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Two-dimensional *H/®C polarization inversion spin exchange
at the magic angle experiments were applied to single crystal
samples of amino acids to demonstrate their potential utility on
oriented samples of peptides and proteins. High resolution is
achieved and structural information obtained on backbone and
side chain sites from these spectra. A triple-resonance experiment
that correlates the ‘H-"C, dipolar coupling frequency with the

ally dependent frequencies that provide input for protein struc
ture determination by solid-state NMR spectroscofly (

Now that it is possible to obtain completely resolved solid:
state NMR spectra of uniformly’N-labeled proteins4), the
development of methods for making backbone resonance
signments and of examining side chain sites has a high priorit

chemical shift frequencies of the a-carbon, as well as the directly
bonded amide *N site, is also demonstrated. In this experiment
the large '"H-"C, heteronuclear dipolar interaction provides an
independent frequency dimension that significantly improves the
resolution among overlapping **C resonances of oriented polypep-
tides, while simultaneously providing measurements of the “C,
chemical shift, ‘H-"C dipolar coupling, and N chemical shift

We have recently demonstrated that it is possible to assi
amide backbone resonances utilizitf€ chemical shiftfN
chemical shift correlation experiments and to measure spect
parameters associated with bdfe- and **N-labeled sites for
structure determination in peptides) @nd proteins §). Pro-
teins uniformly labeled with°C by expression in bacteria have
all side chain sites labeled, in addition to backbone sites. Tt

frequencies and angular restraints for backbone structure
determination. © 1999 Academic Press

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

resolution of*C side chain resonances provides an opportunit
for determining the full three-dimensional structures of pro
teins. Side chair’C sites present a wide variety of chemical
shift tensors and C—H bonding arrangements, in contrast to t
uniformity of **C and N backbone sites. Surveys of the
chemical shift tensors of various organic and inorganic con
pounds, including amino acids, have been publistgedl().
Significantly, the frequencies associated wikh-*C hetero-
Multidimensional solid-state NMR experiments incorporatiuclear dipolar couplings are more than twice as large as tho
ing spin-exchange at the magic angle (SEMA&) re proving for *H-**N couplings, thus, they offer even better possibilities
to be extremely valuable in applications'tbl-labeled peptides for spectral resolution in the heteronuclear dipolar couplin
and proteins Z-5. The very high resolution of the hetero-frequency dimension of multidimensional solid-state NMR
nuclear dipolar coupling frequency dimension makes it feasilksgpectra.
to resolve many individual resonances in spectra obtained fromlhe spectral manifestations of heteronuclear dipolar cot
N-labeled proteins in supramolecular structures, includirgings reflect the gyromagnetic ratios of the nuclei, the numbe
membrane bilayers4( 5 and virus particlesJ). Since the of bonded nuclei, the bond lengths, and the angles between |
proteins in these structures are immobile on the relevant NMi®nds and the direction of the applied magnetic field in ori
timescales, the well-resolved spectra demonstrate that thereriged samples. The seminal two-dimensional separated lo
no fundamental size limitation to the molecules that can Hield experiment has been used to characterize the dipol
studied with NMR spectroscopy due to line-broadening that é®uplings of CH, CH, and CH groups in single-crystal sam-
a consequence of slow molecular reorientation. Further, thgges (L2). Polarization inversion schemes have also bee
experiments enable the measurement of multiple orientatigshown to distinguish among these same chemical gralg)s (
Utilizing three-dimensional correlation spectroscopy on a poly

' To whom correspondence should be addressed at Department of Chel&ré/-Sta”me sample of a peptlde, we have characterizedtthe

B ier 1y 13 ; B ; ;
try, University of Pennsylvania, 231 South 34th Street, Philadelphia, P#1emical shift;H—"C dipolar coupling, and’C chemical shift
19104. E-mail: opella@sas.upenn.edu. Fax: (215)-573-2123. tensors of anx carbon in a peptideld). It has been demon-
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2D AND 3D PISEMA EXPERIMENTS 341

strated theoretically that a single unique structure can be oA—
tained when the frequencies frotH-""N, “N-"C, and 90x
“C,~'H dipolar couplings are considered together, while itis 4
not sufficient to define the peptide plane based on only the
orientation of N-H and N-C bond4%). The combination of

N chemical shift,*C chemical shift,"H—""N dipolar cou-  13¢
pling, and"H-"C dipolar coupling frequencies improves the
accuracy of structure determination compared to what is pos-
sible with the frequencies associated with only tf¢ amide

site. It has also been shown that tive—~"*C, dipolar coupling

can be measured in solution NMR spectra, and the backboﬁe
dihedral angley can be determined based on the cross-relax- o,

| «—t1 — |=— 12—

Decouple

e 13 |

ation between th&H —*C, dipolar coupling and th&€C chem-
ical shift anisotropy 16—189. Hi| Y
In this Article we describe the application of the two-dimen-
sional polarization inversion spin exchange at the magic angle1aC -
(PISEMA) experiment) to single-crystal samples of aliphatic Decouple |

and aromatic amino acids and demonstrate that high resolution

can be achieved and structural parameters measured for bot1h5
backbone and side chailiC sites. We also demonstrate a N | Decouple M \
triple-resonance experiment that correlates'tie°C, dipolar U

coupling frequency with thé’C, and*N amide chemical shift _ _
frequencies. The Iargje-l—”Ca heteronuclear dipolar coupling FIG. 1. A.Pulse sequence that generates two-dimensithafC dipolar

id ind dent f di . that hel coupling’*C chemical shift spectra. B. Pulse sequence that generates thre
provides an Independent irequency dimension that heips f nensional, triple-resonancéi—*C dipolar couplingf’C chemical shiftfN

solve among overlapping’C resonances, enabling the meaghemical shift spectra. Eathincrement corresponds to an integral number of
surement of thé®C, chemical shift,"H-"°C dipolar coupling, cycles defined by the flip—flop Lee—Goldburg irradiation.

and N chemical shift frequencies for backbone structure
determination.

The two-dimensional experiment is demonstrated with spasvolution of the carbon magnetization according to'tHe™*C
tra of single crystal samples of natural abundahtacetyl dipolar coupling interaction with minimal interference from
valine (NAV) and tyrosine hydrochloride, which serve as efiomonuclearH dipolar couplings. The two-dimension&C
amples of a variety of side chain carbon sites. The thregzperiment diagrammed in Fig. 1A is essentially the same
dimensional experiment is applied to a single-crystal samplegt described previously fotN (1), since it can be performed
2,4-°C, 3-"N-labeled N-acetylglycine (NAG). The crystal \yith either continuous2?) or flip—flop Lee—Goldburgd3, 24
structures olN-acetylvaline 19), tyrosine hydrochloride20), jradiation during the;, interval. This experiment is intended
andN-acetylglycine 21) have been determined, and they havgy. hayral abundance or specifically labeled samples, since

all been shown to have two magnetically inequivalent molep, <+t include homonucle&€ decoupling 7, 25), which is

. : . . . . . 1
cules i their asymmetric unit. Their two-dimensioril™“C required for high-resolution spectroscopy with uniformig-
PISEMA spectra demonstrate that it is possible to measur . .
. : . . abeled samples. The experiment starts with the transfé of

heteronuclear dipolar couplings associated with all carbon o 3 . : :
rpagnetlzatlon td*C by conventional spin-lock cross-polariza-

functional groups found in proteins, including those witho o 13
directly bonded hydrogensH-"C, spectral slices provideL{'Qn (26)_' The magnetization then eVO"{f N u_nder the-C
gépolar interaction during thé, interval. ~“C signals are de-

angular information that can be used to determine the orien ) ) _ ) o
tected during the, interval in the presence OH irradiation for

tions of side chains. The three-dimensional-*C, dipolar _ GG di
coupling/*C, chemical shift®™N chemical shift spectrum is Néteronuclear decoupling. The large rangetét"C dipolar

displayed as a cube that can be analyzetidshemical shift COUPling frequencies (025 kHz) means that very short cycl
resolved two-dimensionalH—C,, coupling/°C shift planes times are required during to avoid alaising. As a result, in

for individual amide sites. some situations it is simpler to utilize continuous off-resonanc
Lee—Goldburg irradiation during than to raise the RF power
RESULTS AND DISCUSSION levels to give the 90° pulse lengths needed for short cyc

times. Although this results in somewhat broader linewidths i

The two- and three-dimensional pulse sequences dihe heteronuclear dipolar coupling frequency dimension the

grammed in Fig. 1 incorporate spin-exchange at the magibserved with flip—flop Lee—Goldburg procedures (800 vs 40
angle () in one of the incremented periods, enabling thilz), it allows for arbitrarily short increments tp. The ‘*H-*C
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FIG. 2. Experimental two-dimensiondH-"*C dipolar coupling’C chemical shift spectrum of a single-crystal sample of natural abundance NAV at
arbitrary orientation with respect to the applied magnetic field. The assignments of chemical group types for each individual peak are indieated
one-dimensional’C NMR spectrum at the top of the figure.

heteronuclear dipolar coupling frequencies are scaled by 08&teronuclear decoupling is accomplished throughout the e
in either case. periment with continuous RF irradiation at the, *°N, and**C
The pulse sequence for the three-dimensioHal’C dipolar resonance frequencies. The resulting spectra have intrinsica
coupling’°’C chemical shift’PN chemical shift experiment high resolution and correlate the frequencies from @,
shown in Fig. 1B is suitable for uniform/C- and*°N-labeled chemical shift, the°N chemical shift of the directly bounded
polypeptide samples. Sin¢dC—°C homonuclear dipolar cou- amide nitrogen, and theH-"°C, dipolar coupling.
plings can affect the observed resonances with splittings of upFigure 2 contains the two-dimension&l—"*C dipolar cou-
to 2 kHz, both heteronuclear and homonucl€@r decoupling pling/**C chemical shift spectrum of a single crystal sample o
procedures are incorporated into the pulse sequence. The vacetylvaline at an arbitrary orientation in the magnetic field
periment starts with conventional spin-lock cross-polarizatiorhis spectrum was obtained with the pulse sequence di
from *H to *°C, followed by a SEMA interval during which the grammed in Fig. 1A with continuous Lee—Goldburg irradiatior
'H-**C dipolar couplings evolve. ContinuoudN irradiation duringt;. NAV has two inequivalent molecules in the unit cell,
suppresses th#i—"N as well as”C—"°N heteronuclear dipolar therefore two sets of resonances are present in the spectrt
couplings duringd,. The 'H-"C heteronuclear dipolar coupling The assignments of the individual carbon types are marked
frequencies are scaled by 0.82. Immediately followinghe the one-dimensional spectrum shown on the top of the twe
X-phase pulsé rotates the’C magnetization by 35.5° to thedimensional PISEMA spectrum. For clarity, the two-dimen-
magic angle, followed by flip—flop Lee—Goldburg irradiation ofional PISEMA spectrum is shown slightly offset from zerc
the *°C spins and continuous irradiation of th¢ and*°N spins  frequency in the dipolar coupling frequency dimension.
in order to suppress homonuclé¥e and heteronucleaH-""C The heteronuclear dipolar coupling pattern of each carbc
and dipolar couplings during. As a result, theé®C magneti- site is clearly represented in the spectrum. Sincexticarbons
zation is affected only by thé’C chemical shift interaction, and carbonyl carbons are directly bonded‘td, distinct trip-
which is scaled by a factor of 0.58, duririg Immediately lets are observed in théC chemical shift frequency dimension
following t,, the X-phasé®C pulsed effects a 35.3° nutation of (29). In general, thé*N—"*C triplet resonances from carbonyl
the *C magnetization that returns it to the transverse placarbons have very small or riei-°C dipolar splittings, while
where a 90° pulse, labeled, is phase cycled to achievethe “N-"C triplets froma-carbons have relatively largéi—
quadrature detection i3 (27), with a second 90*C pulse to **C dipolar couplings due to the directly bonded hydrogens
flip the selected magnetization back to the transverse plaf@ure 3 presents an expansion of two of tf@triplets that we
The *C magnetization is then transferred t™N by cross- observed in the spectrum of NAV in Fig. 2. On the left is one
polarization 28). Finally, unscaled”N signals are acquired of the carbonyl carbons with almost zetid—"C dipolar cou-
duringt, in the presence of continuodll and *°C irradiation. pling, and on the right is one of the-carbons with a relatively
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FIG. 3. Two “N-C triplets extracted from the two-dimensional spectrum in Fig. 2. The asymmetric splittings are indicated in the one-dimens
projection on the top of the spectra. Left, carbonyl carbon; rigktarbon.

large (7.7 kHz)'H-"C dipolar coupling. The splittings due tosites have small heteronuclear dipolar couplings and can |
the *N-*°C dipolar couplings are markedly asymmetric, adifficult to distinguish. In contrast, in generalCH and*°*CH,
shown in the one-dimensional projections on top of the spectgrpups can be readily recognized, since tf@H sites give
because of the relatively low magnetic field and the largioublets and thé’CH, sites give complex patterns. In princi-
quadrupole couplings of'N amide sites. These asymmetrigle, all of the**CH dipolar splittings can be used to determine
splittings provide valuable input for structure determinatiothe angles between the C—H bonds and the direction of tl
(30, 3)). Neither the carboxyl carbons nor the other aliphatiapplied magnetic fieldB,, as well as the relative orientations
carbons are directly bonded ttN, therefore single-line reso- between the two molecules in the unit cell.
nances are observed in th¥ chemical shift frequency di- The overall goal of this spectroscopic development is ti
mension from these sites. obtain high-resolution spectra of uniformiC- and *N-la-
Figure 4 contains the two-dimension&l—"C dipolar cou- beled proteins, since the majority of applications are to proteir
pling/**C chemical shift spectrum of a single-crystal sample gfrepared by expression in bacteria. The three-dimensional
tyrosine hydrochloride at an arbitrary orientation with respeperiment diagrammed in Fig. 1B incorporates both homc
to the magnetic field. As for NAV, two sets of resonances areiclear and heteronuclear decoupling schemes to give sing
observed due to the two inequivalent molecules in each uliite resonances in all frequency dimensions. The cube in Fi
cell. Resonances from all sites on the aromatic ring of tyrosigeis the three-dimensionaH—"C dipolar couplingC chem-
are resolved in the two-dimensional spectrum and can fmal shift/>N chemical shift correlation spectrum obtained with
assigned based on their dipolar splitting patterns and chemita pulse sequence diagrammed in Fig. 1B. Each resonance
shift frequencies. At this orientation of the crystal, the observetharacterized by three frequencies and correlates the re:
C-H dipolar coupling frequencies differ by more than 20 kHmnances from &N amide site and its directly bonded, €ite for
This results in the highly resolvetH—"C dipolar coupling the **C- and *N-labeled sample of NAG. Resonances from
frequency dimension, in spite of the use of continuous rathearbonyl carbon sites are not shown in the spectrum because
than flip—flop Lee—Goldburg irradiation during The assign- the effects of the weak two-bond C-H dipolar couplings on th
ments of each resonance to types of chemical groups af@iciency of magnetization transfer.
marked on the one-dimensional carbon spectrum on the top off he experimental results presented in Figs. 2—6 demonstre
Fig. 4. that high-resolutiodH-"C dipolar coupling’C chemical shift
Figure 5 shows a series of one-dimensiott#-"°C dipolar spectra can be obtained with continous or flip—flop Lee—Golc
coupling slices extracted from the data sets used to generatelihey irradiation during SEMA intervals. It is possible to ob-
two-dimensional spectra in Figs. 2 and 4. The most likelserve all of the'H—"°C dipolar splittings in a single spectrum,
associations between types of chemical groups and“tbe and the various types of chemical groups can be readily di
chemical shift frequencies are noted. BGIBOOH and*COH tinguished. The related three-dimensional, triple-resonance €
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FIG. 4. Experimental two-dimensiondH-"*C dipolar coupling’C chemical shift spectrum of a single-crystal sample of natural abundance tyrosi
hydrochloride at an arbitrary orientation with respect to the applied magnetic field. The assignments of chemical group types for each indivateal p
indicated on the one-dimensiondC NMR spectrum at the top of the figure.

NAV, CH3, 20 ppm TYR, CH2, 33 ppm

NAV, CyH, 45 ppm TYR, CH2, 55 ppm

NAV, C=0, 142 ppm TYR, COH, 145 ppm

NAV, C=0, 216 ppm TYR, =CH, 191 ppm
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FIG.5. A selection of one-dimension4H—"*C dipolar coupling slices extracted from the two-dimensional spectra in Figs. 2 and 4. The type of the chen
group and thé®C chemical shifts are indicated on with the spectral slices.
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0 H H periments, respectively. Thirty-two scans were coadded durir
‘ ! | eacht, increment with a recycle delay of 5 s. In the three-
1 2 3 4 5 . . . . . P ﬁ@ d
CH3 — C —N-—C— COOH dimensional experiment, continuous irradiation at ti an
N resonance frequencies with RF field strengths of 40 kH
H was used to provide heteronuclear decoupling. A cross-pole

ization mix time of 0.6 ms was used to transfer magnetizatio
from *C, to N amide sites. During thé’C to N cross-
polarization mix time, continuou# irradiation with a RF field
strength of 83.3 kHz was applied. A total of 16and 24t,
20 — experiments were performed with dwell times of 20 and 40.
us, respectively. Two scans were coadded during gzmhdt,
increment. A recycle delay of 30 s was used in combinatio
. with a flip-back pulse to conservéH magnetization. The
. experimental scaling factors of 0.8t 0.04 duringt, and
0.58+ 0.01 duringt, are close to the theoretical values and ar
indicative of well-set-up experiments. The experimental NMF
100 Qata were processed usiljg Felix_(Biosym Technologi_es). Th
0— \QQ final processed data _matnx_contalned 84128 X 1_28 points.
200 100 K 200 & The *C and™N chemical shifts are referenced with respect t
@é% the *°C frequency of the deshielded peak of adamantane at 3¢
N ppm and the®N frequency of liquid ammonia at 0 ppm,

FIG. 6. Experimental three-dimensiondH-"*C dipolar couplingfC respectively.
- 6. - - ; 3 15 ;
chemical shift®N chemical shift spectrum of a single-crystal sample of 2,4- The synthesis of 2,4°C, 3-*N-labeledN-acetylglycine has

1C, 3N NAG at an arbitrary orientation with respect to the applied magnetlR€en described previously)( A 60-mg single crystal of 2,4-

field. C, 3-*N-labeled NAG and a 40-mg single crystal of natural
abundancéN-acetylp,L-valine were crystallized from aqueous
solution and used in the experiment. Tyrosine hydrochlorid

periment can be used to meastre-"°C,, dipolar couplings in crystals were crystallized from aqueous solution containin

uniformly *C- and*N-labeled samples as well as other sped0% hydrochloric acid.

troscopic parameters includingN amide and“C, chemical

shift frequencies. Th&H-"*C dipolar coupling interaction pro- ACKNOWLEDGMENTS
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