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Two-dimensional 1H/13C polarization inversion spin exchange
t the magic angle experiments were applied to single crystal
amples of amino acids to demonstrate their potential utility on
riented samples of peptides and proteins. High resolution is
chieved and structural information obtained on backbone and
ide chain sites from these spectra. A triple-resonance experiment
hat correlates the 1H–13Ca dipolar coupling frequency with the
hemical shift frequencies of the a-carbon, as well as the directly
onded amide 15N site, is also demonstrated. In this experiment
he large 1H–13Ca heteronuclear dipolar interaction provides an
ndependent frequency dimension that significantly improves the
esolution among overlapping 13C resonances of oriented polypep-
ides, while simultaneously providing measurements of the 13Ca

hemical shift, 1H–13C dipolar coupling, and 15N chemical shift
requencies and angular restraints for backbone structure
etermination. © 1999 Academic Press

Key Words: PISEMA; solid-state NMR spectroscopy; dipolar
oupling; protein structure determination; amino acid; single crys-
al; triple-resonance; peptide.

INTRODUCTION

Multidimensional solid-state NMR experiments incorpo
ng spin-exchange at the magic angle (SEMA) (1) are proving
o be extremely valuable in applications to15N-labeled peptide
nd proteins (2–5). The very high resolution of the heter
uclear dipolar coupling frequency dimension makes it fea

o resolve many individual resonances in spectra obtained
15N-labeled proteins in supramolecular structures, inclu

embrane bilayers (4, 5) and virus particles (3). Since the
roteins in these structures are immobile on the relevant N

imescales, the well-resolved spectra demonstrate that th
o fundamental size limitation to the molecules that can
tudied with NMR spectroscopy due to line-broadening th
consequence of slow molecular reorientation. Further,

xperiments enable the measurement of multiple orienta

1 To whom correspondence should be addressed at Department of C
ry, University of Pennsylvania, 231 South 34th Street, Philadelphia
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lly dependent frequencies that provide input for protein s
ure determination by solid-state NMR spectroscopy (6).

Now that it is possible to obtain completely resolved so
tate NMR spectra of uniformly15N-labeled proteins (4), the
evelopment of methods for making backbone resonanc
ignments and of examining side chain sites has a high pri
e have recently demonstrated that it is possible to a

mide backbone resonances utilizing13C chemical shift/15N
hemical shift correlation experiments and to measure sp
arameters associated with both13C- and15N-labeled sites fo
tructure determination in peptides (7) and proteins (8). Pro-
eins uniformly labeled with13C by expression in bacteria ha
ll side chain sites labeled, in addition to backbone sites.
esolution of13C side chain resonances provides an opportu
or determining the full three-dimensional structures of p
eins. Side chain13C sites present a wide variety of chemi
hift tensors and C–H bonding arrangements, in contrast
niformity of 13C and 15N backbone sites. Surveys of t
hemical shift tensors of various organic and inorganic c
ounds, including amino acids, have been published (9–11).
ignificantly, the frequencies associated with1H–13C hetero
uclear dipolar couplings are more than twice as large as

or 1H-15N couplings, thus, they offer even better possibili
or spectral resolution in the heteronuclear dipolar coup
requency dimension of multidimensional solid-state N
pectra.
The spectral manifestations of heteronuclear dipolar

lings reflect the gyromagnetic ratios of the nuclei, the num
f bonded nuclei, the bond lengths, and the angles betwee
onds and the direction of the applied magnetic field in
nted samples. The seminal two-dimensional separated
eld experiment has been used to characterize the di
ouplings of CH, CH2, and CH3 groups in single-crystal sam
les (12). Polarization inversion schemes have also b
hown to distinguish among these same chemical groups13).
tilizing three-dimensional correlation spectroscopy on a p
rystalline sample of a peptide, we have characterized th1H
hemical shift,1H–13C dipolar coupling, and13C chemical shif
ensors of ana carbon in a peptide (14). It has been demon
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3412D AND 3D PISEMA EXPERIMENTS
trated theoretically that a single unique structure can be
ained when the frequencies from1H–15N, 15N–13C, and

13Ca–
1H dipolar couplings are considered together, while

ot sufficient to define the peptide plane based on only
rientation of N–H and N–C bonds (15). The combination o

15N chemical shift, 13C chemical shift,1H–15N dipolar cou-
ling, and 1H–13C dipolar coupling frequencies improves
ccuracy of structure determination compared to what is
ible with the frequencies associated with only the15N amide
ite. It has also been shown that the1Ha–

13Ca dipolar coupling
an be measured in solution NMR spectra, and the back
ihedral anglec can be determined based on the cross-re
tion between the1Ha–

13Ca dipolar coupling and the13C chem-
cal shift anisotropy (16–18).

In this Article we describe the application of the two-dim
ional polarization inversion spin exchange at the magic a
PISEMA) experiment (1) to single-crystal samples of alipha
nd aromatic amino acids and demonstrate that high reso
an be achieved and structural parameters measured fo
ackbone and side chain13C sites. We also demonstrate

riple-resonance experiment that correlates the1H–13Ca dipolar
oupling frequency with the13Ca and15N amide chemical shi
requencies. The large1H–13Ca heteronuclear dipolar couplin
rovides an independent frequency dimension that help
olve among overlapping13C resonances, enabling the m
urement of the13Ca chemical shift,1H–13C dipolar coupling
nd 15N chemical shift frequencies for backbone struc
etermination.
The two-dimensional experiment is demonstrated with s

ra of single crystal samples of natural abundanceN-acetyl
aline (NAV) and tyrosine hydrochloride, which serve as
mples of a variety of side chain carbon sites. The th
imensional experiment is applied to a single-crystal samp
,4-13C, 3-15N-labeled N-acetylglycine (NAG). The crysta
tructures ofN-acetylvaline (19), tyrosine hydrochloride (20),
ndN-acetylglycine (21) have been determined, and they h
ll been shown to have two magnetically inequivalent m
ules in their asymmetric unit. Their two-dimensional1H/13C
ISEMA spectra demonstrate that it is possible to mea
eteronuclear dipolar couplings associated with all ca

unctional groups found in proteins, including those with
irectly bonded hydrogens.1H–13Ca spectral slices provid
ngular information that can be used to determine the ori

ions of side chains. The three-dimensional1H–13Ca dipolar
oupling/13Ca chemical shift/15N chemical shift spectrum
isplayed as a cube that can be analyzed as15N chemical shif
esolved two-dimensional1H–13Ca coupling/13C shift planes
or individual amide sites.

RESULTS AND DISCUSSION

The two- and three-dimensional pulse sequences
rammed in Fig. 1 incorporate spin-exchange at the m
ngle (1) in one of the incremented periods, enabling
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volution of the carbon magnetization according to the1H–13C
ipolar coupling interaction with minimal interference fro
omonuclear1H dipolar couplings. The two-dimensional13C
xperiment diagrammed in Fig. 1A is essentially the sam

hat described previously for15N (1), since it can be performe
ith either continuous (22) or flip–flop Lee–Goldburg (23, 24)

rradiation during thet1 interval. This experiment is intend
or natural abundance or specifically labeled samples, sin
oes not include homonuclear13C decoupling (7, 25), which is
equired for high-resolution spectroscopy with uniformly13C-
abeled samples. The experiment starts with the transfer1H

agnetization to13C by conventional spin-lock cross-polariz
ion (26). The magnetization then evolves under the1H–13C
ipolar interaction during thet1 interval. 13C signals are de

ected during thet2 interval in the presence of1H irradiation for
eteronuclear decoupling. The large range of1H–13C dipolar
oupling frequencies (0–25 kHz) means that very short c
imes are required duringt1 to avoid alaising. As a result,
ome situations it is simpler to utilize continuous off-resona
ee–Goldburg irradiation duringt1 than to raise the RF pow

evels to give the 90° pulse lengths needed for short c
imes. Although this results in somewhat broader linewidth
he heteronuclear dipolar coupling frequency dimension
bserved with flip–flop Lee–Goldburg procedures (800 vs
z), it allows for arbitrarily short increments int . The 1H–13C

FIG. 1. A. Pulse sequence that generates two-dimensional1H–13C dipolar
oupling/13C chemical shift spectra. B. Pulse sequence that generates
imensional, triple-resonance1H–13C dipolar coupling/13C chemical shift/15N
hemical shift spectra. Eacht2 increment corresponds to an integral numbe
ycles defined by the flip–flop Lee–Goldburg irradiation.
1
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342 GU AND OPELLA
eteronuclear dipolar coupling frequencies are scaled by
n either case.

The pulse sequence for the three-dimensional1H–13C dipolar
oupling/13C chemical shift/15N chemical shift experimen
hown in Fig. 1B is suitable for uniformly13C- and15N-labeled
olypeptide samples. Since13C–13C homonuclear dipolar co
lings can affect the observed resonances with splittings

o 2 kHz, both heteronuclear and homonuclear13C decoupling
rocedures are incorporated into the pulse sequence. Th
eriment starts with conventional spin-lock cross-polariza

rom 1H to 13C, followed by a SEMA interval during which th
1H–13C dipolar couplings evolve. Continuous15N irradiation
uppresses the1H–15N as well as13C–15N heteronuclear dipola
ouplings duringt1. The1H–13C heteronuclear dipolar couplin
requencies are scaled by 0.82. Immediately followingt1, the
-phase pulseu rotates the13C magnetization by 35.5° to th
agic angle, followed by flip–flop Lee–Goldburg irradiation

he 13C spins and continuous irradiation of the1H and15N spins
n order to suppress homonuclear13C and heteronuclear1H–13C
nd dipolar couplings duringt2. As a result, the13C magneti
ation is affected only by the13C chemical shift interaction
hich is scaled by a factor of 0.58, duringt2. Immediately

ollowing t2, the X-phase13C pulseu effects a 35.3° nutation o
he 13C magnetization that returns it to the transverse p
here a 90° pulse, labeledf, is phase cycled to achie
uadrature detection int2 (27), with a second 90°13C pulse to
ip the selected magnetization back to the transverse p
he 13C magnetization is then transferred to15N by cross
olarization (28). Finally, unscaled15N signals are acquire
uring t in the presence of continuous1H and 13C irradiation.

FIG. 2. Experimental two-dimensional1H–13C dipolar coupling/13C chem
rbitrary orientation with respect to the applied magnetic field. The a
ne-dimensional13C NMR spectrum at the top of the figure.
3
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eteronuclear decoupling is accomplished throughout th
eriment with continuous RF irradiation at the1H, 15N, and13C
esonance frequencies. The resulting spectra have intrins
igh resolution and correlate the frequencies from the13Ca

hemical shift, the15N chemical shift of the directly bounde
mide nitrogen, and the1H–13Ca dipolar coupling.
Figure 2 contains the two-dimensional1H–13C dipolar cou

ling/13C chemical shift spectrum of a single crystal sampl
-acetylvaline at an arbitrary orientation in the magnetic fi
his spectrum was obtained with the pulse sequence
rammed in Fig. 1A with continuous Lee–Goldburg irradia
uringt1. NAV has two inequivalent molecules in the unit c

herefore two sets of resonances are present in the spe
he assignments of the individual carbon types are marke

he one-dimensional spectrum shown on the top of the
imensional PISEMA spectrum. For clarity, the two-dim
ional PISEMA spectrum is shown slightly offset from z
requency in the dipolar coupling frequency dimension.

The heteronuclear dipolar coupling pattern of each ca
ite is clearly represented in the spectrum. Since thea-carbons
nd carbonyl carbons are directly bonded to14N, distinct trip-

ets are observed in the13C chemical shift frequency dimensi
29). In general, the14N–13C triplet resonances from carbon
arbons have very small or no1H–13C dipolar splittings, while
he 14N–13C triplets froma-carbons have relatively large1H–

13C dipolar couplings due to the directly bonded hydrog
igure 3 presents an expansion of two of the13C triplets that we
bserved in the spectrum of NAV in Fig. 2. On the left is
f the carbonyl carbons with almost zero1H–13C dipolar cou
ling, and on the right is one of thea-carbons with a relativel

al shift spectrum of a single-crystal sample of natural abundance NAV
gnments of chemical group types for each individual peak are indicae
ic
ssi
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3432D AND 3D PISEMA EXPERIMENTS
arge (7.7 kHz)1H–13C dipolar coupling. The splittings due
he 14N–13C dipolar couplings are markedly asymmetric,
hown in the one-dimensional projections on top of the spe
ecause of the relatively low magnetic field and the la
uadrupole couplings of14N amide sites. These asymme
plittings provide valuable input for structure determina
30, 31). Neither the carboxyl carbons nor the other aliph
arbons are directly bonded to14N, therefore single-line res
ances are observed in the13C chemical shift frequency d
ension from these sites.
Figure 4 contains the two-dimensional1H–13C dipolar cou

ling/13C chemical shift spectrum of a single-crystal sampl
yrosine hydrochloride at an arbitrary orientation with res
o the magnetic field. As for NAV, two sets of resonances
bserved due to the two inequivalent molecules in each
ell. Resonances from all sites on the aromatic ring of tyro
re resolved in the two-dimensional spectrum and ca
ssigned based on their dipolar splitting patterns and che
hift frequencies. At this orientation of the crystal, the obse
–H dipolar coupling frequencies differ by more than 20 k
his results in the highly resolved1H–13C dipolar coupling

requency dimension, in spite of the use of continuous ra
han flip–flop Lee–Goldburg irradiation duringt1. The assign
ents of each resonance to types of chemical group
arked on the one-dimensional carbon spectrum on the t
ig. 4.
Figure 5 shows a series of one-dimensional1H–13C dipolar

oupling slices extracted from the data sets used to genera
wo-dimensional spectra in Figs. 2 and 4. The most li
ssociations between types of chemical groups and th13C
hemical shift frequencies are noted. Both13COOH and13COH

FIG. 3. Two 14N–13C triplets extracted from the two-dimensional sp
rojection on the top of the spectra. Left, carbonyl carbon; right,a-carbon.
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ites have small heteronuclear dipolar couplings and ca
ifficult to distinguish. In contrast, in general,13CH and13CH3

roups can be readily recognized, since the13CH sites give
oublets and the13CH3 sites give complex patterns. In prin
le, all of the13CH dipolar splittings can be used to determ

he angles between the C–H bonds and the direction o
pplied magnetic fieldB0, as well as the relative orientatio
etween the two molecules in the unit cell.
The overall goal of this spectroscopic development i

btain high-resolution spectra of uniformly13C- and 15N-la-
eled proteins, since the majority of applications are to pro
repared by expression in bacteria. The three-dimension
eriment diagrammed in Fig. 1B incorporates both ho
uclear and heteronuclear decoupling schemes to give s

ine resonances in all frequency dimensions. The cube in
is the three-dimensional1H–13C dipolar coupling/13C chem-

cal shift/15N chemical shift correlation spectrum obtained w
he pulse sequence diagrammed in Fig. 1B. Each resona
haracterized by three frequencies and correlates the
ances from a15N amide site and its directly bonded Ca site for

he 13C- and 15N-labeled sample of NAG. Resonances fr
arbonyl carbon sites are not shown in the spectrum beca
he effects of the weak two-bond C–H dipolar couplings on
fficiency of magnetization transfer.
The experimental results presented in Figs. 2–6 demon

hat high-resolution1H–13C dipolar coupling/13C chemical shif
pectra can be obtained with continous or flip–flop Lee–G
urg irradiation during SEMA intervals. It is possible to o
erve all of the1H–13C dipolar splittings in a single spectru
nd the various types of chemical groups can be readily

inguished. The related three-dimensional, triple-resonanc

trum in Fig. 2. The asymmetric splittings are indicated in the one-dim
ec
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FIG. 4. Experimental two-dimensional1H–13C dipolar coupling/13C chemical shift spectrum of a single-crystal sample of natural abundance ty
ydrochloride at an arbitrary orientation with respect to the applied magnetic field. The assignments of chemical group types for each individuk are

ndicated on the one-dimensional13C NMR spectrum at the top of the figure.
hemical
FIG. 5. A selection of one-dimensional1H–13C dipolar coupling slices extracted from the two-dimensional spectra in Figs. 2 and 4. The type of the c
roup and the13C chemical shifts are indicated on with the spectral slices.
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3452D AND 3D PISEMA EXPERIMENTS
eriment can be used to measure1H–13Ca dipolar couplings in
niformly 13C- and15N-labeled samples as well as other sp

roscopic parameters including15N amide and13Ca chemica
hift frequencies. The1H–13C dipolar coupling interaction pro
ides an independent frequency dimension that can be us
esolve the overlapping13C spectral lines of oriented polype
ide samples. The inclusion of the1H–13C dipolar coupling
requency also improves the precision and accuracy of b
one structures determined by solid-state NMR spectros
f oriented samples. Further, it provides a way of determi

he orientations of all side chains, giving the potential for
hree-dimensional structure determination by solid-state N
pectroscopy of oriented samples.

EXPERIMENTAL SECTION

The solid-state NMR experiments were performed at a
nt temperature on a homebuilt triple-resonance spectro
ith a 12.9-T wide-bore Magnex 550/89 magnet. The p
ad a single 5-mm-ID solenoid coil triple-tuned to the1H, 13C,
nd15N resonance frequencies of 549.8, 138.3, and 55.7 M
espectively. A RF field strength of 50 kHz (90° pulse width

ms) was utilized on the1H, 13C, and15N channels, and th
orresponds to off-resonance Lee–Goldburg frequency ju
f 635.1 kHz. The two-dimensional spectra resulted fro

otal of 64t1 increments with dwell times of 20 or 40.8ms for
he continuous, Lee–Goldburg, or flip–flop Lee–Goldburg

FIG. 6. Experimental three-dimensional1H–13C dipolar coupling/13C
hemical shift/15N chemical shift spectrum of a single-crystal sample of
3C, 3-15N NAG at an arbitrary orientation with respect to the applied mag
eld.
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eriments, respectively. Thirty-two scans were coadded d
ach t1 increment with a recycle delay of 5 s. In the thr
imensional experiment, continuous irradiation at the13C and

15N resonance frequencies with RF field strengths of 40
as used to provide heteronuclear decoupling. A cross-p

zation mix time of 0.6 ms was used to transfer magnetiza
rom 13Ca to 15N amide sites. During the13C to 15N cross-
olarization mix time, continuous1H irradiation with a RF field
trength of 83.3 kHz was applied. A total of 16t1 and 24t2

xperiments were performed with dwell times of 20 and 4
s, respectively. Two scans were coadded during eacht1 andt2

ncrement. A recycle delay of 30 s was used in combina
ith a flip-back pulse to conserve1H magnetization. Th
xperimental scaling factors of 0.816 0.04 during t1 and
.586 0.01 duringt2 are close to the theoretical values and

ndicative of well-set-up experiments. The experimental N
ata were processed using Felix (Biosym Technologies).
nal processed data matrix contained 643 1283 128 points
he 13C and15N chemical shifts are referenced with respec

he 13C frequency of the deshielded peak of adamantane a
pm and the15N frequency of liquid ammonia at 0 ppm
espectively.

The synthesis of 2,4-13C, 3-15N-labeledN-acetylglycine ha
een described previously (7). A 60-mg single crystal of 2,4

13C, 3-15N-labeled NAG and a 40-mg single crystal of natu
bundanceN-acetyl-D,L-valine were crystallized from aqueo
olution and used in the experiment. Tyrosine hydrochlo
rystals were crystallized from aqueous solution contai
0% hydrochloric acid.
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