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Abstract: Site-specific assignments for the solid-state NMR spectra of uniformly 13C,15N-enriched ubiquitin
are described. The assignments are derived from three three-dimensional 15N-13C-13C correlation spectra
collected at 400 MHz on microcrystalline material. A few residues (the loop near Threonine 9 and the
C-terminal fragment) were missing and correspond to regions previously reported to be mobile on the
basis of X-ray crystallography and solution NMR studies. A few additional sites exhibit shifts that differ
from previously reported solution NMR assignments. Nonetheless, these de novo assignments indicate
close agreement between the chemical shifts observed in solution and those in microcrystalline or
precipitated solids. The methods utilized are likely to be generally applicable for other noncrystalline,
nonsoluble proteins.

Introduction

While significant progress has been made in all aspects of
protein structure determination by solid-state NMR, site-specific
assignments of uniformly labeled proteins remain an important
checkpoint in any de novo structure. We describe here a direct
and robust protocol for assignments, reporting its successful
implementation on a test system, ubiquitin. Human ubiquitin is
an opportune protein for illustrating an assignment protocol since
it is relatively small (76 residues, 8.6 kDa), thermally stable,
and has mixed secondary structure. Extensive literature about
its solution NMR properties is available,1-6 and the X-ray
diffraction coordinates are known as well.7 We have used this
system to illustrate that high quality spectra at moderate and
high magnetic fields are readily attained and to explore the
principal issues that limit the resolution in solid-state NMR of
uniformly enriched materials. One of the first examples of
successful assignment efforts was the study of uniformly
13C,15N-enriched ubiquitin (76 residues, 8.6 kDa) carried out
by Straus et al.8 using two-dimensional (2D)13C/15N chemical
shift correlation spectroscopy. The assignment of lyophilized

ubiquitin was also reported by Hong;9 the experimental strategy
included a combination of 2D and 3D NMR methods and
implementation of a novel isotope labeling scheme.10 Both
studies yielded partial (∼25%) site-specific assignments of
ubiquitin, with further assignment efforts impeded by low
spectral resolution due to usage of moderate applied magnetic
field strengths (7.0-9.4 T) and lyophilized or rehydrated protein
samples.

It became evident early on that a key to the success of
assignments efforts in solid-state NMR is the sample preparation
protocols and their profound effects on the line widths. NMR
lines of freeze-dried proteins and peptides are usually inhomo-
geneously broadened. Hydration of freeze-dried samples was
shown to improve the spectral resolution in13C CP MAS spectra
of natural abundance lysozyme11 and ubiquitin.12 In the latter
case,13CH2 line widths of>2 ppm and∼1.3 ppm were reported
for uniformly and “selectively and extensively”13C-enriched
samples, respectively. Addition of cryoprotectants such as
trehalose and poly(ethylene glycol) improved31P line widths
in a lyophilized ternary complex of a 46 kDa enzyme with its
substrate and inhibitor.13 Many globular proteins, when prepared
as solids through controlled precipitation or crystallization, have
been shown to give narrow NMR lines: staphylococcal nu-
clease,14 R-lytic protease,15 BPTI,16 SH3 domain ofR-spectrin,17
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ubiquitin,18 and triose phosphate isomerase.19 Consequently,
more progress for site-specific assignments has been made with
microcrystalline samples of soluble proteins. BPTI (57 residues,
6.5 kDa)16 was partially assigned at 800 MHz. The SH3 domain
of R-spectrin (62 residues, 7.2 kDa) has been the first protein
for which almost complete de novo assignments were re-
ported.20,21 In this work, we present site-specific backbone
assignments for microcrystalline ubiquitin, obtained by some-
what different pulse sequences than that for the SH3 domain.

Materials and Methods

Uniformly 13C,15N-enriched ubiquitin was prepared as described
previously.3 The level of isotope enrichment was>99% for both nuclei.
About 15 mg of uniformly13C,15N-enriched ubiquitin was crystallized
by a batch method in 60% 2-methyl-2,4-pentanediol (MPD), 20 mM
citrate buffer, pH 4.0-4.2. The microcrystalline precipitate was
centrifuged for 20 min at 9000 rpm and transferred to the NMR rotor.
Silicon rubber disk inserts were used to prevent sample dehydration in
the course of NMR experiments.

Three-dimensional13C/15N chemical shift correlation solid-state NMR
spectra were acquired on a Varian/Chemagnetics Infinity Plus 400
spectrometer operating at Larmor frequencies of 396.8 MHz for1H,
99.8 MHz for13C, and 40.2 MHz for15N, using a 4-mm triple resonance
T3 MAS probe (Varian Instruments), with a spinning frequency of 9
kHz and a sample temperature of 0°C. The effect of temperature on
the quality of the13C CP MAS spectra of ubiquitin was investigated in
a rather limited temperature range, from-10 °C to +10 °C, using a
natural abundance protein sample. Figure 1 shows expansions of the
carbonyl and aliphatic regions of the13C CP MAS spectra of natural
abundance ubiquitin. The given temperature values correspond to the
reading of a thermocouple positioned at the end of the variable
temperature gas flow line; the true temperature of the sample is higher
than the thermocouple reading due to heating induced by magic angle
spinning (5-10 °C). In this temperature range, very minor changes
occur in the carbon spectra, as we have ascertained.

Three 3D experiments were carried out: (i) NCOCA experiment
for interresidue backbone correlations, (ii) NCACO experiment for
intraresidue backbone correlations, and (iii) NCACX experiment for
backbone-side chain correlations. A cartoon of the pulse sequence
used to collect NCOCA and NCACO data sets is shown in Figure 2A.
1H-15N cross-polarization was carried out using a ramped radio
frequency field on the15N channel,22 with the field strengths ofω1(1H)
) 59 kHz andω1(15N) ) 50 kHz (ramp center), ramp size of 7.8 kHz,
and a contact time of 3 ms. The double cross-polarization sequence23

(DCP), implemented selectively,24 was used to direct the polarization
transfer from nitrogen atoms to carbonyls in a NCOCA experiment or
to CR carbons in a NCACO experiment. The duration of the cross-
polarization step was 6 ms, withω1(15N) ) 22.5 kHz,ω1(13C) ) 13.5
kHz (ramp center), and ramp size of 2.1-2.6 kHz. Homonuclear
13C-13C mixing was accomplished using radio frequency driven dipolar
recoupling (RFDR) sequence25 with a mixing time of 1.33 ms.π pulse
duration was 7.4µs, and the pulses were phase-cycled according to
the XY-8 scheme.26 Care was taken to mismatch13C and 1H field
strengths during mixing.27 A pulse sequence for the NCACX experiment
is shown in Figure 2B.13C-13C spin diffusion assisted by1H irradiation,
i.e., “13C-1H dipolar-assisted rotational resonance” experiment28 was
used to transfer polarization from CR to Câ, with a mixing time of 6.7
ms. Although this mixing time was optimized to mainly obtain one-
bond CRCâ correlations, we also observed a number of two-bond
transfers in our spectra.
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Figure 1. Expansions of13C CP MAS spectra of natural abundance
ubiquitin, showing the carbonyl region (left column) and the aliphatic region
(right column), collected at-10, 0, and+10 °C. Each spectrum represents
12.8 h of acquisition.

Figure 2. 3D pulse sequences used in the experiments for sequential
backbone assignment. (A) NCOCA and NCACO. (B) NCACX. The
following phase-cycling scheme was used:æ1 ) (xxj)8, æ2 ) (yjyjyy)4, æ3
) (xxxjxj)4, æ4 ) (y)4(xj)4(yj)4(x)4, andæREC ) (xxj)2(yyj)2(xjx)2(yjy)2. 15N-13C
J-decoupling was carried out withπ pulses applied on the15N channel and
13C channels during the corresponding evolution periods.
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The phase cycle for all 3D experiments consisted of 16 steps and
included (i)1H spin temperature alternation (two steps), (ii) suppression
of the direct 1H-13C transfer during DCP mixing by simultaneous
alternation of15N and 13C spin-lock phases (two steps), and (iii) a
selection of the(1 f -1 coherence pathway (four steps).29 This phase
cycle was sufficient to produce artifact-free 3D spectra. The number
of scans per time increment was 16, and the recycle delay was 3 s,
giving 66-87 h per 3D experiment. The transfer efficiencies in 3D
NCACO and NCOCA experiments were estimated from the compari-
son of the intensity of13C signal passed through the two mixing
sequences with direct cross-polarization13C signal and were found to
be 11-15%.

90 kHz CW and 86 kHz TPPM decoupling25 was applied on the1H
channel during mixing and evolution, respectively. The sampling oft1
andt2 dimensions was synchronized with sample rotation to eliminate
the spinning sidebands. Int1 andt2, 96 and 52-68 points were col-
lected, respectively, giving at1 max value of 10.7 ms and at2 max
value of 5.8-7.6 ms. The TPPI method was used for phase-sensi-
tive detection. The final spectral width in both indirect dimensions was
2250 Hz.

Data were processed using FELIX (Accelrys, San Diego, CA).
Indirect15N and13C dimensions were zero-filled to 256 and 128 points,
respectively. A Gaussian apodization function with a line-broadening
parameter of 50 Hz was applied to the directly detected dimension,
while cosine bell apodization functions were applied to both indirect
dimensions. The carbon dimension was referenced externally to TMS,
using the13C adamantane methylene peak at 38.56 ppm. The referencing
was then readjusted to DSS assuming a 1.7 ppm chemical shift differ-
ence between TMS and DSS.30 The nitrogen dimension was referenced
externally to ammonium chloride (15N chemical shift of 35.9 ppm
relative to liquid ammonia at-50°C) and readjusted to liquid ammonia
at 25°C by subtracting 3.37 ppm.31 The spectra were assigned using
Sparky.32 A Gaussian fit of the histogram showing the distribution of
chemical shift differences was carried out using Igor Pro (WaveMetrics,
Oregon). Chemical shift index analysis was done using CSI (v. 2.0).33

Results

Pulse Sequences.The assignment strategy is conceptually
very similar to that commonly used for solution NMR.34-36 The
backbone assignments reported herein were carried out exclu-
sively at a moderate applied magnetic field strength. To com-
pensate the moderate dispersion at 400 MHz, three 3D experi-
ments were implemented: NCOCA, NCACO, and NCACX cor-
relations. The polarization transfer pathways for these experi-
ments are shown in Figure 3. The DCP sequence23,37was used
to transfer polarization within the directly bonded15N-13C pairs;
this sequence operates by simultaneously applying the spin-
lock radio frequency pulses to the corresponding radio frequency
channels with the amplitudes of spin-locked fields adjusted such
that the nutation frequencies of I and S spins satisfy the
Hartmann-Hahn matching condition:38 ω1I ) ω1S ( nωr, where

ωr is the spinning frequency andn is an integer. An adiabatic
transfer39 with a linear amplitude modulation22 was used to
selectively transfer from the amidic nitrogen to either the car-
bonyl or the methine.24 In model compounds, 40-60% transfer
efficiencies for directly bonded spin pairs were reported.24 In
uniformly 13C,15N-enriched ubiquitin, 35-40% transfer efficien-
cies were achieved at 9.4 T. Spin diffusion or the so-called
“13C-1H dipolar-assisted rotational resonance” experiment28 and
RFDR were used for homonuclear recoupling, principally for
CR-Câ and CR-CO recoupling, respectively. The polarization
transfer pathways which we made use of in solid-state NMR
experiments differ in that the1H nucleus was not used for
detection; protons were used simply to enhance the polarization
of 15N via the initial cross-polarization step.

Backbone Correlations. In these correlation experiments,
each nitrogen atom correlates to its own carbonyl and CR in
the NCACO experiment and to the preceding carbonyl and CR
in the NCOCA experiment. The NCACX experiment provides
the correlations to the side-chain carbons, supplying information
about the spin system type. Figure 4A,B shows two strip plots
constructed from the 3D NCACO and NCOCA experiments.
These plots, illustrating a backbone walk from Val17 to Asp32,
provide an indication of the quality of the data and show regions
with a varying degree of spectral resolution. The plots display
amide nitrogen planes, with the CR chemical shift and the CO
chemical shifts as axes. The contour threshold was set at a value
exceeding the RMS noise level of the spectra at least 8-fold,
with the multiplier set to 1.2; the contour threshold levels for
Pro19, Glu24, and Asn25/Glu24 cross-peaks are 43% lower than
for the rest of the cross-peaks due to their lower intensity. Note
that the “backbone walk” is interrupted between Asn25 and
Val26 due to the absence of the Asn25 intraresidue correlation
and the intraresidue NCRCO peak for Lys27 is not shown due
to its coincidence with Leu56. The intraresidue cross-peak of
Val26 is aliased in the CR dimension and is shown to be
connected to the K27/V26 cross-peak in the next NCOCA strip.
In most cases, even when the “backbone walk” was interrupted
due to unresolved or missing NiCOi-1CRi-1 correlations, the
assignment of backbone carbons was still possible based on the
intraresidue correlations involving backbone and side-chain
carbon atoms. Strip plots for the rest of the backbone atoms
are presented elsewhere.40

Amino Acid Side Chains from the NCACX Experiment.
The homonuclear mixing time in the 3D NCACX experiment
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Figure 3. Polarization transfer pathways for NCOCA (blue), NCACO (red),
and NCACX (green) experiments.
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(6.7 ms) was optimized to provide CR-Câ correlations, based
on monitoring the intensity of the Câ region in 1D protein
spectra as a function of spin diffusion mixing time. However,
a number of two-bond correlations were also observed and were
very useful for confirming assignments. Several examples of
13C protein side chain spectra are shown in Figure 5, illustrating
the functional groups that typically showed clear diagnostic
signals. The side-chain spectra of Thr22, Val26, Ile30, and Ile44
have pronounced CR-Cγ cross-peaks, while the side chains of
Lys33 and Met1 have only single-bond CR-Câ cross-peaks.
Unambiguous CR-Câ correlations were observed for 50 amino
acids out of a possible 70;13C spectra of these side chains are
given elsewhere.40 Two regions are missing form the data, the
first loop and the C-terminus, thus reducing the number of CR-
Câ correlations to 63. This issue will be elaborated further in
the Discussion section.

Discussion

Selection of Pulse Sequences and Comparisons with Other
Recent Work. To summarize, for all three experiments, we

elected to use the DCP mixing sequence for15N-13C polariza-
tion transfer. For CO-CR recoupling, we chose RFDR; at
spinning frequencies of 9-10 kHz, this sequence can be made
selective toward CO-CR recoupling. For the NCACX experi-
ment, we implemented spin diffusion to obtain correlations
between CR and other side-chain carbons. Using this set of 3D
experiments, we obtained sequential assignments for the major-
ity of sites in ubiquitin. This approach may be contrasted with
the assignment strategy used in other work to assign an SH3
domain. A variety of pulse sequences or methods have been
used for homonuclear recoupling and recording homonuclear
correlations in uniformly enriched materials; these range from
simple methods such as spin diffusion41 or RFDR,27,42 to
sophisticated adiabatic pulse sequences such as DREAM43,44

or elegant rotor-synchronized methods such as C7 and its
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Figure 4. Val17-Asp32 strip plot constructed from the amide nitrogen planes of the NCOCA and NCACO experiments. The strips are 3.2 ppm wide in the
carbonyl dimension. The solid lines connect cross-peaks that have the same CR and CO chemical shifts but belong to different amide nitrogen planes.
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variants.45,46 An application of the band-selective DREAM
sequence was recently reported for the SH3 domain ofR-spec-
trin.20 A set of complementary 2D15N/13C experiments carried
out at 17.6 T yielded almost complete13C and 15N assign-
ments.20 Furthermore, our scheme made no use of proton chem-
ical shifts, whereas 3D1H-13C-13C experiments resulted in
the assignment of nonexchanging protons.21 A recent solid-state
NMR study showed that protons could be efficiently used as
relays to obtain long-range13C-13C correlations in ubiquitin,47

but this method was not used here. Our work illustrates that
heteronuclear higher dimensional experiments at moderate field
strengths allow unambiguous assignments.

Verification and Completeness.The sequential assignments
were verified, and additional carbon assignments of protein side
chains were obtained in a 2D13C-13C spin diffusion experiment
carried out at a high applied magnetic field strength of 800 MHz
and heteronuclear experiments at 600 MHz, both of which will
be described in detail in forthcoming papers. In our 3D data
sets, we were able to detect 62 out of possible 75 sequential
connectivities (83%) and 50 CR-Câ side-chain resonances out
of a possible 70 (71%). In combination with the high-field
13C-13C correlation experiments, 67 spin systems out of 76 total,
or 88%, were assigned.

There are two stretches of amino acids that are systematic-
ally missing from all available data sets; the first region in-
cludes residues Leu8-Lys11 and corresponds to theâ-turn
between the first twoâ-strands of ubiquitin. The second region
includes five residues of ubiquitin C-terminus, Arg72-Gly76.
The 13 missing CR-Câ peaks in our 3D NCACX spectrum
include Gln2, Thr7, Glu24, Asn25, Arg42, Phe45, Glu51,
Asp52, Tyr59, Gln62, Thr66, Leu67, and His68. Both missing
regions show depressed values of generalized order parameters
in solution NMR,4 which is indicative of subnanosecond
backbone motions (in agreement with other solution NMR
studies of ubiquitin48,49). The C-terminus and Leu8-Gly10 region
have crystallographic temperature factors that exceed the average
value for all atoms and water molecules in ubiquitin.7 We
speculate that the residues from these regions are missing from
the spectra because backbone motions cause poor performance
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Figure 5. 13C spectra of several protein side chains extracted from the 3D
NCACX experiment. Resonances corresponding to Câ and Cγ atoms are
indicated with asterisks and dots, respectively. The left column shows
examples of side chains for which two-bond CR-Cγ correlations were
observed.

Figure 6. Histogram of the observed15N chemical shift differences between
solid- and solution-state NMR. The chemical shift difference is defined as
∆δN ) δsolid

N - δsolution
N . The solid line represents a fit of the histogram

using a Gaussian functiony ) A exp{-[(x - x0)/width]2}. x0 and width
best-fit parameters were found to be-2.163( 0.099 and 1.908( 0.140,
respectively. The standard deviation of the meanσ is trivially calculated
from the width parameter and is equal to 1.349( 0.099.

Table 1. Backbone Carbon and Nitrogen Chemical Shift
Outliersa

N CR CO

residue
∆∆δN

(ppm)b

2°
structurec residue

∆∆δCR

(ppm)
2°

structure residue
∆∆δCO

(ppm)
2°

structure

Thr7 2.7 S/Td His68 -1.4 S Leu71 -2.5 S
Glu24 -2.2 H Asp32 -1.2 H Lys63 -1.6 T
Asn25 -2.8 H Asn60 -0.7 U Asn25 -1.4 H
Val26 -3.3 H Lys29 0.8 H Asn60 -1.1 U
Lys33 -2.4 H Phe45 2.8 S/Td Ser20 -0.9 T
Leu50 2.5 U Asp32 -0.8 H
Glu64 -4.2 T Glu64 -0.8 T
Ser65 -2.6 T Ile3 -0.7 S
Thr66 3.1 S Gln41 0.7 S

Gln62 0.7 T

a Residues, for which at least twobackbonechemical shifts are per-
turbed, are shown in bold.b Chemical shift difference is calculated rela-
tive to the center of the Gaussian curve.c Secondary structure in 1UBQ
as defined by PROMOTIF;54 T is â-turn, H is R-helix, S isâ-strand, and
U is undefined.d Assigned to both elements of secondary structure by
PROMOTIF.
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in the polarization transfer sequences. The poor transfer ef-
ficiencies may result from intermediate exchange effects, or
alternatively, they may result from low order parameters and
high asymmetry parameters for the time-averaged dipolar
couplings. An alternative explanation for the missing cross-peaks
is the conformational heterogeneity of certain protein regions
that could produce severe inhomogeneous broadening of the
resonances. However, the solution NMR data strongly support
the dynamics view.

Comparison of Solution- and Solid-State Chemical Shifts
of Ubiquitin. Previously, several groups attempted to establish
whether there is a general agreement between solution- and
solid-state NMR chemical shifts in proteins. Remarkable agree-
ment was found for15N chemical shifts of staphylococcal
nuclease, and the solution chemical shifts were used to provide
site-specific assignment for the solid state.14 In the case of the
cyclic decapeptide antanamide, Meier’s group compared13C
chemical shifts for different preparations of solid and solution
samples and found chemical shift variations of up to 2.8 ppm.50

For the first protein assigned in the solid-state, 62-residue SH3
domain ofR-spectrin,20 solid-state13C NMR chemicals shifts
were demonstrated to be suitable for secondary chemical shift
analysis.51 While the experimental evidence is still very limited,
there seems to be ageneralagreement between protein chemical
shifts observed in solution and the solid state, a logical result
of the fact that the structures are generally similar.

To carry out a comparison between solid-state and solution
15N chemical shifts of ubiquitin, we chose a set of15N solution

chemical shifts reported by Wand et al.3 It is expected that some
of the residues should be shifted and that the shifts are
informative about structural issues. Despite the fact that the
structure of ubiquitin is very similar in solution and solid state,
the solvent and the ionization state of the protein is probably
different, which could have an important effect on the chemical
shifts. Solution NMR studies were carried out at pH 5.7 in
phosphate buffer, while the solid-state NMR sample was at pH
4.0-4.2 in citrate buffer. Also, a typical crystalline protein has
many of its exposed residues in intermolecular contacts, and a
precipitated or microcrystalline protein probably does as well.
We expect to see perturbation in the chemical shifts of those
residues involved in packing contacts, typically a fraction of
the surface-exposed residues.

To account for the difference in the referencing procedures,
we constructed a histogram of chemical shift differences, defined
as∆δN ) δsolid

N - δsolution
N . The bin size was chosen to be 0.5

ppm, which exceeds the average standard deviation of all15N
resonances within solid-state NMR data, 0.08 ppm, more than
5-fold. (Thus, the probability that a given chemical shift falls
into the correct bin is greater than 95%.) The histogram contains
60 observations and is shown in Figure 6. The histogram was
then fit using a Gaussian curve, with a maximum at-2.163
ppm and a width of 1.908 ppm (see the caption of Figure 6).
We define the outliers as protein residues for which15N
chemical shift differences fall outside an 89% confidence
interval, i.e., outside the interval of(1.6σ relative to the center
of the Gaussian curve. A full list of solid- and solution-state

(50) Detken, A.; Hardy, E. H.; Ernst, M.; Kainosho, M.; Kawakami, T.; Aimoto,
S.; Meier, B. H.J. Biomol. NMR2001, 20, 203-221.

(51) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat, H.; de Groot, H. J.
M.; Baldus, M.J. Biomol. NMR2001, 20, 325-331.

Table 2. Comparison of Solid- and Solution-State 15N NMR Chemical Shifts for Uniformly 13C,15N-Enriched Ubiquitina

residue δN
solid

δN
solution

(pH 5.7)b

∆δN

(pH 5.7)
δN

solution

(pH 4.5)c

∆δN

(pH 4.5) residue δN
solid

δN
solution

(pH 5.7)b

∆δN

(pH 5.7)
δN

solution

(pH 4.5)c

∆δN

(pH 4.5)

Gln2 124.3 124.5 -0.2 123.3 1.0 Asp39 112.2 115.1 -2.9 113.3 -1.1
Ile3 115.8 116.7 -0.9 115.3 0.5 Gln40 116.2 118.4 -2.2 116.8 -0.6
Phe4 117.6 120.1 -2.5 117.9 -0.3 Gln41 117.5 119.5 -2.0 117.7 -0.2
Val5 119.8 122.8 -3.0 120.8 -1.0 Arg42 120.2 124.5 -4.3 122.7 -2.5
Lys6 127.4 129.4 -2.0 127.4 0.0 Leu43 122.6 125.9 -3.3 123.9 -1.3
Thr7 117.4 116.9 0.5 115.4 2.0 Ile44 122.0 123.8 -1.8 121.9 0.1
Thr12 119.5 122.1 -2.6 120.4 -0.9 Phe45 124.4 126.6 -2.2 125.3 -0.9
Ile13 127.0 129.1 -2.1 126.9 0.1 Ala46 131.4 134.2 -2.8 132.3 -0.9
Thr14 121.2 123.2 -2.0 121.4 -0.2 Gly47 102.2 104.0 -1.8 102.3 -0.1
Leu15 123.9 126.7 -2.8 124.6 -0.7 Lys48 119.5 123.5 -4.0 121.5 -2.0
Glu16 122.0 124.0 -2.0 122.0 0.0 Gln49 121.4 124.5 -3.1 122.3 -0.9
Val17 118.0 119.0 -1.0 117.1 0.9 Leu50 127.5 127.2 0.3 125.4 2.1
Glu18 118.4 120.9 -2.5 118.7 -0.3 Glu51 123.3 124.6 -1.3 122.8 0.5
Ser20 102.5 105.0 -2.5 103.2 -0.7 Asp52 120.3 121.8 -1.5 120.0 0.3
Asp21 123.9 125.4 -1.5 123.4 0.5 Arg54 118.1 120.8 -2.7 119.1 -1.0
Thr22 109.4 110.5 -1.1 108.8 0.6 Thr55 108.6 110.4 -1.8 108.2 0.4
Ile23 118.9 122.7 -3.8 121.2 -2.3 Leu56 117.2 119.6 -2.4 117.8 -0.6
Glu24 118.3 122.7 -4.4 120.7 -2.4 Ser57 112.3 115.0 -2.7 113.2 -0.9
Asn25 117.9 122.9 -5.0 120.3 -2.4 Asp58 124.4 126.0 -1.6 124.1 0.3
Val26 118.1 123.6 -5.5 121.6 -3.5 Tyr59 114.6 117.3 -2.7 115.5 -0.9
Lys27 116.4 120.4 -4.0 118.9 -2.5 Asn60 117.4 117.5 -0.1 115.9 1.5
Ala28 124.5 124.9 -0.4 123.4 1.1 Ile61 117.0 120.4 -3.4 118.5 -1.5
Lys29 121.0 121.7 -0.7 119.9 1.1 Lys63 119.0 122.1 -3.1 120.2 -1.2
Ile30 120.9 122.8 -1.9 121.1 -0.2 Glu64 109.7 116.1 -6.4 113.7 -4.0
Gln31 124.5 125.1 -0.6 123.4 1.1 Ser65 111.6 116.4 -4.8 114.7 -3.1
Asp32 117.7 121.2 -3.5 119.3 -1.6 Thr66 119.8 118.9 0.9 117.0 2.8
Lys33 112.3 116.9 -4.6 115.0 -2.7 His68 117.5 120.9 -3.4 118.2 -0.7
Glu34 112.4 115.9 -3.5 113.5 -1.1 Leu69 124.6 125.5 -0.9 124.4 0.2
Gly35 109.4 110.4 -1.0 108.6 0.8 Val70 126.4 128.2 -1.8 127.2 -0.8
Ile36 119.4 121.7 -2.3 119.9 -0.5 Leu71 123.2 124.6 -1.4 123.2 0.0

a Residues with perturbed chemical shifts in the solid state (relative to solution) are italicized.b Wand, A. J.; Urbauer, J. L.; McEvoy, R. P.; Bieber, R.
J. Biochemistry1996, 35, 6116-6125.c Courtesy of Professor David Fushman, University of Maryland.
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15N NMR chemical shifts of ubiquitin are given in Table 2 and
elsewhere.40 Table 1 shows amino acid outliers, with chemical
shift differences calculated relative to the position of the
Gaussian curve maximum, along with information about the
secondary structure.

To compare the CR and CO chemical shifts of ubiquitin in
solution and solid state, we used the same procedure as for the
15N chemical shifts. For the analysis of CR chemical shifts,
we selected 63 residues for which secure assignments in both
solid and solution state were available. For the CO analysis, a
similar subset of residues was chosen. 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% probabil-
ity that a given value of chemical shift falls into the bin. A full
list of solid- and solution-state13C NMR chemical shifts is
given in Table 3 and elsewhere,40 while the outliers are listed
in Table 1.

The histograms for CR and CO chemical shift differences
are presented in Figure 7. Note that the systematic shift of the
histogram maxima observed for all three groups of atoms (N,
CO, and CR) is due to different referencing procedures used in
solution- and solid-state NMR. The width of the chemical shift
difference distribution, characterized by the standard deviation
of the meanσ, was almost identical for CO and CR and was
found to be∼0.4 ppm. In contrast, the width of the distribution
for 15N shifts was more than 3 times higher: 1.3 ppm. Residues
with more than one chemical shift (among CR, Câ, CO, and
N) strongly perturbed include: Asn25, Asp32, Gln41, Leu50,
Asn60, Gln62, Glu64, and Ser65. Since there is yet no reported
full structure for ubiquitin under conditions similar to those of
our solid-state NMR experiments, we cannot establish whether
crystal-packing forces are responsible for the observed perturba-
tion of chemical shifts. Although most amino acids with
perturbed chemical shifts are polar, there is no clear correlation
with accessible surface area.

In Figure 8, the amino acids for which at least two solid-
state NMR chemical shifts deviate significantly from the
corresponding solution values are mapped onto the X-ray
structure of ubiquitin (1UBQ)7 and shown in ball-and-stick
representation. Asn25 and Asp32 are located on the solvent-
exposed part of the ubiquitinR helix. Gln41 forms the beginning
of the â-strand, with its side chain packed against theR helix.
Leu50 does not have any secondary structure assigned to it and
occurs at the beginning of theâ-turn region comprising residues
51-54. In the primary sequence, two polar residues on each
side surround Leu50: -K48-Q49-L50-E51-D52-. Asn60 is
located at the end of the 3/10 helix and precedes the Gln62-
Ser65â-turn. Gln62, Glu64, and Ser65 belong to the same
â-turn, which is highly solvent-exposed.

The backbone conformation of ubiquitin is constant over a
wide pH range.52 On the other hand, pH appears to be an
important factor in modulating ubiquitin-mediated signaling; in
a recent solution NMR study, the ubiquitin dimer switches its
conformation from open to closed state with increasing pH.53

We considered the possibility that the pH-related changes in
the local charge distributions were responsible for the differences
between the shifts measured at pH 6.5 in solution vs pH 4.0-
4.2 in the solid state. A comparison between our reported shifts
and the chemical shifts from a solution NMR study at pH 4.5
still identifies the same sites as outliers. Thus, we speculate that

(52) Ottiger, M.; Bax, A.J. Biomol. NMR1999, 13, 187-191.
(53) Varadan, R.; Walker, O.; Pickart, C.; Fushman, D.J. Mol. Biol.2002, 324,

637-647.

Table 3. Comparison of Solid- and Solution-State 13CO and 13CR
NMR Chemical Shifts for Uniformly 13C,15N-Enriched Ubiquitina

residue δsolid
CO δsolution

CO b ∆δCO residue δsolid
CR δsolution

CR ∆δCR

Met1 170.7 171.4 -0.7 Met1 54.4 54.7 -0.3
Gln2 176.4 176.9 -0.5 Gln2 54.8 55.4 -0.6
Ile3 171.7 173.2 -1.5 Ile3 59.3 59.9 -0.6
Phe4 175.4 176.0 -0.6 Phe4 54.1 55.3 -1.2
Val5 174.5 175.7 -1.2 Val5 60.4 60.7 -0.3
Lys6 177.6 178.0 -0.4 Lys6 54.2 54.8 -0.6
Thr7 176.7 177.8 -1.1 Thr7 60.3 60.7 -0.5
Thr12 174.1 175.2 -1.1 Thr12 61.5 62.6 -1.1
Ile13 175.5 176.1 -0.6 Ile13 59.9 60.3 -0.4
Thr14 173.9 174.6 -0.7 Thr14 61.8 62.3 -0.5
Leu15 174.7 175.4 -0.7 Leu15 52.9 53.0 -0.1
Glu16 175.9 176.7 -0.8 Glu16 54.6 55.2 -0.6
Val17 174.3 174.9 -0.6 Val17 58.2 58.8 -0.6
Pro19 175.2 176.2 -1.0 Glu18 52.4 53.0 -0.6
Ser20 173.8 175.5 -1.7 Pro19 64.8 65.6 -0.8
Asp21 176.1 177.2 -1.1 Ser20 56.8 57.7 -0.9
Thr22 177.0 177.6 -0.6 Asp21 55.1 56.1 -1.0
Ile23 178.7 179.8 -1.1 Thr22 60.0 60.0 0.0
Asn25 177.0 179.2 -2.2 Ile23 61.7 62.7 -1.0
Val26 178.3 178.8 -0.5 Asn25 55.9 56.3 -0.4
Lys27 180.4 181.4 -1.0 Val26 67.8 67.9 -0.1
Ala28 180.6 181.1 -0.5 Lys27 59.1 59.5 -0.4
Lys29 180.5 181.1 -0.6 Ala28 55.4 55.6 -0.2
Ile30 178.5 179.1 -0.6 Lys29 60.3 60.1 0.2
Gln31 178.8 179.7 -0.9 Ile30 65.8 66.4 -0.7
Asp32 176.6 178.2 -1.6 Gln31 59.4 60.4 -1.0
Lys33 178.0 178.7 -0.7 Asp32 55.9 57.7 -1.8
Glu34 178.0 178.8 -0.8 Lys33 58.5 58.5 0.0
Gly35 173.5 174.8 -1.3 Glu34 55.1 55.6 -0.5
Pro38 178.3 179.1 -0.8 Gly35 45.4 46.2 -0.8
Asp39 176.9 177.9 -1.0 Ile36 57.4 58.0 -0.6
Gln40 175.0 176.3 -1.3 Pro37 61.5 61.8 -0.3
Gln41 176.9 177.0 -0.1 Pro38 66.0 66.5 -0.5
Arg42 174.5 174.7 -0.2 Asp39 55.2 56.0 -0.8
Leu43 175.5 176.2 -0.7 Gln40 55.3 55.8 -0.5
Ile44 176.3 176.7 -0.4 Gln41 55.9 56.9 -1.0
Phe45 174.4 175.5 -1.1 Arg42 54.5 55.4 -0.9
Ala46 177.9 178.2 -0.3 Leu43 52.5 53.3 -0.8
Gly47 173.7 174.6 -0.9 Ile44 58.7 59.2 -0.5
Lys48 175.0 175.5 -0.5 Phe45 59.1 56.8 2.3
Gln49 176.1 176.4 -0.3 Ala46 51.8 52.8 -1.0
Leu50 176.9 177.5 -0.6 Gly47 45.5 45.5 0.0
Glu51 175.6 176.3 -0.7 Lys48 53.9 54.8 -0.9
Gly53 174.4 175.6 -1.2 Gln49 55.8 56.2 -0.4
Arg54 175.5 176.2 -0.7 Leu50 54.3 54.5 -0.2
Thr55 176.6 177.4 -0.8 Glu51 55.5 56.1 -0.6
Leu56 180.5 181.6 -1.1 Gly53 44.6 45.4 -0.8
Ser57 178.4 179.1 -0.7 Arg54 53.9 54.5 -0.6
Asp58 177.7 178.3 -0.6 Thr55 59.4 60.0 -0.6
Tyr59 174.6 175.5 -0.9 Leu56 58.6 58.9 -0.3
Asn60 173.2 175.1 -1.9 Ser57 61.2 61.4 -0.2
Ile61 175.1 175.4 -0.3 Asp58 57.3 57.7 -0.4
Gln62 176.6 176.7 -0.1 Tyr59 58.6 58.6 0.0
Lys63 174.2 176.6 -2.4 Asn60 53.0 54.3 -1.3
Glu64 174.5 176.1 -1.6 Ile61 61.8 62.7 -0.9
Ser65 171.7 172.9 -1.2 Gln62 53.5 53.9 -0.4
His68 173.7 174.6 -0.9 Lys63 57.2 58.2 -1.0
Leu69 175.2 176.2 -1.0 Glu64 58.0 58.7 -0.7
Val70 174.3 174.9 -0.6 Ser65 60.0 61.2 -1.2
Leu71 175.4 178.7 -3.3 His68 54.3 56.3 -2.0

Leu69 53.9 54.0 -0.1
Val70 60.2 60.9 -0.7
Leu71 53.8 54.2 -0.4

a Residues with perturbed chemical shifts in the solid state (relative to
solution) are italicized.b Wand, A. J.; Urbauer, J. L.; McEvoy, R. P.; Bieber,
R. J.Biochemistry1996, 35, 6116-6125.
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contacts in the solid state may be responsible for the shifts
reported here. It is also worth noting that, despite these per-
turbations, application of chemical shift index (CSI) methods33

resulted in correct prediction of some secondary structure
elements in ubiquitin. Figure 9 shows a plot of the consensus
CSI obtained on the basis of CR, Câ, and CO chemical shifts.
An index value of+1 indicates backbone torsion angles in the
R-helical region, while an index value of-1 is consistent with
the presence of theâ-strand structures. For comparison, the
results of the PROMOTIF analysis54 for the ubiquitin crystal
structure are plotted as a cartoon above the top axis of the graph.
Most of the secondary structure elements are identified correctly,
suggesting that solid-state NMR chemical shifts of proteins can
be used for the CSI analysis.

Extending This Assignment Prospective for Membrane
Proteins. One motivation for studying small soluble proteins
in the solid state is the development of solid-state NMR
methodology that would ultimately be applicable to intrinsic
membrane proteins and other insoluble proteins. In that context,
it is worth noting that partial (∼17%) assignments were recently
reported for light harvesting complex II (94 residues, 10.1 kDa)
at 17.6 T.55 The assignment of at least three other membrane
proteins is currently in progress: bacteriorhodopsin,56 c subunit
of ATP synthase, and light harvesting complex I (unpublished
data). Some of the most important issues that are specific to
membrane proteins involve sample handling. While preparation
protocols involving batch crystallization work well for small
soluble proteins, the crystallization of membrane proteins seems
to be neither feasible nor practical for preparation of NMR
samples, despite the fact that high-quality crystals are not
required for solid-state NMR experiments. A viable alternative
is the preparation of membrane protein samples by well-
controlled precipitation in the presence of a detergent or mem-
brane mimetic, which in our hands results in comparably narrow
line widths. Another alternative would be the preparation of
2D membrane protein crystals, using procedures developed for
cryoelectron microscopy.57,58From the ubiquitin study at mod-
erate magnetic field strengths, we learned that line-narrowing
protocols and additional digitization in the indirect dimension
are not sufficient to carry out the resonance assignments using
2D spectroscopy: extension to one more chemical shift dimen-
sion was necessary to obtain a near-complete assignment of the
protein backbone atoms. It is likely that for complete assignment
of larger and less dispersed proteins such as intrinsic membrane

Figure 7. Histogram of the observed CR (A) and CO (B) chemical shift
differences between solid- and solution-state NMR. Gaussian fit of the
histograms produced the following best-fit parameters:x0 ) -0.569 (
0.011, width) 0.603( 0.016, andσ ) 0.426( 0.012 for CR; x0 ) -0.758
( 0.027, width) 0.544( 0.032, andσ ) 0.385( 0.023 for CO.

Figure 8. Ubiquitin residues with at least two chemical shifts of Co, CR,
Câ, and N perturbed (ball-and-stick representation), mapped onto the
crystal structure of ubiquitin.

Figure 9. Consensus chemical shift index (CSI) analysis33 of the 13C solid-state NMR chemical shifts of ubiquitin. The consensus analysis was based on
CR, Câ, and CO chemical shifts. The top X axis is labeled according to the following notation: “C” indicates coil, “B” indicatesâ-strand, and “H” indicates
helix. For comparison, the secondary structure elements based on the PROMOTIF54 analysis of the ubiquitin crystal structure are shown in the same figure.
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systems, a combination of methods may be needed, e.g., isotope
labeling schemes, J-decoupling, spectral editing techniques,59

and possibly an extension to a fourth chemical shift dimension.

Summary

Ubiquitin is one of very few proteins assigned to this degree
of completeness using solid-state NMR methods. The simple
method used here is likely to have applications in many more
challenging systems. The sample preparation protocol developed
in this work that results in solid-state NMR spectra with

excellent resolution and the availability of resonance assign-
ments for the majority of protein sites open up many exciting
possibilities for further structural and dynamical characterization
of ubiquitin using solid-state NMR methods.
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