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Abstract: Site-specific assignments for the solid-state NMR spectra of uniformly 13C,**N-enriched ubiquitin
are described. The assignments are derived from three three-dimensional °N—3C—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

ubiquitin was also reported by Hoddhe experimental strategy

While significant progress has been made in all aspects of Included a combination of 2D and 3D NMR methods and

protein structure determination by solid-state NMR, site-specific

implementation of a novel isotope labeling schéfh&oth

assignments of uniformly labeled proteins remain an important Studies yielded partial~25%) site-specific assignments of

checkpoint in any de novo structure. We describe here a directUPiquitin, with further assignment efforts impeded by low
and robust protocol for assignments, reporting its successful SPEctral resolution due to usage of moderate applied magnetic

implementation on a test system, ubiquitin. Human ubiquitin is

field strengths (7.69.4 T) and lyophilized or rehydrated protein

an opportune protein for illustrating an assignment protocol since S2MPples.

it is relatively small (76 residues, 8.6 kDa), thermally stable,

It became evident early on that a key to the success of

and has mixed secondary structure. Extensive literature aboutassignments efforts in solid-state NMR is the sample preparation

its solution NMR properties is available® and the X-ray
diffraction coordinates are known as wélVe have used this

protocols and their profound effects on the line widths. NMR
lines of freeze-dried proteins and peptides are usually inhomo-

system to illustrate that high quality spectra at moderate and geneously broadened. Hydration of freeze-dried samples was

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 af.using two-dimensional (2D}C/**N chemical

shift correlation spectroscopy. The assignment of lyophilized
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shown to improve the spectral resolutio#c CP MAS spectra

of natural abundance lysozyiteand ubiquitin? In the latter
case3CH, line widths of>2 ppm and~1.3 ppm were reported
for uniformly and “selectively and extensively®*C-enriched
samples, respectively. Addition of cryoprotectants such as
trehalose and poly(ethylene glycol) improvéd® line widths

in a lyophilized ternary complex of a 46 kDa enzyme with its
substrate and inhibitdf.Many globular proteins, when prepared
as solids through controlled precipitation or crystallization, have
been shown to give narrow NMR lines: staphylococcal nu-
cleasé a-lytic proteasé? BPTI 16 SH3 domain ofx-spectrint”
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Figure 1. Expansions oft3C CP MAS spectra of natural abundance
ubiquitin, showing the carbonyl region (left column) and the aliphatic region
(right column), collected at10, 0, andt-10 °C. Each spectrum represents
12.8 h of acquisition.
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more progress for site-specific assignments has been made with

microcrystalline samples of soluble proteins. BPTI (57 residues,
6.5 kDaj®was partially assigned at 800 MHz. The SH3 domain

of a-spectrin (62 residues, 7.2 kDa) has been the first protein
for which almost complete de novo assignments were re-
ported?°2! 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 3C®N-enriched ubiquitin was prepared as described
previously? The level of isotope enrichment wa9©9% for both nuclei.
About 15 mg of uniformly*3C *>N-enriched ubiquitin was crystallized
by a batch method in 60% 2-methyl-2,4-pentanediol (MPD), 20 mM
citrate buffer, pH 4.6-4.2. 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-dimensiondfC/**N chemical shift correlation solid-state NMR
spectra were acquired on a Varian/Chemagnetics Infinity Plus 400
spectrometer operating at Larmor frequencies of 396.8 MHZHor
99.8 MHz for'*C, and 40.2 MHz fo5N, using a 4-mm triple resonance
T3 MAS probe (Varian Instruments), with a spinning frequency of 9
kHz and a sample temperature ofO. The effect of temperature on
the quality of the’*C CP MAS spectra of ubiquitin was investigated in
a rather limited temperature range, froni0 °C to +10 °C, using a

natural abundance protein sample. Figure 1 shows expansions of thdS Shown in Figure 2B:C—

carbonyl and aliphatic regions of th&C CP MAS spectra of natural
abundance ubiquitin. The given temperature values correspond to th
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.
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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 usefl = (X¥)s, @2 = (YyyY)4, ¢3

= (00K)4, 4 = (¥)a(Ra(V)4(¥)4, andgrec = (XR2(yy)2(X¥)2(¥y)2- *N—1C
J-decoupling was carried out withpulses applied on theN channel and

13C channels during the corresponding evolution periods.

Three 3D experiments were carried out: (i) NCOCA experiment
for interresidue backbone correlations, (i) 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.
IH—-15N cross-polarization was carried out using a ramped radio
frequency field on thé>N channeP? with the field strengths ob1(*H)
= 59 kHz andw(**N) = 50 kHz (ramp center), ramp size of 7.8 kHz,
and a contact time of 3 ms. The double cross-polarization secffence
(DCP), implemented selectivel§ was used to direct the polarization
transfer from nitrogen atoms to carbonyls in a NCOCA experiment or
to Co carbons in a NCACO experiment. The duration of the cross-
polarization step was 6 ms, withy(**N) = 22.5 kHz,w,(*°C) = 13.5
kHz (ramp center), and ramp size of 22.6 kHz. Homonuclear
13C—13C mixing was accomplished using radio frequency driven dipolar
recoupling (RFDR) sequenavith a mixing time of 1.33 msxz pulse
duration was 7.4s, and the pulses were phase-cycled according to
the XY-8 schemé&® Care was taken to mismatcfC and'H field
strengths during mixing’ A pulse sequence for the NCACX experiment
13C spin diffusion assisted By irradiation,

i.e., “IC—1H dipolar-assisted rotational resonance” experiniéntas

eused to transfer polarization fromeQ@o Gf, with a mixing time of 6.7

ms. Although this mixing time was optimized to mainly obtain one-
bond GxCj correlations, we also observed a number of two-bond
transfers in our spectra.
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The phase cycle for all 3D experiments consisted of 16 steps and
included (i)*H spin temperature alternation (two steps), (i) suppression
of the direct'H—°C transfer during DCP mixing by simultaneous
alternation of!>N and *3C spin-lock phases (two steps), and (iii) a
selection of thek1 — —1 coherence pathway (four step&Yhis 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 of3C signal passed through the two mixing
sequences with direct cross-polarizatié@ signal and were found to
be 11-15%.

90 kHz CW and 86 kHz TPPM decouplittgvas applied on théH
channel during mixing and evolution, respectively. The samplirtg. of
andt2 dimensions was synchronized with sample rotation to eliminate
the spinning sidebands. i andt2, 96 and 52-68 points were col-
lected, respectively, giving & max value of 10.7 ms and @ 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).
Indirect’>N and'3C 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 the!3C 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 DS%The nitrogen dimension was referenced
externally to ammonium chloride!N chemical shift of 35.9 ppm
relative to liquid ammonia at50 °C) and readjusted to liquid ammonia
at 25°C by subtracting 3.37 ppft.The spectra were assigned using
Sparky?? 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.32.0).

Results

Pulse SequencesThe assignment strategy is conceptually
very similar to that commonly used for solution NMR 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 sequéitavas used

to transfer polarization within the directly bond&—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 | and S spins satisfy the
Hartmanrs-Hahn matching conditio?® w1 = w1s+ nw;, where
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Figure 3. Polarization transfer pathways for NCOCA (blue), NCACO (red),
and NCACX (green) experiments.

wy is the spinning frequency andis an integer. An adiabatic
transfef® with a linear amplitude modulatiéh was used to
selectively transfer from the amidic nitrogen to either the car-
bonyl or the methiné? In model compounds, 4060% transfer
efficiencies for directly bonded spin pairs were repoftth
uniformly $3C 15N-enriched ubiquitin, 3540% transfer efficien-
cies were achieved at 9.4 T. Spin diffusion or the so-called
“13C—1H dipolar-assisted rotational resonance” experidiamtd
RFDR were used for homonuclear recoupling, principally for
Ca—Cp and Gx—CO recoupling, respectively. The polarization
transfer pathways which we made use of in solid-state NMR
experiments differ in that théH 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 andirtC
the NCACO experiment and to the preceding carbonyl and C
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 Vall17 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 theae@hemical 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
Prol9, 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 N®GECO peak for Lys27 is not shown due
to its coincidence with Leu56. The intraresidue cross-peak of
Val26 is aliased in the &€ 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 missingi®O-;Cai—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 elsewhéfe.

Amino Acid Side Chains from the NCACX Experiment.
The homonuclear mixing time in the 3D NCACX experiment

(38) Stejskal, E. O.; Schaefer, J.; Waugh, 10.9agn. Resorll977, 28, 105—
112.
(39) Baldus, M.; Geurts, D. G.; Hediger, S.; Meier, B.XMagn. Reson., Ser.

A 1996 118 140-144.
(40) Igumenova, T. I. Ph.D. Thesis, Columbia University, New York, NY, 2003.
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Figure 4. Vall7-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 saared@O chemical shifts but belong to different amide nitrogen planes.

(6.7 ms) was optimized to provideoC-Cp correlations, based
on monitoring the intensity of the £region in 1D protein
spectra as a function of spin diffusion mixing time. However,

elected to use the DCP mixing sequencefdi—1°C polariza-
tion transfer. For COCa recoupling, we chose RFDR; at
spinning frequencies of-910 kHz, this sequence can be made

a number of two-bond correlations were also observed and wereselective toward COCa recoupling. For the NCACX experi-

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, 11e30, and lle44
have pronounced&-Cy cross-peaks, while the side chains of
Lys33 and Metl have only single-bontx€Cpj cross-peaks.
Unambiguous @—Cp correlations were observed for 50 amino
acids out of a possible 76%C spectra of these side chains are
given elsewheré® Two regions are missing form the data, the
first loop and the C-terminus, thus reducing the numberafC

Cp 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

5326 J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004

ment, we implemented spin diffusion to obtain correlations
between @ 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 diffustbror RFDR2742 to
sophisticated adiabatic pulse sequences such as DREAM

or elegant rotor-synchronized methods such as C7 and its

(41) Szeverenyi, N. M.; Sullivan, M. J.; Maciel, G. E. Magn. Reson1982
47, 462—-475.

(42) Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $. Chem. Phys1992

96, 8624-8627.

Verel, R.; Baldus, M.; Ernst, M.; Meier, B. KChem. Phys. Lett1998

287, 421-428.

(43)
(44) Verel, R.; Ernst, M.; Meier, B. HJ. Magn. Reson2001, 150, 81—-99.
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. . * Figure 6. Histogram of the observedN chemical shift differences between
solid- and solution-state NMR. The chemical shift difference is defined as
AN = 8N . — 0N o The solid line represents a fit of the histogram
using a Gaussian function= A exp{—[(x — x0)/width]?}. x0 and width
best-fit parameters were found to b&.163+ 0.099 and 1.908& 0.140,
llead Ser20 respectively. The standard deviation of the meais trivially calculated
15N=121.9 ppm 15N=102.5 ppm from the width parameter and is equal to 1.349.099.

13C=58.7 ppm 13¢=56.7 ppm

* Table 1. Backbone Carbon and Nitrogen Chemical Shift
Outliers?
* .
: N Ca co
AAN 2° AASS  2° AAS®  2°
70 50 70 50 30

residue  (ppm)° structure® residue  (ppm) structure residue  (ppm)  structure

30
Carbon Chemical Shift (ppm) Thr7 27 S/F Hisé8 —14 S Leu7l —25 S
Figure 5. 13C spectra of several protein side chains extracted from the 3D flsl;‘z;; :gg : ﬁzﬁgg :ég U I&Zigg :ig L
NCACX experiment. Resonances corresponding foa@d G’ atoms are Val26 73'3 H Lys29 O 8 H Asn60 71'1 u
indicated with asterisks and dots, respectively. The left column shows Lys33 _2'4 H Phed5 2'8 SAT Ser20 _0'9 T
examples of side chains for which two-bond€Cy correlations were Leus0 2'_5 u ' Asp32 —0:8 H
observed. Gluea —42 T Gluea —08 T
. o . Ser65 —2.6 T le3 -07 S
variants*>46 An application of the band-selective DREAM  Thré6 3.1 S Glndl 07 S
sequence was recently reported for the SH3 domaie-spec- Gin62 07 T
trin.20 A set of complementary 2BPN/*3C experiments carried

. . a Residues, for which at least twmackbonechemical shifts are per-
out at 17.6 T yielded almost completéC and >N assign- turbed, are shown in bold. Chemical shift difference is calculated rela-

ments?° Furthermore, our scheme made no use of proton chem-tivedtc:(.thtiJI %enter gf tge %aus_sian curVeS_ecorrl]d?ry ;t(ucture indlUBdQ

ical Sh'_ﬁs’ whereas 3DH_13Cf13C experiments res_ulted in laJSiseuwgefinng;RAs!igI\Ied Iolsbgtaugémé?\g o? Ds(écolr?égaf;ri?ru’c{aunre by

the assignment of nonexchanging protéha.recent solid-state PROMOTIF.

NMR study showed that protons could be efficiently used as

relays to obtain long-rangé€C—13C correlations in ubiquitirt’ There are two stretches of amino acids that are systematic-

but this method was not used here. Our work illustrates that ally missing from all available data sets; the first region in-

heteronuclear higher dimensional experiments at moderate fieldcludes residues Leu8-Lys1l and corresponds to AHern

strengths allow unambiguous assignments. between the first twg@-strands of ubiquitin. The second region
Verification and CompletenessThe sequential assignments includes five residues of ubiquitin C-terminus, Arg72-Gly76.

were verified, and additional carbon assignments of protein side The 13 missing @G—Cf peaks in our 3D NCACX spectrum

chains were obtained in a 2ZBC—13C spin diffusion experiment  include GIn2, Thr7, Glu24, Asn25, Arg42, Phe45, Glu51,

carried out at a high applied magnetic field strength of 800 MHz Asp52, Tyr59, GIn62, Thr66, Leu67, and His68. Both missing

and heteronuclear experiments at 600 MHz, both of which will regions show depressed values of generalized order parameters

be described in detail in forthcoming papers. In our 3D data in solution NMR# which is indicative of subnanosecond

sets, we were able to detect 62 out of possible 75 sequentialbackbone motions (in agreement with other solution NMR

connectivities (83%) and 50«C-Cp side-chain resonances out  studies of ubiquitif49. The C-terminus and Leu8-Gly10 region

of a possible 70 (71%). In combination with the high-field have crystallographic temperature factors that exceed the average

13C—13C correlation experiments, 67 spin systems out of 76 total, value for all atoms and water molecules in ubiquftiflve

or 88%, were assigned. speculate that the residues from these regions are missing from

the spectra because backbone motions cause poor performance

(45) Hohwy, M.; Jakobsen, H. J.; Eden, M.; Levitt, M. H.; Nielsen, N.JC.
Chem. Phys1998 108 2686-2694.
(46) Hohwy, M.; Rienstra, C. M.; Jaroniec, C. P.; Griffin, R.& Chem. Phys. (48) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bruschweiler, R.; Ernst, RJR.

1999 110, 7983-7992. Am. Chem. Sod 998 120, 9870-9879.
(47) Lange, A.; Luca, S.; Baldus, Ml. Am. Chem. SoQ002 124, 9704— (49) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Sod999 121,
9705. 8577-8582.
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Table 2. Comparison of Solid- and Solution-State >N NMR Chemical Shifts for Uniformly 13C,15N-Enriched Ubiquitin?

éNsqul\un A(SN éNsu\utmn AéN éNsuluﬂun AéN 6Nsululion A(SN

residue Mol (PH5.7)° (pH 5.7) (pH 4.5) (pH 4.5) residue Mol (pPH5.7)° (pH 5.7) (pH 4.5) (pH 4.5)
GIn2 124.3 1245 —0.2 123.3 1.0 Asp39 112.2 115.1 —-2.9 113.3 -1.1
lle3 115.8 116.7 —0.9 115.3 0.5 GIn40 116.2 118.4 —2.2 116.8 —0.6
Phe4 117.6 120.1 —-2.5 117.9 -0.3 GIn4l 1175 119.5 —2.0 117.7 —0.2
Val5 119.8 122.8 —-3.0 120.8 —-1.0 Arg42 120.2 1245 —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 -13
Thr7 117.4 116.9 0.5 1154 2.0 lled4 122.0 123.8 -1.8 121.9 0.1
Thrl2 1195 1221 —2.6 120.4 —0.9 Phe45 124.4 126.6 —2.2 125.3 —-0.9
lle13 127.0 129.1 -2.1 126.9 0.1 Ala46 1314 134.2 —2.8 132.3 —0.9
Thrl4 121.2 123.2 -2.0 121.4 —0.2 Glya7 102.2 104.0 -1.8 102.3 —0.1
Leul5 123.9 126.7 —-2.8 124.6 -0.7 Lys48 119.5 123.5 —4.0 121.5 —-2.0
Glul6 122.0 124.0 —2.0 122.0 0.0 GIn49 1214 1245 —-3.1 122.3 —0.9
Vall7 118.0 119.0 -1.0 117.1 0.9 Leu50 1275 127.2 0.3 125.4 2.1
Gluls 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 -15 120.0 0.3
Asp21 123.9 1254 -15 123.4 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
lle23 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 1241 0.3
Val26 118.1 123.6 —5.5 121.6 —-3.5 Tyr59 114.6 117.3 —2.7 1155 —0.9
Lys27 116.4 120.4 —4.0 118.9 —2.5 Asn60 117.4 117.5 —0.1 115.9 15
Ala28 1245 124.9 —0.4 123.4 11 lle61 117.0 120.4 —3.4 1185 -15
Lys29 121.0 121.7 -0.7 119.9 11 Lys63 119.0 1221 -3.1 120.2 -1.2
11e30 120.9 122.8 -1.9 121.1 —0.2 Glu64 109.7 116.1 —6.4 113.7 —4.0
GIn31 1245 1251 —0.6 123.4 11 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 1175 120.9 —-3.4 118.2 —-0.7
Glu34 112.4 115.9 —3.5 1135 -1.1 Leu69 124.6 1255 —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
lle36 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 italitixgdnd, A. J.; Urbauer, J. L.; McEvoy, R. P.; Bieber, R.
J. Biochemistry1996 35, 6116-6125.¢ Courtesy of Professor David Fushman, University of Maryland.

in the polarization transfer sequences. The poor transfer ef-chemical shifts reported by Wand ef¥dt.is expected that some
ficiencies may result from intermediate exchange effects, or of the residues should be shifted and that the shifts are
alternatively, they may result from low order parameters and informative about structural issues. Despite the fact that the
high asymmetry parameters for the time-averaged dipolar structure of ubiquitin is very similar in solution and solid state,
couplings. An alternative explanation for the missing cross-peaksthe solvent and the ionization state of the protein is probably
is the conformational heterogeneity of certain protein regions different, which could have an important effect on the chemical
that could produce severe inhomogeneous broadening of theshifts. Solution NMR studies were carried out at pH 5.7 in
resonances. However, the solution NMR data strongly support phosphate buffer, while the solid-state NMR sample was at pH
the dynamics view. 4.0—-4.2 in citrate buffer. Also, a typical crystalline protein has
Comparison of Solution- and Solid-State Chemical Shifts many of its exposed residues in intermolecular contacts, and a
of Ubiquitin. Previously, several groups attempted to establish precipitated or microcrystalline protein probably does as well.
whether there is a general agreement between solution- andWe expect to see perturbation in the chemical shifts of those
solid-state NMR chemical shifts in proteins. Remarkable agree- residues involved in packing contacts, typically a fraction of
ment was found for'®N chemical shifts of staphylococcal —the surface-exposed residues.
nuclease, and the solution chemical shifts were used to provide To account for the difference in the referencing procedures,
site-specific assignment for the solid stitén the case of the  we constructed a histogram of chemical shift differences, defined
cyclic decapeptide antanamide, Meier's group compaféed as AON = 0N 14 — Osouior The bin size was chosen to be 0.5
chemical shifts for different preparations of solid and solution ppm, which exceeds the average standard deviation éfNll
samples and found chemical shift variations of up to 2.8 phm. resonances within solid-state NMR data, 0.08 ppm, more than
For the first protein assigned in the solid-state, 62-residue SH35-fold. (Thus, the probability that a given chemical shift falls
domain ofa-spectrinz® solid-state’3C NMR chemicals shifts into the correct bin is greater than 95%.) The histogram contains
were demonstrated to be suitable for secondary chemical shift60 observations and is shown in Figure 6. The histogram was
analysist While the experimental evidence is still very limited, then fit using a Gaussian curve, with a maximum—.163
there seems to begeneralagreement between protein chemical ppm and a width of 1.908 ppm (see the caption of Figure 6).
shifts observed in solution and the solid state, a logical result We define the outliers as protein residues for whiéhl

of the fact that the structures are generally similar. chemical shift differences fall outside an 89% confidence
To carry out a comparison between solid-state and solution interval, i.e., outside the interval &fl1.6o relative to the center
15N chemical shifts of ubiquitin, we chose a set'@l solution 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,  (51) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat, H.; de Groot, H. J.
S.; Meier, B. H.J. Biomol. NMR2001, 20, 203-221. M.; Baldus, M.J. Biomol. NMR2001, 20, 325-331.
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15N NMR chemical shifts of ubiquitin are given in Table 2 and  Table 3. Comparison of Solid- and Solution-State *3CO and **Ca
elsewherd? Table 1 shows amino acid outliers, with chemical MR Chemical Shifts for Uniformly 5C,"*N-Enriched Ubiquitin®

shift differences calculated relative to the position of the residie ol O’  AS®  residie Oy Ol A
Gaussian curve maximum, along with information about the Met1 1707 1714 —0.7 Metl 544 547 -03

secondary structure. G2 1764 1769 —05 GIn2 548 554 —06

. . o lle3 1717 1732 -15 lle3 59.3 59.9 -06
To compare the & and CO chemical shifts of ubiquitin in Phe4  175.4 1760 —0.6 Phe4 541 55.3 —1.2

solution and solid state, we used the same procedure as for the Vals 1745 1757 —-12 Vvals 604 60.7 —0.3
15\ chemical shifts. For the analysis ofaCchemical shifts, Lys6é 1776 1780 -04 Lys6 542 548 -06
| d id ¢ hich . in both Thr7 176.7 1778 —11 Thr7 60.3 60.7 —05

we selecte 63 residues for which secure assignments in both th1p 1741 1752 —11  Thrl2 615 626 —1.1
solid and solution state were available. For the CO analysis, a lle13 1755 176.1 -0.6 llel3 599 603 -0.4
similar subset of residues was chosen. The average standardlhfll‘é gi? gg-i —8-; 'Lrhfll‘:_) 65%'3 gé-g —8?
P . . : eu . . —0. eu . . —0.
dev_latlon oft3C chemical shifts, taker_l over all cross-peaks wnh Glulé 1759 1767 —08 GClule 546 552 —0.6
assignment count larger than two, is 0.11 ppm. Thus, the bin vai17 1743 1749 -06 Vall7 582 588 -0.6
size is approximately 5 times the standard deviation of the Prol9 1752 1762 -1.0 Glul8 524 530 -0.6

mean carbon chemical shift, which ensure85% probabil- ser20 1738 1755 —17 Prol9 648 656 -038
. . : . . : Asp21 1761 1772 —1.1 Ser20 56.8 57.7 —0.9
ity that a given value of chemical shift falls into the bin. Afull  th2o 1770 1776 -06 Asp2l 551 561 -1.0

list of solid- and solution-staté3C NMR chemical shifts is lle23 178.7 179.8 —1.1 Thr22 60.0 60.0 0.0

given in Table 3 and elsewhefewhile the outliers are listed ~ Asn25  177.0 1792 -2.2 le23 = 617 627 -10
val26 1783 1788 —05 Asn25 559 563 —0.4

in Table 1. Lys27 180.4 1814 —10 Val26 67.8 67.9 -0.1
The histograms for @ and CO chemical shift differences ~ Ala28  180.6 1811 —05 Lys27 591 595 -04
are presented in Figure 7. Note that the systematic shift of the Lys29 1805 1811 —06 Ala28 554 556 —0.2
. . lle30 1785 179.1 —0.6 Lys29 60.3 60.1 0.2
histogram maxima observed for all three groups of atoms (N, gn31 1788 1797 -09 lie30 658 664 —0.7
CO, and @) is due to different referencing procedures used in  Asp32 176.6 1782 —1.6 GIn31 59.4 604 —1.0
solution- and solid-state NMR. The width of the chemical shift gsgi gg-g gg-; —8-; ALSP% gg-g gg; —1-830
. S . g u . .8 —0. yS . . .
difference distribution, chargcter_lzed by the standard deviation G35 1735 1748 -13 Glud4 551 556 —0.5
of the meano, was almost identical for CO andoCand was Pro38 1783 179.1 -0.8 Gly35 454 462 -0.8
found to be~0.4 ppm. In contrast, the width of the distribution ~ Asp39 1769 1779 -1.0 1le36 574 580 -0.6
for 15N shifts was more than 3 times higher: 1.3 ppm. Residues &N40 1750 1763 —13  Pros7 615 618 —03
i ) ) Gln4l 1769 1770 —0.1 Pro38 660 66,5 —0.5
with more than one chemical shift (amongCCf, CO, and Argd2 1745 1747 —02 Asp39 552 560 —0.8
N) strongly perturbed include: Asn25, Asp32, GIn41, Leu50, Leu43 1755 1762 -0.7 GInd0 553 558 —05
Asn60, GIn62, Glu64, and Ser65. Since there is yet no reported €44 ~ 176.3 1767 -04  GIndl 559 569 -10
S o - Phe45 1744 1755 —-1.1 Argd2 545 554 —09
full stru_cture for ubiquitin u_nder conditions similar t(_) those of  Aloag 1770 1782 -03 Leud3 525 533 —-08
our solid-state NMR experiments, we cannot establish whether Gly47 1737 1746 -0.9 lle44 587 59.2 -05
crystal-packing forces are responsible for the observed perturba- ('—3{533 i;gg ggi *8-2 'Zfllejg gf-sl gg-g 1%-3
. . . : . . n . . —0. a . . —1.
tion of chemlcgl ShIfFS. Although most. amino acids Wlth 1769 1775 —06 Glyd7 455 455 0.0
perturbed chemical shifts are polar, there is no clear correlation Gus1 1756 1763 —0.7 Lys48 53.9 54.8 —0.9

with accessible surface area. Gly53 1744 1756 —-12 GIn49 558 56.2 —0.4

. . : : . Args54 1755 1762 —0.7 Leu50 543 545 -0.2
In Figure 8, the amino acids for which at least two solid- T 55 1766 1774 -08 G5l 555 561 -06

state NMR chemical shifts deviate significantly from the |euse 1805 1816 —-1.1 Gly53 446 454 —0.38
corresponding solution values are mapped onto the X-ray Ser5g 178.4 1789-§ *8-2 Arf]954 53-9 Zg-g *8-2
. : - Asp5 177.7 178.3 —O0. Thr55  59.4 .0 —0.
structure of ubiquitin (L1UBQ) and shown in ball-and-stick 59 1746 1755 —09 LeuS6 586 589 —0.3
representation. Asn25 and Asp32 are located on the solvent- aAsngo 1732 1751 —1.9 Ser57 612 614 —0.2
exposed part of the ubiquitin helix. GIn41 forms the beginning lle61 175.1 1754 —-03 Asp58 57.3 57.7 —0.4
of the 8-strand, with its side chain packed against thkelix. Gln62 1766 1767 -01 Tyr59 586 586 0.0
Leu50 does not have any secondary structure assigned to it and"y563 iz 1765 —24  ASn60 - 530 543 —1.3
eu lave any Y3 assigned Glue4 1745 1761 —16 lle6l 618 627 —0.9
occurs at the beginning of theturn region comprising residues Ser65  171.7 1729 —-1.2 GIn62 535 539 -0.4
51—54. In the primary sequence, two polar residues on each E'S%% gg; g‘é-g —(1)-8 ('-B)I’Sgi g;-g gg-; —é-g
. i . eu . 2 —1. u . . —0.
side surround Leu50: -K48-Q49_—L50-E51-D52-. Asn60 is Val70 1743 1749 —06 Seré5 600 612 —12
located at the end of the 3/10 helix and precedes the GIn62- Ley71 1754 1787 —-3.3 His68 543 56.3 —2.0
Ser653-turn. GIn62, Glu64, and Ser65 belong to the same Lel|J69 539 540 -01
) ki i ) val70 602 609 —0.7
pB-turn, which is highly solvgnt expos.ed.. - Leu7l 538 542 —04
The backbone conformation of ubiquitin is constant over a
wide pH rangé,2 On the other hand, pH appears to be an a Residues with perturbed chemical shifts in the solid state (relative to
important factor in modulating ubiquitin-mediated signaling; in solution) are italicized® Wand, A. J.; Urbauer, J. L.; McEvoy, R. P.; Bieber,

. R . . R. J.Biochemistryl996 35, 6116-6125.
a recent solution NMR study, the ubiquitin dimer switches its y1998

conformation from open to closed state with increasing®®H.  the local charge distributions were responsible for the differences
We considered the possibility that the pH-related changes in petween 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

(52) Ottiger, M.; Bax, AJ. Biomol. NMR1999 13, 187—-191. ; f ;
(53) Varadan, R.; Walker, O.: Pickart, C.; Fushman,DMol. Biol. 2002 324, and the chemical shifts from a solution NMR study at pH 4.5
637-647. still identifies the same sites as outliers. Thus, we speculate that
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301 A contacts in the solid state may be responsible for the shifts
55 reported here. It is also worth noting that, despite these per-
turbations, application of chemical shift index (CSI) metH8ds
201 resulted in correct prediction of some secondary structure
15 elements in ubiquitin. Figure 9 shows a plot of the consensus
104 CSI obtained on the basis ol CCf, and CO chemical shifts.
An index value of+1 indicates backbone torsion angles in the
5 & o-helical region, while an index value efl is consistent with
04 _Eg . . . l&& : ——— the presence of thg-strand structures. For comparison, the
225 1.75 -1.25 -0.75 -0.25 025 0.75 1.25 1.75 225 2.75 results of the PROMOTIF analy8fsfor the ubiquitin crystal
ASCQ(ppm) structure are plotted as a cartoon above the top axis of the graph.
30- Most of the secondary structure elements are identified correctly,
B suggesting that solid-state NMR chemical shifts of proteins can
25 .
be used for the CSI analysis.
20 Extending This Assignment Prospective for Membrane
154 Proteins. One motivation for studying small soluble proteins
104 in the solid state is the development of solid-state NMR
methodology that would ultimately be applicable to intrinsic
5 membrane proteins and other insoluble proteins. In that context,
ode . N x&@ N it is worth noting that partial{17%) assignments were recently
395 275 295 -175 -195 -075 -025 025 075 reported for light harvesting complex Il (94 residues, 10.1 kDa)
ABCO(ppm) at 17.6 T35 The assignment of at least three other membrane

roure 7. it e ob OA and €O (B) chemical shif proteins is currently in progress: bacteriorhodop8insubunit
gure /. Istogram O e opserve an chemical sni i i i
d?gerences betv?/een solid- and_solut(iﬁﬁl-g)tate NMR’(. )C-.-iussian fit of the SLQI.PSSC?/:]??)Sfe'[hznricl)lgth;[n:]sz)\:f;r:ltnigs Sclj):s]p'[lf?;(tla(:]enzzzl(l:?fri]ce(go
histograms produced the following best-fit parameter@:= —0.569 +

0.011, width= 0.603% 0.016, andr = 0.4264 0.012 for Gx; X0 = —0.758 membrane proteins involve sample handling. While preparation
4 0.027, width= 0.544+ 0.032, ands = 0.3854 0.023 for CO. 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/.*¢ From 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-
Figure 8. Ubiquitin residues with at least two chemical shifts of Ca,,C ~ SION was necessary to obtain a near-complete assignment of the
CB, and N perturbed (ball-and-stick representation), mapped onto the protein backbone atoms. It is likely that for complete assignment
crystal structure of ubiquitin. of larger and less dispersed proteins such as intrinsic membrane

a 9 SONANNG=AN— D=L <~ 9
CCBBBBBCCCCOBBBBBBBCCCCCHHHHHHHCCCOOCO0CBBBBCCCCCCCCCC00000000CCCCCBBBBCCCCC

1.0 <

0.0 -

Consensus

-1.0 —

0 5 10 15 20 25 30 3 40 45 50 55 60 65 70 75
Residue Number

Figure 9. Consensus chemical shift index (CSI) anal{%sef the 13C solid-state NMR chemical shifts of ubiquitin. The consensus analysis was based on
Ca, CB, and CO chemical shifts. The top X axis is labeled according to the following notation: “C” indicates coil, “B” indiatesnd, and “H” indicates
helix. For comparison, the secondary structure elements based on the PROM@W R sis 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., isotopexcellent resolution and the availability of resonance assign-
labeling schemes, J-decoupling, spectral editing technitfues, ments for the majority of protein sites open up many exciting
and possibly an extension to a fourth chemical shift dimension. possibilities for further structural and dynamical characterization

of ubiquitin using solid-state NMR methods.
Summary
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