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Future structural investigations of proteins by solid-state CP-
MAS NMR will rely on uniformly labeled protein samples showing
spectra with an excellent resolution. NMR samples of the solid
a-spectrin SH3 domain were generated in four different ways, and
their 13C CPMAS spectra were compared. The spectrum of a
[u-13C, 15N]-labeled sample generated by precipitation shows very
narrow 13C signals and resolved scalar carbon–carbon couplings.

inewidths of 16–19 Hz were found for the three alanine Cb

signals of a selectively labeled [70% 3-13C]alanine-enriched SH3
ample. The signal pattern of the isoleucine, of all prolines, va-
ines, alanines, and serines, and of three of the four threonines
ere identified in 2D 13C–13C RFDR spectra of the [u-13C,15N]-

abeled SH3 sample. A comparison of the 13C chemical shifts of the
found signal patterns with the 13C assignment obtained in solution
shows an intriguing match. © 2000 Academic Press

Key Words: solid-state NMR spectroscopy; protein structure
determination; resolution; RFDR spectroscopy; 13C linewidth;
high magnetic fields.

INTRODUCTION

Currently, solid-state NMR is developing into a tool
determining the three-dimensional structures of proteins
in particular, of membrane-integrated ones. Possibilities
structural investigations of the latter would be of great im
tance, as they regulate vital cellular processes. The feas
of structural studies depends on the existence of appro
pulse schemes, sophisticated hardware, and the availabi
suitable protein preparations. Recently, a number of impo
steps toward protein structure determination concepts
been made. Pulse sequences for distance determination1, 2),
or assignment purposes (3–6), for the measurement of bo
rientations with respect to the external magnetic field (7, 8),
nd for determination of intramolecular angles (2, 9–12) were
eveloped. Furthermore, using flat coils (13), magic angle
riented sample spinning (14) or elevated spinning spee

mproved protein solid-state NMR spectra. Another signifi
tep forward was the accomplishment of complete13C and1H

1 To whom correspondence should be addressed. Fax:149 30 51551 235
E-mail: Oschkinat@fmp-berlin.de.
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assignments of moderately large uniformlyC-enriched chlo-
rophyll-based aggregates and the detection of intermole
correlations in such systems. This was achieved by
radiofrequency-driven recoupling (RFDR) technique and
quency-switched Lee–Goldburg decoupled1H–13C correlation
spectroscopy (15–17). In particular, intermolecular heter

uclear correlations provided distance constraints which
sed for thede novostructure determination of chlorophyll
ater aggregates (18). The latter are microscopically order
ystems without long-range translational symmetry and ca
e investigated by high-resolution diffraction techniques.
Structural studies depend also on the availability of pro

reparations yielding spectra with narrow lines and h
aximum resolution and signal intensity. Therefore, sev
pproaches for optimizing the preparation protocols of
amples toward a minimal linewidth have been propo
tudelskaet al. (19) have lyophilized the protein complex af
dding so-called “cryoprotectants,” such as polyethylene
ol (PEG-8000) and saccharides. Jakemanet al. (20) have
pplied modified versions of this approach to a protein–lig
omplex and observed a phosphorous linewidth between
nd 150 Hz. Furthermore, a linewidth around 100 Hz

ound in 13C spectra of a lyophylized [u-13C,15N]-labeled ubiq-
uitin sample which was stored in a water atmosphere5).
Another option is to use crystalline samples, e.g., in the ma
of Strauset al. (21). These methods need to be tested a

eginning of structural investigations on solid proteins.
In this Communication, we compare several sample pr

ation techniques for a specific protein, thea-spectrin SH3
domain (7.2 kDa, 62 amino acids, MDETGKELVLALY
DYQEKSPREVTMKKGDILTLLNSTNKDWWKVEVNDR-
QGFVPAAYVKKLD), as a prerequisite for a structural stu
The potential of the best SH3 sample type for structural in
tigations is demonstrated by the identification of signal pat
of several amino acid types in 2D13C–13C RFDR spectra.

RESULTS

The effects of four different sample preparation method
the spectra of the [u-13C,15N] a-spectrin SH3 domain we
1090-7807/00 $35.00
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412 COMMUNICATIONS
investigated using 1D13C CPMAS NMR. Sample (i) wa
lyophilized from an aqueous low-salt solution. Sample (ii)
prepared in a similar way as (i) and supplemented by a dr
water, resulting in a moist sample. Sample (iii) was lyophil
from a (NH4)2SO4 solution, which additionally contained PE
8000 and sucrose (which we will refer to as the lyoprote
sample). Sample (iv) was precipitated from a (NH4)2SO4-rich
solution by changing its pH, yielding a wet precipitate.

The 1D CPMAS13C spectra of these four preparations
shown in Fig. 1. The linewidths of the signals decrease fro
to (iv). The signals of the precipitated sample (iv) are the
concerning resolution, hence a number of well-resolved sig
are found. Among these are the signals at 11.4 and 15.9
at 69.5, 70.7, and 71.6 ppm, and the carbonyl signal at 1
ppm. These signals are marked by a triangle in Fig. 1i
linewidth of 70 Hz is estimated for the signal at 15.9 ppm
spectrum Fig. 1iv, while it is 130 Hz wide in spectrum Fig.
and 190 Hz in spectrum Fig. 1ii.

In the next step, we explored the minimal linewidth that
be achieved by precipitating the protein from a (NH4)2SO4-rich
solution. The 1D13C CPMAS spectra of two differently label
SH3 samples, the [u-13C,15N]-labeled SH3 and the [70
3-13C]alanine enriched SH3, are shown in Figs. 2a and
respectively. The latter sample was prepared to minimiz
line broadening caused by one- and higher bond13C–13C or
13C–15N scalar couplings. For spectra 2a and 2b a spin

FIG. 1. 1D 13C-RAMP CPMAS NMR spectra of differently prepared [1

nd at field strengths of 18.8 T (i–iii) and 17.6 T (iv). Sample (i) was lyo
dding water, but such that the protein remains solid. Sample (iii) was
recipitated from a (NH4)2SO4-rich solution. The asterisks mark the sideb

discussed in the text.
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frequencyvR/2p of 13 kHz and a decoupling field of 100 kH
were used. Linewidths between 16 and 19 Hz were mea
for the Cb signals of the three alanines in the [70% 3-13C]ala-
nine-enriched sample. The methyl signals of the [u-13C,15N]

H3 show some fine structure, which we attribute to
1J(13C–13C) coupling. Both samples were prepared in the s
manner, therefore we can rule out structural heterogeneit
cause for the observed signal splittings. These splitting
around 30 Hz, which is in the order of the1J (13C–13C)
couplings present in aliphatic side chains.

The resolution observed in the spectra of the precipitate
uniformly labeleda-spectrin SH3 domain is promising, and
is anticipated that such samples are suitable for the gene
of carbon assignments. RFDR (15, 25) is a robust technique f
collecting homonuclear13C–13C correlation data. An RFD
spectrum recorded from the precipitated sample (iv) is sh
in Fig. 3. The experiment was performed at a moderate
ning speed of 8 kHz. The applied RFDR mixing time of 3
is long enough to facilitate the occurence of cross peaks d
relayed coherence transfer. Such signals may help to ide
the signal patterns of the different amino acid types. Rel
cross peaks were distinguished from correlation signals re
ing from direct transfer by comparison of RFDR spectra
corded with different mixing times. Signal patterns of cer
amino acid types in the RFDR spectra can be identified by
pattern topology and/or due to the fact that some of

5N]-labeleda-spectrin SH3 samples at a spinning frequencyvR/2p of 13 kHz
ized from aqueous low-salt buffer. Sample (ii) was the same as (i), how, after
philized from a solution also containing PEG-8000 and sucrose. Samwas
ds of the carbonyls and the triangles highlight examples of well-resolve
u-3C,1

phil
lyo
an



in
t
nd
tio
ma
ffe
2–2
mil
s th
pe

tter
a

ing
ing
a

ar
ed
e

ter
C

d
5 nd
p hr
t we
t 66

e are
b
of
dis-

5–60

, two
four

hreo-
n the
erns,
ted
on.
n-
e of
ls in
of a

ttern
e–

only
hree
um
ignals
a.
lded
hich

d
s

413COMMUNICATIONS
carbon signals show characteristic chemical shifts determ
by electronic effects. Earlier studies (21, 27) have pointed ou
that the observed13C chemical shifts of solid peptides a
proteins correspond roughly to those observed in solu
probably because of similar structure. In crystalline Anta
nide, for example, most of the observed chemical shift di
ences between solid and solution are in the range of 0.
ppm. Hence, we expect the carbon signals to occur in si
chemical shift ranges in solid and in solution. This enable
identification of signal networks of certain amino acid ty
which are shown in Figs. 3 and 4 and Table 1.

The RFDR spectrum of the precipitateda-spectrin SH3
sample shows well-resolved and characteristic signal pa
for isoleucines, prolines, valines, threonines, alanines,
serines. For instance, the cross peak network of the s
isoleucine in thea-spectrin SH3 domain can be identified us
the diagonal peak of thed-methyl carbon at 11.4 ppm as
starting point. All cross peaks involving directly coupled c
bons (CdCg, CgCb, Cg9Cb, CbCa) and those indicating relay
transfer (CdCb, CdCa, CgCa, Cg9Ca, CgCg9) are found. For th
two prolines, all cross peaks due to direct transfer (CdCg, CgCb,
CbCa) and all relayed cross peaks (CdCb, CdCa, CgCa) are
found. Similarly, there are also six distinct cross peak pat
due to the six valines (Fig. 4) present in the protein. Thea,
Cb, and the methyl carbons (Cg and Cg9) resonate aroun

8–62 ppm, between 33 and 38 ppm, and between 17 a
pm, respectively, giving rise to unambiguous patterns. T

hreonine residues show well-resolved correlations bet
heir respectivea- andb-carbons in the area between 60–
and 70–75 ppm and between theirb- and methyl carbons (Cg)

FIG. 2. Comparison of the 1D13C RAMP CPMAS spectra of the [u-13C
ample (b), both in precipitated form at a spinning frequencyvR/2p of 13 kH
ed
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in the chemical shift range of 70–75 and 20–25 ppm. Ther
also relayed cross peaks (CgCa). Three cross peaks are o-
served between alaninea- andb-carbons at chemical shifts
50–55 and 15–20 ppm, respectively. There are also two
tinct cross peaks involving correlations between thea- and
b-carbon signals of the two serines in the area between 5
and 60–65 ppm.

DISCUSSION

The protein sequence of SH3 shows only one isoleucine
prolines, six valines, three alanines, two serines, and
threonine residues. For all of these amino acids except t
nines, the same number of signal patterns were found i
well-resolved RFDR spectra. One of the threonine patt
most likely the one of T4, is obviously missing. T4 is loca
at the N-terminus, which is known to be flexible in soluti
This flexibility can result in a multitude of long-living co
formers upon precipitating the sample. Such a multitud
conformers can lead to broad, nondetectable NMR signa
solid state. This may account for the apparent absence
fourth signal pattern in the spectrum, which is then the pa
of T4. This is supported by NCA, NCO, and H–C Le
Goldburg experiments (data not shown) which show
signals of three of the four threonines and two of the t
glycines. No T–G connectivity is found in the NCO spectr
as expected for T4 and G5, hence we conclude that the s
of the N-terminal residues are not observed in our spectr

Carbon and hydrogen signals of amino acids in a fo
protein show characteristic solution chemical shifts w

]-labeleda-spectrin SH3 sample (a) and of the [70% 3-13C]alanine-enriche
nd at a field of 17.6 T.
,15N
z a
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slightly differ from the random coil values. These differen
are connected to the secondary and tertiary structures
protein. Characteristic chemical shifts are also found in
spectra for the alanines, the prolines, and the threonines (
1). The individual chemical shifts of the alanine methyl gro
(Fig. 2) show a dispersion of 3.9 ppm. A similar situatio
found for the Ca chemical shifts of the prolines, which differ
3.4 ppm. The Ca values of the threonines show a dispersio
3.2 ppm. Setting the up-field shifted alanine methyl grou
15.9 ppm, which is its value in solution (Table 1), the chem
shifts of the methyl groups of the two other alanines agree
those in solution with deviations of around 0.3 ppm. Using
calibration of the solid-state13C NMR spectra the chemic
shifts of the analyzed signal patterns of the isoleucine
prolines, the alanines, and the threonines are confronted
the assignment of those residue types obtained in solution28)
(Table 1). From this it seems rather likely that an unambig
sequential assignment procedure through triple-resonanc
periments will reveal for example that AI is A55, PI is P20, and
PII is P54. An exact sequence-specific assignment on the
of well-resolved NCOCA and NCACB spectra is in progre

In summary, this study demonstrates the feasibility of s
tural studies on immobilized and [u-13C,15N]-labeled protein
amples by CPMAS NMR, provided that appropriate sam

FIG. 3. 2D 13C–13C RFDR spectrum of the precipitated [u-13C,15N]-la-
beleda-spectrin SH3sample in precipitated form with a mixing time of 3
and at a spinning frequencyvR/2p of 8 kHz. The data were collected at a fi

f 17.6 T. The appropriate 1D13C RAMP CPMAS spectrum is shown on t
op of the 2D spectrum.
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preparations are available. 1D and 2DC spectra with a
excellent resolution were recorded from a precipitated pr
sample, the [u-13C,15N] a-spectrin SH3 domain. The presen
spectra raise the expectation that an appropriate combinat
heteronuclear 2D and 3D solid-state spectra may lead t
resonance assignments for proteins up to 100 amino aci

MATERIALS AND METHODS

pET3d plasmid coding for chicken braina-spectrin SH3
domain was a generous gift of Dr. Saraste, EMBL. The
domain was expressed in theEscherichia coli,using a minima

edium based on M9 salts. A total of 1.5 g [u-13C]glucose an
1.0 g15NH4Cl per liter of medium were added in the case of
[u-13C,15N]-labeled SH3 domain. A total of 0.5 g [u-13C]glu-
cose, 0.4 g15NH4Cl, 0.2 g [3-13C]Ala, 0.16 g Glu, respectivel

FIG. 4. Valine signal patterns extracted from the 2D13C–13C RFDR
pectrum in Fig. 3.
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0.04 g Ser and Thr, respectively, 0.1g Asn, Asp, Arg, Gly,
Ile, Leu, Lys, Met, Phe, Pro, and Tyr, respectively, per lite
medium were added in the case of the [70% 3-13C]-enriched
SH3 domain. The proteins were purified by anion excha
chromatography (Q-Sepharose FF, Amersham Pharmacia
tech), gel filtration (Superdex 75 pg, Amersham Pharm
Biotech), and dialysis.

Preparation of the Lyophylized Sample

A 0.32 mM [u-13C,15N] SH3 solution (0.02% NaN3, pH 3.5)
as frozen in liquid nitrogen before it was lyophylized. D
rotein (20 mg) was then introduced into a 4-mm Zr2-
RAMPS rotor (Bruker, Karlsruhe, Germany).

reparation of the Lyoprotected Sample

A 0.32 mM [u-13C,15N] SH3 solution, also containing 1
(NH4)2SO4, 1% PEG-8000 (Sigma), 0.7% sucrose (Sigm
was frozen at a temperature of218°C. The sample was th
ept 24 h at280°C before the lyophylization was started. T

TABLE 1
13C Solid-State Chemical Shifts (I, PI, PII, VI–VVI, AI–AIII, SI,

II, TI–TIII) and Solution Chemical Shifts of Certain Amino Acids
of the a-Spectrin SH3 Domain

Residue Ca [ppm] Cb [ppm] Cg [ppm] Cg9 [ppm] Cd [ppm]

I 58.3 35.9 26.8 18.1 11.4
I30 60.2 38.4 27.7 18.9 12

PI 65.0 32.1 27.3 50.1
P20 64.7 32.2 27.6 51
PII 61.6 30.1 28.3 50.0
P54 61.9 30.4 28.0 50

VI 57.3 35.7 23.7 20.4
VII 57.8 35.5 22.4 19.5
VIII 57.9 33.5 22.3 17.0
VIV 59.1 35.0 21.3 19.8
VV 59.3 36.4 21.0 18.6
VVI 59.9 33.1 20.8 19.8

AI 54.0 15.9
A55 54.6 15.9
AII 52.8 18.2
A56 53.0 18.0
AIII 52.4 19.8
A11 52.6 19.5

SI 56.5 63.7
SII 56.8 62.0

TI 61.8 71.8 21.3
T24 61.8 71.1 22.1
TII 62.7 69.8 22.5
T32 63.3 69.8 22.1
TIII 65.0 70.9 21.6
T37 65.6 69.8 22.1
T4 62.7 69.7 21.6
,
f

e
io-
ia

),

ry mixture (16 mg) (containing 1.5 mg protein) was put
4-mm CRAMPS rotor.

reparation of the Precipitated Sample

A 200 mM (NH4)2SO4 solution (pH 3.5, 0.04% NaN3) was
added to a 3.3 mM SH3 solution (pH 3.5) at the volume r
of 1 to 1. The same amount of (NH4)2SO4 was used fo
crystallization of the protein (22). SH3 was precipitated b
changing the pH of the mixture to a value of 7.5 in N3
atmosphere. The solution was kept in a refrigerator (4°C)
days before the precipitate was separated by centrifugatio
min, 15000 U/min). Approximately 10 mg of protein was th
transferred into a 4-mm CRAMPS rotor.

NMR Spectroscopy

The NMR measurements were recorded on DMX800
DMX750 spectrometers, using a MAS probehead (Bru
The rotation frequency of the 4-mm CRAMPS rotors
stabilized to62 Hz. The 1D13C NMR spectra were record
at 201.21 MHz (i)–(iii) and at 188.59 MHz by using a spinn
frequencyvR/2p of 13 kHz. A standard RAMP CP pul
sequence was applied (24) using 13C B1 fields of 60125 H
(i)–(iii) or 51020 Hz and a 100%/50% ramp on the1H during
a contact time of 1 ms. Recycle delays of 2s and 512 s
were employed. The 2D spectra were acquired with the R
technique (25) at a radiofrequency of 188.59 MHz and a
pinning frequencyvR/2p of 8 kHz, using the pulse sequen

published by Boenderet al. (15). The 90° proton pulse was s
o 2.8 ms. 13C B1 fields of 43103 Hz were used during
RAMP CP sequence with a contact time of 0.5 ms. A 10
50% ramp was applied on the proton frequency band. R
synchronisedp-pulses with a length of 23.3ms were applie
during the RFDR mixing times of 1 or 3 ms.

TPPM (26) was applied in all experiments to decou
rotons int 1, the RFDR mixing time, and during the aquisit

time. Pulse lengths of 4.6ms (1D spectra) or 5.2ms (RFDR
spectra) and a phase modulation angle of 25° were used f
TPPM decoupling.

The solution13C chemical shifts were obtained by analyz
the TOWNY (1H1H TOCSY–1H13C HSQC) spectrum of 10
13C, 100%15N-labeled chickena-spectrin SH3 domain, me-
ured at 297 K (3.3 mM, pH 3.5, H2O/D2O 5 9:1, 0.02%

NaN3). The previously published1H proton chemical shift
were the starting point thereby (23). 13C1H HSQC spectra hav
provided evidence that the influences of the pH and salt co
on the13C carbon chemical shifts are only minor. The HS
spectrum of a 0.7 mM SH3 solution (pH 3.5, no salts) sh
few differences from the HSQC spectrum of a 0.16 mM S
solution (pH 7.5, 100 mM (NH4)2SO4) concerning their13C
chemical shift values.
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