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We describe an approach to efficiently determine the backbone
conformation of solid proteins that utilizes selective and extensive
BC labeling in conjunction with two-dimensional magic-angle-
spinning NMR. The selective **C labeling approach aims to reduce
line broadening and other multispin complications encountered in
solid-state NMR of uniformly labeled proteins while still enhanc-
ing the sensitivity of NMR spectra. It is achieved by using specif-
ically labeled glucose or glycerol as the sole carbon source in the
protein expression medium. For amino acids synthesized in the
linear part of the biosynthetic pathways, [1-"*C]glucose preferen-
tially labels the ends of the side chains, while [2-*C]glycerol labels
the C* of these residues. Amino acids produced from the citric-
acid cycle are labeled in a more complex manner. Information on
the secondary structure of such a labeled protein was obtained by
measuring multiple backbone torsion angles ¢ simultaneously,
using an isotropic—anisotropic 2D correlation technique, the
HNCH experiment. Initial experiments for resonance assignment
of a selectively *C labeled protein were performed using *N-"C
2D correlation spectroscopy. From the time dependence of the
N-C dipolar coherence transfer, both intraresidue and inter-
residue connectivities can be observed, thus yielding partial se-
quential assignment. We demonstrate the selective *C labeling
and these 2D NMR experiments on a 8.5-kDa model protein,
ubiquitin. This isotope-edited NMR approach is expected to fa-
cilitate the structure determination of proteins in the solid
state. © 1999 Academic Press

Key Words: *C labeling; proteins; torsion angle; resonance as-
signment; solid-state NMR.

INTRODUCTION

desirable to employ more extensive isotopic labeling ap
proaches and to extract multiple structural constraints fror
each experiment. The second condition may be fulfilled b
performing two-dimensional (2D) NMR experiments where
one dimension separates and identifies the chemically distin
sites through their isotropic chemical shifts, while the othe
dimension yields the structural parametes ([The first con-
dition can be fulfilled by uniform®*C and™N labeling of the
proteins, which is used routinely now in solution NMR to
determine the structure of globular proteir®s 10. In solid-
state NMR, uniform™N labeling has also been utilized to
obtain information such as the orientation of protein segment
in the membrane bilayer (). However, uniformC labeling

of proteins leads to several spectroscopic difficulties for solid
state NMR. First, the one-bondC—"C J-couplings and the
multispin dipolar couplings that are effective in fulljC-
labeled proteins cause significant line broadening. Fheu-
pling-induced line broadening cannot be removed by magic
angle spinning (MAS) alonel@, 13 while the dipolar-induced
line broadening is only removed completely at very high spin
ning speeds*25 kHz) (L4). Thus the spectral resolution of
fully **C-labeled proteins is limited under normal MAS speed:s
(3-15 kHz). Second, the wedkC—"C dipolar couplings that
reflect long-rangeé®C—"C distances are obscured by the stronc
couplings between directly bondeiC spins. This occurs by
spin diffusion within the densé&’C spin network and by the
dipolar truncation mechanisml, 1§. These spectroscopic
challenges, combined with the high cost'3E labeling, have
hindered the routine measurement of multiple structural cor
straints in solid proteins from a single experiment and on

Recently solid-state NMR has been increasingly applied single sample.

the structure determination of noncrystalline and disorderedin this paper we explore selective and extensi@labeling
biological molecules. Techniques that yield both distance and a means to facilitate the NMR investigation of solid protein
orientational constraints to high precision are now availablend demonstrate the application $ftorsion measurement on
The sensitivity of these NMR experiments is greatly enhancedch a labeled model protein, ubiquitin. By exploiting the
by the enrichment of NMR-sensitive isotopes such’@and biosynthetic pathways of amino acids in bacteria, we ca
N. So far, most NMR structural studies of solid peptides aridcorporate*C labels into some sites in the proteins while
proteins have adopted a specific-labeling approach wherebleaving other sites unlabeled. Easily feasible with the standa
small number of sites in the molecule is labeled in eagdrotocol for protein expression, the selective and extensiv
synthesis and then one or two distances or torsion angle c¢B&E) labeling approach reduces the number of directly
straints are measured in each experim@r]. To determine bonded"C spin pairs or larger clusters in the molecule, eithe
protein structures more efficiently and comprehensively, it i/ not labeling one of the carbons in the chain, or by reducin
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the labeling levels of the sites involved. The principal advan- — [1-13C] glucose entose
tage of this S&E labeling approach for solid-state NMR lies in pﬁosphate
the resolution enhancement that it achieves. This is demon- pathway

strated by the*C spectra of several differently labeled ubig- [1-13C] glucose-6-phosphate ———>
uitin (M, = 8565, 76residues). The abundant X-ray crystal
diffraction (17) and solution-state NMR18—-21) data that are
available for ubiquitin allow us to verify the’C labeling
protocol and to demonstrate the solid-state NMR techniques. l
The modest molecular weight of ubiquitin also makes it pos- o Gly
sible to assess the realistic sensitivities of the NMR experi-"g 3-phospho- ?jf?Hz-CIH—C <o_p03z.—> —>|cys
ments. Similar selectivé’C labeling approaches have been 2 glycerate poyr OH
applied in solution NMR for measuring precise relaxation Q pentose Trp
parameters22, 23; however, to our best knowledge this is the g * 40 phosphate—> | Phe
first demonstration of selectiv€’C labeling for solid-state g, phosphoenol- “cHy=cn-c{, /' pathway Tyr
NMR investigation of protein structure. pyruvate 0-POs*
Using a**C selectively and°N uniformly labeled ubiquitin l
sample, we demonstrate the residue-specific measurement of
backbone torsion angles by correlating the N—H and GH*
bond orientations24). The ¢-angle experiment yielded site- l Leu

specific information on the backbone conformation with a‘\():C{OO_
, /_\ *CH,-COO"

[1-13C] fructose-1,6-bisphosphate

athway

40 Ala
L pyruvate *CH3—§_C\0' —> |val

accuracy of+5 to =30°, by comparison with the X-ray crystal
structure. Since structure determination requires the assigr *CHy-COO™ 1o oketo- 4 (IJHZ /y

ment of spectral resonances to the residues in the proteis  acetate lutarate !

sequence, we applied'aN-"C 2D correlation technique and Asr: 0;*5—600 o g. *?’600- ¢

demonstrate that it is possible to achieve partial sequenqul[:r wcool  citric-acid 0 o

assignment directly in the solid state. Lys cycle Pro
Ile Arg

RESULTS AND DISCUSSION

) ) ) FIG. 1. Amino acid biosynthetic pathways in bacteria, illustrating selec-
1. Selective and ExtensiviC Labeling tive and extensivé’C labeling of proteins. Most compounds in the pathways

) ) ) ) are precursors for the 20 amino acids. The fate of the glucose C1l is traced. T
The selective and extensive labeling method relies on thgulting labeled carbons in the amino acid precursors are designated

specificity of the amino acid biosynthetic pathways in bacteriasterisks. The smaller asterisks in oxaloacetate @idtoglutarate indicate
Under aerobic conditions, bacteria can utilize glucose or glylwer labeling levels.

erol as the sole carbon source to synthesize the 20 amino acids.

This is achieved via three major enzymatic pathways: glycdi&beled side chain ends. The 3 aromatic amino acids are pr
ysis, the pentose phosphate pathway, and the citric-acid cydleeed from phosphoenolpyruvate via the pentose phosphe
(25, 26. As an example, we outline the metabolic fates of theathway and are labeled af @nd several ring positions.
glucose C1 carbon in Fig. 1. During glycolysis, the six-carbon Therefore, we can obtain a protein that is selectively
glucose is oxidized to the three-carbon pyruvate, convertitapeled in**C by supplementing the bacterial growth media
glucose C1 into the pyruvate methyl carbon, C3. Since glucoséh “*C specifically labeled glucose such as'[C]glucose.
C1 and C6 contribute equally and indistinguishably to pyruvaléhe absence of labeling for certain sites will alleviate the
C3, only 50% of pyruvate results from glucose C1. Pyruvate lime broadening, spin diffusion, and dipolar truncation prob:
next oxidized to acetyl-CoA, which enters the citric-acid cyclégms mentioned above. The chemical symmetry of the glu
where two key intermediatea;ketoglutarate and oxaloacetatecose molecule can be exploited to control the maximun
serve as the precursors for 10 amino acids. Oxaloacetate is ddxeling level to 50%. Thus, the probability of 2C spin
produced directly from phosphoenolpyruvate and pyruvapair is at most 25% even for two directly bonded labelec
through several anaplerotic reactions. Batketoglutarate and sites. This further reduces the influence of the undesirabl
oxaloacetate are reused in the cyclical reactions, thus labelihgouplings. For amino acids produced from the citric-acic
multiple carbon sites, particularly*CC?, and C, of these 10 cycle, the labeling levels of many sites are reduced 2%
amino acids. In contrast, amino acids synthesized by the linehre to the loss of someC labels as C@and the distribution
enzymatic reactions have fewer glucose Cl-derived carbooglabels between chemically indistinguishable sites by tw
From pyruvate C3, the side chain ends of Ala, Val, and Leu asgmmetric intermediates (succinate and fumarate) of th
labeled. Gly loses the glucose C1 label in its synthesis frooycle. The lower labeling levels compensate for the exter
3-phosphoglycerate, which also generates Ser and Cys wdtheness of labeling in these amino acids. When a labelin
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FIG. 2. Solution NMR *C-'H heteronuclear correlation spectra '@€1-ubiquitin and**C2-ubiquitin, verifying the selective and extensiV€ labeling
patterns. (a) Ckiregion of *C1-ubiquitin. (b) CH region of *C2-ubiquitin. (c) C-H" region of *C1-ubiquitin. (d) C—H* region of **C2-ubiquitin. Spectral
assignment is based on the known chemical shifts of this pra?@nafd is indicated for some peaks to illustrate the selectivity of the labeling and the part
complementary nature of tHéC1 and™C2 labeling schemes. Areas of the same type of carbons are enclosed by dashed lines.

level of 100% is desired, [1, 6)C]glucose may be used.for this protein 27) and are compiled in Tables 1 and 2. As
This selective labeling approach can also be extended expected, the two labeling schemes exhibit partial complemel
specifically labeled glycerol and pyruvate, which undergarity, in that many sites labeled by [i€]glucose are not
similar enzymatic reactions and have been used in seveedeled by [2:°C]glycerol, and vice versa. For example, in the
solution NMR studies of protein dynamic2%, 23. [1-"°C]glucose-derived ubiquitin (heretofore referred to as
To demonstrate this selective and extensR@ labeling **C1-ubiquitin), most side chain methyl carbons are labele
approach, we obtained two ubiquitin samples that were ewithout directly bonded®C neighbors (Fig. 2a). In compari-
pressed from bacterial media supplemented witH*Cllglu- son, the [2:°C]glycerol-derived ubiquitin (heretofore referred
cose and [2°C]glycerol as the sole carbon source. To verifyo as **C2-ubiquitin) exhibits poor methyl carbon labeling
and compare the distribution &fC-labeled sites, we employedexcept for lle C1 and Thr C (Fig. 2b). The isolated methyl
2D "*C—'H correlation experiments on these samples dissolvedrbon labels are potentially useful for measuring long-rang
in aqueous solution (Fig. 2). The labeled carbon sites wef€—""N and *C-*C distances between residues to constrail
identified by using the solution NMR chemical shifts knowthe protein tertiary structure. The [2€]glycerol scheme pref-
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TABLE 1
C Labeling Pattern of [1-**C]Glucose
C labels *C labels
Residue Theory Expt. Residue Theory Expt.

Gly None None Glu [CA, a, B, y, — a, B,y
Cys B N.A. GIn [COY, o, B,y — o, B,y
Ser B B Pro [COY, o, B, y, — a, By, —
Ala B B Arg [CO%, o, B, 7y, —, — a =,y =, —
Leu a, 81,82 a, 81,82 Asp [COY, a, B, [¥] a, B
Val v1, y2 v1, y2 Asn [COY, o, B, [¥7] a, B
His co 52 Met [COY, & B, [Y] a B, —
Phe B, 81,62 B, v, 81, 62 Thr [COY, a, B, [V] a, B, [v]
Tyr B, 81,62 B, 81,82, ¢ Lys — B[V 8 € — B8, €
Trp? B, 81,82 N.A. lle [CO, @, —, 71 a = vl

v2, [81] v2, [81]

Note.The theoretically predicted labeled sites are compared with the experimentally observed ones obtained from the solution NMR data in Fig. 2a. Fc
acids produced from the citric-acid cycle (right half of the table), two types of labeling levels are predicted: the normalH&@dofno brackets), and a lower
labeling level of~25% (square brackets). The experimental peak intensities, classified as strong (no brackets) and weak (square brackets), agree well
theoretical predictions. For amino acids produced from the citric-acid cycle, dashes are used to indicate the unlabeled sites.

2 Carbon sites predicted to be labeled but cannot be confirmed byGh&H correlation experiment due to the lack of directly bonded protons.

® Amino acids not present in ubiquitin. The experimental data are not available (N. A.).

erentially labels thé’C* of the linear-chain amino acids, whilecomparison is made for the two missing amino acid types i
the [1-°C]glucose scheme does not. Isolaté@* sites are ubiquitin and for the unprotonated carbons, which are nc
useful for measuringp torsion angles to directly probe thedetectable by the experiment. The good agreement between
protein secondary structure. Those amino acids with G@h experiment and the prediction indicates that label scrambling
and**CO labels are suitable fay torsion angle measurementsegligible. Based on residual signals of glyciné @ the
using the NCCN technique28, 29 and techniques that corre-**N-"C correlation spectra dfC1-ubiquitin (Fig. 6), we esti-
late the *CO chemical shift anisotropy with th&€C*—'H* mate that scrambling contributes10% of the labeling. Low
dipolar coupling 80, 3J). scrambling is crucial for securing the selectivity of labeling,
Overall, the predicted labeling patterns are borne out well lggpecially for amino acids produced from the linear part of th
the solution NMR spectra, as shown in Tables 1 and 2. Nosynthetic pathways. If desired, the more extensive labelin

TABLE 2
3C Labeling Pattern of [2-*C]Glycerol
C labels C labels
Residue Theory Expt. Residue Theory Expt.
Gly @ a Glu [COT, (), [Bl, —, &° [a], [B], —,
Cys a N. A. Gln [CcOY, (@), [B], —, &° [ad, [B], —
Ser @ @ Pro [COY, (o), [Bl, —. 8 (o], [B], = &
Ala a «a Arg [CO™, (@), [B], —, & [a], [B], —, &
Leu CO.B. vy B, vy Asp [COTY, [al, (B). [¥] [, [B]
Val o B o p Asn [COT, [, (B). [¥* [o]. [B]
His @ 52 Met [COY, [al, (B), [V] [a], =, [V €
Phe @y, €l a, vy, €l Thr [COY, [al, (B). [¥] [l [Bl ¥
Tyr a, vy, €l a,y, €1,¢ Lys a, =, [v], (8), [€] a, —,v, 8], €
Trp® «, 62,3 N. A. lle [COY, [a], B, (v1), [61] [al, [B], [v1], 81

Note.The theoretically predicted labeled sites are compared with the experimentally observed ones obtained from the solution NMR data in Fig. 2b. Fo
acids produced from the citric-acid cycle, three types of labeling levels are predicted: the normal labeling1eM@09s sites in square brackets are labeled
at~50%, and sites in round brackets are labeled 25%. The experimental peak intensities, classified as strong (no brackets) and weak (square brackets),
general agreement with the theoretical predictions. For amino acids produced from the citric-acid cycle, dashes are used to indicate thetemlabeled s

2 Carbon sites predicted to be labeled but cannot be confirmed by@h&H correlation experiment due to the lack of directly bonded protons.

® Amino acids not present in ubiquitin. The experimental data are not available (N. A.).
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FIG. 3. Solid-state®C CPMAS spectra of differently labeled ubiquitin samples. (a) Unlabeled ubiquitin, 35 mg, 4096 scans@)]flicose,”N-labeled
ubiquitin, 10 mg, 64 scans. (c) [£€]glucose,*N-labeled ubiquitin, 15 mg, 128 scans. (d)f&]glycerol, **N-labeled, 20 mg, 128 scans. The different intensity
distributions of spectra (c) and (d) compared to (a) and (b) reflect the selectivity of labeling. Assignments for several resolved signalseat¢aiiitlistiate
the effects of selective labeling. Spectrum (b), of the uniformly labeled sample, has the lowest resolution dd&e¥Bescalar couplings and the residual
dipolar interaction.

of the amino acids from the citric-acid cycle can be avoided [® One-Dimensional’C NMR Spectra of Selectively Labeled
supplementing the minimal medium with unlabeled intermedi- Ubiquitin
ates of the citric-acid cycle or the unlabeled amino acid prod-
ucts themselves3Q). To demonstrate the effects of S&EC labeling on the
The selective and extensiVéC labeling approach2g, 23 resolution of the solid-state NMR spectra and to estimate tt
differs from other selective labeling methods that require bal@beling levels, we acquired 15C CPMAS spectra of four
terial auxotrophs33-33 and from random fractional labeling different ubiquitin samples. The spectrum of the unlabele:
(36,37. It is easy to implement with the standard proteitibiquitin (Fig. 3a) serves as a reference to those of the labele
expression protocol and is very versatile, since specificagmples in three ways. First, its intensity distribution is
C-labeled glucose, glycerol, and pyruvate are commerciafipgerprint of the complete carbon skeleton of the protein, sinc
available in many forms. The feasibility and versatility of thigll carbons in the molecule contribute equally at the nature
labeling approach, together with the resulting potential efftbundance (1.1%) level. Deviations from this total intensity
ciency in the NMR structure determination, compensate for tlléstribution would thus reflect the preferential labeling of cer-
reduced control in the placement of the isotopic labels corain carbon sites. Second, the homogeneous linewidth of t
pared to site-specific labeling methods. spectrum is minimal at the natural abundance, since the effec
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of the **C—"*C scalar couplings and residual dipolar couplingsorrelation techniques for measuring structural constraints su
are absent. Third, the signal-to-noise ratio of the spectruas torsion angles2é, 28, 30, 31, 39, 40and for sequential
provides a benchmark against which the labeling levels of thesonance assignmertl-43. We first demonstrate the fea-
[1-"*C]glucose and [23C]glycerol schemes can be estimatedsibility of residue-specific torsion-angle determination on sucl

For U-°C, *N-labeled ubiquitin, the spectrum (Fig. 3b)a selectively labeled protein by measuring backbgrangles
exhibits significant line broadening, as expected when residiral *C2-ubiquitin. The recently introduced HNCH technique
C-*C dipolar and scalar couplings are present. This dipolaterrelates the N-H and the*@H* dipolar coupling tensors
and scalar-coupling induced line broadening was also repor{@d) in order to extract the mutual orientation of the two bonds
recently for crystalline organic compound$4(38. It was which reflects thep torsion angle about the N=ond. The
found that to remove the effects of these couplings, very higitdependent dipolar patterns are manifested indheimen-
spinning speeds>25 kHz) and proton decoupling fieldssion and separated in the, dimension according to the“C
(~200 kHz) needed to be employed. These experimental casetropic chemical shifts of the residues. Due to this isotropic:
ditions are currently only feasible on the smallest MAS rotoranisotropic correlation, the HNCH technique is capable o
which have limited sample volumes and thus reduced expegitracting multiple¢ torsion angles simultaneously, provided
mental sensitivity. In addition, such high spinning speeds matteat the**C* chemical shift dispersion is sufficient.
rotor-synchronized NMR pulse sequences difficult to imple- The HNCH spectrum of*C2-ubiquitin is displayed in Fig.
ment. 4. The projection onto thew, dimension and thew, cross

Under [1-°C]glucose labeling, the ubiquitin spectrum (Figsections of four selected sites are shown. Indh&imension,
3c) exhibits reduced intensities than the reference spectrunoimy carbons directly bonded to nitrogen spins, i.€.a6d CO,
the Cu region between 50 and 65 ppm and-a40 ppm. In are observed, since a shol—"C double- and zero-quantum
comparison, the [23C]glycerol labeling scheme yields low excitation time was used (0.47 ms). In the dimension, only
intensities in the side chain region between 15 and 35 pphe intensity envelopes connecting the tips of the sidebands &
(Fig. 3d). These different intensity distributions reflect thplotted in order to emphasize tlfeangle-induced differences
selectivity of labeling. For example, the Gly and VAC* in the intensity distribution. The spectra consist of 14 side
peaks are conspicuously missing in tH€1-ubiquitin spec- bands and one center band, as determined by the number o
trum, while the lle ®*C’2 carbons are mostly unlabeled inintervals measured. The dipolar cross section of Val2§6Z
BC2-ubiquitin. (These resonances are assigned based onphm) displays a dip in the central intensity and is best-fit witk
solution NMR data 27) and are confirmed by the 2BN-"*C ¢ = —60° (Fig. 4b). This corresponds to thehelix confor-
spectra shown later.) In the carbonyl regidfC2-ubiquitin mation, which is in agreement with the crystal structur@)(
displays substantially higher intensities, suggesting that tfie dipolar cross section of Thr12 and Thrl4 2 ppm) is
carbonyl carbons are labeled at higher levels tha®@l- dominated by a sharp intensity maximum at the center, whic
ubiquitin. In general, based on the relative intensities of the the signature for thg-sheet conformation (Fig. 4c). The
C1- and *C2-ubiquitin spectra to the reference spectrurla46 (53 ppm) cross section exhibits a broad high plateau i
(Fig. 3a), and taking into account the sample amounts atiee center and corresponds ¢ = +20° or +100°, both
signal-averaging times, we find approximately a factor of guggesting g-turn structure (Fig. 4d). This is also corrobo-
enhancement in the labeling levels of the ‘{2iglycerol rated by the crystal structurd?). Even in the absence of the
scheme (50-90%) over the [i€]glucose scheme (20—45%).crystal structure, this result, combined with the fact that Gly4
This is consistent with the predictions based on the amino acsdthe neighboring residue, would strongly suggest a typ
biosynthetic pathways. I'=IIl" B-turn (44).

Both selectively labeled ubiquitin samples exhibit sharper The experimental spectra are each best fit (Figs. 4b—4
resonances than the uniformly labeled sample. The linewidthight) with two ¢-torsion angles because the HNCH technique
in spectra (c) and (d) range from 0.8 ppm for the unprotonatéds an intrinsic double degenera@f), However, one of these
carbonyl carbons and the mobile methyl carbons; 103 ppm two angular values can often be ruled out based on its ra
for the CH and CH groups. In contrast, the fully labeledoccurrence in naturetp). The best-fit simulations are found at
sample under the same experimental conditions exhibits lithe minimal root-mean-square deviations (rmsd) between tf
widths of ~1 ppm for CH groups and>2 ppm for CH normalized experimental spectru&.,, and the normalized
carbons. These linewidth differences confirm the importancegimulated onesS;(¢). The rmsd curve is calculated accord-
reducing directly bonded®C spin pairs for obtaining highly ing to
resolved solid-state NMR spectra.

1/2
. - - . : 1N
3. Site-Specific Determination of Multiple Torsion Angles ms S o — 2 1

by HNCH Correlation ¢} Nz[s, o~ S g

The high spectral sensitivity and resolution achieved with
S&E “C labeling makes possible a variety of solid-state 2@here the summation is carried out over the central six
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FIG. 4. HNCH spectrum of*C2-ubiquitin for determining theb torsion angles. The experimental dipolar cross sectiensiimension) are the Cof (a)
Pro19, (b) Val26, (c) Thr12 and Thr14, and (d) Ala46. The assignment is obtained from solution NMR@atad is confirmed by the solid-stattN—"*C 2D
correlation spectra. The root-mean-squared deviations (rmsd) between the experiment and simulation are displayed in the middle columneb@stdiy. Th
torsion angles (dashed lines) are obtained at the minimum rmsd value. The experimental uncertainties are indicated by the shaded areastriibti@yste
results are indicated by the solid lines. For cross section (c), two solid lines are shown that correspond te Fart220°) and Thrl4$ = —101°). The
best-fit simulations are shown in the right column of (b—d). The effective C—H dipolar coupling can be extracted from the Pro19 slice (a) due tbthsg lack
amide proton. The sample was spun at 4209 HZN\-"3C coherence transfer time of 475 was used to select carbons directly bonded to the attitdérhe
spectrum was acquired in 14 h.

spinning sidebands and the center band in each spect®m ((d) conformations, an additional pair of angles exhibit near
The outer eight side bands were excluded in the rmsd caleoinimum rmsd values. This results from an accidental, neé
lation since their intensities are low and relatively similar fofourfold degeneracy in these angular regions, which has be:
various ¢ angles. The global minima of each rmsd curvebserved in 2D ¢, ¢) rmsd plots previously46).

correspond to the best-fit torsion angles. A pair of minima is To assess the angular resolution of the technique, we me
present for each rmsd curve, which reflects the double degsnred the experimental noise and used its intersection with tl
eracy of the HNCH technique. For thehelix (b) andB-turn rmsd curve to define an angular uncertainty (shaded area
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Based on this criterion, the Val26 spectrum has the highest 20
angular resolution, while the Ala46 result is the least precise. (@ ] 0K£
The accuracy of the NMR measurement can also be assessed,
by comparing the NMR-derived torsion angle values (dashed
lines) with the crystal structure (solid lines). We find relatively

40 1

high accuracy for the--helical ands-sheet conformations, but 1001
low accuracy for the positively valueg@-turn conformation. I
This may partly result from the fact that thé €ignal of Ala46 1101

is not sufficiently resolved from other sites. It is also possiblé’gt
that the flexibility of theg-loop makes the NMR or the X-ray £ 1291
crystal structure an average of a number of conformations. g ]

An internal check for the precision of the HNCH experiment 1301
is provided by the dipolar cross sections of the chemically ]
unigue amino acid, proline. Due to the lack of the amide proton
in proline, its HNCH cross section exhibits a narrow envelope

(Fig. 4a) that reflects the effective®eH" dipolar coupling 180 170 ' 173 60 50 40 30 20
scaled by the homonuclear decoupling sequence. Knowledge C (ppm)
of this effective C—H coupling makes the HNCH simulation
independent of any adjustable parameter other than the torsion 30 .
angle ¢. ®) KEQ_-__Ks
The advantage of the selective and extensi labeling 40 Miaf-----¥--- -4

scheme compared to uniforfC labeling lies in the fact that
the uniformly labeled sample has practically no single-site
resolution in the C region to yield any useful HNCH spec-
trum. Although higher spinning speeds could improve the
chemical shift resolution, they are incompatible with the__
HNCH sequence, which requires a sufficient numbert,of g
points as defined by the MREV-8 cycle time to be measureﬁ’
within each rotor period. This slow-spinning requirement is the
main limitation of the torsion-angle technique, because even
with the enhanced resolution afforded B¢ selective labeling,

the w, dimension still does not resolve all*@esonances. To
extract more torsion angles, it is necessary to extend the 2D — e
HNCH technique into a third dimension, whef& chemical 180 170 j., B 80 40 80 20

shift may be employed to further disperse the resonances. This C (ppm)

3D experiment should not entail prohibitively long signal- FIG.5. N-"C 2D correlation spectrum 6fC2-ubiquitin with a’*N-*C
averaging time, since the dipolar dimension of the experimentxing time of (a) 0.6 ms and (b) 2.3 ms. Several dozens of resonances a

incremented in a constant-time fashidM)( requires only a either partially or completely resolved in each spectrum. Amino-acid type
small number of points to be measured assignment and partial sequential assignment were achieved based on

connectivity patterns, the characteristic chemical shifts, and the labeling pz
terns derived from Fig. 2 and Tables 1 and 2. The spectra were each acquit
in 13 h.

100 4 1004

120 1

130 1

140 4 1364 )

P37u P373 P378

4. Resonance Assignment BY—"C Correlation

The structure elucidation of extensively labeled proteins by
NMR requires the assignment of the measured structural c&@f;—N,,,—C" ,— and —N-CO-N,,;,—CO;— connectivities.
straints to the protein sequenct’). So far, solid-state NMR Due to the distance-dependent nature of this coherence trans
techniques for resonance assignment have been demonstratechanism, one can first identify the N~@nd CQ-,—N;
mainly on small molecules such as amino acids and oligopegess peaks by using a shoit—"*C mixing time, then identify
tides @2, 48-5), and few solid-state NMR studies of resotwo- and three-bon&N—"C spin pairs such as the intraresidue
nance assignment for proteins have been shain43, 52. N-C” and the interresidue/G—N; peaks using a longer mixing
The S&E °C labeling approach facilitates resonance assigtime (42).
ment by enhancing the spectral resolution. As a first demon-We applied this°N-"*C correlation technique t§C2-ubig-
stration of this feasibility, we carried out a 2EN-"C corre- uitin. Two “N-"*C spectra, acquired with &N-*C mixing
lation experiment 42) where the coherence is transferredme of 0.6 and 2.3 ms, are displayed (Fig. 5). Each spectru
between™C and*N via the recoupled dipolar interactiof3). yields several dozens of resonances that are either partially
The spectra yield sequence-specific assignment based en -¢dmpletely resolved. Based on the chemical shifts, the conne
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tivity patterns, the labeling pattern specific to this sample, antC correlation schemes will also be useful for type assignmen
the time-dependence of the resonance signals, we can iderEfperiments along these lines will be detailed in a future pape
several sequential connectivities. For example, in the spectr{®d). On the other hand, variations of the selective and exter
acquired with the short mixing time (a), the six most downfieldive labeling approach can be exploited to label carbons th
N resonances can be assigned to prolines due to their ctae either unlabeled or labeled at low levels by thé’Qjglu-
acteristic chemical shifts. Among these peaks, the signalscase and [22C]glycerol labeling schemes. This will be im-
3C chemical shifts of~50 ppm can be assigned to proling C portant to achieve complete resonance assignment of the pi
while those at~62 and~67 ppm are proline € Both C and teins.

C* are labeled by the [2C]glycerol scheme and are directly

bonded to the amidé€N, thus they are observed at the short CONCLUSIONS

mixing time. At this point, only type assignment is possible.

When the longer®N-"C mixing time is used, we observe a We have shown that selective and extensi@labeling in
weak but clear cross peak between two of the three prolfhe €njunction with high-resolution solid-state NMR is a useful
resonances. This unambiguously assigns the two peaks todbproach to the efficient structure investigation of solid pro
two consecutive prolines in the ubiquitin sequence, Pro37 arains. The selectivEC labeling primarily refers to the fact that
Pro38. Thus the remaining proline signals must belong toe statistical probability of directly bondetC—°C spin pairs
Pro19. One can continue along the connectivity pattern i®close to 0% while the probability of one of the two carbons
identify the cross peak between Pro37 and lle36, as well as theing **C is significant. This is achieved by using specifically
Pro19-Ser20 cross peak. Another observed sequential contaleeled glucose or glycerol as the sole carbon source in tt
tivity is Gly47—Ala46—-Phe4543). In addition to interresidue bacterial growth media. We found, both theoretically and ex
assignment, the long mixing-time experiment also allows iperimentally, that the selectivity of labeling is most prominen
traresidue assignment to be made to some extent, since ftirethe 10 amino acids produced from the linear part of the
sidechain resonances appear in the saiNecross section as biosynthetic pathways. In these amino acids, many carbc
the primary C signal but have more upfielC chemical pairs with 45-90% and 1.1% (i.e., natural abundance) labelir
shifts. One example of the intraresidue assignment is providedels are found. In comparison, in amino acids derived fron
by the prolines, whose ‘Gsite, two bonds from the amidéN, the more complex citric-acid cycle, many adjacent carbon
is clearly shown in Fig. 5b. Similarly, the Thr’G and C’s have 50% or lower labeling levels for both sites, thus the
can also be assigned, since ThF'<Chave uniquely downfield spin-pair probabilities are below 25%.

chemical shifts. These assignments were made based on thEhe selective and extensiviC labeling approach provides
solid-state spectra alone, without utilizing solution NMRa general method of spectral narrowing and editing, whicl
chemical shift information. The latter, however, is useful as dacilitates resonance assignment in solid proteins. The e
eventual measure of the uniqueness of the solid-state assiganced spectral resolution makes many solid-state NMR tec
ment given the achievable linewidth&l]. In these spectra, the niques practical for measuring multiple structural constraint
limiting values of the full width at half maximum are 0.8 per experiment and per sample. We showed here that co
ppm for *C and ~2.5 ppm for ®N. This resolution is quite straints on the backbone conformation of such a labeled prote
reasonable for an unoriented powder sample and is reflecteccly be obtained by measuring tietorsion angles using the
the partial separation of the six glycine resonances in thENCH technique. The angular resolution and accuracy of th
spectra. measurement were analyzed. We also showed that the

Although the selectivé®C labeling makes complete assignguence-specific assignment of these structural constraints
ment from a single sample not possible, with two samplgmrtially feasible by 2D*N-"*C correlation. The extent of
labeled in a complementary fashion, one can retrieve the misssonance assignment is still limited at this point by the spe
ing information to some extent. For example, tH€1-ubig- tral resolution due to the lack of ultrafast spinning and ultra
uitin spectrum acquired at the lofitN—""C mixing time (Fig. high magnetic field. Combining the advance of these techno
6b) exhibits the € signals of Ala, Ser, and Pro. Among theseggies, various heteronuclear and homonuclear correlatic
Ser20 C can be assigned based on its cross peak with Pra&@hniques, and 3D spectroscopy, more complete resonar
C*, and Ala46 C is identified by its cross peak with Gly47*C assignment of proteins in the solid state is well foreseeable.
Thr9 can be assigned by its cross peak with Leti8Similarly,
the sequential connectivities Thr66—Ser65 and Pro19-Glul8 MATERIALS AND METHODS
can be identified.

To assign the”C and™N spectra of a solid protein more The three™C, N-labeled ubiquitin samples used in this
completely, additional correlation experiments that fully exaork were custom-synthesized by VLI-Research (Malvern
ploit the labeling patterns are required. For example, 3D eRA). The human ubiquitin gene was expresse&seherichia
periments that correlate the®@nd sidechain carbon chemicaloli. Cells were grown in M9 minimal medium, with the sole
shifts with the backboné®N are useful for more complete nitrogen source beingN-labeled ammonium sulfate, and the
amino acid type assignment of the resonances. Homonuclsale carbon source being one of the following three com
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FIG.6. 'N-"C 2D correlation spectrum &fC1-ubiquitin with a**N—**C mixing time of (a) 0.6 ms and (b) 2.3 ms. Dashed circle indicates the weak glycir
C“ signals, whose presence indicates low-level scrambling i*théabeling scheme.

pounds: [1¥C]glucose, [2°C]glycerol, and [U¥C]glucose cused INEPT pulse sequence was usB8).(The samples
(Cambridge Isotope Labs, Inc.). For a typical ubiquitin expresensist of 0.7 mM ubiquitin dissolved in a 90%®/10% D,O
sion experiment, a 5-liter culture was induced and the sokddium acetate buffer at pH 4.5.
paste was purified by column chromatography to homogeneity All solid-state NMR experiments were performed on a
The purity of the final products was analyzed by gel electr&ruker DSX-300 spectrometer using a 4-mm triple-resonanc
phoresis and amino acid composition analysis to>#9%. MAS probe. Typical radiofrequency field strengths were 12(
The unlabeled ubiquitin sample was purchased from Sigma gkidz for *H decoupling, 65 kHz for®*C, and 50 kHz for*°N.
used directly without purification. All samples were hydrate@ross polarization fromH to **C was achieved with a linearly
to ~30% (w/w) prior to the NMR experiments. Hydration wasamped $9, 60 RF field on the**C channel and with a contact
found to be important for narrowing the spectral lines, maintyme of 0.5 ms. The FIDs were detected under TPPM
by decreasing the conformational heterogeneity present in decoupling 61). The evolution period of the torsion exper-
ophilized samples56-57. iment employed a MREV-8 pulse train for homonuclear de
The solution-state®*C—"H 2D correlation experiments for coupling. Otherwise, continuous-wave decoupling was applie
verifying the labeling schemes were carried out on a Bruken the'H channel. Typical recycle delays were 3 s.
DPX-300 spectrometer using a 5-mm inverse probe. A refo-The 1D **C CPMAS experiments and the 2EN-"C cor-
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relation experiments were performed under 7 kHz of magic3. R. R. Ketchem, W. Hu, and T. A. Cross, High resolution conforma-
angle spinning. The spinning speed was controllect®oHz tion of Gramicidine A in a lipid bilayer by solid-state NMR, Science
by a Bruker MAS controller. Thé’N-"*C correlation experi- 261, 1457-1460 (1993) _
ments were carried out using the pulse sequence in refererite- M- McDowell, C. A. Klug, D. D. Beusen, and J. Schaefer, Ligand
50 13 .. . . geometry of the ternary complex of 5-enolpyruvvylshikimate-3-
(42)’ except that thé’N-"C REDOR mixing per'Od consisted phosphate synthase from rotational-echo double-resonance NMR,
of a single ®C 180° pulse and multiplé®N 180° pulses Biochemistry 35, 5395-5403 (1996).
(62, 63. A total of 4 and 16 rotor periods were used to excites. 3. Kummerlen, J. D. vanBeek, F. Vollrath, and B. Meier, Local
the double- and zero-quantufiN—"C coherence of one-bond  structure in spider dragline silk investigated by two-dimensional
and multiple-bondlSN—lBC pairs, respectively. spin-diffusion nuclear magnetic resonance, Macromolecules 29,
The ¢ torsion angle experiment was performed using the 2920-2928 (1996).
basic pulse sequence in Re#4), except that the apparent N—H 6. H.W. Lo'ng, and R. Tycko, Bippolymer confc_)rmational distributic_)ns
and C—H" dipolar couplings were doubled relative to the from_sohd-state NMR: a-helix and 310-helix contents of a helical
o . . . peptide, J. Am. Chem. Soc. 120, 7039-7048 (1998).
spinning speed to achieve high angular resolution. The doy- ;o\ o0 5 | bindot, H. Zebroski, S. Kilhne, R. H. Clark, A. A,
?Slmg was achieved by moving the 18_0 pulses on ]fmaar_‘d Campbell, P. S. Stayton, and G. P. Drobny, A peptide that inhibits
N channels as a function df, during the constant-time hydroxyapatite growth is in an extended conformation on the crys-
evolution period 46). Meanwhile, MREV-8 homonuclear de-  tal surface, Proc. Natl. Acad. Sci. USA 95, 12083-12087 (1998).
coupling 64) was applied for the entire rotor period on th¢ 8. K. Schmidt-Rohr and H. W. Spiess, “Multidimensional Solid-State
channel. The MREV-8 90° pulse length was .8 and the NMR and Polymers,” Academic Press, San Diego (1994).
short-window de|ay was 0.%s. They were optimized by 9. G. M. Clore and A. M. Gronenborn, Two-, three-, and four-dimen-
maximizing the sideband intensities of the leucif@" signal zii?r?:ris’\imz 21?52;’3; Sfogf%t:gﬂt‘::]”sgir!a;%i;t;”nd X"n‘:j Fg:\fisBei;gLeyz‘
detected under MREV-8 decoupling. At a spinning speed of N ' T '
4209 Hz, 16t, points were collected at an increment of 14.8 Chem. 20, 29-63 (1991)

. . . ?0. J. Cavanagh, W. J. Fairbrother, A. G. P. lll, and N. J. Skelton,
us, so that the maximum evolution time corresponded t0 0N€ «pyotein NMR Spectroscopy: Principles and Practice,” Academic

rotor period. Before thé, period, a TOSS sequencéS was Press, San Diego (1996).
applied to remove the carbonyl sidebands indh&limension, 11. T. A. Cross and S. J. Opella, Solid-state NMR structural studies of
since they overlap with some of the aliphatic resonances. peptides and proteins in membranes, Curr. Opinions Struct. Biol. 4,

To eliminate uncertainties in the MREV-8 scaling factor, the 574-581 (1994).
magnitude of the one-bond C—H dipolar coupling was directh2. M. M. Maricq and J. S. Waugh, NMR in rotating solids, J. Chem.
measured using a DIPSHIFT pulse sequer®®—69. The Phys. 70, 3300-3316 (1979). _
result was further corroborated by the proline €oss section 13 ﬁ K. S"alus' Tj ?jrem" aI’_‘d R-R. 'IE_;”Sttv 't?els\;’kls“?\l” ’\:Qhacnhceme;; by
: _ _ _ . omonuclear ecoupling In solia-state s em. YS.
]|cn th(ejd: aggligfeftlia. The one-bond C—H couplings were thus Lett. 262, 709715 (1996)
ound to be 10+ z.

. . 4. B. A. Tounge, A. K. Mehta, and K. W. Zilm, High field CP MAS of
The (b-angle spectra were simulated using a FORTRA&I fully *C labeled polycrystalline compounds, 38th Experimental

program described previoush24). A long-range C—H(N) NMR Conference, Orlando, 1997.

dipolar coupling of 1.2 kHz was taken into account in thes, r. G. Griffin, P. R. Costa, J. D. Gross, M. Hatcher, M. Hong, J. Hu,
simulation. The theoreticap-angle spectra were calculated at L. Mueller, C. M. Rienstra, S. Fesik, and J. Herzfeld, Structural
5° increments over the entire 360° range. The root-mean- studies with solid-state NMR: Assignments, distances and torsion
square deviations between the experiment and the simulations29/es: Experimental NMR Conference, Asilomar, CA, 1998.

were calculated in MATLAB as a function of thg-angle. 16. S. Kiihne, M. A. Mehta, J. A. Stringer, D. M. Gregory, J. C. Shiels,
and G. P. Drobny, Distance measurements by dipolar recoupling

two-dimensional solid-state NMR, J. Phys. Chem. A 102, 2274-
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