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Abstract: Solid-state NMR 2D spectroscopy was used to correlate carbon backbone and side-chain chemical
shifts for uniformly 13C,15N-enriched microcrystalline ubiquitin. High applied field strengths, 800 MHz for
protons, moderate proton decoupling fields, 80-100 kHz, and high magic angle sample spinning frequencies,
20 kHz, were used to narrow the most of the carbon line widths to 0.5-0.8 ppm. Homonuclear magnetization
transfer was effected by matching the proton RF field to the spinning frequency, the so-called dipolar-
assisted rotational resonance (DARR) (Takegoshi, K.; Nakamura, S.; Terao, T. Chem. Phys. Lett. 2001,
344, 631-637), and a mixing time of 20 ms was used to maximize the intensity of one-bond transfers
between carbon atoms. This polarization transfer sequence resulted in roughly 14% transfer efficiencies
for directly bonded carbon pairs and 4% transfer efficiencies for carbons separated by a third carbon. With
this simple procedure, the majority of the one-bond correlations was observed with moderate transfer
efficiencies, and many two-bond correlations were also observed with weaker intensities. Spin systems
could be identified for more than half of the amino acid side chains, and site-specific assignments were
readily possible via comparison with 400 MHz 15N-13C-13C correlation spectroscopy (described separately).

Introduction

Assignment of solid-state NMR spectra, i.e., correlation of
the isotropic backbone and side-chain15N and13C resonances
using multidimensional high-resolution methods, has had a surge
of activity in the recent past.2-7 Magic angle spinning (MAS)-
based methods utilize isotropic shifts in the context of well-
resolved dimensions, which allow for ready identification of
side-chain types and thereby offer independent confirmation of
assignments. On the other hand, strong anisotropic interactions
can be utilized during MAS measurements for recoupling and
for identifying angular relations among structural units. These
interactions provide a basis for structural, dynamical, and
functional characterization of proteins. A key issue for these
endeavors is the ultimate resolution of the peaks: clean, nearly

complete, and reproducible 2D “fingerprint” spectra for back-
bone and side chains will be very useful, and line widths below
1 ppm are therefore desirable; furthermore, sample stability of
the order of days is also needed. As a test system for optimizing
line widths and assignment protocols, we have selected human
ubiquitin. At 8.6 kDa or 76 residues, ubiquitin is a relatively
small globular protein with mixed secondary structure and
excellent thermal stability. Extensive information about the
structure and dynamics of ubiquitin is available from X-ray
crystallography8 and solution NMR studies.9-14 We have used
this protein to illustrate that high quality spectra at high magnetic
fields are readily attained and to explore the principal issues
that limit resolution for solid-state NMR of uniformly enriched
materials.

To compile a13C chemical shift list for ubiquitin in the solid
state, it was necessary to use two-dimensional (2D) NMR
studies. A variety of solid-state NMR pulse sequences have been
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used to record homonuclear chemical shift correlations in
uniformly enriched materials; these range from simple methods
such as passive spin diffusion15 or RFDR,16,17 to sophisticated
pulse sequences such as adiabatic18,19or elegant rotor- synchro-
nized methods.20,21 We elected to use a recently developed
scheme involving very low radio frequency (RF) power require-
ments. In the so-called dipolar-assisted rotational resonance
(DARR) diffusion sequence, the proton RF power is adjusted
to be an integral multiple of the spinning frequency.1 At these
conditions, the proton homonuclear and1H-13C heteronuclear
dipolar couplings, otherwise suppressed through irradiation, are
largely restored, having the effect of broadening the carbon lines
and assisting carbon magnetization transfer.1 Importantly, this
sequence has very low power requirements and is reasonably
experimentally stable, making it a very practical choice for high
field protein studies.

Materials and Methods

Uniformly 13C,15N-enriched ubiquitin was prepared by overexpres-
sion inEscherichia coli; the refolding and purification procedures are
described elsewhere.11 Roughly 7 mg of uniformly13C 15N-enriched
ubiquitin was crystallized by batch methods in 60% 2-methyl-2,4-
pentanediol (MPD), 20 mM citrate buffer, pH 4.0-4.2. The crystals
formed under these conditions are needles, shown in Figure 1, and
appear to correspond to a new space group, relative to those observed

in the previous X-ray structural characterizations.8 These crystals could
be prepared in high yield using batch crystallization protocol. In this
protocol, the precipitant was slowly added to the protein solution in
buffer, and the mixture was left to crystallize for 12 h at 4°C. The
microcrystals formed in batch and hanging drop were found to have
identical morphology. Alternative crystallization protocols exist for this
sample including use of polyethyleneglycol (PEG) precipitants, which
have been discussed in a separate study of protein crystallization
protocols for ssNMR spectroscopy.45 It is noteworthy in this context
that at low pH values and high concentrations of alcohols, ubiquitin
can adopt a stable partially folded state, the “A form”,22 wherein the
N-terminal portion remains nativelike, but the C-terminal part acquires
anR-helical character.23 A mixture of A form and native ubiquitin was
observed in the batch crystallization solution, based on the chemical
shift of ε1/ε2 protons of Tyr59.24,25 The 13C and15N solid-state NMR
spectra of ubiquitin suggest that this solution equilibrium is shifted
toward the native state in the process of crystallization. Chemical shifts
for some of the upfield methyl and aromatic groups did vary noticeably
in comparing the PEG and the MPD crystallized materials (Figure
2B,C), and thus the table of chemical shifts may be considered as a
precise description for ubiquitin in this crystalline habit only. It should
be noted that in work previously reported in the literature, or
unpublished work from our group, lyophilized or rehydrated lyophilized
materials can be expected to give line widths of the order 1.5-2.5
ppm, dominated by inhomogeneous dispersion of unknown molecular
origin. For this reason, care was taken to maintain the hydration of the
sample throughout the MAS experiments. The15N solid-state NMR
spectra were very sensitive to the sample intactness and exhibited
significant sharpening with increasing applied magnetic field (Figure
3). It is well-known that sample preparation protocols have a profound
effect on the line widths in solid-state NMR spectra of proteins and
peptides. NMR lines of freeze-dried proteins and peptides are usually
inhomogeneously broadened. Hydration of freeze-dried samples was
shown to improve the spectral resolution in13C cross-polarization magic
angle spinning (CP MAS) spectra of natural abundance lysozyme26 and
ubiquitin.27 In the latter case,13CH2 line widths of>2 ppm and∼1.3
ppm were reported for uniformly and “selectively and extensively”13C-
labeled samples, respectively. Addition of cryoprotectants such as
trehalose and poly(ethylene glycol) can improve line widths for
lyophilized proteins.28 In contrast, solid protein samples with some
degree of microscopic order were experimentally shown to give narrow
NMR lines for the cases of staphylococcal nuclease,29 R-lytic protease,30

BPTI,4 SH3 domain ofR-spectrin,31 ubiquitin,32 and triose phosphate
isomerase.33 A viable alternative for noncrystallizable samples is well-
controlled precipitation, which resulted in<1 ppm carbon line widths
in a variety of intrinsic membrane proteins (A. McDermott, unpublished
data).

1D 13C and15N CP MAS solid-state NMR spectra at 9.4 T were
acquired on a Varian/Chemagnetics Infinity Plus 400 spectrometer
operating at Larmor frequencies of 396.8 MHz for protons, 99.8 MHz
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Figure 1. Photographs of the microcrystals of the type used in the NMR
experiments. The microcrystals are situated in a hanging drop of diameter
2.3 mm. The crystal dimensions are approximately 10× 250µm; the small
width and the fact that they are twinned make them unsuitable for X-ray
diffraction measurements. Crystallization protocol is described in the text.
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for 13C, and 40.2 MHz for15N, using a 4-mm triple resonance T3 MAS
probe (Varian Instruments), with a spinning frequency of 9 or 10 kHz
and a sample temperature of 0°C. Ramped cross-polarization sequence
was used in all cases.34 TPPM proton decoupling35 with proton field
strength of 80 kHz was applied during the acquisition period.

800 MHz homonuclear13C spectra of microcrystalline ubiquitin were
acquired using a Varian INOVA 800 MHz spectrometer (Yale
University) outfitted with a home-built triple resonance probe with 2.5-
mm rotors, ca. 19.8 kHz sample spinning frequency, and 89 kHz proton
decoupling (TPPM). A sample temperature of 10( 5 °C was
maintained during the experiment. The carbon excitation pulse was
3.9 µs (90° pulse), and detection windows were 100 kHz in both

dimensions.13C-13C spin diffusion assisted by1H irradiation1 was used
as a mixing sequence in 2D experiments; a cartoon of this pulse
sequence is shown in Figure 4A. The initial carbon excitation was
accomplished with a square 500-µs cross-polarization followed by a
20-ms period of spin diffusion mixing,τ1, to equilibrate the magnetiza-
tion among the carbons. Eighty scans were acquired per t1 increment,
and 1024 increments were used with a recycle delay of 1.5 s. The total
experiment time was 35.7 h. Spin diffusion assisted by1H irradiation
was also used for the mixing period of the sequence, with a mixing
time τ2 of 12 ms for the data shown in Figures 4B and 6 and 15 ms
for the data shown in Figure 5. Spin diffusion mixing times were chosen
to achieve13C-13C transfers throughout the entire side chain. TPPI
was used for phase-sensitive detection in the indirect dimension. Data
were processed using FELIX (Accelrys, San Diego, CA). Sine-bell
window functions with a 45° phase shift were applied in both
dimensions. The spectra were referenced externally to TMS using the
13C adamantane methylene peak at 38.56 ppm. The referencing was
then readjusted to DSS assuming a 1.7 ppm chemical shift difference
between TMS and DSS.36 A value of 38.48 ppm for adamantane from
TMS and an offset of-2.0 for DSS vs TMS have recently been
determined; to join this reference scheme a value of 0.22 should be
added to each value in the table.37

Results

1D 13C spectra of ubiquitin at 800 MHz are shown in Figure
2, along with 400 MHz spectra of uniformly enriched and natural
abundance materials. At lower applied field strength, the residual
broadening is apparent for the uniformly labeled material (Figure
2A) compared with the natural abundance spectra (Figure 2B,C).
The spectra of uniformly enriched materials are comparably
better resolved at high magnetic field strength (Figure 2D). The
broadenings for the uniformly labeled material at lower applied
field strength are primarily due to homonuclear couplings,
including J splittings (55 Hz for13CR-13CO and 35 Hz for
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Figure 2. 1D 13C CP MAS spectra of microcrystalline ubiquitin at 400
MHz (A-C) and 800 MHz (D). Spectra A and D were recorded on
uniformly 13C,15N-enriched ubiquitin crystallized from MPD. Spectra B and
C correspond to the natural abundance protein crystallized from MPD and
PEG 8000, respectively. Although resolved splittings are not seen, carbon
homonuclear couplings are the major source of apparent line width for our
studies of uniformly enriched materials at 400 and 800 MHz, and the line
widths depend dramatically on the isotopic composition.

Figure 3. 1D 15N CP MAS spectra of uniformly13C,15N-enriched
microcrystalline ubiquitin at 400 MHz (A) and 800 MHz (B).
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13CR-13Câ), although resolved J splittings cannot be seen
principally due to incomplete MAS averaging of the13C-13C

dipolar couplings. The contributions of13C-13C couplings to
the line widths of uniformly enriched materials have been
discussed in the literature previously, including protocols for
removing13C-13C J couplings during indirect detection peri-
ods2,38and “block-labeling” isotope strategies.39,40In this study,
we utilized free precession carbon detection, with proton
decoupling, but no homonuclear decoupling, for both the direct
and the indirect dimensions. Under these conditions, the13C
full width half-maximal line widths in uniformly13C,15N-
enriched ubiquitin were of the order of 0.5 ppm at 800 MHz
and 1.0-1.5 ppm at 400 MHz. The13C line widths of natural
abundance material crystallized from MPD were of the order
of 0.4 ppm at 400 MHz, giving spectral resolution comparable
to that achieved at 800 MHz.

The choice of spinning frequency has an important effect
upon the apparent line width for uniformly labeled samples due
to the incomplete MAS averaging of the13C-13C dipolar
couplings. At high magnetic field strengths and spinning
frequencies corresponding to 90-100 ppm at13C as used here,
the spin system is far from any rotational resonance conditions.
The spinning frequency far exceeds any dipolar couplings, and
the residual dipolar line broadenings and second-order shifts
can be expected to be smaller than the other line width
contributions, roughly 30 Hz or less. In the following paragraph,
we report simply the free precession peak positions, without
any correction for dipolar shifts.

In Figure 2, we also compare the13C natural abundance
spectra for the MPD (B) and PEG 8000 (C) crystallized ubiquitin
sample. Differences in peak positions, of the order up to 0.5-
1.0 ppm, can be seen comparing one formulation to another.
Results have been previously reported for lyophilized rehydrated
ubiquitin and with “checker-block labeled” lyophilized rehy-
drated material.40 The sample crystallized from MPD showed
narrow line widths, good dispersion, and good stability during
long storage (ca. 6 months). In contrast to the preparation from
PEG, no peak doubling was observed. These characteristics
made this formulation a natural choice for the 2D experiments.

Figure 3 shows the15N CP MAS spectra of uniformly
enriched ubiquitin, recorded at 400 (A) and 800 (B) MHz. Even
at moderate magnetic field strength, spectral resolution is
excellent, and several resolved peaks corresponding to individual
amino acids can be seen. We have observed experimentally that
the difference between15N CP MAS spectra of ubiquitin in
lyophilized and microcrystalline states is much more dramatic
than that for the13C CP MAS spectra. Possibly,15N spectra
are more sensitive to the hydration state and conformational
homogeneity of the sample than13C spectra. Typical15N line
widths are 0.3-0.5 ppm at 800 MHz and 0.75-1.0 ppm at 400
MHz. On the basis of these data, we conclude that15N-detected
2D experiments, while having lower sensitivity than the13C-
detected experiments, produce better spectral resolution.

The 13C homonuclear correlation spectrum of uniformly
enriched ubiquitin collected at 800 MHz is shown in Figure
4B, along with a cartoon for the pulse sequence used (A). A
sample spinning frequency of 19.8 kHz was used so as to avoid
rotational resonance conditions between the carbonyl carbons

(38) Straus, S. K.; Bremi, T.; Ernst, R. R.Chem. Phys. Lett.1996, 262, 709-
715.

(39) LeMaster, D. M.; Kushlan, D. M.J. Am. Chem. Soc.1996, 118, 9255-
9264.

(40) Hong, M.; Jakes, K.J. Biomol. NMR1999, 14, 71-74.

Figure 4. (A) Cartoon of the 2D DARR-based mixing pulse sequence;
the experimental parameters are described in the Materials and Methods
section. (B) 2D13C-13C chemical shift correlation spectrum of uniformly
13C,15N-enriched ubiquitin taken at 800 MHz.

Figure 5. Side-chain “walk” documenting the Thr55 spin system. The
expansions of a 2D13C-13C spectrum corresponding to CO-Câ, CR-
Câ, and Cγ-Câ regions are shown in (A). The spectrum was collected
with slightly different conditions compared to those for Figure 4, namely,
the number of scans per t1 increment was 16, the mixing time was 20 rather
than 12 ms, and the total acquisition time was only 5.6 instead of 35.7 h.
(B) Cross section through the Câ carbon of Thr55.
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and any of the aliphatic carbons. Many prominent cross-peaks
corresponding to directly bonded pairs can be seen in the 800
MHz spectrum, including the CO-CR region, numerous CR-
Câ cross-peaks. Many weak two-bond peaks are also observed;
these are particularly noticeable in the CO-Câ region. An
example of a 2D “walk” using one of the threonine side chains
is shown in Figure 5. Side-chain correlations are illustrated using
a threonine Câ slice as an example. Here the typical signal-to-
noise ratio for a 5.6-h experiment can be seen; both one-bond
and two-bond transfers are observed.

To estimate Câ-CR transfer efficiencies, we selected a set
of residues that have resolved diagonal Câ peaks. Those
included five threonines (7, 12, 14, 22, and 55), three leucines
(15, 43, and 69), and two serines (20 and 65). For each residue,
we took a cross section through the corresponding Câ chemical
shift. The areas of the peaks in a given cross section were then
measured, and the transfer efficiencies were calculated as the
peak area normalized to the sum of all peaks including the
diagonal one for the source spin. Câ-CR one-bond correlations
typically had average normalized transfer efficiencies of 11%
(7-16%), while the average efficiency of the Câ-Cγ transfer
was 17% (8-24%). Two-bond Câ-CO transfers had an average
efficiency of 6% (2-10%). The efficiency of one- and two-
bond magnetization transfers shows that the DARR sequence
has a far more uniform excitation profile than “passive” spin
diffusion and is capable of exciting essentially all of the desired
cross-peaks. On the other hand, it is not fully uniform. Pairs
near ann ) 1 condition (where the difference between isotropic
chemical shifts,∆σiso, is equal to the spinning frequency,ωr)
give rise to systematically stronger cross-peaks than those near
an n ) 0 (∆σiso ) 0) condition.

In Figure 6, we show expansions of the aliphatic or CR-Câ
regions and CR-CO regions from the 35.7-h experiment (i.e.,
the same data as in Figure 4), processed with resolution
enhancement (shifted sine-bell with a 45° shift), to summarize
graphically the spin systems that have been analyzed. In
conjunction with 3D NMR data, reported in the accompanying
paper, we identified the following 67 spin systems: Gly (3/6),
Ala(2/2), Val (4/4), Leu (7/9), Ile (7/7), Thr (6/7), Ser (3/3),
Pro (3/3), Phe(2/2), Asn (2/2), Asp (5/5), Gln(6/6), Glu (6/6),
Lys (6/7), Arg (2/4), Met (1/1), His (1/1), Tyr (1/1) (no Trp
nor Cys). Out of 67 spin systems, 54 could be unambiguously
identified through correlations in isotropic shifts, including most
of the expected two-bond cross-peaks. All chemical shifts for
the spin systems highlighted in Figure 6 are listed in Table 1
as apparent shifts, referenced to DSS. The typical precision in
these values was less than 0.1 ppm, as is expected based upon
the digital resolution.

Sequence-specific assignment of the 2D13C-13C spectrum
was carried out using sequential assignments obtained from a
set of 3D experiments carried out at 9.4 T (described separately).
This 800 MHz 2D13C-13C experiment provides independent

verification of the residue types associated with the backbone
chemical shifts and provided the majority of the side-chain
carbons. Figure 6A shows an expansion of the aliphatic region
of the 2D spectrum, with chemical shift ranges of 7-75 and
7-48 ppm in the direct and indirect dimensions, respectively.
This region includes all correlations between the side-chain
carbons and all Câ-CR correlations with the exception of
threonines and serines (which are shown in Figure 6B). Câ-
CR cross-peaks, which are also present in the 3D NCACX
spectrum, are shown in blue; additional Câ-CR cross-peaks
identified on the basis of CR and CO chemical shifts are shown
in red and include Gln2, Asn25, Phe45, and Gln62. Câ-CR
cross-peaks that are degenerate are labeled in bold and include
Ile36 (not resolved with Asp58) and Glu34 (not resolved with
Glu51). CR-Câ (or Câ-CR) cross-peaks in this spectrum were
in excellent agreement with peaks identified from 3D NCACX
experiment used for sequential assignment, despite the differ-
ences in temperature, applied magnetic field strength, and radio
frequency duty cycle. The average standard deviation of carbon
chemical shifts within solid-state NMR data sets is 0.11 ppm.
It is this agreement that immediately led to the site-specific
assignment of almost all resonances in the aliphatic region. In
all ubiquitin spectra no evidence for peak “doubling” was
observed, as might have been expected for heterogeneous
samples; no peaks went unaccounted for.

In contrast to well-resolved aliphatic cross-peaks, the CR-
CO region remains fairly congested even at high applied
magnetic field strength, as evident from Figure 6C. All CR-
CO cross-peaks are labeled with just residue numbers. Two-
bond Câ-CO correlations of threonines and serines are shown
in green to distinguish them from CR-CO cross-peaks.
Degenerate cross-peaks are labeled in bold and include Thr12
(not resolved with Thr14), Val17 (not resolved with Tyr59 and
Glu64), Asp32 (not resolved with Gln41), Ile30 (not resolved
with Pro38), Thr22 (not resolved with Thr7), and Val5 (not
resolved with Val70). Despite significant spectral overlap, the
CR-CO region proved to be very useful in the verification of
sequential assignments, especially when used in conjunction
with the Câ-CO region of the same spectrum, shown in Figure
6D. Clear Câ-CO cross-peaks are observed for a number of
residues; pairs of bidirectional two-bond transfers (â-CO and
â-δ) are clearly detected for Gln31, Gln62, and Glu18 side
chains. The large cross-peak at (179.3, 40.3) ppm most likely
represents one-bondâ-γ transfers within Asp21 and Asp58
side chains. Notice that the CR-CO glycine region is poorly
resolved. On the basis of our sequential assignment, we conclude
that Gly35 (labeled in bold) is not resolved with Gly47. Three
glycine residues belong to either a loop region (Gly10) or
C-terminus of the protein (Gly75 and Gly76), with both regions
systematically missing from all four data sets.

There are two stretches of amino acids that are systematically
missing from our 2D and 3D data sets: the first region includes

Figure 6. Expansion of the aliphatic region of the13C-13C spin diffusion spectrum recorded at 800 MHz. (A) Chemical shift range of 7-75 ppm, 7-48
ppm, which includes all aliphatic cross-peaks, except for CR-Câ/Câ-CR resonances of threonines and serines. (B) Chemical shift range of 7-75 ppm,
48-75 ppm. Câ-CR cross-peaks, also present in the 3D NCACX spectrum, are shown in blue, while correlations found only in the13C-13C diffusion data
set are shown in red. Degenerate cross-peaks are labeled in bold and include Ile36 (not resolved from Asp58) and E34 (not resolved from E51). (C) Chemical
shift range of 163-189 ppm, 48-75 ppm, including CR-CO cross-peaks (except for those associated with glycines). Degenerate cross-peaks are labeled
in bold and include Thr12 (not resolved from Thr14), Val17 (not resolved from Tyr59 and Glu64), Asp32 (not resolved from Gln41), Ile30 (not resolved
from Pro38), Thr22 (not resolved from Thr7), and Val5 (not resolved from Val70). Two-bond Câ-CO cross-peaks of threonines and serines are shown in
green. (D) Chemical shift range of 163-169 ppm, 15-75 ppm, showing Câ-CO connectivity. The CR-CO resonance of Gly35 is not resolved from Gly47.
Sequential assignments were obtained using a set of 3D15N-13C-13C experiments.
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Table 1. Isotropic Chemical Shifts for Carbon Resonances in Microcrystalline Ubiquitin, Citrate Buffer, and MPD at pH 4.2a

residue CR Câ Cγ/Cγ1 Cδ/Cδ1 Cε CO residue CR Câ Cγ/Cγ1 Cδ/Cδ1 Cε CO

Met1 54.4
(54.7)

33.4
(33.4)

- - 170.7
(171.4)

Asp39 55.2
(56.0)

39.6
(40.1)

180.1
(nr)

176.9
(177.9)

Gln2 54.8
(55.4)

30.6
(30.9)

34.5
(34.8)

- 176.4
(176.9)

Gln40 55.3
(55.8)

29.6
(29.9)

34.7
(34.6)

175.0
(176.3)

Ile3 59.3
(59.9)

42.3
(42.2)

17.9/25.2
(18.2/25.2)

14.1
(14.6)

171.7
(173.2)

Gln41 55.9
(56.9)

32.4
(30.8)

33.1
(33.6)

174.5
(nr)

176.9
(177.0)

Phe4 54.1
(55.3)

- - - - 175.4
(176.0)

Arg42 54.5
(55.4)

- - - 174.5
(174.7)

Val5 60.4
(60.7)

34.7
(34.3)

22.9/20.7
(22.7/21.1)

174.5
(175.7)

Leu43 52.5
(53.3)

45.7
(45.8)

26.8
(26.9)

24.1
(24.4)

175.5
(176.2)

Lys6 54.2
(54.8)

35.7
(34.6)

24.7
(25.2)

29.6
(29.5)

42.0
(42.4)

177.6
(178.0)

Ile44 58.7
(59.2)

42.5
(41.2)

17.5/28.6
(17.8/28.0)

14.2
(12.9)

176.3
(176.7)

Thr7 60.3
(60.7)

70.3
(70.8)

21.4
(21.6)

176.7
(177.8)

Phe45 59.1
(56.8)

44.2
(43.9)

- - - 174.4
(175.5)

Thr12 61.5
(62.6)

68.3
(70.1)

21.3
(22.3)

174.1
(175.2)

Ala46 51.8
(52.8)

17.0
(16.8)

177.9
(178.2)

Ile13 59.9
(60.3)

41.1
(41.0)

17.6/27.2
(17.9/27.2)

14.6
(14.6)

175.5
(176.1)

Gly47 45.5
(45.5)

173.7
(174.6)

Thr14 61.8
(62.3)

69.5
(70.0)

22.3
(22.1)

173.9
(174.6)

Lys48 53.9
(54.8)

34.9
(34.6)

24.2
(24.7)

29.0
(29.4)

- 175.0
(175.5)

Leu15 52.9
(53.0)

47.2 (47.1) 27.0
(27.2)

24.1
(24.4)

174.7
(175.4)

Gln49 55.8
(56.2)

28.7
(nr)

- - 176.1
(176.4

Glu16 54.6
(55.2)

29.8
(29.8)

35.4
(35.8)

- 175.9
(176.7)

Leu50 54.3
(54.5)

40.7
(41.6)

25.9
(26.2)

19.3
(19.9)

176.9
(177.5)

Val17 58.2
(58.8)

35.6
(36.6)

22.0/19.7
(22.5/19.8)

174.3
(174.9)

Glu51 55.5
(56.1)

32.4
(29.4)

37.8
(34.8)

- 175.6
(176.3)

Glu18 52.4
(53.0)

30.5
(31.0)

35.6
(35.3)

182.8
(nr)b

176.5
(nr)

Asp52 55.8
(56.9)

- - 177.6
(178.3)

Pro19 64.8
(65.6)

32.0
(31.9)

27.8
(28.1)

50.2
(50.7)

175.2
(176.2)

Gly53 44.6
(45.4)

174.4
(175.6)

Ser20 56.8
(57.7)

63.4
(63.9)

173.8
(175.5)

Arg54 53.9
(54.5)

32.7
(33.0)

- - 175.5
(176.2)

Asp21 55.1
(56.1)

40.4
(41.1)

176.1
(177.2)

Thr55 59.4
(60.0)

72.4
(72.8)

22.6
(22.3)

176.6
(177.4)

Thr22 60.0
(60.0)

71.8
(71.2)

21.9
(22.7)

177.0
(177.6)

Leu56 58.6
(58.9)

40.3
(40.5)

26.5
(27.0)

22.5
(23.4)

180.5
(181.6)

Ile23 61.7
(62.7)

34.7
(34.8)

17.9/27.2
(18.4/28.3)

8.5
(9.5)

178.7
(179.8)

Ser57 61.2
(61.4)

62.6
(62.8)

178.4
(179.1)

Glu24 59.5
(61.0)

- - - 177.9
(179.9)

Asp58 57.3
(57.7)

40.2
(40.7)

179.5
(nr)

177.7
(178.3)

Asn25 55.9
(56.3)

38.1
(38.7)

176.4
(nr)

177.0
(179.2)

Tyr59 58.6
(58.6)

- - - - 174.6
(175.5)

Val26 67.8
(67.9)

30.7
(31.0)

21.4/23.2
(21.8/23.9)

178.3
(178.8)

Asn60 53.0
(54.3)

37.2
(37.7)

- 173.2
(175.1)

Lys27 59.1
(59.5)

34.1
(33.7)

26.0
(nr)

30.3
(nr)

- 180.4
(181.4)

Ile61 61.8
(62.7)

37.0
(36.9)

16.7/28.1
(17.5/28.5)

14.5
(14.5)

175.1
(175.4)

Ala28 55.4
(55.6)

18.6
(18.0)

180.6
(181.1)

Gln62 53.5
(53.9)

29.1
(31.8)

33.6
(33.7)

180.1
(nr)

176.6
(176.7)

Lys29 60.3
(60.1)

33.1
(33.6)

27.1
(24.8)

30.1
(26.7)

42.5
(42.9)

180.5
(181.1)

Lys63 57.2
(58.2)

32.7
(32.8)

23.2
(24.1)

29.8
(29.8)

- 174.2
(176.6)

Ile30 65.8
(66.4)

36.6
(36.9)

16.6/31.0
(17.4/31.3)

15.3
(15.5)

178.5
(179.1)

Glu64 58.0
(58.7)

26.4
(26.3)

- - 174.5
(176.1)

Gln31 59.4
(60.4)

27.7
(28.0)

32.5
(34.1)

177.1
(nr)

178.8
(179.7)

Ser65 60.0
(61.2)

64.3
(65.7)

171.7
(172.9)

Asp32 55.9
(57.7)

41.6
(41.4)

178.8
(nr)

176.6
(178.2)

Thr66 61.2
(62.7)

68.9
(70.6)

22.6
(21.8)

174.3
(174.6)

Lys33 58.5
(58.5)

34.3
(34.3)

26.0
(25.4)

29.3
(29.1)

- 178.0
(178.7)

Leu67 53.7
(54.0)

- - - 175.7
(176.2)

Glu34 55.1
(55.6)

32.6
(33.5)

- - 178.0
(178.8)

His68 54.3
(56.3)

28.0 (32.6) - - - 173.7
(174.6)

Gly35 45.4
(46.2)

173.5
(174.8)

Leu69 53.9
(54.0)

43.8
(44.5)

27.5
(27.7)

23.5
(24.1)

175.2
(176.2)

Ile36 57.4
(58.0)

40.1
(40.7)

17.7/27.5
(18.0/27.3)

13.8
(13.8)

173.2
(nr)

Val70 60.2
(60.9)

34.7
(35.0)

21.6/20.7
(21.6/20.9)

174.3
(174.9)

Pro37 61.5
(61.8)

31.8
(32.1)

28.4
(28.3)

50.8
(51.3)

176.7
(nr)

Leu71 53.8
(54.2)

42.8
(43.0)

28.4
(27.6)

25.1/23.6
(25.2/24.1)

175.4
(178.7)

Pro38 66.0
(66.5)

33.2
(33.0)

27.7
(27.9)

51.2
(51.4)

178.3
(179.1)

a Site-specific assignments are proposed based on the set of 3D experiments reported separately. Solution values (phosphate buffer, pH 5.7) from Wand
et al.11 are entered in parenthesis.b “nr” stands for not reported.
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residues Leu8-Lys11 and corresponds to theâ-turn between the
first two â-strands of ubiquitin, and the second region includes
five residues of ubiquitin C-terminus, Arg72-Gly76. Both
“missing” regions show depressed values of generalized order
parameters in solution NMR,12 which is indicative of subnano-
second backbone motions (this is in agreement with other
solution NMR studies of ubiquitin41,42). Reported main chain
crystallographic B factors mirror this trend.8 For four side chains
we consider the side chain assignments to be not secure: Glu51,
His68, Gln41, and Thr66. To summarize, we have assigned the
following spin systems in microcrystalline ubiquitin: Gly
(3/6), Ala (2/2), Val (4/4), Leu (7/9), Ile (7/7), Thr (6/7), Ser
(3/3), Pro (3/3), Phe (2/2), Asn (2/2), Asp (5/5), Gln(6/6), Glu
(6/6), Arg (2/4), Lys (6/7), Met (1/1), His (1/1), Tyr (1/1) (no
Trp nor Cys). In total, 67 out of 76 residues are assigned to
various degrees of completion.

To compare the13C chemical shifts of ubiquitin in solution
and solid state, for all protein sites that we consider to be
securely assigned in the solid state, we calculated the chemical
shift difference between our solid-state values and the solution
values reported by Wand et al.11 The main differences between
solution and solid sample conditions are the pH (5.7 versus 4.0-
4.2) and buffer (potassium phosphate versus citrate). We then
constructed a histogram of chemical shift differences, setting
the bin size to 0.5 ppm. The average standard deviation of13C
chemical shifts, taken over all cross-peaks with assignment count
larger than two, is 0.11 ppm. Thus, the bin size is approximately
5 times the standard deviation of the mean carbon chemical
shift, which ensures>95% probability that a given value of
chemical shift falls into the bin. The histogram was fit with a
Gaussian function, and the residues falling outside of the 89%
confidence interval were considered to be outliers. The histo-
gram with a superimposed Gaussian fit is shown in Figure 7,
with outliers for the side-chain Câ shift mapped onto the crystal
structure of ubiquitin. These outliers are largely solvent-exposed
ionizable residues. An analogous analysis of CO and CR
chemical shifts has been reported separately and gave a similar
standard deviation of the meanσ, ∼0.4 ppm. Since there is no
crystal structure data for ubiquitin under conditions similar to
those of our solid-state NMR experiments, we cannot establish
if crystal-packing forces are responsible for the observed
perturbation of chemical shifts, but this remains a strong
hypothesis.

It is worth noting that it was possible to identify the site-
specific assignments correctly for the majority of sites simply
by comparison with solution shifts. When the solution11 and
solid-state chemical shifts were similarly referenced, the RMS
deviation between corresponding carbon shifts forrandompairs
of a particular side-chain spin system (i.e., two leucines) was
typically 5-10 ppm. In many cases, the carbon shifts recorded
in the solid state matched those from one of the spin systems
reported based on solution NMR data, with an RMS value of
less than 1 ppm. Therefore, for proteins with assigned solution
NMR spectra, the corresponding solution and solid-state peaks
can be correctly identified without de novo assignments in the
vast majority of cases.

Conclusions

In this work we have achieved high-quality spectra of a
microcrystalline protein, and narrow line widths, good disper-
sion, and long-term stability were possible for this microcrys-
talline form of uniformly13C,15N-enriched ubiquitin. Recently,
the first solid-state NMR structure of a 62-residue protein, SH3
domain ofR-spectrin, was reported.43 In that work, 13C-13C
distance restraints were obtained from spin diffusion buildup
curves and used as an input for structure calculation. Elegant
methodology has also been applied to a biologically relevant
tripeptide, which resulted in the determination of its 3D
structure.44 Despite these landmark achievements, more methods
are needed for efficient and precise determinations of structure
and dynamics of proteins in the solid state. With the crystal-
lization conditions well-mapped and the assignment table largely
“filled in”, ubiquitin promises to be an excellent system for
probing new pulse sequence methods for structure and dynamics,
just as it has been for solution NMR studies.
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Figure 7. Comparison of solution and solid-state13Câ chemical shifts of
ubiquitin. (A) Histogram of the observed13Câ chemical shift differences
between solid- and solution-state NMR. The chemical shift difference is
defined as∆δCâ ) δsolid

Câ - δsolution
Câ . The solid line represents a fit of the

histogram by a Gaussian functiony ) A exp{-[(x - x0)/width]2}. The
best-fit parameters forx0 andwidth were found to be-0.145( 0.019 and
0.583( 0.026, respectively. The standard deviation of the meanσ is trivially
calculated from thewidth parameter and is equal to 0.412( 0.018. (B)
Amino acids with “perturbed” values of Câ chemical shifts are shown in
ball-and-stick representation. Left: Q62, S65, K6, T12, E34, A28, and T22.
Right: V17, Q41, I44, and L50.
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