUBLE QUANTUM
COHERENCE (Mpq) AND FROM ZERO QUANTUM
COHERENCE (M zq) FOR THE VARIOUS
STEPS OF THE EXPERIMENT

Step No. ¢ Mpq Mzq
1 x x x
2 y -y y
3 —Xx —x —X
4 -y y -y
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be used during acquisition, if a delay on the order of 1/(2Jyy) is inserted between
the final >N pulse and the onset of acquisition (Fig.1b). This delay is needed because
the two proton doublet magnetization components are initially in antiphase after the
final 90° N pulse (Eqs. [5b] and [5¢]), and mutual cancellation would occur if
decoupling were started at this time.

DIRECT SHIFT CORRELATION

The zero and double quantum coherence frequencies, discussed above, provide
the !N shift information, since in the 2D spectra the resonances are centered at
(F,, F,) = (64 * 6n, 0u). A more convenient presentation of the data is obtained if
the peaks are centered at (F;, F,) = (£6y, 0y). There are two different approaches
to obtain this type of presentation: first by modification of the experimental scheme,
and second, by manipulation of the spectrum obtained with the original schemes
(Figs. 1a, b).

Constant-Time Acquisition

A theoretically simple way to remove the effect of 'H shifts in the ¥, dimension
is to start data acquisition at a fixed time T after the initial '"H 90° pulse (Fig. 1c).
The detected double quantum signal s(z,, £,) is then described by

5(ty, 1) = C expli(Qu — Q)] expliQu(T — 1,)] exp(iQut>)
X exp(—t1/Tapg) expl(t; — T)/Trn] exp(—12/T2n)
= C" exp(—iQnt,) exp(iQut,) exp(—t,/Topg + t1/Ton) exp(—t2/Ton) {6]

where C and C' are constants, and T,y and Typq describe transverse relaxation of
the protons and of the double quantum coherence. The signal decay as a function
of ¢, depends on the difference between relaxation times Ty and Topg. As 7oy and
T.pq are usually of the same order, signal decay as a function of ¢, is slow, or often
even negative, and hence excellent resolution can be obtained in the F; dimension.
However, it has to be realized that all detected signals are attenuated by a factor
exp(—7/T,y). For many systems 7>y is rather short, and therefore, this simple approach
will lead to considerable loss in sensitivity.

Interchange of Zero and Double Quantum Coherence

Another way to obtain a direct shift correlation spectrum is to interchange zero
and double quantum coherence at the midpoint of the evolution period. This is
simply done by the application of a 180° proton pulse (Fig. 1d). The rotation operator,
R, (), for a proton 180° pulse is given by

[7]

-~ 0 OO

0
0
i
0

OO~

0
Ru(m) = | o
0

In analogy with the derivation of Eq. [5], straightforward density matrix arithmetic
with neglect of relaxation effects leads to
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o1ty ) = —Yha*[e’ exp(—int)) + € exp(iQnty)] expli(Qu + 7)t;]  [8a]
0'34([1, lz) = l/2(1’.‘[8-*' exp(—iQNt,) + e exp(iQNtl)] CXp[i(QH - 1!'.])[2] [Sb]

with On = (w3 — w;4)/2.

Cyclic permutation of the phase ¢ of the first 90° N pulse, and the receiver
reference phase in a way as given in Table 1, directly gives a conventional shift
correlation spectrum with peaks at (F;, F;) = (dn, 0y = Jyn/2) in the case where the
phase cycling selects Mpq, and at (—dn, 0u * Jnu/2) in the case where Mzq is selected.
An example of a spectrum obtained this way will be shown in Fig. 8. Of course, '’N
decoupling can again be used during acquisition (Fig. le) to remove the 'H-'N
splitting in the F, dimension and double the sensitivity.

Data Manipulation

A third way to obtain a pure chemical shift correlation spectrum is to shear a zero
or double quantum spectrum in a way as described by Miiller (20). In the zero
quantum spectrum, for example, a resonance in the decoupled spectrum appears at
(Fy, F;) = (6n + 0y, 0y). This can be sheared according to (F, F>) = (F), — F,, F>,)
1o give a spectrum with a resonance at (6, 6y). An effect similar to shearing of the
data matrix can be obtained by proper phasing of the S(t,, F5) spectra (21), before
transposition of the data matrix. If a linearly frequency-dependent phase correction
¢, = —2xr rad/Hz is applied to a spectrum, this has the same effect on the phase of
a resonance line as a right shift of the data in the time domain by r sec. Therefore,
by applying a linear phase correction,

¢1 = 2x(t; — T) rad/Hz 19]

to each spectrum S(¢,, F,), where ¢ is the largest value of t;, we obtain a data matrix
with similar information to that of the constant-time version discussed earlier. It now
appears as if the data acquisition starts at time 7 after the proton pulse. A second
Fourier transformation on a data set S(¢;, F>) manipulated with the phase correction
of Eq. [9] gives resonances at (+dy, 6y) without the sensitivity loss of the constant-
time experiment. Of course, the constant 2# T in Eq. {9] is an identical phase factor
for all S(¢,, F,) spectra and can be omitted, giving

¢ = 2’5’[1 I’ad/Hz. [10]

In practice, quadrature detection is employed during ¢, and therefore, if the F,
spectral width is +Q Hz, on most commercial spectrometers, a frequency-independent
phase correction, ¢, = —27Qt,, has to be applied to keep the phase of the S(t,, F,)
spectra unchanged for F, = 0. Another practical point requiring attention is that the
frequency in a spectrum runs from high to low, and therefore, on some spectrometers
opposite phase shifts

= —2xt, rad/HZ [1 la]

¢ = 27qQt, rad (L1b]

have to be applied. The type of phase correction required for a particular spectrometer
is easily determined by phase correcting a spectrum of which the time domain data
have been left shifted by one data point.
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This type of linearly frequency-dependent phase shifts removes the effect of the
'H shift in the F, dimension and gives results very similar to the foldover correction
routine described by Miiller (20), but avoids interpolation in the poorly digitized F,
dimension.

A simpler alternative to our phase correction, described above, is used by Redfield
(22): data acquisition is started immediately after the proton pulse, but the receiver
is not turned on until the detection period starts. A right shift of the data is thus
produced, by exactly the amount necessary for removal of the 'H shift from the F,
dimension. A problem arises for samples in aqueous solutions using this approach:
one cannot use a simple baseline correction routine on the imino proton region of
the F; spectra before transposition, to correct for the “baseline roll” caused by the
tails of the nonsuppressed part of the water signal and the right shift. However, this
technique is applicable in cases where excellent suppression -of the water signal is
obtained.

REPETITION RATE OF THE EXPERIMENT

As follows directly from the density matrix calculations given earlier, it is the
longitudinal proton magnetization, present before the first proton pulse, that is con-
verted into heteronuclear multiple quantum coherence. The sensitivity of the exper-
iments in the sequences of Figs. la~c can be optimized, like in conventional one
dimensional FT experiments, by reducing the flip angle of the proton pulse to a value
less than 90° (23). This reduction in flip angle is beneficial for obtaining spectra of
concentrated samples or samples in aqueous solutions, where dynamic range problems
can be severe. In those cases, a small flip angle will give sensitivity similar to a 90°
proton pulse flip angle, but the smaller flip angle allows a higher experiment repetition
rate, thus improving the overall sensitivity. It also appears that the effectiveness of
the suppression of the signals from protons coupled to N is related to the number
of acquisitions, and therefore a large number of acquisitions, using a small proton-
flip angle, is desirable.

EXPERIMENTAL

All experiments were performed on a Nicolet-360 spectrometer, equipped with a
293A’ pulse programmer and a NT-1180 computer. Phases of the !°N pulses and the
composite WALTZ-16 N decoupling (24) were controlled by an ADNIC phase
programmer (25). The tuning circuit of a standard Nicolet 5 mm proton probe was
modified in the way sketched in Fig. 3, to allow triple tuning ("H, 2H, ’N) (Fig. 3).
Unless explicitly stated otherwise, in all experiments a '>N band-reject filter was used
in the 2H lock channel, to avoid disturbance of the lock signal by the '*N irradiation.
A stable lock is critical for good suppression of signals from protons not coupled to
SN. Experiments were performed on a 0.15 M solution of 23,5 tri-O-benzoyl-4-
thiouridine (I} (Fig. 4) (26) in CDCl;, a 0.25 M 1:1 mixture of 2',3'-O-isopropylidene-
5'-O-tert-butyldimethylsilylguanosine and 2',3'-O-isopropylidene-5'-O-tert-butyldi-
methylsilylcytidene (II) (Fig. 4) in CDCl;, a 0.5 M solution of [1,3-°N,]5-(2’,5,8-
trioxadecyl)uracil and 5'-acetyl-2'-3'-O-isopropylideneadenosine (III) (27) in CDCl,
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FIG. 3. The triply tuned probe circuit. A 36.5 MHz matching network to provide the '°N irradiation
capability was added to a standard doubly tuned high-resolution probehead. This added circuitry consists
of a 55 MHz trap for isolation, and matching and tuning capacitors (Johanson No. 5641, 1-30 pF) to
transform the impedance to 50 . The 55 MHz trap consists of a 1-30 pF Johanson No. 5641 capacitor
in parallel with a 16 turn close-wound No. 26 wire coil, mounted on a 10 mm o.d. form. The addition of
this matching network caused no noticeable degradation in proton sensitivity, and introduced no change
in the proton 90° pulse width.

and a 0.7 mM sample of tRNAM labeled with 65% N at N3 of all the uridine-
related bases (28) in a 92% H,0/8% D,0 solution, contained in a 200 ul Wilmad 508
microcell. Experiments on the tRNA and on compound II were performed at 15°C
to slow the proton exchange rate; all other experiments were done at room temperature.

The 5N rf field strength was measured using the calibration method described in
Reference 14 on the '°N labeled compound (III) and the >N 90° pulse width was
determined to be 480 usec. In all experiments, the delay A was set to 4.5 msec.

Data obtained with the phases ¢ = x and ¢= —x (Fig. 1) were acquired on alternate
scans, subtracted, and stored separately from the data obtained with ¢ = y and
¢ = —y. Taking a proper combination of the two data sets (sec Table 1) then allows
the computation of both the zero and the double quantum spectra from the same
sets of data. Because the noise in the zero and double quantum spectra is independent,
in principle, those spectra can be co-added to give an improvement in sensitivity by
a factor V2 (29) over adding the data of all four steps of the experiment directly, in
the fashion given in Table 1, and selecting either the zero or the double quantum
component. '
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F1G. 4. Structures of 2',3,5' tri-O-benzoyl-4-thiouridine (I), a 1:1 mixture of 2',3-O-isopropylidene-5-0O-
ter;-butyldimethylsilylcytidene and 2',3-O-isopropylidene-5-O-tert-butyldimethylsilylguanosine (II) and a
1:2 mixture of [1,3'°N,])5-(2',5',8'trioxadecyl)uracil and 5-acetyl-2',3-O-isopropylideneadenosine (III).

RESULTS AND DISCUSSION

Figure 5 shows the zero and double quantum spectra obtained for compound I,
using the sequence of Fig. 1a. Thirty-two ¢, increments of 1 msec each were used,
giving a spectral width of £500 Hz in the F, dimension. The proton pulse width was
set to 1.1 msec, corresponding to a 60° flip angle on resonance, with minimal excitation
of other resonances in the spectrum. One thousand transients were recorded for each
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FiG. 5. (a) Heteronuclear double quantum and (b) zero quantum spectrum of I with natural abundance
SN concentration, obtained with the sequence of Fig. 1a. The proton transmitter was placed at 10.1 ppm.
The total measuring time for both spectra was approximately 2.5 hr. Along the F, axis the absolute value-
mode projection of the double-quantum spectrum is shown. Along the F, axes, two phase-sensitive cross-
sections parallel to the F, axes, at the F, frequency of the lower-field doublet component, are shown.
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t; value, giving a total measuring time of approximately 2.5 hr. In both dimensions
10 Hz line broadening was used. From appropriate sections through the 2D data
matrix, a coupling constant Jyy = 94.0 + 0.5 Hz was measured. The chemical shift
frequency of the proton considered was 115 Hz higher than the proton transmitter
frequency. The double quantum frequency, 6y — 0x, is measured from Fig. 5a to be
235 Hz, and therefore the '*N shift frequency is 120 Hz lower than the N transmitter
frequency, which was placed at 177.4 ppm downfield from NH; at 25°C. The zero
quantum spectrum can then be used as a check on experimental results. Manipulation
of the data which gave the double quantum spectrum, using the linearly frequency-
dependent phase correction described earlier, gives the spectrum of Fig. 6, which has
the shape of a conventional shift correlation spectrum. Projections on the F, and F,
axes give the heteronuclear coupled 'H and !°N spectra. In these experiments no '°N
band-reject filter in the lock channel was used. This is the major reason for the noise
on the F, traces of the spectra of Figs. 5 and 6 that correspond to the proton chemical
shift frequency. This noise is due to incompletely suppressed signals from the 300-
fold excess of protons attached to '“N.

Figure 7 shows the result of the experiment of Fig. l1a applied to compound II,
The proton pulse flip angle was set to 45° and 800 transients were recorded for each
t, value and 32 ¢, increments of 1 msec each were used, giving a total measuring
time of 2 hr. Along the sides of the spectrum, which is derived from the zero quantum
spectrum, the absolute value mode projections are shown. It appears that the noise
in the projection on the F, axis is much larger than in the projection on the F; axis.
This is again, mainly due to incomplete suppression of the protons coupled to N,

- Q
<
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. o=
b15N 4 o
180—
1]
- (]
Q
WO T T T T T
105 10.0
5 b‘H

FIG. 6. Heteronuclear shift correlation spectrum obtained from the same data matrix as Fig, 5a, by using
data manipulation as described in the text, to remove the proton shift contribution from the F, dimension.
Along the F; and F, axes, the absolute value mode projections of the spectrum are shown.
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FIG. 7. '"H-"N shift correlation spectrum of II, obtained with the sequence of Fig. 1a, and selection of
the zero quantum component. Along the F, and F, axes, absolute value mode projections of the 2D
spectrum are shown. The total measuring time was 2 hr.

and to ¢, noise of the '°N satellite signals. The amplitude of this noise is proportional
to the sample concentration, while the noise in the projection on the F, axes is
“normal” thermal noise. The signal-to-noise-ratio in the F, projection is over 100:1,
and we therefore expect that spectra with sufficient sensitivity can be obtained from
0.1 M samples with natural abundance "*N in measuring times less than 1 hr.
Figure 8 shows the results for compound I of the experiment using the sequence
of Fig. 1b, with >N decoupling during acquisition. Again, data manipulation was

170~
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L L
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05 F, 4, foopp

FIG. 8. Heteronuclear decoupled shift correlation spectrum of I, obtained with the sequence of Fig. 1b,
selecting the double quantum signals. The total measuring time was approximately 2.5 hr. Along the two
axes, the absolute value mode projections of the 2D spectrum are shown.
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used to eliminate the effect of 'H shift in the F, dimension. The total measuring time
and parameter choices were identical to those of the spectra in Figs. 5 and 6. As
expected, the sensitivity of the spectra of Fig. 8 is considerably higher compared with
the spectrum of Fig. 6. However, in cases where suppression of the signals from
protons coupled to *N is a problem, the sequence of Fig. 1a could be preferred, since
the nonsuppressed signals give rise to ¢, noise (1) on F, traces different from where
the N satellites appear, which are displaced by *+Jyu/2 in the F, dimension
(Fig. 5).

Figure 9 shows the results of the scheme of Fig. 1d, which gives a conventional
heteronuclear shift correlation spectrum of the doubly '"N-labeled compound, III
(Fig. 4). Sixty-four ¢, increments of 0.68 msec each were used, giving a spectral width
of +735 Hz in the F, dimension. Four transients were recorded for each ¢, value,
and the total measuring time was approximately 3 min, While the N resonances
are more than 500 Hz off resonance and the '°N field strength equals only 520 Hz,
the experiment works very well, with only a small loss in sensitivity (on the order of
10%) compared with on-resonance '°N irradiation. This results from the self-com-
pensating effect of a 90° pulse for rf offset effects (30, 31). In this experiment, high
power proton pulses (20 KHz rf field strength) were used. A large proton rf field
strength is necessary in this experiment to ensure proper proton spin inversion by
the proton 180° pulse, applied at the midpoint of the evolution period.

Finally, Fig. 10 shows the heteronuclear shift correlation spectrum of tRNAM,
obtained with the sequence of Fig. 1b, and phase cycling in such a way that the
double quantum signals are selected. Sixteen #, increments of 0.8 msec each were
used, giving a spectral width of +625 Hz in the F; dimension. A Redfield 2-1-4
sequence (32) was used for generating a 45° proton pulse with suppression of the

4JLJLAW,J\JL

|- 140

150

% =0 - 160

T
113 12 E 11 ppm
2

FI1G. 9. Heteronuclear shift correlation spectrum of III, obtained with the sequence of Fig. 1d. The total
measuring time was approximately 3 min. Along the F, axis, the conventional one-dimensional proton
spectrum is shown, while along the F, axis, the absolute value mode projection of the 2D spectrum on
this axis is shown,
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FiG. 10. 'H-'*N shift correlation spectrum of a 0.7 mM 92% H,0/8% D,O solution of tRNAM, labeled
with 65% "N at N3 of all the uridine related bases in a 200 gl microcell at 15°C. The spectrum was
obtained with the sequence of Fig. 1b, and selection of the double quantum component. Due to proton
exchange and partial decomposition of the sample, peaks vary in intensity. The peak of the U27-A43 base
pair (6y = 12.7 ppm) disappears at temperatures higher than 15°C. Along the F, and F, axes, the absolute
value mode projections of the 2D spectrum are shown. The total measuring time was 6 hr.

H,0 signal. Six thousand transients were recorded for each ¢, value, giving a total
measuring time of approximately 6 hr. The spectral width in the F, dimension was
set to +5 kHz, to prevent spurious nonsuppressed signals from folding into the spectral
region of interest. The F, region containing the imino proton signals was corrected
for linear baseline distortion® from the tail of the H,O line, before the frequency-
dependent phase correction was applied. After transposition, the 16 complex ¢, data
points were zero filled to 128 complex data points before Fourier transformation and
magnitude calculation. Gaussian line broadening functions, corresponding to ap-
proximately 30 Hz broadening in the F, dimension and 15 Hz in the F; dimension
were used to improve the sensitivity. All the >N chemical shifts measured from the
spectrum of Fig. 10 are in good agreement (33) with values measured with double
resonance difference spectroscopy (DRDS) (34). The only discrepancy is a constant
shift for all !N resonances of 4.8 ppm upfield, due to a miscalibration of the NH;
reference frequency in earlier measurements (34). Intensities of the six peaks in the
2D spectrum of this sample strongly differ because of differences in the proton exchange
rates, and partial decomposition of the sample.

We have demonstrated that multiple quantum NMR can be used to correlate 'H
and N chemical shifts in natural abundance samples, and that the sequences can
be used in aqueous solutions. Using arguments given by Minoretti et al. (6), it follows

3 Of course, both the real and imaginary part of the spectrum have to be corrected for baseline distortion.
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that the sensitivity of indirect >N detection via multiple quantum NMR is at least
an order of magnitude better than INEPT-enhanced (35) detection of *N signals.
The exploitation of this potential gain in sensitivity depends on technical limitations
of the spectrometer, such as dynamic range and suppression of unwanted signals.
However, the inherent sensitivity and simplicity of the experiment promise great
applicability in studies of biological and chemical systems where observation of '’N
chemical shifts has proven time-consuming or impossible because of the low natural
abundance and low NMR sensitivity of '*N. In principle, N-H, pairs can be studied
in the same experiment as N-H pairs, but the rather large difference in chemical
shift of "N for the two pairs and the low !N radiofrequency field strength made this
impossible in our experimental setup. In analogy with an experiment described by
Mareci and Freeman (36), '"H-'°N coupling constants can be measured from the shift
correlation spectra, obtained with the sequences of Figs. 1a and 1d. On a 360 MHz
spectrometer, using 5 mm sample tubes, 2D "’N-'H shift correlation spectra with
sufficient signal-to-noise can be recorded on 0.1 M samples with natural abundance
5N or on 0.3 mM !’N-labeled samples, in measuring times on the order of 1 hr.
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