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Introduction

Significant progress has recently been made in the use of
magic-angle spinning (MAS[1]) NMR for structural studies in
large, noncrystalline complexes. Structural models have been
obtained, for example, for polypeptides that form macromolec-
ular assemblies[2,3] or bind to large membrane proteins.[4] If 3D
molecular structures are available as a reference, MAS-based
solid-state techniques can be used to gain insight into the de-
tails of protein functioning, as demonstrated by several groups
in the case of rhodopsin.[5] In addition, polypeptides and glob-
ular proteins have been an important target area of solid-state
NMR, including studies on protein dynamics,[6,7] folding,[8,9] or
ligand binding.[10] Whenever high-resolution X-ray or solution-
state NMR 3D structures are available, globular proteins also
represent a useful tool with which to develop and optimize
solid-state NMR methodology and instrumentation. Such ef-
forts have given rise to a handful of 3D structures ranging
from two- and three-residue peptides to small proteins.[3, 11–13]

In particular, we have shown[13–15] that 3D molecular structures
can be constructed through the use of a single, uniformly la-
beled sample.

Researchers have for a long time been interested in estab-
lishing a relationship between (supra)molecular structure and
variations in solid-state NMR resonance frequencies, in con-
texts such as the polymorphism observed for compounds of
low molecular weight.[16] In addition to variations in experi-
mental conditions, such as hydration level or temperature,[7]

details of sample preparation have been shown to affect MAS
NMR spectra of microcrystalline proteins,[8, 17] protein fibrils
formed by b-amyloid peptides,[18] and a-synuclein (H.H. , W.
Hoyer, S.B. , O. C. Andronesi, D. Riedel, M.B. , unpublished re-
sults) and they can also play a significant role in the case of
peptides and proteins reconstituted into lipid bilayers. While it
is well known that hydration,[19,20] crystallization,[7,21,22] or the
addition of cryoprotectants[23] can improve the spectral resolu-
tion of globular proteins, a detailed understanding of the rela-

tionship between solid-phase protein preparation and 3D mo-
lecular structure derived from MAS NMR is currently lacking.
Such aspects have been thoroughly investigated by solution-
state NMR in the case of ubiquitin, a 76-residue protein rich in
secondary structure and involved in a variety of important
cellular functions.[24] As well as the 3D structure[25] (PDB code:
1D3Z), folding intermediates[26] and, in particular, protein dy-
namics (see, for example, refs. [26–28]) have been examined in
great detail.

Not surprisingly, ubiquitin has also become an attractive
model system for MAS-based solid-state NMR studies, and
yields MAS-NMR spectra that vary depending on the details of
sample preparation.[17,20,22,29–32] Here we first derive sequential
resonance assignments for uniformly labeled U-[13C,15N] ubiqui-
tin precipitated from poly(ethylene glycol) (PEG). We show
how (15N, 15N) correlations and indirectly detected proton–
proton contacts can be used to monitor protein structure. Our
experimental results show that the single-crystal structure of
ubiquitin and the 3D structure in PEG-microcrystals must be
closely related, and so we can compare our experimental find-
ings with MAS-NMR results obtained on hydrated ubiquitin
and precipitants obtained by use of 2-methylpentane-2,4-diol
(MPD)[22] in close reference to the X-ray structure and solution-
state NMR data. We conclude that the influence of sample
preparation on 3D protein structure determination in solids is
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Understanding of the effects of intermolecular interactions, mo-
lecular dynamics, and sample preparation on high-resolution
magic-angle spinning NMR data is currently limited. Using the
example of a uniformly [13C,15N]-labeled sample of ubiquitin, we
discuss solid-state NMR methods tailored to the construction of
3D molecular structure and study the influence of solid-phase
protein preparation on solid-state NMR spectra. A comparative
analysis of 13C’, 13Ca, and 13Cb resonance frequencies suggests

that 13C chemical-shift variations are most likely to occur in pro-
tein regions that exhibit an enhanced degree of molecular mobili-
ty. Our results can be refined by additional solid-state NMR tech-
niques and serve as a reference for ongoing efforts to character-
ize the structure and dynamics of (membrane) proteins, protein
complexes, and other biomolecules by high-resolution solid-state
NMR.
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most critical for molecular segments that exhibit a high degree
of molecular mobility.

Results and Discussion

Structural characterization of UBI-P

Resonance assignments : To obtain sequential resonance as-
signments of UBI-P (precipitation with PEG) we used a set of
two- and three-dimensional NC and CC correlation experi-
ments. As an example, Figure 1 shows the results of a two-di-
mensional (13C,13C) spin-diffusion (SD[33]) experiment conducted
under weak coupling conditions[34] on UBI-P for two different
mixing times. For short mixing times (tCC=4 ms; insert), only
intraresidue correlations are visible, whilst for a mixing time of
100 ms, interresidue (13C,13C) correlations appear. These interac-
tions are particularly easy to identify in the spectral region be-
tween 70 and 40 ppm, where intraresidue correlations are only

possible for Ser, Thr, or Pro residues. In Figure 1, (i, i�1) and
(i, i�2) correlations involving residues 1–4 and 17–27 are indi-
cated as an example. To separate signal sets in an additional
dimension, N–C-type correlation experiments[35] were conduct-
ed by use of SPECIFIC CP[36] transfers and SD (13C,13C) mixing
blocks. Notably, no qualitative differences were detected in
any of our spectra if this mixing unit was replaced by a DARR-
type[37] irradiation scheme in which heteronuclear dipolar inter-
actions involving protons and through-space proton–proton
interactions are active.

Figure 2 shows an NCA-type spectrum obtained on UBI-P
with an 800 MHz instrument. Additional experiments using var-
iable 1H decoupling strength reveal that the detected 15N line
width (0.8 ppm) is sensitive to the 1H r.f. decoupling field
strength in the 70–95 kHz range. Analysis of a series of CC and
NC two- and three-dimensional spectra resulted in the de
novo assignment of 86% of the 76 protein residues. The as-
signments are given as Supporting Information and reveal

Figure 1. CC correlation spectrum obtained on U[13C,15N] UBI-P for mixing times of 100 ms and 4 ms (inserts) under weak coupling conditions.[34] Spectra were
taken at 18.8 T B0 field, 12.5 kHz MAS rate, and a temperature of 261 K. Signals were acquired over 36 h, with a maximum t1 evolution time of 6.2 ms. Several
(i, i�1) and (i, i�2) correlations are indicated as an example.
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peak doubling for T9, I13, S20, I23, V26, P37, and A46. Two
(C,C) correlation patterns are seen for Ile23 and V26 (Figure 1),
for example, and two NCA peaks are found for T9 and S20
(Figure 2). Such peak doubling has been observed previously
in (1H,15N) correlation spectra obtained on perdeuterated UBI-P
samples[31] and for the catabolite repression histidine-contain-
ing phosphocarrier protein Crh,[8] and is indicative of the occur-
rence of multiple 3D conformations in the solid state. Notably,
all sequential resonance assignments reported here are self-
consistent and relate to the dominant peak intensities in the
spectra.

Secondary structure analysis : As shown previously for selec-
tively[38] or uniformly labeled[39] polypeptides, secondary chemi-
cal shifts provide a useful tool to describe protein secondary
structure under MAS conditions. With the resonance assign-
ments for UBI-P to hand, these parameters can be readily ob-
tained by using the TALOS[40] software routine. Information
about the backbone conformation in the solid state can also
be obtained by correlating two anisotropic interactions such
as the chemical-shift anisotropy (CSA) or the dipolar coupling
in a two-dimensional experiment.[41] In uniformly labeled pep-
tides, correlations between NH/NH[42] and NH/CH[43] dipolar

tensors have been used for backbone dihedral angle determi-
nations. Alternatively, relative tensor orientation may be en-
coded in the evolution of a double-quantum (2Q) two-spin
state under the effect of two anisotropic interactions. Applica-
tions correlating CH/NH[44] and CN/CN[45] dipolar couplings or
sequential carbonyl CSAs[46] have been demonstrated. In a 2Q
correlation experiment under CN dipolar dephasing conditions,
the signal amplitude can directly report on the backbone tor-
sion angle and can hence conveniently be applied in multiply
labeled polypeptides.[35] In the case of severe spectral overlap,
extensions to three spectral dimensions are possible.[47]

Below we investigate two additional techniques used to
refine the backbone topology in the context of a standard

Figure 2. NCA correlation spectrum under experimental conditions as in
Figure 1 with SPINAL-64 proton decoupling at 93 kHz r.f. field strength. The
duration of the experiment was 2.3 h, with a maximum t1 evolution time of
8 ms.

Figure 3. a) Molecular topology relevant in the context of NN and NHHC
correlation experiments. B) Theoretical dependence of the Ni–Ni+1 distance
(blue) on the torsion angle yi. C) and D) Relationships between the inter- (C,
orange) and intraresidue (D, black) amide proton–Ha distance and the rele-
vant torsion angles. Curves shown in C and D do not apply to Gly residues
(see ref. [51] for further details). Colored regions added in B–D depict distan-
ces characteristic of l-a helix (yellow), R-a helix (red), and b-sheet regions
(green).
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(15N,15N) or (15N,13C) correlation experiment. As can be seen in
Figure 3b, the (15N,15N) sequential distance is determined by
the backbone torsion angle y, ranging from 2.6 L to 3.65 L.
The corresponding dipolar couplings (see ref. [35] for a defini-
tion) take values between 68 Hz and 25 Hz, making the appli-
cation of dipolar recoupling schemes in the presence of high-
power proton decoupling difficult. Instead, (15N,15N) proton-
driven spin diffusion experiments have been utilized in the
context of solid-state NMR experiments under static[48] and
MAS conditions.[12,42, 49] Spectral spin diffusion[50] has been de-
scribed by an exponential cross-peak buildup and a phenom-
enological spin-diffusion time constant TSD. Here, TSD is given
by the (15N,15N) distance r12 of interest and the zero-quantum
(0Q) line-shape function (J0Q), evaluated at the isotropic chemi-
cal shift difference of 15N spin 1 and 2 for a given MAS rate. In
the case of proton–proton mixing, we have found[14] that
J0Q(wR) scales with 1/wR

2. To investigate whether a
similar dependence is observed for (15N,15N) mixing,
we conducted test experiments on U-[13C,15N]-labeled
l-histidine·HCl. Figure 4a shows the 15Nd1–

15Ne2 cross-
peak intensity measured for two MAS rates as a func-
tion of the SD time tNN. Both buildup curves were re-
corded at 9.4 T. Comparison to a theoretical descrip-
tion as in ref. [14] confirms that the zero-quantum
line-shape function indeed scales with 1/wR

2 and that
at a mixing time of 5 s and an MAS rate of 11 kHz,
correlations should involve predominantly (15N�15N)
distances below 3 L (Figure 4b).

The corresponding spectrum in the case of U-
[13C,15N]-labeled UBI-P recorded at 14.1 T with a spin-
ning speed of wr=11 kHz is shown in Figure 5. The
experimental results are compared with predictions
obtained from the known 3D (crystal) structure of
ubiquitin and the chemical-shift assignments for UBI-
P. Sequential contacts below 3 L are indicated by
filled circles. In line with Figure 3b, the vast majority
of the observed correlations correspond to sequential
(15N,15N) transfer in right-handed helices (underlined)
and b-turn (dashed underlined) regions of the pro-
tein. Moreover, all correlations expected from b-sheet
regions are in general weak or missing. Notably, cor-
relations not identified in Figure 5 can largely be ex-
plained by missing 15N assignments. We can hence
conclude that (15N�15N) distances of or below 3 L
dominate the NN spectrum under the experimental
conditions employed (MAS rate: 11 kHz, mixing time:
5 s, B0 : 600 MHz).

As can be seen in Figure 3c and d, NH�HCa dis-
tances provide an additional, sensitive measure of
the local backbone conformation. In particular, sequential NH�
HCa distances in b-sheet regions are shorter than the corre-
sponding intraresidue values. Figure 6 shows the (NH,Ca)
region of an NHHC[14,30] experiment on UBI-P, that permits the
recording of such interactions in a 15N evolution and 13C detec-
tion period. The experimental results are again compared to
structural data classified into intraresidue and interresidue po-
larization transfer for amide proton–Ha distances up to 2.5 L.

As expected from earlier studies in small molecules,[14] mixing
for 90 ms produces an NHHC spectrum in which proton–proton
interactions of a length scale of 2–3 L are dominant. Corre-
spondingly, the spectrum shown in Figure 6 can be explained
well by the dominant influence of interresidue correlations in-
volving b-sheet regions of the protein. Complementary to the
NN case, in which both a-helix and b-turn motifs appear in the
spectrum, intraresidue NHHC correlations are predominantly

Figure 4. a) 15Nd1–
15Ne2 cross-peak intensity measured on uniformly [13C,15N]-

labeled l-histidine·HCl at wr=7 kHz (*) and wr=12 kHz (*). Both buildup
curves were recorded at 9.4 T. Experimental results at 7 kHz were fitted
(black line) by use of the theoretical model described in ref. [14] and re-
scaled with the square of the ratio between the two spinning speeds (see
ref. [14]) to reproduce data obtained at 12 kHz (gray line). b) Theoretical
cross-peak buildup behavior, predicted with the help of a) at wr=11 kHz for
(15N,15N) distances of 2.4, 2.6, 2.8, 3.0, 3.2, and 3.4 L from top to bottom.

Figure 5. NN spin diffusion spectrum on UBI-P recorded at 14.1 T with a spinning speed
of wr=11 kHz and tNN=5 s. The temperature was set to �14 8C and acquisition times of
15 ms in t2 and 14 ms in t1 were used. The total experiment time was approx. 15 h, with
64 scans per t1 increment. Predicted N–N sequential contacts (with use of the X-ray struc-
ture as reference) below 3 L are indicated by filled gray circles. Assignments are under-
lined if found in elements of defined secondary structure [helix (solid) and b-turns
(dashed)] . Spinning side-band intensities are dotted.
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the result of b-turn conformations such as in the case of A46.
For glycine, strong intraresidue NHHC correlations are also pos-
sible for other secondary structure elements. In the case of
ubiquitin, these mainly relate to b-turn regions of the protein.
In addition, the NHHC spectrum contains correlations involving
intra- and interresidue NH�HCb spin pairs that encode addi-
tional information about the torsion angle c.[51] Finally, inter-b-
strand NH�HCa correlations relating to F4 NH–T66 Ha and
L67 NH–V5 Ha contacts are also detected. Notably, these dis-
tances (2.65 L) belong to the shortest long-range contacts
found in the X-ray structure. In two spectral dimensions, these
correlations cannot be assigned unequivocally. As in Figure 5,
correlations not identified in Figure 6 are the result of missing
15N and 13C resonance assignments. Spectral overlap can be

greatly reduced by use of 3D spectroscopy,[52] how-
ever, and may provide long-range NHHC constraints
useful in a subsequent structure calculation.

The results shown in Figures 3–6 demonstrate that
NN and NHHC correlations can provide a comple-
mentary means to characterize protein secondary
structure if recorded under appropriate experimental
conditions. Together with TALOS-derived torsion-
angle constraints (Figure 7, empty circles), these cor-
relations can hence be used to increase the number
of torsion-angle constraints. For UBI-P, torsion-angle
predictions classified as reliable in TALOS are in good
agreement with the X-ray structure (“P ” symbols in
Figure 7). The analysis of NN and NHHC spectra pro-
vides a total of 19 additional (f,y) torsion-angle con-
straints (filled circles) that resolve ambiguities detect-
ed by TALOS and can be used in the context of a
structure calculation. The corresponding residues are
often found in loop regions of the protein, where
TALOS predictions are known to be most unreliable.
Only one (y54) of the total of 92 refined torsion
angles differs significantly from values expected from
the X-ray structure. These results confirm that the
secondary structures of UBI-P microcrystals agree

with data obtained by X-ray crystallography and solution-state
NMR.

Investigation of 3D structure : Figure 8 compares results of a
(13C,13C) SD experiment (mixing time: 40 ms, MAS rate: 11 kHz,
600 MHz, blue) with CHHC[14,15,30] data (red) obtained for a
proton–proton mixing time of 250 ms. There are notable differ-
ences between the two spectra, which are most pronounced
in the Ca region. Most of these CHHC correlations cannot be
assigned unequivocally by 2D spectroscopy. However, by as-
suming a homology model, we can compare our CHHC data to
predictions from the X-ray structure and resonance assign-
ments obtained for UBI-P considering (1H,1H) distances up to
3.5 L. According to ref. [14] , such interactions should dominate
the CHHC spectrum under the experimental conditions consid-

Figure 6. NHHC spectrum on UBI-P with a total number of 6080 scans per t1 increment.
Data were recorded at �14 8C at 14.1 T with a spinning speed of 11 kHz. Predictions for
intra- [HNi– HCai] (squares) and interresidue [HNi+1–HCai] (circles) contacts below 2.5 L
are included. Triangles indicate short (<2.7 L) contacts between HNj–HCai with j j�i j>1.

Figure 7. Comparison between dihedral angles as found in the crystal structure (X) with TALOS predictions (*). Ambiguities in the TALOS analysis can be
resolved with the aid of NN and NHHC spectra, resulting in a total of 19 additional dihedral angles (*).
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ered here. Except for correlations involving methyl protons,
which are attenuated due to the short CP time but appear for
longer contact times, a variety of medium- and long-range
contacts in the distance range under consideration can be
identified. Correlations that do not overlap with intraresidue
cross-peaks of the CC spectrum are indicated by green sym-
bols. For example, (i, i+3) contacts such as 23–26 or 30–33 are
observed for the central a-helix. In addition, long-range con-
tacts such as 4–66 or 5–67, connecting b-strand 1 (b1) and b-
strand 5 (b5), are readily found. Likewise, b-strands 1 and 2 are
connected by CHHC correlations 6–12 and 4–14. In total, 30
CHHC constraints were identified, relating to four sequential,
nine medium-range, and 17 long-range contacts. The number
of unequivocal CHHC distance restraints could be increased by
use of three-dimensional correlation spectroscopy[52] or CHHC
data with different mixing times (data not shown). Moreover,
iterative methods demonstrated in ref. [13] or implemented in
software routines such as CYANA[53] or ARIA[54] could be used
to resolve ambiguities in the CHHC assignment process.

We next investigated whether the CHHC constraints identi-
fied in Figure 8, together with torsion-angle constraints derived
from a combined TALOS, NN, and NHHC structure analysis,

would be sufficient to construct
a 3D molecular structure
through the use of CNS. This ap-
proach hence does not deliver a
de novo 3D structure of UBI-P
microcrystals, but makes com-
parison of MAS-based NMR data
sets to existing structures possi-
ble. The resulting ensemble of
ten structures selected according
to the lowest overall energy and
aligned along the backbone
atoms of residues M1 to V70
with the aid of MOLMOL is
shown in Figure 9. The overall
fold and the characteristic secon-
dary structure elements are re-
produced well, suggesting that
the X-ray structure and the 3D
structure of PEG-precipitated
ubiquitin must be closely relat-
ed. When comparing the effect
of sample preparation on solid-
phase protein structure we will
hence utilize X-ray and solution-
state NMR results as a reference.

The effect of sample
preparation

As we have previously demon-
strated for Crh,[8] comparison of
MAS-NMR derived resonance as-
signments to structural data ob-
tained from other resources pro-

vides a useful instrument with which to study solid-phase pro-
tein structure. We begin by comparing (13C,13C) spectra of UBI-
P (Figure 10, red) with results obtained on UBI-H (rehydrated,
Figure 10c, green). While the detected 13C line width is compa-
rable, chemical shift variations for both backbone and side-
chain resonances are visible. Backbone Ca and Cb resonances
for S20, F45, and T22, for example, vary between 1 ppm and
over 2 ppm. Similar variations are also seen for C’–Cx (x=a,b)
correlations, as visible in Figure 10b. Figure 10a compares cor-
relations found for UBI-H with resonance assignments reported
for UBI-M[22] (precipitated with MPD). Interestingly, the agree-
ment between NMR spectra for those two preparations is far
better than that between microcrystals prepared from PEG and
MPD. We hence conclude that hydrated ubiquitin adopts a
solid-phase (supra)molecular structure that closely resembles
that present in the case of MPD precipitants. Chemical-shift as-
signments of UBI-M have already been compared in ref. [22]
with solution-state NMR data reported by Wand and co-work-
ers,[55] and these resonance assignments are in good agree-
ment with values reported by Bax and co-workers.[56] In
Figure 11, the last set of values has been subtracted from
chemical-shift assignments obtained for UBI-P. For the sake of

Figure 8. Comparison between a (13C,13C) SD experiment (mixing time: 40 ms, MAS rate 11 kHz, 600 MHz, blue)
and a CHHC[14,15,30] spectrum (red) obtained for a proton–proton mixing time of 250 ms on UBI-P. CHHC correla-
tions that do not overlap with SD cross-peaks and are consistent with short, medium, or long-range (X–Y) con-
tacts between residues X and Y are indicated by green symbols.
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clarity, chemical-shift changes are plotted only for C’, Ca, and
Cb. For many residues, these variations are significantly larger
than the natural line width (ca. 0.5 ppm). At the N terminus,
the strongest variations are observed for residues 1 and 2 at
the beginning of the first b-strand and, subsequently, within
the loop connecting b-strand 2 and the central a-helix. Inter-
estingly, both regions exhibit a high degree of molecular
motion when analyzed in weakly aligned, solubilized protein
samples.[28] In the a-helix a1, strong variations are found for
residues 23 and 25, which have been shown to exhibit confor-
mational exchange in solution.[27,57] Such a mechanism[27] could
also explain the large variations seen for Glu18. With the ex-
ception of residue 33, chemical shift variations are small for a-
helical residues 26–34, again in agreement with a recent solu-
tion-state NMR study on protein dynamics.[28] An accurate anal-
ysis for residues 40–50 is difficult, due to missing solid-state
NMR assignments for residues 40, 41 and 49. Strong variations
are again observed for the 3/10-helix 57–59, in agreement with
ref. [28]. Finally, order parameters close to the 0 reported for
the C terminus in the solution state are consistent with a
highly flexible protein C-terminal segment in UBI-P, which
gives rise to a strong reduction of (1H,13C) and (1H,15N) CP effi-
ciency. These residues are missing in the CC and NC spectra
for the experimental temperatures used in our study; this
would be consistent with molecular mobility that gives rise to

Figure 9. Ensemble of 10 UBI-P structures calculated by use of CNS consis-
tent with TALOS, NN, NHHC, and CHHC data. Structures were aligned along
the backbone atoms of residues M1 to V70 with the aid of MOLMOL.

Figure 10. Comparison of (13C,13C) SD spectra for UBI-P (red) with experimental results obtained on UBI-H (green) with an SD mixing time of 40 ms SD and an
MAS rate of 11 kHz at 600 MHz.
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a reduction of through-space couplings and is only frozen out
at lower temperatures.

In Figure 12a, we display the chemical shift changes shown
in Figure 11 on the 3D (crystal) structure of ubiquitin. For sim-
plicity, only the added norm of C’, Ca, and Cb chemical shift
variations is plotted, ranging from small (green) to large (red)
values. Unassigned residues are indicated in gray. With the ex-
ception of a-helical residues known to undergo conformational
exchange and the C terminus, the largest chemical variations
are observed for the loop comprising residues 16–22 and the
small 3/10-helix 57–59, which are found in close spatial proxim-

ity in the 3D structure. In contrast with changes at the end of
a-helix 1, these variations could hence speak in favor of struc-
tural differences between solution and solid-state conforma-
tion, due to increased molecular mobility. If this conclusion
were correct, similar protein regions should be affected if pro-
tein microcrystals were prepared with use of MPD instead of
PEG. Correspondingly, Figure 12b encodes chemical shift varia-
tions between UBI-P assigned in this study and resonance as-
signments on UBI-M as reported in ref. [22]. Indeed, many pro-
tein segments identified in Figure 12a also reveal strong chem-
ical shift variations between UBI-P and UBI-M. In addition, sub-
stantial chemical shift changes are seen for F45 and K63. The
reason for these variations can possibly be further elucidated
by measuring site-resolved chemical shielding anisotropies, T1,
T2, and T11 relaxation rates, or dipolar order parameters under
MAS conditions.

Conclusion

We have applied a series of correlation experiments to study
the effect of sample preparation on a globular, solid-phase
protein. The 3D molecular structure was studied by using a
single U-[13C,15N]-labeled sample of ubiquitin, and chemical-
shift variations were evaluated in reference to solution-state
NMR data. Our comparative study of 13C’, 13Ca, and 13Cb reso-
nance frequencies suggests that 13C chemical-shift variations
are most likely to occur in protein regions that exhibit an en-
hanced degree of molecular mobility. Complementary informa-
tion on molecular dynamics may be obtainable from a residue-
specific analysis of 13C and 15N chemical-shielding anisotropies,

Figure 11. Difference between resonance assignments obtained for UBI-P and solution-state NMR shifts as reported by Wang et al.[56]

Figure 12. Chemical shift difference between: a) UBI-P and solution-state
NMR,[56] and b) UBI-P and UBI-M,[22] shown on the 3D (crystal) structure of
ubiquitin. The added norm of C’, Ca, and Cb chemical shift variations is
plotted, ranging from small (green, 0 ppm) to large (red, 3.6 ppm in (a),
4.7 ppm in (b)) values. Residues unassigned in at least one of the compared
data sets are indicated in gray.
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1H and 15N resonance frequencies, T1, T2, and T11 relaxation
rates, or CH and CC order parameters.[15] The design and appli-
cation of these techniques in well characterized proteins such
as ubiquitin provides a useful reference for future studies of
molecular structure and dynamics in (membrane) proteins of
unknown structure by high-resolution solid-state NMR.

Experimental Section

Sample preparation : A U-[13C,15N]-labeled sample of l-histidine·HCl
was obtained from Cambridge Isotope Laboratories (CIL, Andover,
MA). Uniformly [13C,15N]-labeled ubiquitin was purchased from VLI
research (Malvern, PA) or expressed recombinantly in Escherichia
coli and purified by established procedures.[58] After freeze-drying,
two alternative routes of sample preparation were followed. As de-
scribed in refs. [8, 17], ubiquitin (8 mg) was precipitated from poly-
(ethylene glycol) (PEG) and transferred into a 4 mm MAS rotor. Ad-
ditional experiments were conducted on U-[13C,15N]-ubiquitin
(6 mg) that was hydrated with H2O (10 mL) after lyophilization in
the rotor. For brevity, ubiquitin sample preparations relevant in the
context of this study are described by UBI-P (PEG precipitation),
UBI-H (rehydrated), and UBI-M (MPD precipitated). While experi-
mental results are shown for UBI-P and UBI-H, resonance assign-
ments for UBI-M were taken from refs. [22,32].

Solid-state NMR experiments : All NMR experiments were con-
ducted with use of 4 mm triple-resonance (1H,13C,15N) probeheads
at a static magnetic field of 18.8 T and 14.1 T corresponding to
800 MHz and 600 MHz proton resonance frequencies (Bruker Bio-
spin, Karlsruhe, Germany), respectively. Hartmann–Hahn[59] (1H,13C)
and (1H,15N) cross polarization was established by use of ramped[60]

radio frequency (r.f.) fields. For proton decoupling, TPPM[61] and
SPINAL-64[62] multiple-pulse schemes were used. Sequential reso-
nance assignments were obtained from combining results of two-
and three-dimensional (15N,13C) correlation experiments as de-
scribed in refs. [35, 36] with results of (13C,13C) correlation experi-
ments performed under weak coupling conditions.[34] MAS rates
between 9 and 12.5 kHz were employed at sample temperatures
between �14 8C and �5 8C. C/NHHC correlation experiments were
conducted as described in refs. [14, 30] with use of HH mixing
times between 90 ms and 400 ms, bracketed by short (1H,X) CP
transfers for contact times of 80–110 ms (X= 13C) and 200 ms (X=
15N).

Solid-state NMR data analysis : All spectra were processed by use
of QSINE window functions in F1 and F2 and analyzed with the aid
of Sparky version 3.110 (T. D. Goddard, D. G. Kneller, University of
California). Resonance assignments were evaluated by using TALOS
version 2003.027.13.05,[40] which predicts the backbone dihedral
angles f and y on the basis of chemical shift and sequence ho-
mology with proteins of known structure and assigned (solution-
state) chemical shifts. As explained in the main text, results of NN
and NHHC data were used to resolve ambiguities for dihedral
angle pairs not classified as reliable (i.e. , “good”) in TALOS. For
cross validation, the crystal structure[63] (PDB code: 1UBQ) was
used.

Structure calculation : Structure calculations were performed by
use of a simulated annealing protocol in CNS[64] version 1.1 with
the PROTEIN-ALLHDG[65] parameter file. Backbone angles predicted
by TALOS, using chemical-shift assignments for N, C’, Ca, and Cb,
were refined by an analysis of NN and NHHC spectra as described
below. In total, 45 f angles and 47 y angles were used in the sim-
ulation. Restraints were enforced by square-well potentials with no

energy contribution for deviations within the predicted RMSD.
Likewise, constraints for proton–proton distances were invoked
with an allowed upper limit of 3.5 L and no lower bounds. Simula-
tions started from an extended conformation generated from the
amino acid sequence. The structure calculation protocol consisted
of three stages: 1) high-temperature annealing in torsion-angle
space, in 2000 time steps of 0.015 ps at 50000 K, 2) slow-cool an-
nealing in torsion-angle space, in 4000 steps of 0.015 ps, and tem-
perature reduction from 50000 K to zero in steps of 250 K, and
3) final conjugate gradient minimization in 20 cycles of 100 steps
each. Force constants were set to 300, 300, and 150 kcalmol�1 L�2

for the distance restraints, and 100, 200, and 400kcalmol�1 rad�2

for the backbone angle restraints during the three stages. Ambigu-
ities in the assignments of methylene and methyl protons were
accounted for by R�6 averaging over all possible contacts. A set of
100 structures was calculated, starting with different initial veloci-
ties. An ensemble of ten structures was selected according to the
lowest overall energy, and was aligned along the backbone atoms
of residues M1 to V70 by use of MOLMOL 2K.2.[66]
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