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The detection of NMR spectra of less sensitive nucleir coupled to protons may be significantly improved by a two-dimen-
sional Fourner transform technique involving a double transfer of polanzation. The method 15 adequate to obtain naturat
abundance 15N spectra in small sample volumes with a commercial spectrometer

1. Introduction

In spite of the obvious biological relevance, mtrogen-
15 NMR has been hitherto rather limited in 1ts appli-
cations, rec_Jiring large, concentrated samples and
lengthy accumulations [1]. Nitrogen-15 chemical shifts
can provide msight into the sequencing of peptides
because the shifts are not merely characteristic of the
mdividual amino acids but also depend on the neigh-
boring residues [2]. Furthermore, the three-bond scalar
coupling 3JNH to the a proton of the next residue may
provide information about the torsional angle of the
peptide bond [3.4]. The sensitivity 1s mited by the
0 369% isotopic abundance and the gyromagnetic ratio
(rn/vy = —0.101) which entails a relative signal inten-
sity of 0 001 compared to an equal number of protons,
disregarding the unfavorable longitudinal relaxation
tumes [5] In addition, the negative Overhauser effect
(+1 > 1+ 7> -3 9) 1s often mncomplete and may lead
to accidental signal cancellations for some molecular
correlation times [6,7]

A variety of techmques have been proposed to en-
hance the sensitivity of nuclei like mtrogen-15. An
attractive approach consists in observing the proton
spectrum of a 15N ennched sample as a function of
the offset of a cw mitrogen decoupler, to momtor the
collapse of the heteronuclear scalar coupling Jyy
when the decoupler has the precise frequency of the
nmtrogen chemical shuft {8]. The method is less attrac-
tive for samples with natural isotopic abundance, and

tends to be rather time consuming, since the changes
mn the proton spectrum must be observed while the

second rf field is stepped in a pomni-by-point manner
througn the spectral range of the nucleus of interest.

Maudsley and Ernst [9] have recently introduced
heteronuclear two-dimensional spectroscopy to ex-
tend the Fourier advantage not only to the observa-
tion of the proton resonances, but to the spectrum of
the nsensitive nucleus as well. In this experiment, the
nitrogen-15 magnetization is generated initially by a
non-selective 90° pulse, and hence the sensitivity suf-
fers from the inherently modest Boltzmann polariza-
tion, from the unfavorable Overhauser effect, and from
saturation if the experiment 1s repeated before the
longitudinal magnetization is fully recovered. On the
other hand, there is a considerable gain in sensitivity
by observing at the proton frequency after the transfer
of the magnetization from the nitrogen to the proton
transitions.

A method proposed recently by Morris and Freeman
[10] for the detection of insensitive nuclei enhanced
by polarization transfer (INEPT) follows an opposite
strategy, by transferrning magnetization from protons
to the less sensitive nucleus. The resulting signai am-
plitude in the 15N spectra is proportional to the popu-
lation difference that normally occurs across proton
transitions. In N-acetyl valine, the experimental enhance-
ment achieved with the INEPT sequence was found to
be seventeen-fold (in comparison with a2 normal unde-
coupled 15N spectrum, obtained with a flip angle of
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30° found to be optuimum for a pulse repetition rate
of 0 7 s common to both expenments). A ten-fold
erthancement factor anses from the ratio 7y /vy which
governs the relative Boltzmann population differences,
the additional factor 1.7 1s due to the more favorable
proton relaxation {11] As in conventional 1SN NMR,
the inherent disadvantage of the detection at a lower
frequency has to be taken into account

Thus letter describes a two-dimensional experiment
which mmtially generates proton magnetizat:on, trans-
fers the coherence to the nitrogen transitions and. after
an interval designed to probe the nitrogen chemical
shaft, transfers the coherence back to the proton tran-
sttions to provide the advantage of the detection at
high frequencies The pulse sequence shown 1n fig. 1
indicates the double transfer of coherence symbolically
by the sinusoidal pattern representing the precession
of the transverse magnetization. The 7 delays are ap-
proumately adjusted to (4Jpy)~! and the nmitrogen
precession 1s monitored by incrementing the evolution
pernod Z; 1n regular increments The proton decoupling
of the mitregen spectrum, which 1s achieved by the
180° proton pulse in the middle of the evolution pe-
nod, may be omitted, the nitrogen decoupling of the
proton spectrum during the acquisition period is also
optional The details of the pulse sequence and phase
alternations will be discussed below. suffice 1t to say
here that the proton spectrum observed experimentally
with this technique vanishes 1f the nitrogen pulses are
omitted or set too far off resonance.

The application of this pulse sequence to a 1 M solu-
tion of 995 enriched N-acetyl valine 1n perdeuterated
dimethylsulphoxide (DMSO-dg) produces the proton
spectra shown n fig. 2 The amide proton gives rise
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Fig 1. A total of ten pulses are apphied to the [ spins (protons
or other sensiuve nucle1) and to the S spins (15N or other
nucler with low gyromagnetic ratio) The transfer of magnetiza-
tion 1s indicated schematically. The different pulse widths
represent flip angles of 90° and 180° The proton pulse at %tl
and the mitrogen decoupling 1n the acquisition period are op-
tional.
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Fig. 2 Proton spectra of the NH region of enriched N-acetyl
valine, observed with the ten-pulse sequence as a function of
the mtrogen evolution time £; To the left, the decouphng has
been omitted 1n both dimensions, leaving a heteronuclear
splitting L7y = 95 Hz apart from the smaller sphtting 3 /gy
=~ 7T Hz The nght side shows the collapse resulting from nitro-
gen decoupling as well as a simpler £;-modulation pattern due
to proton decoupling of the mtrogen precession. The experi-
mental conditions may be adjusted by maximizing the signal
for r; = 0, provided four transients are averaged as described
n table 1.

to a doublet of doublets (L/yy =95 Hz and 3J/yy =

7 Hz) seen 1n the left half of fig 2. The heteronuclear
splitting collapses when the nitrogen spins are de-
coupled during signal acquisition (nght half of fig 2).
the smaller splitting 1s due to the & proton of the amino
acid and 1s not essential to the experiment To optumize
the various delays and flip angles in the pulse sequence,
1t 1s sufficient to maximize the signal amplitude of the
first spectrum obtained for £, =0 Ideally, the signal
should be comparable to that obtained after an ordinary
90° proton observation pulse, although the transverse
decay. expressed by a factor exp (—47/T ). should be
taken 1nto account. As the evolution period ¢ 1s incre-
mented. the proton signals experience an amplitude
modulation which reflects the offset of the nitrogen
transitions from the low-frequency transmitter. For
example. the proton signals appear upside down 1f
both nitrogen magnetization vectors precess by 180°

m the r; interval The £; modulation of the proton
peaks 1n fig 2 may be subjected to a second, real
Fourier transformation which results in the F; fre-
quency domain shown in fig. 3. This domain 1s equiv-
alent to a mitrogen-15 spectrum observed at 27.36 MHz.
(The proton Larmor frequency occurs at 270 MHz in
these experiments ) To the left 1n fig. 3, each of the
four traces shows a doublet, because the 180° proton
pulse at %tl has been omitted. These proton coupled
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Fig 3. Sections taken from a phase-sensitive two-dimensional
frequency plot, obtained from the data shown in fig. 2 after
a second Fourier transformation. The F> domain corresponds
to the peaks in the proton spectra, the F; dimension shows
15N spectra. As in fig 2, the decoupling has been omitted 1n
the left half of the figure. All signals are in absorption mode
without requiring phase corrections

nitrogen spectra may be useful to observe 3JNH
couplings to the a protons of neighboring peptide res-
1dues [3.4] . All four spectra are 1n absorption mode,
and do not require any phase corrections 1n the F;
domain, provided the wutial duration of #; is vanishingly
short. The night half of fig. 3 shows the effect of the
second Founer transformation when the spectra are
decoupled 1n both dimensions. The F; or 15N domain
is ssmplified to a single resonance at the nitrogen chemi-
cal shift. A peptide would give rise to a two-dimension-
al map, where the proton and mtrogen shifts of each
NH group determine the frequency coordinates, thus
providing additional imformation for the assignment

of the signals.

The experiment is designed, in principle, to suppress
any proton signal that does not onginate from the 15N
transitions. The implications for N-acetyl valine 1n
natural isotopic abundance (0.369) are shown m fig 4.
The central proton resonances in the amide region be-
long to the 4N 1sotope; this signal, which is normally
280 times stronger than the I5N satellites, has been re-
duced to about 1%, reflecting short term instabilities of
the spectrometer. The interference of the residual central
component with the 15N satellites reduces the signal-
to-artifact ratio achieved after the second Fourier trans-
formation. Nevertheless, the nitrogen chemucal shift 1s
clearly identified in the F; domain in fig. 4, which rep-
resents a spectrum of 3.6 mM 15N n a 5 mm sample
tube. The use of smaller sample volumes opens the way
to the study of matenals which are not abundantly
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Fig 4. Spectra of N-acetyl valine with natural nitrogen-15
abundance. Apart from the 7;-modulated ! SN satellites, the
time—frequency domain (left) shows central doublets which
result from the imperfect cancellations of the proton signals
of 14N contaiming molecules. The proton-decoupled nitrogen
spectrum (night), obtained by Fourer transformation of the
t;-modulation of the highest-field satellite, provides an accu-
rate measure of the 15N chemical shift, in spite of some arti-
facts due to imperfect cancellation.

available. The techmique is suitable both for studies 1
deuterated organic solvents as well as for non-exchanging
NH groups of proteins dissolved in D,O.

2. Details

The mechamsm of the ten-pulse sequence shown in
fig 1 is best discussed for a heteronuclear AX system
consisting of one proton coupled to one >N nucleus.
Such a unut occurs in all peptide bonds with the excep-
tion of proline, with scalar coupling constants Jyg;
typically around 92 Hz [12]. The proton magnetiza-
tion, consisting of two vectors precessing with frequen-
cies 8y * 3Jny - is witially rotated into the +y axis of
the rotating frame, and refocused by simultaneous
180° pulses applied to both nuclei, to form an echo
at time 271 = (2J)~!. The heteronuclear coupling causes
the two vectors to refocus along opposite +x and —x
axes of the rotating frame. As in INEPT, a 10}, proton
pulse, applied at the top of the echo, flips one of these
vectors back into the equilibnum position, while the
other is inverted and ends up alcng the —z axis. It can
be readily shown that the two 15N transitions have
become associated with dramatically enhanced popula-
tion differences, of +2A + 28 and —2A + 25 respectively
(in this conventional notation, the equihbrium popula-
tion differences are defined to be 2A for protons and
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28 for nitrogen transitions, with A/8 = 10). An alterna-
tive expenment uses a 90‘1}. proton pulse at the top

of the echo to mvert the other proton magnetization
vector instead, and yields populaiion differences across
the mitrogen transitions of —2A + 28 and +2A + 26
respectively. The subtraction of the signals obtained
from two such experiments cancels the 26 terms and
therefore ehiminates the nuclear Overhausser effect
(the latter stems from a net redistribution of popula-
tions across the nmitrogen transitions, and 1s reflected
by a change 1n § only).

Now the 15N magnetization 1s brought into the
transverse plane of a frame rotating in synchronism
with the nitrogen carner frequency. Because of the
populations prevailing just before the 905 nitrogen
pulse, the two doublet components point along oppo-
site +y and —y axes. A proton 180° pulse at %tl inter-
changes the 1dentity of the two nitrogen vectors, a vec-
tor imtially rotaung with the frequency 8y + 3 J/nu
resuming its precession with the frequency dyy— 3
in the second half of the evolution period. At the end
of the £ interval. each vector has accumulated a phass
2n8 1) The second 903 nitrogen pulse rotates the y
components back into the = axis, thus generating popu-
lation differences which are “'read” by a 905, proton
pulse At this point, the two proton magnetization

vectors are in opposite phase. but after an interval 27
=Ny )~ ! both vectors acquire the same phase [13].
The simultaneous application of 180° pulses to both
nucler in the mddle of this mnterval removes the fre-
quency dependent phase shift and eliminates signal
losses due to mhomogeneous decay in this mnterval.
Once the proton doublet is in phase, a continuous
mtrogen decoupler may be apphed.

To cancel the proton signals arising from molecules
containing 14N, the phase of the first 90° nitrogen
pulse is alternated, which reverses the algebraic sign of
the information transferred to the protons [9]. The
proton signals are added or subtracted according to
the scheme in table 1, which also has the virtue of eli-
munating the nuclear Overhauser effect from the 15N
spectra Any spurious transverse magnetization gener-
ated by the first mitrogen **180°" pulse 1s also cancelled.

The expeniments were performed with a Bruker
270 MHz spectrometer. The 5 mm probe, oniginally
designed for proton decoupled fluorine-19 NMR, was
tuned for proton observation, the decoupler coil being
retuned to resonate for ISN. A frequency synthesizer
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Table 1

In a frame rotating in synchronism with the proton carner fre-
quency, the phases of all proton pulses m fig. 1 are along the

X axis except for the phase opy of the thurd proton pulse, which
alternates between +y and —y as shown. In the nitrogen frame,
all phases are along the x axis except for the phase ¢N of the
second 15N pulse Adding and subtracting the free induction
decays as shown suppresses all signals except those arising from
a double transfer of magnetization from protons to mtrogen
and back, and eliminates the nuclear Overhauser effect

Transient OH N Acquisition
1 ¥ x add
2 y —X sub
3 —y —x add
4 -y x sub

generated a signal at 27 36 MHz which was gated, phase-
shifted with a double balanced mixer, and amphfied to
9 W with a Boonton 230A amplifier. The pulse sequence
was generated by modifying the computer program
controlling a Nicolet 293 pulse programmer. A Nicolet
1080 computer was used for the two-dimensional
Founer transformation. The spectra of the enriched
sample were obtamed m 1 h, those of the natural abun-
dance sample required about 8 h. In theory, the advan-
tage n sensitivity over conventional 13N spectroscopy

1s determuned by the factor (y/vy)3/2 In practice
however. the two-dimensional method tends to be rather
time consuming, particularly if high resolution is to be
achieved 1n the 15N dimnension [14]. Furthermore, the
“nowse” does not only anse from the receiver coil and
the preamphfier, but consists primarily 1n artifacts,
whose ntensity is proportional to the amphitude of the
signals themselves. The limatations of the sensitivity for
dilute solutions should be explored expenmentally.
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