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Triple-resonance experiments capable of correlating directly
onded and proximate carbon and nitrogen backbone sites of
niformly 13C- and 15N-labeled peptides in stationary oriented
amples are described. The pulse sequences integrate cross-polar-
zation from 1H to 13C and from 13C to 15N with flip-flop (phase
nd frequency switched) Lee–Goldburg irradiation for both 13C
omonuclear decoupling and 1H–15N spin exchange at the magic
ngle. Because heteronuclear decoupling is applied throughout,
he three-dimensional pulse sequence yields 13C shift/1H–15N cou-
ling/15N shift correlation spectra with single-line resonances in all
hree frequency dimensions. Not only do the three-dimensional
pectra correlate 13C and 15N resonances, they are well resolved
ue to the three independent frequency dimensions, and they can
rovide up to four orientationally dependent frequencies as input
or structure determination. These experiments have the potential
o make sequential backbone resonance assignments in uniformly
3C- and 15N-labeled proteins. © 1999 Academic Press

Key Words: triple-resonance; three-dimensional; cross-polariza-
ion; solid-state NMR spectroscopy; assignment; peptide.

INTRODUCTION

Now that it is possible to obtain highly resolved solid-s
MR spectra of uniformly15N-labeled membrane proteins
riented bilayer samples (1, 2), efficient sequential resonan
ssignment methods are needed. In this article, we desc

riple-resonance experiment capable of correlating both
ectly bonded and proximate carbon and nitrogen back
ites of uniformly13C- and15N-labeled polypeptides in statio
ry oriented samples. This approach is influenced by the
ty of heteronuclear experiments developed for making
uential assignments in solution NMR studies of proteins3),
nd a method for assigning13C and15N resonances of powd
amples in magic angle sample spinning experiments de
trated by Sunet al. (4).
Both the two- and the three-dimensional versions of

xperiment diagrammed in Fig. 1 integrate cross-polariza
rom 1H to 13C, flip-flop (phase and frequency switched) Le
oldburg irradiation (5–7) for 13C homonuclear decouplin
uring t 1, cross-polarization from13C to 15N (8), and, finally,
etection of 1H and 13C decoupled15N signals. The three
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imensional experiment adds an interval of spin exchan
he magic angle (SEMA) (9) for measurement of1H–15N
eteronuclear dipolar coupling frequencies. Heteronuclea
oupling is accomplished throughout the experiment with
inuous RF irradiation at the1H, 15N, and 13C resonance fre
uencies. The resulting spectra have intrinsically h
esolution with single-line resonances in all frequency dim
ions, correlate13C and 15N resonances from directly bond
nd proximate molecular sites, and provide up to four or

ationally dependent frequencies for each residue as inp
tructure determination (10).
The results of the triple-resonance experiment are illust
ith spectra of single crystal samples of13C- and15N-labeled
-acetylglycine (NAG), which serves as a model for the ba
one of uniformly 13C- and 15N-labeled polypeptides. Th
hemical and crystal structures (11) of N-acetylglycine ar
hown in Fig. 2. There are two magnetically inequiva
olecules in each unit cell. The one-dimensional13C shift

pectra demonstrate the ability of the experimental proce
o decouple13C homonuclear dipolar interactions between
ectly bonded13C sites. The two-dimensional13C shift/15N shift
pectrum demonstrates the correlation of the amide15N reso-
ance with the directly bonded carbonyl carbon anda-carbon

13C resonances. The three-dimensional13C shift/1H–15N cou-
ling/15N shift spectrum is displayed as a cube and ca
nalyzed as two-dimensional13C shift/15N shift planes assoc
ted with the1H–15N coupling frequencies for individual ami
ites.

RESULTS AND DISCUSSION

The pulse sequence for the three-dimensional version o
riple-resonance experiment is shown in Fig. 1B. It starts
onventional spin-lock cross-polarization from1H to 13C, fol-
owed by flip-flop Lee–Goldburg irradiation that spin locks
esulting13C magnetization at the magic angle where it evo
uring thet 1 period. The combination of flip-flop Lee–Gol
urg irradiation of the13C spins and continuous irradiation

he 1H and 15N spins suppresses both13C homonuclear an
1H/13C and15N/13C heteronuclear dipolar couplings during

period. Thus, duringt the 13C magnetization is affecte
1 1
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194 GU AND OPELLA
nly by the13C chemical shift interaction, which is scaled
.58 due to the homonuclear decoupling. Eacht 1 incremen
orresponds to one complete flip-flop Lee–Goldburg cy
1 LG indicates that the RF irradiation hasY phase and

ositive frequency offset, and2Y 2 LG corresponds to2Y
hase and negative frequency offset. TheX-phase pulse la
eledu effects a 35.3° nutation of the13C magnetization tha
eturns it to the transverse plane where a 90° pulse, labelf,
s phase cycled to achieve quadrature detection int 1 (12),
elects the13C magnetization that is transferred to15N via
pin-lock cross-polarization. The15N magnetization evolve

FIG. 1. (A) Pulse sequence for two-dimensional, triple-resonance13C/15

ntegral number of cycles defined by the flip-flop Lee–Goldburg irrad
xperiment. Eacht 1 and t 2 increment corresponds to an integral number
;

nder only the1H–15N heteronuclear dipolar coupling intera
ion during thet 2 period because the SEMA procedure
oves the effects of1H homonuclear dipolar couplings a
oth 1H and 15N chemical shifts. The1H–15N heteronuclea
ipolar coupling frequencies are scaled by 0.82 in the SE
rocedure. Finally, unscaled15N signals are acquired duringt 3

n the presence of continuous1H and 13C irradiation for het
ronuclear decoupling. The two-dimensional version of
xperiment deletes the1H–15N coupling frequency dimensio
he key features in the pulse sequences are the flip-flop
oldburg irradiation to decouple the homonuclear13C dipolar

eteronuclear correlation spectroscopy. Eacht 1 increment corresponds to
n. (B) Pulse sequence for a three-dimensional, triple-resonance13C/1H–15N/15N
ycles defined by the flip-flop Lee–Goldburg irradation.
N h
iatio
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195THREE-DIMENSIONAL CORRELATION SPECTROSCOPY
nteractions and the use of13C to 15N cross-polarization fo
equential transfer of magnetization along the peptide b
one. The field strength of the1H irradiation must exceed by
ubstantial margin the field strengths of the irradiations ap
o the15N and13C spins in order to achieve efficient decoupl
nd narrow13C and15N resonance linewidths (13).
Polarization transfer experiments on dilute heteronuc

pin pairs (e.g.,13C–15N) have been demonstrated to prov
ocal structural information (7, 13, 14). The MOIST version o
pin-lock cross-polarization (15) provides reliable and efficie
ransfer of magnetization from13C to 15N in the presence of1H
ecoupling irradiation. The polarization transfer rate is on
rder of heteronuclear dipolar coupling frequency. For ex
le, in the case of a directly bonded13C–15N spin pair, the
ipolar coupling can be as large as 2 kHz, suggesting a c
olarization mix time of around 0.5 ms for efficient trans
olarization transfer between proximate nonbonded13C–.15N
pin pairs with larger internuclear distances can be ac
lished with longer cross-polarization mix periods. The dif
nt responses to cross-polarization mix times can be us
ood advantage to separately correlate bonded and mor

ant heteronuclear spin pairs for both assignment and stru
etermination purposes. Since the polarization transfe

ween 13C and 15N occurs in the rotating frame, the result
ross peaks are always positive. This is advantageous s
liminates the possibility of mixed positive and negative c
eaks, which limits the applicability of INEPT-type hete
uclear transfer experiments (16).
Figure 3 contains a two-dimensional13C shift/15N shift cor-

elation NMR spectrum of a single crystal of 2,4-13C, 3-15N
abeled NAG at an arbitrary orientation with respect to

agnetic field. This spectrum was obtained with the p
equence diagrammed in Fig. 1A. The13C to15N cross-polar

zation mix time was 1.0 ms. Each NAG molecule contains
15N amide site and there are two magnetically inequiva

FIG. 2. The chemical and crystal structures ofN-acetylglycine (11). All fo
olecules marked asmolecule 1andmolecule 2.The chemical structure a
k-

d

ar

e
-

ss-
.

-
-
to
is-
re
e-

e it
s

e
e

e
t

olecules in each unit cell. Two resonances are observed
15N chemical shift frequency because each15N resonance in th
pectrum is correlated with the carbonyl carbon and thea-car-
on 13C resonances that arise from magnetization transf

rom the respective neighboring13C-labeled sites. The contou
escribe single-line resonances in both the15N shift and the13C
hift frequency dimensions, which is a consequence o
ffects of full homonuclear and heteronuclear decoupling

ng both incremented intervals in the pulse sequence.
The cube in Fig. 4 corresponds to a three-dimensiona13C

hift/1H–15N coupling/15N shift correlation spectrum obtain

olecules in a unit cell are shown and there are two magnetically inequiv
ts numbering are shown on the right.

FIG. 3. Experimental two-dimensional13C shift/15N shift correlation
MR spectrum of a single crystal sample of 2,4-13C, 3-15N NAG at an arbitrary
rientation with respect to the magnetic field.
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196 GU AND OPELLA
ith the pulse sequence diagrammed in Fig. 1B. The sa
nd experimental conditions were the same as those us
btain the two-dimensional spectrum in Fig. 3. There are
ignals in the cube, each of which is characterized by t
ifferent frequencies, and there are two carbon resona
orrelated with each15N resonance. Each13C shift/15N shift
lane in the spectrum in Fig. 4 corresponds to a magneti

nequivalent molecule that is resolved on the basis o
1H–15N coupling frequency. The linewidths observed along13C
hift, 1H–15N coupling, and15N shift frequency dimensions
his spectrum are 2–4 ppm, 400 Hz, and 2–3 ppm, respect
he linewidths in the13C shift and1H–15N coupling frequenc
imensions are likely to improve with further developmen

he experimental methods and instrumentation.
The 13C homonuclear dipolar couplings among carbo

arbon anda-carbon sites are decoupled during thet 1 interval
ith flip-flop Lee–Goldburg irradiation at the13C resonanc

requency. Since both1H and 15N irradiation are applied s
ultaneously to effect heteronuclear decoupling, the13C evo-

ution duringt 1 reflects only the13C chemical shift interaction
he implementation of homonuclear13C decoupling is esse

ial for these experiments to be applicable to uniformly13C-
nd15N-labeled proteins. Unfortunately, this results in subs

ial scaling (0.58) of the13C chemical shift frequencies that c
nly be recovered through the use of higher field mag
chmidt-Rohr (17) has recently demonstrated an alterna
pproach to homonuclear13C decoupling in solids that has t
dvantage of allowing13C signals to be directly observed b
as the disadvantage of even larger scaling (0.33) o
hemical shift frequencies. The one-dimensional1H decoupled

13C shift spectra in Figs. 5A and 5B are extracted at the s
15N shift frequency from two-dimensional data sets. The si
rystal sample of 1,2,4,5-13C, 15N-labeled NAG differs from
he one used to obtain the data in Figs. 3 and 4 in that all
arbon sites are labeled with13C, and the crystal is at a differe

FIG. 4. Experimental three-dimensional13C shift/1H–15N coupling/15N
hift spectrum of the same sample as in Fig. 3.
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rientation in the magnet. The spectrum in Fig. 5A was
ained in the absence of the13C Lee–Goldburg irradiatio
uring t 1. Both the carbonyl carbon anda-carbon 13C reso-
ances exhibit multiple splittings and complex shapes bec
f the effects of13C homonuclear dipolar couplings. The co
arison to the spectrum in Fig. 5B shows that the homonu
ecoupling is highly effective. The spectrum in Fig. 5B
ell-resolved single-line resonances from each carbonyl
on anda-carbon site in the molecule.
There are many potential applications of the triple-reson

ulse sequences diagrammed in Fig. 1. It is possible to
hese experiments to determine the dihedral angle for the a
ackbone site by recording powder spectra on a specifi

abeled13C–15N spin pair. They provide building blocks for
ariety of multidimensional solid-state NMR experimen
owever, our primary interest is in protein structure dete
ation by solid-state NMR spectroscopy. The pulse sequ
hown in Fig. 1B has the potential to yield high-resolu
hree-dimensional spectra from uniformly13C- and15N-labeled
roteins. In these spectra, four different orientationally de
ent frequencies are associated with each resolved15N amide
ite and provide valuable input for structure determinatio
olid-state NMR spectroscopy of oriented systems.
The pulse sequence also has the potential to be used to

equential assignments of the peptide backbone resonan
arying the 13C to 15N cross-polarization mix time so th

FIG. 5. One-dimensional slices extracted from two-dimensional spe
A) Without 13C Lee–Goldburg homonuclear decoupling duringt 1. (B) With
3C Lee–Goldburg homonuclear decoupling duringt 1 of a single crysta
ample of 1,2,3,4–13C, 15N NAG at an arbitrary orientation with respect to
agnetic field.
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197THREE-DIMENSIONAL CORRELATION SPECTROSCOPY
irectly bonded13C sites are differentiated from more dist
13C sites on adjacent residues that transfer magnetizati
mide 15N sites. A 3-ms13C–15N cross-polarization mixin

ime can usually transfer magnetization from13C of adjacen
esidues to amide nitrogen. To demonstrate this impo
pplication of the pulse sequence diagrammed in Fig.

wo-dimensional 13C shift/15N shift correlation spectra o
,2,4,5-13C, 3-15N-labeled NAG were obtained with two d

erent13C–15N mix times. The carbon strips shown in Figs.
nd 6B are extracted at the same15N shift frequency from
quivalent two-dimensional spectra. The data in Fig. 6A w
btained with a 0.6-ms C–N cross-polarization mix time,

hose in Fig. 6B were obtained with a 3.0-ms mix time.
wo cross peaks observed in Fig. 6A are due to the mag
ation transfer from the directly bonded carbonyl carbon (
nd methylene carbon (4-C) to the amide nitrogen. Wi
.0-ms mix time, the magnetizations are also transferred t
ethyl carbon (1-C) and carboxyl carbon (4-C) sites, there

our cross peaks corresponding to the four carbons are
erved in Fig. 6B. Thus, it is possible to “walk” through
eptide backbone with magnetization transfers through e
arbonyl carbon ora-carbons with this approach. The com
ation of the angular information provided by the frequen
ssociated with each15N amide site and the sequential ass

FIG. 6. Experimental13C spectral strips from two-dimensional spec
A) With 13C to 15N mix time of 0.6 ms. (B) With13C to 15N mix time
f 3.0 ms.
to

nt
,

e
d
e
ti-
)
a
he
re
b-

er

s
-

ents from these correlation experiments has the potent
etermine the complete three-dimensional backbone stru
f a protein. In this regard, the carbonyl carbon anda-carbon

13C resonance frequencies are a welcome bonus that can l
ore accurate backbone structures.

EXPERIMENTAL

The solid-state NMR experiments were performed at r
emperature on a homebuilt triple-resonance spectromete

12.9-T wide-bore Magnex 550/89 magnet. The home
robe had a single 5-mm solenoid coil triply tuned to1H, 13C,
nd 15N resonance frequencies of 549.82, 138.27, and 5
Hz, respectively. The probe has 30 dB of isolation from

13C to the 15N channels, and a narrow bandwidth filter w
dded to the15N channel to ensure rejection of13C frequencie
nd noise during data acquisition. A RF field strength o
Hz (90° pulse width of 5ms) was utilized on the1H, 13C, and

15N channels and this corresponds to off-resonance Lee–
urg frequency jumps of635.1 kHz. During thet 2 and t 3

eriods, continuous irradiation at the13C resonance frequen
ith a RF field strength of 40 kHz was used for heteronuc
ecoupling. A cross-polarization mix time of 1.0 ms was u

o transfer magnetization from13C sites to 15N amide sites
uring the13C to 15N cross-polarization mix period, continuo

1H irradiation with a field strength of 83.3 kHz was applied
otal of 32t 1 and 32t 2 experiments were performed with dw
imes of 32.6 and 40.8ms, respectively. Two scans we
oadded during each increment oft 1 and t 2 in the three
imensional experiment. Eight scans were coadded d
ach increment oft 1 in the two-dimensional experiment.
ecycle delay of 20 s was used in combination with a flip-b
ulse to restore1H magnetization. The experimental scal

actors were measured to be 0.586 0.01 duringt 1 and 0.816
.01 duringt 2. Experimental data were processed using F
Biosym Technologies). The final processed matrix had 63
28 3 128 points. The13C and 15N chemical shifts are refe
nced with respect to the13C frequency of the deshielded pe
f adamantane at 38.6 ppm and the15N frequency of liquid
mmonia at 0 ppm, respectively.
2,4-13C, 3-15N-labeledN-acetylglycine was synthesized

oupling 2-13C, 15N-labeled glycine and 2,29-13C-labeled aceti
nhydride (18). A 60-mg single crystal of 2,4-13C, 3-15N NAG
as crystallized from aqueous solution. 1,2,4,5-13C, 3-15N-

abeledN-acetylglycine was synthesized by coupling U-13C,
15N-labeled glycine and U-13C-labeled acetic anhydride.
5-mg single crystal of 1,2,4,5-13C, 3-15N NAG was cocrystal

ized with natural abundance NAG in the ratio 1:3 from aq
us solution to minimize the intermolecular interaction.

sotopically labeled compounds were obtained from C
ridge Isotope Laboratories (Andover, MA). Figure 2 sh

he chemical and crystal structures of NAG, which has
agnetically inequivalent molecules per unit cell (11).
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