
Journal of Magnetic Resonance 196 (2009) 96–99
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/ locate/ jmr
Communication

14N Polarization Inversion Spin Exchange at Magic Angle (PISEMA)

Chunqi Qian, Riqiang Fu, Peter Gor’kov, William W. Brey, Timothy A. Cross, Zhehong Gan *

Center for Interdisciplinary Magnetic Resonance, National High Magnetic Field Laboratory, 1800 E. Paul Dirac Drive, Tallahassee, FL 32310, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 August 2008
Revised 10 October 2008
Available online 17 October 2008

Keywords:
Nitrogen
N-14 PISEMA
Dipolar coupling
Quadrupolar coupling
Spin-exchange
Oriented sample
Membrane protein
1090-7807/$ - see front matter � 2008 Elsevier Inc. A
doi:10.1016/j.jmr.2008.10.014

* Corresponding author. Fax: +1 850 644 1366.
E-mail address: gan@magnet.fsu.edu (Z. Gan).
Polarization Inversion Spin Exchange at Magic Angle (PISEMA) is a powerful experiment for determining
peptide orientation in uniformly aligned samples such as planar membranes. In this paper, we present
14N-PISEMA experiment which correlates 14N quadrupolar coupling and 14N–1H dipolar coupling.
14N-PISEMA enables the use of 14N quadrupolar coupling tensor as an ultra sensitive probe for peptide
orientation and can be carried out without the need of isotope enrichment. The experiment is based
on selective spin-exchange between a proton and a single-quantum transition of 14N spins. The spin-
exchange dynamics is described and the experiment is demonstrated with a natural abundant N-acetyl
valine crystal sample.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Nitrogen is one of the most important elements in biological
chemistry. Traditionally, nitrogen NMR spectroscopy has relied
exclusively on observing 15N either at 0.37% natural abundance
or with isotope labeling for favorable NMR properties of spin-1/2.
Despite of high natural abundance (99.6%) 14N NMR has been rare
due to the low gyromagnetic ratio and large quadrupolar interac-
tions of the spin-1 nucleus. Nevertheless 14N NMR is capable of
accessing quadrupolar interaction and measuring electric-field-
gradient (EFG) parameters of nitrogen [1–7]. The spectroscopic
difficulties of wide-line 14N NMR can be partially overcome by
indirect detection through more sensitive spins like 13C or 1H un-
der magic-angle spinning condition of powder samples [8–12].
For single crystal and oriented samples such as peptide and pro-
teins in membranes, large 14N quadrupolar couplings cause only
peak splitting. The presence of quadrupolar interaction does not
contribute to the line broadening and the associated problems of
low sensitivity and resolution. The measurement of quadrupolar
splitting provides the information on molecular orientation of the
quadrupolar coupling tensor relative to the magnetic field direc-
tion. The orientation approach for structural determination be-
comes more powerful in the form of multi-dimensional
experiments that separate the anisotropic chemical shielding,
dipolar and quadrupolar interactions along various dimensions
[13,14]. The most notable is the Polarization Inversion Spin Ex-
change at Magic Angle (PISEMA) experiment [15] which correlates
ll rights reserved.
15N chemical shift with 15N–1H dipolar coupling. The two-dimen-
sional 14N–1H Separated-Local-Field (SLF) experiment is another
example that utilizes the 14N quadrupolar interaction [16]. In this
paper, we present 14N Polarization Inversion Spin Exchange at Ma-
gic Angle (PISEMA) experiment which has enhanced dipolar reso-
lution over the traditional 2D SLF experiment. [17].

The PISEMA experiment measures the spin-exchange driven by
the flip–flop dipolar Hamiltonian. Flip–flop Hamiltonians among
various spin pairs do not commute, therefore the largest coupling
of the strongly coupled spin pair suppresses the spin-exchange of
other weakly coupled ones, namely dipolar truncation. The dipolar
truncation often causes problems in polarization transfer to long-
range weakly coupled spins [18], but the effect works favorably
in PISEMA because it eliminates dipolar broadening effect from
the surrounding protons of a 15N–1H spin pair [19]. The resulting
line narrowing dramatically enhances the dipolar resolution and
has made 15N–1H PISEMA the experiment of choice for determin-
ing peptide orientation. The 14N experiment described here keeps
the high dipolar resolution feature of PISEMA and uses the large
amide 14N quadrupolar coupling tensor as one of the orientation
probe. Further more, the high 14N natural abundance makes the
experiment applicable to bio-molecules without the need of iso-
tope enrichment.

Spin-exchange in the rotating frame requires spin-lock. For 14N,
the rf field is usually not strong enough compared to the quadrupo-
lar interaction for simultaneous spin-lock of both single-quantum
transitions. It will be shown here that in most cases that the quad-
rupolar frequency is much larger than x1 ¼ cB1 the three-level
system of spin-1 can be simplified to a two-level system and selec-
tive spin-lock of one single-quantum transition can be achieved.
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Cross-polarization and spin-exchange to the selected transition can
occur similarly with a spin-1/2 system for obtaining 14N–1H PISE-
MA spectra.

2. Theory

In the rotating frame of the rf field, the 14N Hamiltonian consists
of the first-order quadrupolar coupling xQ ðS2

z � S2=3Þ and an offset
term Dx0Sz relative to the Larmor frequency. The offset Dx0 in-
cludes the contributions from the chemical shift and the second-
order quadrupolar shift that both are proportional to Sz: The Ham-
iltonian can be expressed explicitly in the three-by-three matrix
representation of spin-1.

HN ¼ xQ ðS2
z � S2=3Þ þ Dx0Sz

¼
Dx0 þ xQ

3

� 2xQ
3

�Dx0 þ xQ
3

0
BB@

1
CCA ð1Þ

Similarly for the 14N–1H dipolar Hamiltonian and the rf Hamilto-
nian, we have

HD ¼ xDSzIz ¼ xD

1
0
�1

0
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1
CA� Iz ð2Þ

Hrf ¼ x1NSx þx1HIx ¼
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Usually the 14N quadrupolar interaction is much larger than the rf
Hamiltonian jxQ j >> x1N: The rf field is selective to one of two sin-
gle-quantum transitions with Dx0 � xQ or �xQ : Therefore the
three-level 14N spin system can be simplified to a two-level system
described by single-transition s ¼ 1=2 spin operators. Under the
two-level approximation, the rf Hamiltonian becomes

Hrf ¼
x1Nffiffiffi

2
p

0 1
1 0

� �
þx1HIx ¼

ffiffiffi
2
p

x1Nsx þx1HIx ð4Þ

The 14N nutation frequency for selective rf irradiation equals to
ffiffiffi
2
p

times cB1: This scaling factor needs be considered in the Hartman–
Hahn match for the cross-polarization and spin-exchange.

For the quadrupolar and dipolar Hamiltonian, there is an
intriguing effect from the two-level approximation. Let us first con-
sider selective rf field to 1j i $ 0j i transition (Dx0 � �xQ ). An iden-
tity term arises from the two-level spin-1/2 approximation.

HN ¼
Dx0 þxQ=3
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Here we use xoff ¼ Dx0 þxQ to describe the frequency offset to the
selectively observed transition. The identity ê term in the quadru-
polar Hamiltonian has no effect on the spin dynamics. However,
the identity term manifests itself into a proton shift in the dipolar
Hamiltonian

HD ¼ xD
1

0

� �
� Iz ¼ xDszIz þ

1
2
xDIz ð6Þ

The shift term 1
2 xDIz changes its sign for the other single-quantum

transition 0j i $ �1j i transition (Dx0 � xQ ).

HD ¼ xD
0
�1

� �
� Iz ¼ xDszIz �

1
2
xDIz ð7Þ
This shift term can be visualized in the proton triplet spectrum split
by the dipolar coupling from the S ¼ 1 14N spin [20]. When the two-
level approximation is applied to just one of the 14N single-quan-
tum transition, the average position of the two adjacent peaks in
the triplet proton spectrum is shifted off the center by xD=2;similar
to a change of chemical shift. The sign of this shift is opposite be-
tween the two single-quantum 14N transitions.

Eqs. (4)–(7) show that the Hamiltonians under two-level
approximation are nearly identical to those of spin-1/2 PISEMA ex-
cept two differences: First, the 14N nutation frequency is scaled up
by

ffiffiffi
2
p

. Second, the identity term in the dipolar Hamiltonian con-
tributes as additional proton chemical and can have effects on
the proton decoupling and the spin-exchange. Besides these two
differences, the spin dynamics of spin-lock and exchange is the
same as spin-1/2 PISEMA. Therefore 14N-PISEMA spectra can be ob-
tained as long as the 14N rf irradiation is kept selective
jxQ j >> x1N: When the quadrupolar frequency becomes compara-
ble to x1N; the two-level approximation is invalid. The 14N rf nuta-
tion becomes complicated for the three-level system affecting the
dipolar oscillation of the spin-exchange.

3. Results and discussion

All experiments were performed on a Bruker Avance-600 MHz
spectrometer equipped with a double resonance low-E probe
developed at the NHMFL [21]. The following procedure was used
to search for 14N peaks spanning over several megahertz using
cross-polarization. First, proton and 14N rf fields were calibrated
using an NH4Cl powder sample which has almost zero quadrupolar
and dipolar couplings due to the high symmetry and rotational
mobility of the ammonium ion. Second, glycine powder sample
was used to optimize the cross-polarization condition. The 14N car-
rier frequency was set to �300 kHz away from its Larmor fre-
quency to fulfill the two-level approximation. The

ffiffiffi
2
p

factor to
the 14N nutation frequency needs be considered for matching the
Hartman–Hahn condition with the calibrated proton and 14N rf
fields of cB1=2p ¼ 50 kHz and 35 kHz, respectively. For powder
samples, only a fraction of the molecules falls within the effective
cross-polarization bandwidth. The signal from �50 kHz bandwidth
was sufficiently strong for glycine after 12 scans. The 50 kHz band-
width was also used as the frequency increment in search for the
14N signal of the N-acetyl-D-valine single crystal sample.

The N-acetyl-D-valine single crystal was grown out of a satu-
rated water solution and has a cubic edge length of 2.5mm. A total
of eight resonance lines were found within a � 1 MHz window
from the Larmor frequency. Individual 14N PISEMA experiments
were performed on each of these resonance frequencies. The PISE-
MA pulse sequence is the same as that of 15N except the 14N rf field
strength (Fig. 1). In addition, the proton frequency offset was cali-
brated for optimal decoupling by finding the most effective contin-
uous wave decoupling.

Fig. 1 shows the pulse sequence and composed 14N PISEMA
spectra of N-acetyl-D-valine. There are altogether four pairs of
peaks along the F2 dimension split by the 14N quadrupolar cou-
pling with the frequencies summarized in Table I. The line width
ranges from 600 to 700 Hz. The peaks spread nearly 2 MHz as
the results of different orientation of the 14N quadrupolar coupling
tensor relative to the magnetic field. The dipolar splitting for the
three outer pairs, F2 = (765.0, �711.0), (704.9, �649.1) and
(571.6, �520.5) kHz are 14.2, 14.4 and 5.9 kHz, respectively. The
dipolar spectra for the (136.8, �85.0) kHz pair are broad mostly
due to the break down of two-level approximation with the quad-
rupolar frequency being the closest to the 14N nutation frequency.

It should be noted that the pairs of 14N peaks split by the quad-
rupolar couplings are not exact symmetric. The mean frequency



Fig. 1. 14N-PISEMA pulse sequence and composed spectra of N-acetyl-D-valine single crystal at an arbitrary orientation. The 1D slices show the dipolar 14N-1H spectra. The F1
axis is scaled by 0.816 for PISEMA. The spectra were acquired using a Bruker Avance-600MHz spectrometer equipped with a double resonance low-E probe developed at the
NHMFL [21]. The t1 increment corresponds to two Lee-Goldburg cycles 2s of 40 ls. A total of 128 t1 increment with 8 scans each and 3 s recycle delay were collected for each
spectrum.

Table 1
Summary of 14N peak frequencies, 1H carrier frequency for optimal 1H decoupling,
14N quadrupolar and 14N–1H dipolar splitting in kHz for four pairs of quadrupolar
split peaks of a N-acetyl-D-valine crystal at an arbitrary orientation. The 14N and 1H
frequency offsets are calibrated with NH4Cl and H2O, respectively.

mN
+ mH

+ mN
� mH

� (mN
+ + mN

�)/2 mQ mD mH
+ � mH

�

765.0 �7.8 �711.0 5.4 27.0 623 ppm 1476 14.2 �13.2
704.9 �7.8 �649.1 5.4 27.9 644 ppm 1354 14.4 �13.2
571.6 �2.1 �520.5 2.7 25.6 590 ppm 1092.1 5.9 �4.8
136.8 �2.1 �85.0 2.7 25.9 598 ppm 221.8 N/A �4.8
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deviates from the Larmor frequency as the results of chemical and
second-order quadrupolar shifts. A rough estimate here shows that
the orientation-independent isotropic parts of the two shifts ac-
count for most of the observed frequency deviations. For amide
nitrogen, the isotropic second-order quadrupolar shift is about
500 ppm at 14.1 T (�21.7 kHz down field at 600 MHz magnet)
[9]. The isotropic chemical shift of amide nitrogen adds another
�110 ppm [22]. The isotropic portion of the two shifts adds up to
about 610 ppm or 26 kHz, very close the mean frequencies of all
four pairs of 14N peaks ranging from 25.6 to 27.9 kHz down
field.
For each pair of 14N peaks, the frequency for optimal proton
decoupling was found different. As mentioned previously Eqs. (6)
and (7), this difference comes from the identity term arising from
the two-level approximation in the 14N–1H dipolar Hamiltonian.
From the calibrations, a 13.2 kHz frequency difference was found
for the 14N pairs at (765.0, �711.0), (704.9, �649.1) kHz, and a
4.8 kHz difference was found for the pair at (571.6, -520.5) kHz.
These frequency differences agree qualitatively with the dipolar
splitting (14.2, 14.4 and 5.9 kHz) as expected from the theory.

The dipolar spectra of PISEMA are intrinsically symmetric there-
fore are unable to distinguish the sign of dipolar coupling. The
dipolar-induced proton shift can help in the sign determination
which can remove some ambiguities in structural refinement using
orientation constraints [23]. Eq. [5] and [6] show that the product
of 14N quadrupolar shift and the dipolar-induced proton shift
�xQxD=2 is invariant for the two transitions. This relation allows
the determination of relative sign for the dipolar and quadrupolar
frequencies. For the spectra in Fig. 1, it was found that for all peak
pairs the high frequency 14N (positive frequency) peak has a lower
optimized proton frequency therefore in all cases the product term
�xQxD is negative. This result indicates that the dipolar and quad-
rupolar frequencies, xQ and xD, should have the same sign. This
type of information can be useful to resolve orientation ambiguity
in structural refinement
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4. Conclusion

It has been shown that 14N-PISEMA spectra can be acquired
for oriented samples with large 14N quadrupolar coupling simi-
larly as 15N-PISEMA. Only the

ffiffiffi
2
p

scaling factor for the 14N rf
nutation frequency and the dipolar-induced proton shift need
be considered in setting up the experiment. The spin-lock and
exchange are not affected by the large 14N quadrupolar interac-
tion if the 14N rf field is kept selective to one of the single-quan-
tum transition for a two-level simplification of the spin-1
system. The results from a model compound have demonstrated
ultra high 14N spectral resolution in terms of line width vs. fre-
quency spread while the spectral sensitivity is not suffered from
the quadrupolar interactions for oriented samples. The use of 14N
quadrupolar coupling and the enhanced dipolar resolution makes
14N-PISEMA a potentially useful experiment for oriented mem-
brane peptides and proteins without the requirement of isotope
enrichment.
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