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Backbone and Side-Chain '*C and "N Signal
Assignments of the a-Spectrin SH3 Domain by
Magic Angle Spinning Solid-State NMR at

17.6 Tesla

Jutta Pauli,® Marc Baldus,*™ Barth van Rossum,® Huub de Groot,? and

Hartmut Oschkinat*®

The backbone and side-chain >C and >N signals of a solid 62-
residue (u-">C,"*N)-labelled protein containing the a-spectrin SH3
domain were assigned by two-dimensional (2D) magic angle
spinning (MAS) >N -"3C and "*C-"3C dipolar correlation spectros-
copy at 176 T. The side-chain signal sets of the individual amino
acids were identified by 2D "*C-"3C proton-driven spin diffusion
and dipolar recoupling experiments. Correlations to the respective
backbone nitrogen signals were established by 2D NCACX (CX=
any carbon atom) experiments, which contain a proton — nitrogen
and a nitrogen—carbon cross-polarisation step followed by a
carbon - carbon homonuclear transfer unit. Interresidue correla-
tions leading to sequence-specific assignments were obtained from

Introduction

Structure determination of membrane-integrated protein sys-
tems is in the centre of scientific interest due to their importance
in signalling processes and human diseases. Structural informa-
tion on, for example, peptide agonists or antagonists bound to
G-protein-coupled receptors would be a tremendous help for
understanding the initiation of vital signalling events. Solid-state
magic angle spinning (MAS) NMR!™ 2 is rapidly forthcoming as a
tool for structural studies of such ligand - protein interactions
involving membrane proteins. A major prerequisite for structural
studies on solid proteins is the development of methods for
obtaining full C,>N signal assignments using a uniformly
labelled solid protein sample. There are a number of nontrivial
experimental problems that need to be considered in this
context. Unlike in the liquid state, chemical shielding interactions
or dipolar couplings are strong and anisotropic in solid protein
samples and can be of comparable size or exceed the strength of
the applied radio frequency (rf) field. It is thus important to
apply MAS pulse schemes that allow to select and resolve
characteristic backbone and side-chain N,C spin topologies
without undesirable dipolar coupling or truncation effects.
These topologies may be studied by various combinations of
heteronuclear®® and homonuclear correlation methods,”-'"
possibly augmented by selective excitation or decoupling.
Additional restrictions resulting from limitations in hardware
performance and from the general sensitivity of the protein
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2D NCOCX experiments. The assignment is nearly complete for the
SH3 domain residues 7-61, while the signals of the N- and
C-terminal residues 1-6 and 62, respectively, outside the domain
boundaries are not detected in our MAS spectra. The resolution
observed in these spectra raises expectations that receptor-bound
protein ligands and slightly larger proteins (up to 20 kDa) can be
readily assigned in the near future by using three-dimensional
versions of the applied or analogous techniques.
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structure to high MAS frequencies or probe temperatures need
to be considered with equal importance. We have thus
concentrated on pulse schemes that can be employed at
medium rf. fields while using moderately fast MAS. All selected
techniques and combinations thereof might be applied in a two-
(2D) or three-dimensional (3D) manner. For a number of reasons,
protein assignment concepts in solid-state NMR are intrinsically
different to those known from solution NMR. There, triple-
resonance experiments like HNCO, HNCA, CBCANNH, CBCA-
(CO)NNH, HBHA(CBCA)NNH and HBHA(CBCACO)NNH!'2-16 are
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Protein Solid-State NMR Spectroscopy

routinely used as three-dimensional techniques involving proton
detection. However, proton detection in solid-state NMR is yet
challenging even with high-frequency MAS. In addition, existing
techniques for line narrowing during the 'H detection period
presently do not yield large sensitivity enhancements. For this
reason, the techniques used for assignment of proteins with
MAS solid-state NMR will likely involve detection of *C or N
signals. Applications of the frequency-switched Lee - Goldburg
technique!"” '® at high field for line narrowing of proton signals
in a virtual dimension are promising, al-

though the signals are still not as well

resolved as in solution."” Interresidue corre- al

lations will therefore be dominantly ob- 2
tained by combinations of heteronuclear H
band-selective 'N-'3C cross-polarisation

collected with the SPECIFIC-CP sequence! (Figure 1a), and two
relayed sequences, generated by extending the NCA and NCO
sequences (Figure 1a) with different carbon-carbon transfer
steps (Figure 1b and c). The sequence shown in Figure 1b
contained a proton-driven spin diffusion unit for carbon - carbon
mixing and was used to record NCACX and NCOCX spectra. The
sequence shown in Figure 1¢, which employs a band-selective
polarisation transfer under DREAM2! (BASE-DREAM) to achieve
carbon-carbon transfer via a double-quantum mixing unit,

TPPM

(CP) and homonuclear *C-"3C dipolar re- 15
coupling techniques, while protons can be

observed, if desired, by indirect detection s
using the frequency-switched Lee-Gold- ¢

Py

burg decoupling technique.'”

Along these lines, we have obtained a
relatively complete assignment of the '*C
and N signals of the 62-residue a-spectrin
SH3 domain, except the flexible N- and
Ctermini of the 62-residue construct used b)
(MDETGKELVLALYDY QEKSP REVTM KKGDI-

TPPM

LTLLN STNKD WWKVE VNDRQ GFVPA AYVKK-
LD), whose signals were not detected in the 15

MAS spectra. This was achieved by a suitable
combination of heteronuclear and homonu-

clear 2D MAS NMR techniques. The present-
ed concept might be useful in the structure
determination process of both receptor-
bound hormones and moderately sized
membrane-integrated proteins.

TPPM

Results

The data set

The data set comprised 2D *C-"3C correla- £
tion experiments employing proton-driven
spin diffusion (PDSD)2?” and dipolar recou-
pling by using the radio-frequency-driven
dipolar recoupling (RFDR) sequence.”! The
latter spectra were obtained as previously
described.?" Both techniques are easy to
implement and have successfully been ap-
plied to multi-labelled 3C spin systems.[2'-24
We investigate in the following the transfer
characteristics of both methods under MAS
at 176 T. We did not test other C-"3C
correlation experiments, since all expected
cross peaks were found in our spectra. Band-
selective nitrogen-carbonyl (NCO) and ni-
trogen - C*carbon (NCA) correlations were

CHEMBIOCHEM 2001, 2, 272 - 281

Figure 1. Pulse sequences for the N —-"3C correlation spectroscopy used in this work. In all cases,
ramped?> 3 proton r.f. fields were used to prepare '°N polarisation via a broad-band ('H,"°N) CP transfer.
TPPM decoupling® was applied during evolution and detection. a) Band-selective '*N - '*C polarisation
transfer was used to record the NCO and NCA spectra shown in Figure 2, which was achieved by applying
r.f. fields of 30 kHz ("°N) and 15 kHz ("*C), respectively. The 3C carrier frequency was centred at d =45
(NCA) and 6 = 185 (NCO). During the heteronuclear >N -">C CP a linear ramp (100-80 %) was applied
on the "*N channel to optimise efficiency and selectivity of the transfer. b) >N -"3C correlation transfer
with a '*C-"3C mixing unit used to record the NCACX and NCOCX spectra (see Figures 3 and 4). CA and
CO polarisation was prepared as described above followed by proton-driven spin diffusion times of 10 ms
(NCACX) or 8 and 30 ms (NCOCX). For excitation and reconversion of longitudinal magnetisation, two 90-
degree pulses were applied at a *C offset frequency of & =100 using r.f. fields of 50 kHz. ¢) "N -"3C
correlation transfer with a double-quantum mixing unit to achieve carbon - carbon transfer (Figure 4,
bottom). The sequence was used to record an NCACX-BD spectrum. Double-quantum mixing was
achieved by a weak '>C B, field that was linearly amplitude-modulated from 6 to 3 kHz during a mixing
time of 2 ms. The following phase cycles were applied: ¢, =Y,y, =y, —=Y; @2=X, =% X —X, =X, X, —X,
Xi @P3=X X X, X, —X, —X,

—X, —X; Qa=X, —X, — X, X.
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served for obtaining an NCACX spectrum with a different
transfer profile.

The C-"3C homonuclear correlation spectra were recorded
with mixing times of 5 and 15 ms (PDSD) and 1 and 3 ms (RFDR).
In the set of short mixing times (PDSD 5 ms, RFDR 1 ms), cross
peaks between the directly bonded carbon atoms were
predominantly observed, while for mixing times of 15 and
3 ms, respectively, intraresidue-relayed cross peaks emerged. For
reasons of sample sensitivity and hardware limitations, the RFDR
technique was only applied in a band-selective manner on the
aliphatic region. Therefore, a larger number of correlations
between the carbonyl carbon atoms and the aliphatic carbon
atoms were only observed in the PDSD spectrum recorded with
a mixing time of 15 ms at a 17.6-T spectrometer. Apart from this
difference, spectra with equivalent cross peak patterns in the
aliphatic regions were obtained by both techniques. The RFDR
spectrum recorded with band-selective excitation of the ali-
phatic region and with a mixing time of 1 ms shows the same
cross peaks as found in the aliphatic region of the PDSD
spectrum with a mixing time of 5 ms. In addition, the cross peak
pattern observed in the RFDR spectrum recorded with a mixing
time of 3 ms is identical to the cross peak pattern seen in the
aliphatic region of the PDSD spectrum that was measured with a
mixing time of 15 ms. It should be noted that these results have
been obtained under different experimental conditions from
those described in ref. [24].

The NCA and NCO spectra were recorded with band-selective
SPECIFIC CP™ transfer steps. Unlike the conventional CP experi-
ment, 26 271 SPECIFIC CP is characterised by low- to medium-size
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rf. fields that facilitate polarisation transfer whenever the
effective field of rf. irradiation (w,, w,) and chemical shift offsets
(£2,, 2,) of a heteronuclear spin pair fulfil the following (zero-
quantum (ZQ), n=+1, +2) recoupling condition [Eq. (1)]:

Vol + 27— Vol + Q3 = noy )

Using a slow r.f. amplitude modulation for one of the two rf.
fields (e.g. w(t)), the recoupling condition of Equation (1) can be
fulfilled for a defined range of chemical shift offsets. Further
theoretical considerations on how to select the applied r.f. fields
w, and w, or the resonance offsets 2, and £, in Equation (1) and
how to maximise the transfer efficiency for a given MAS
frequency wg can be found in ref. [6]. This concept was applied
to obtain NCA and NCO spectra containing exclusively N,C¢ and
N,CO;_, cross peaks (Figure 2), respectively, which provide a high-
resolution fingerprint of the protein. They are particularly useful
for distinguishing direct and relayed correlations in the NCACX
and NCOCX spectra discussed below. The NCO and NCA spectra
were recorded at a MAS frequency of 12 kHz and with a proton
decoupling field of 100 kHz to enhance resolution. The same
band-selective N-C transfer was used as a preparatory unit for
recording NCACX and NCOCX spectra of sufficient selectivity and
intensity. For the carbon-carbon correlation step contained in
these experiments we have applied two complementary
schemes taking into consideration the hardware and sample
requirements discussed above. The first scheme exploits again
spectral spin diffusion during MAS (Figure 1 b). Unlike 2D 3C-13C-
correlation experiments, the selective preparation of CA or CO
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Figure 2. NCO (left) and NCA (right) spectra of the precipitated a-spectrin SH3 sample recorded with the pulse sequence shown in Figure 1a with appropriate settings
for carbon power and frequency. The spinning frequency was 12 kHz, and the temperature was adjusted to 278 K. Assigned signals are indicated with the respective
residue type and number. In the spectrum at the left, the NCO cross peaks yielding sequential information are indicated with the residue contributing to the nitrogen
chemical shift first, followed by the residue that contributes to the carbonyl chemical shift. Both spectra were processed to yield optimal resolution by applying a phase

shifted by /3 sine-bell function in t, and a Lorentz - Gauss transformation in t,
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polarisation leads to different transfer characteristics due the
homonuclear correlation unit. In our applications of the PDSD
mixing technique in NCACX experiments at 176 T and 8-kHz
MAS, we observed an preferred transfer between the C* atom
and those carbon atoms with signals in the region between
0=20 and 6 =35. This is expected from theoretical investiga-
tions28-3% since the chemical shift differences A match a multiple
of the spinning frequency, that is, A=nwg (n=1, 2...). Such a
preferred transfer was never observed in 2D "*C - '*C-correlation
experiments with mixing times between 1ms and 15ms
(Figure 3, top).

The second approach (Figure 1¢) involves a homonuclear
double-quantum (DQ) transfer unit and is optimised for band-
selective transfer in small- to medium-size chemical shift ranges
(in our case: between 65 -30 ppm). The concept is based on an
amplitude-modulated version of the continuous-wave (CW)
recoupling experiment HORROR,®" originally proposed to
measure interatomic distances, and can also be applied in the
context of DREAM ultrafast MAS double-quantum filtering.? For
our experimental conditions and requirements we wish to
establish band-selective transfer over a defined frequency range
and thus use the term band-selective polarisation transfer under
DREAM (BASE-DREAM). Similar to the ZQ condition for SPECIF-
IC CP transfer, double-quantum transfer is possible if the r.f. field
w,; and the offsets, 2, and £,, fulfil the following condition
[Eq. ()]

Vok + Q2+ Voi + Q3 = nay (2)

Band selectivity is again achieved by a slow amplitude
modulation, w,; — w.(t). MAS frequency and offsets were
chosen to cover a chemical shift range of less than 40 which
allows for the selective observation of C*-C? correlations of
those amino acids whose C? signals occur between 6 =30 and
0=45. Placing the rf. carrier around d=45 extends the
observation window for C? signals up to 0 =65 (Ser). The
transfer leads to negative intensities on C? signals and simplifies
the analysis of the correlation pattern.®

In Figure 3 (bottom) and Figure 4 subspectra of the NCACX
experiments are shown. The NCACX spectrum (Figure 4, top,
blue) was recorded with a proton-driven spin diffusion mixing
sequence employing a mixing time of 10 ms, and the NCACX
spectrum shown in Figure4 (bottom) with a BASE-DREAM
sequence. The two techniques will be henceforth called NCACX-
PDSD and NCACX-BD. In case of the NCACX-PDSD sequence, a
spectrum with stronger relayed cross peaks involving the C# and
C” signals around 6 =15-40 was obtained, whereas in the
NCACX-BD experiment such kind of relayed cross peaks occurred
exclusively in the *C chemical shift range of 0 =25-45. The
latter observation fully agrees (for the 2-ms mixing time
employed) with our theoretical expectation according to
Equation (2). Furthermore, cross peaks of the type N,CO; are
only observed in the NCACX-PDSD spectrum, and not in the
NCACX-BD spectrum.

Two NCOCX experiments containing a broad-band carbon -
carbon transfer step after the selective nitrogen-carbon cross
polarisation period were recorded for obtaining interresidue

CHEMBIOCHEM 2001, 2, 272 - 281

correlations. Carbon -carbon mixing was achieved with a unit
employing proton-driven spin diffusion for mixing times of 8 and
30 ms, the latter shown in Figure 4 (top, red). As a result, signals
at the F2 positions of CO, C%, C# and C” of residue i are correlated
with the nitrogen signal of residue i+ 1. Experimental parame-
ters were tuned for a selection of cross peaks of the type N.,CO,
N;+C¢, N, ,C?f and N,,,C?, while signals of the type NC; were
suppressed. This selectivity of the nitrogen -carbon transfer is
important for avoiding misassignments.

Assignment strategies

The set of experiments presented above offers several possibil-
ities for generating sequential assignments, which are shown in
Figure 3 and Figure 4. Side-chain assignments that were ob-
tained from the 3C-"3C PDSD spectrum were included at each
step of the sequential assignment procedure to increase
reliability. As an example, the signal pattern of a threonine
residue (T32) in a PDSD spectrum recorded with a mixing time of
15 ms is shown in Figure 3 (top, dashed lines). In this case, an
unequivocal identification of the C¢ C?, C* and CO chemical
shifts and therefore of the amino acid type is possible due to the
characteristic chemical shift of the p-carbon signal at 6=
69.8.12" 2. 241 To facilitate the sequential assignment, it is impor-
tant to identify also the chemical shift of the backbone nitrogen
atom of the respective residue. This can be achieved by
comparing the signal pattern identified in the carbon -carbon
correlation spectra (Figure 3, top) with the NCACX-PDSD spec-
trum (Figure 3, bottom right), that contains signals of the type
N,CO;, N,C# N,C? and in favourable cases also N,C! for most of the
residues. The identification of the nitrogen chemical shift of T32,
for instance, is indicated in the NCACX-PDSD spectrum by the
prolongation of the dashed lines drawn into the PDSD spectrum.
The spectral region shown in the lower left corner of Figure 3 is
taken from an NCOCX spectrum in which no cross peaks of the
type N,CO; occur, therefore the position of N3,COp, has been
indicated by a cross.

The simplest procedure to obtain sequential assignments
involves the comparison of the 2D NCACX and 2D NCOCX
spectra, which are shown as a superposition in blue and red
colours, respectively, in Figure 4 (top). In the NCACX spectrum
(blue), the cross peaks of a particular residue i with a unique side-
chain topology may serve as starting points. These cross peaks
are of the types N,CO, NC¢, N.C? and NC?. The involved carbon
chemical shifts are found at a different nitrogen frequency in the
NCOCX spectrum (red). This nitrogen frequency is the position of
the amide nitrogen signal of the residue following in the
sequence. There, cross peaks of the type N,,,CO, N, ,C#, N;,,C?
and N;;,C7, respectively (red), occur. In a graphical assignment
procedure, the respective types of cross peaks (e.g. N.CO; (blue)
and N;,,CO; (red), NC¢ (blue) and N;,,C¢ (red), and NC? (blue)
and N;,C? (red)) could be connected by vertical lines. An
example are the correlations between the G51 auto peaks
(Ngs1COgs; and Ngs;Cés,, blue) and the sequential peaks involving
the F52 nitrogen atom (Ng5,COqs; and Ngs,Césy, red) in the two
top frames in Figure 4. The next step is the identification of cross
peaks of the type N;,,CO;,,, N;.,C%,, and N.,C? , in the NCACX

i+1
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Figure 3. Top: Two regions from a proton-driven spin diffusion spectrum recorded at a '>C frequency of 188 MHz with a spin diffusion period of 15 ms. The region shown
in the left panel contains cross peaks involving the aliphatic carbon atoms and carbonyl carbon atoms, and the right panel shows cross peaks between aliphatic carbon
atoms. The signal sets of the prolines, five out of the six valines, four out of the five glutamic acids, the two glutamines, two out of three asparagines, four out of the five
aspartic acids, the aromatic residues and the methionine are indicated above the diagonal in the aliphatic region of the PDSD spectra (right panel) by the amino acid
type and sequential number. The isoleucine, the leucines, the lysines and the arginines are indicated below the diagonal. Finally the alanines, three out of the four
threonines and the serines are shown in a symmetrical manner. # indicates L61, K26, K43, K59. § indicates K26, K43, K59. In the aliphatic/carbonyl region (left panel), cross
peaks originating from the glutamic acids, the glutamines, the aspartic acids and the asparagines are indicated that were used for the identification of their amino acid
type. Also, the C*/CO and CP/CO cross peaks of three threonines and the C?/CO cross peaks of the three alanines are labelled. Bottom: Left panel: NCO region of the
NCOCX spectrum that shows interresidue nitrogen — carbonyl correlations. A cross (X) at 6 = 118.8/173.8 indicates the position of the intraresidue cross peak of T32, as
observed in the NCO region of the NCACX spectrum (see text for details). Right panel: Aliphatic region of the NCACX spectrum recorded with a PDSD carbon - carbon
mixing time of 10 ms. All spectra shown were measured at a spinning frequency of 8 kHz and at a temperature of 278 K. Moderate proton decoupling fields of 70 kHz
were applied in all cases. Different contour levels were chosen for the plots of the two regions shown in the bottom part, and in comparison to Figure 2. The signal
pattern of threonine 32 is indicated with dashed lines in the PDSD spectra (top), and extended to the NCACX spectrum for locating the T32 nitrogen signal. The two
interresidue cross peaks of T32, Ny3,CO;3; and N33COrs3,, are also indicated in the NCO region of the NCOCX spectrum. The solid lines connecting A55 and A56 illustrate
how sequential assignments can be obtained from the spectral regions in the figure (see text for details).
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Figure 4. Top: Superposition of the NCACX-PDSD (blue) and NCOCX (red) spectra of the a-spectrin SH3 protein. The two spectral regions shown have been processed
with different window functions and are plotted at different levels for convenient comparison. The aliphatic regions of the NCACX-PDSD and NCOCX spectra were
processed by applying a phase shifted by /3 sine-bell window function in t, and a Lorentz- Gauss transformation in t,. The carbonyl region was processed such that
optimal resolution is obtained by applying a phase shifted by /3 sine-bell window function in t, and by a phase shifted by 71/2 sine-square window function in t,.
Bottom: The aliphatic region of the NCACX-BD spectrum recorded with the BASE-DREAM sequence is shown together with the assignments. Blue peaks are positive,
green peaks are negative. The spectra were recorded with a spinning frequency of 8 kHz and at a temperature of 278 K. Correlations used for the sequential assignment

are shown in the two spectra in the top part (see text for details).

spectra (blue) as outlined above. They can be found also in a
graphical assignment procedure, where horizontal lines would
connect the cross peaks N,,,CO; (red) and N,,,CO,, (blue), N, ,C¢
(red) and N,,;Cf., (blue), and N, ,C/ (red) and N,,,C’ ,(blue), all
on the frequency of the nitrogen signal of residue i+ 1. This is
exemplified by the assignment of the a-carbon atoms and the
carbonyl groups of G51 and F52 at the nitrogen chemical shifts
of G51 and F52 in Figure 4 (top). Similar correlations involving C#
cross peaks of the type N.C/, N,;;,C# and N,,,C/ , are shown in
Figure 4 (top) for the sequence stretch T37 —K39. In practical
cases it is also useful to execute this procedure in a backwards
manner.

An alternative approach for sequential assignment is outlined
in Figure 3. The required correlations between C¢, CO; N, and
C¢, may be in principle individually detected by means of cross
peaks of the type C¢CO; in the CACO region of the PDSD
spectrum (Figure 3, top left), and N, .,CO, and N ,C%,, taken for

CHEMBIOCHEM 2001, 2, 272 - 281

example from NCO and NCA spectra, or the respective relayed
techniques NCOCX (Figure 3, bottom left) and NCACX (Figure 3,
bottom right). The required side-chain information is then
available from the aliphatic region of the PDSD spectrum. An
example is shown in Figure 3 (solid lines) where the residue pair
A55-A56 of the SH3 domain is assigned. The carbonyl signal
involved in the cross peak N,ssCOpss as observed in the NCO
region of the NCOCX spectrum (Figure 3, bottom left) was
determined to belong to an alanine because of the characteristic
cross peak at = 15.9/178.7 (C£,CO,s5) in the aliphatic/carbonyl
region of the PDSD spectrum (Figure 3, top left). The conclusion
that the respective NCO cross peak contains the nitrogen
chemical shift of A56 is drawn on the basis of the N,s,C5., cross
peak at 0 =113.0/18.2 observed in the NCACX-PDSD spectrum
(Figure 3, bottom right). In practical cases this procedure may be
used to help to confirm the sequential assignments obtained by
the method described above.
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Assignment of the a-spectrin SH3 domain

The 2D RFDR spectra with mixing times of 1 and 3 ms and the
proton-driven spin diffusion spectra with mixing times of 5 and
15 ms served for the identification of the signal patterns of all six
valines, the isoleucine, the two prolines, the two tryptophans,
the phenylalanine, the seven leucines, six lysines, one methio-
nine, the three alanines, the two serines and three threonines.
Many assigned cross peaks are indicated in Figure 3 (top right).
For most of these amino acids the chemical shifts of the carbonyl
signals could be identified by relayed cross peaks in the PDSD
spectrum involving the C# and C” signals. The signal pattern of
six glutamines/glutamates and five asparagines/aspartates were
revealed by the correlations between their side-chain carbonyl
group signals and their C7, C# and C“ signals (Figure 3, top left).
The signal sets corresponding to four out of six aromatic residues
(the two tryptophans, the phenylalanine and one of the three
tyrosines) were identified by the characteristic signal pattern of
their aromatic rings and the correlations involving C? signals.

Well-resolved peaks in the NCO and NCA spectra (Figure 2)
yielded several starting points for the sequential assignment
procedure. Additionally, they allowed for distinction of relayed
and direct peaks in the NCACX-type spectra exemplified by the
two glycine carbon peaks in the NCA spectrum around d =45-
46. Due to their distinct C* chemical shifts, those peaks were
readily assigned to glycines, while at the same time their
sequential assignment was simplified due to the isolated
position of each peak in the carbon range. In a similar manner,
the resolved peaks between d =60-65 provided unambiguous
correlations along the carbon axis. Since these signals originated
from threonines, serines and prolines, of which relatively few are
present in the a-spectrin SH3 domain, these correlations yielded
the first pairs of sequentially assigned amino acids. Both spectra
in Figure 2 served also as a control for the selectivity of the N-C
transfer in the NCACX and NCOCX experiments. Those peaks
that occur in the NCO spectrum, for example, should not occur in
the NCO region of the NCACX spectrum, while the peaks from
the NCA spectrum should not be observed in the NCA region of
the NCOCX spectrum.

The first step in the evaluation of the NCACX spectra
concerned the identification of the amino acid types by
comparison with the RFDR and PDSD correlations using the
method shown in Figure 3. Most easily found were threonine
signal patterns due to the correlation involving the C* signal
around 0 =70 (Figure 4, top right, blue signals) and the two
serine patterns due to the negative peaks involving the C# signal
around d =64 and d =62 in the NCACX-BD spectrum (Figure 4,
bottom, green signals). There are also weak correlations result-
ing from the two prolines at nitrogen chemical shifts of around
0=137. In both NCACX spectra (Figure4, top (blue) and
bottom), the signal sets of three threonines, two serines, three
alanines, five out of the six valines, the isoleucine and the
phenylalanine were easily identified due to the distinct chemical
shifts involved.

The sequential assignment procedure was started by estab-
lishing interresidue correlations involving those signal sets
(including also nitrogen chemical shifts) that were well identi-
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fied. Serines, prolines and two threonines were then sequentially
assigned by correlations of the type N;,;CO, N;,,C¢ and N, ,C%,
yielding the pairs P20/519, T37/536, T24/V23 and P54/V53. The
three alanines were assigned sequentially by the A56/A55
correlation as shown in Figure 3, and the two glycines by the
F52/G51 correlation (Figure 4, top). This yielded six assigned
pairs of residues and also the sequence-specific assignment of
A11.

The next step involved the prolongation of the assigned
fragments. The G51/F52 pair, for example, was extended on the
basis of correlations in the NCA and NCO regions, as shown in
Figure 4 (top). This lead to the identification of Q50 and V53, and
together with the identified pairs V53/P54 and A55/A56 to the
assigned sequence fragment Q50-A56. Subsequently, frag-
ments containing the pairs S36/T37 and V23/T24 were deduced
in a similar manner. The importance of correlations of the type
N,C# and N, ,C? for this procedure can be appreciated from
Figure 4 (top) where an example involving the C signals of T37
and of the next two residues, N38 and K39, is shown. The
neighbours of A11 and T32, that is L10, L12 and L31, L33,
respectively, were identified in a similar manner. By a detailed
investigation of all possible correlations it was thus possible to
assign the sequence fragments L8112, K18-W42 and R49-
L61.

Further assignments were obtained by exploiting those cross
peaks in the NCA and NCO region of NCACX and NCOCX spectra
that had not been used yet. An example is the assignment of the
fragment Y13-D14-Y15-Q16. Possible candidates for the tyro-
sines, the glutamine and the aspartic acid were identified after
inspection of the not yet assigned signal sets. Four of these
signal patterns showed matching cross peaks of the type N,C¢
and N;,,C¢ and the respective carbonyl analogues that we were
able to connect. An assignment at an earlier stage was difficult,
because the corresponding residues showed insufficient transfer
between C* and C# in the NCOCX spectrum and the NCACX-
PDSD spectrum. However, their signal patterns could be
identified in the NCACX-BD spectrum, leading to an unequivocal
assignment.

Signal sets for the remaining glutamic acids E7 and E17 were
already identified in the PDSD spectrum at an earlier stage, while
the assignment of their carbonyl signals was not yet achieved.
However, only one unassigned NCO cross peak was left at the
nitrogen chemical shift of K18, the amino acid following E17,
yielding the required assignment. The assignment of this cross
peak at 0 = 123.4/174.4 to Ni;3CO¢,, was supported by the cross
peaks N3C&, and NysCE., which were found in the NCOCX
spectrum. The nitrogen chemical shift of E17 at  =122.0 was
identified after searching in the NCACX-PDSD spectrum for cross
peaks with the above-mentioned carbon chemical shifts. This
assignment was confirmed by the cross peaks Ng;7COq16, Ng17Cé16
and chfm observed in the NCOCX spectrum. Similarly, the
nitrogen chemical shift of L8 was determined by utilising not yet
assigned cross peaks of the type N, ,CO, and N,,C{. The
nitrogen chemical shift of E7 was then deduced from the cross
peaks N¢,CO¢,, N.,C% and Ng,CE..

In a previous paper?" we have pointed out that signals from
the N-terminal residues are weak or missing. The completion of
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the assignment of the well-observable peaks corroborates this
observation, since signals that could be used for the assignment
of the N-terminal residues M1, D2, E3, T4, G5 and K6 and the
C-terminal residue D62 were absent. In particular, we could not
observe a fourth threonine signal set (Figure 3), only two glycine
peaks instead of three in the NCA spectrum (Figure 2), and no
correlation between a glycine and a threonine, which should be
readily observable given the quality of the NCOCX spectrum.
Further problems occurred in the region V46 —N47. A potential
valine side-chain signal pattern occurred in RFDR and PDSD
spectra. However, it showed only broad signals with roughly less
than one fifth of the integrated intensity observed for signals in
other valine patterns. Hence, insufficient transfer in the NCACX
and NCOCX spectra was observed for V46, and consequently no
correlation could be established to N47 and E45. Also, the
aromatic carbons of Y13 and Y15 could not be assigned. The
observed signal loss could be attributed to dynamic processes,
for example involving ring flips. The chemical shifts of the
assigned signals are listed in Table 1.

Discussion

The observable *C and N signals of the 62-residue a-spectrin
SH3 domain in the precipitated form have been assigned by 2D
magic angle spinning NMR. This assignment comprises all except
five residues of the domain and may provide a basis for
determining its structure in the solid state. The analysis is valid
for one fully reproducible type of sample preparation for the a-
spectrin SH3 protein construct used. The concept presented
here can be readily transposed to larger proteins by trivial
execution of the NCACX and NCOCX techniques in a three-
dimensional manner, and by application of other C-C mixing
units, for example the SPC-5 sequence' in the NCACX and
NCOCX pulse sequences. For much larger protein systems such
as membrane proteins, additional resolving power is expected
from the exploitation of proton chemical shifts or "H-"3C or "H-
>N heteronuclear dipolar couplings for the generation of
genuine triple-resonance 3D spectra.

In this study, it is demonstrated that assignment strategies in
the solid state benefit strongly from selective transfer that
directs the polarisation in a defined and efficient manner along
the characteristic °N,'*C spin topology networks in the poly-
peptide chain. In particular, discrimination of inter- or intra-
residue contacts in >N -'3C backbone correlations proved to be
vital for an unequivocal assignment of NCO-type cross peaks. An
example are correlations between the amide nitrogen atom
(residue i), the carbonyl carbon atom and a-carbon atom signals
of the previous amino acid (residue i — 1) in the NCOCX spectra,
that may be “impure” and more difficult to interpret if during the
nitrogen — carbonyl transfer period spurious excitation of the a-
carbon atom or carbonyl group of residue i by the r.f. field takes
place because of the competing NCO,_, and NC¢ or NCO;
transfers. This situation is very similar to the liquid state, where
selective transfers ensure high sensitivity and simple interpreta-
tion of the spectra.

The assignment process would profit from a uniform, chemical
shift range independent carbon - carbon transfer in the NCACX
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and NCOCX sequences. The implementation of other existing
carbon —carbon transfer techniques such as SPC-5 or of newly
developed ones into the NCACX and NCOCX sequences are
planned. Our choice was dictated by the experimental con-
straints that are associated with biological samples. In particular,
further attempts to increase the observed resolution must
minimise any additional thermal and mechanical stress applied
to the sample. Spinning frequency, decoupling power and the B,
field strength applied during mixing periods had to be adjusted
such that the samples remained stable while spectra with
sufficient resolution were obtained. In this context, spinning
frequencies of 8 kHz, decoupling fields of 70 kHz, sample cooling
to 278K and the combination of previously described pulse
sequences appeared to be most practical. Otherwise a substan-
tial broadening of the NMR signals was observed.

There are several possible explanations for the absence of
signals from the first six N-terminal and the last C-terminal
residues, from V46, N47, from tyrosine side chains of Y13 and Y15
and from the side chain of K39 in the presented spectra. In
solution, the N terminus is flexible, leading to stronger signals
than observed for the globular part of the protein. On the
contrary, these signals seem strongly attenuated or absent in the
spectra of our solid sample. One reason may be the flexibility of
the N terminus, which could be on a time scale that interferes
with the proton decoupling. As a result, the desired line
narrowing is not realised. At same time the efficiency of cross
polarisation is reduced for mobile protein segments. Another
explanation for the missing signals relates to the occurrence of
heterogeneous broadening which may result from a multitude
of conformers that are “frozen out” upon precipitation during
the preparation of the solid sample. This leads to increased
chemical shift dispersion for the signals of the involved residues
and cannot be removed by decoupling techniques. Further
insight might be gained from measurements at low temperature
and from relaxation studies.

We hope that the strategies presented here will pave the way
for studies on ligands bound to membrane-embedded proteins
by MAS solid-state NMR. In our study, narrow lines were obtained
for the well-ordered globular part of the protein. The peptide
ligands bound to G-protein-coupled receptors are expected to
adopt a rigid structure by the action of the protein scaffold and
should hence show well-resolved spectra that are straightfor-
ward to analyse. We expect also spectra of similar quality for the
transmembrane regions of membrane proteins, except their
lipid-exposed side chains, since both Fischer etall” and
van Rossum et al.B® previously reported on comparable *C line
widths of the reaction centre of the photosynthetic bacterium
Rhodobacter sphaeroides, a transmembrane complex.

Materials and Methods

Expression of the a-spectrin SH3 protein: Plasmid pET3d coding for
a-spectrin SH3 protein from chicken brain was a generous gift of Dr.
M. Saraste, EMBL (Heidelberg, Germany). The SH3 protein was
expressed in Escherichia coli, using a minimal medium based on M9
salts. 2 g [u-"*Clglucose and 1.0 g >NH,Cl per litre of medium were
added in the case of the uniformly *C,"*N-labelled SH3 domain.
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Table 1. '*C and "N chemical shift values () of the precipitated a-spectrin SH3 domain.

Residue 15N 3CO 1B3Ca 13¢CH B3Cr 13Co 13Ce B3Cn 1BcCE
E7 122.0 176.2 559 31.2 36.4

L8 121.5 176.9 53.0 46.0 26.5 23.5/22.6

V9 110.9 172.6 57.3 357 23.7/20.4

L10 123.7 176.4 52.8 46.6 274 26.4/24.2

ATl 127.5 177.9 524 19.8

L12 127.8 1749 559 431 26.7 25.4/21.9

Y13 110.0 173.8 55.2 435

D14 174 176.5 54.6 41.8

Y15 118.6 172.8 60.1 435

Q16 126.5 174.0 53.8 29.6 338

E17 122.0 174.4 55.7 334 373

K18 1234 174.6 55.0 348 26.2 29.4 42.0
S19 113 1733 56.5 63.7

P20 137.2 177.0 65.0 321 273 50.1

R21 112.0 175.2 55.2 341 27.2 439

E22 119.3 174.8 54.8 339 375

V23 112.2 172.0 59.1 35.0 21.3/19.8

T24 116.4 1743 61.8 71.8 213

M25 121.1 173.5 53.8 36.4 31.7

K26 125.0 174.9 53.7 34.2 24.4 28.8 42.0
K27 122.2 177.9 58.5 325 243 29.7 42.0
G28 116.3 173.9 44.6

D29 121.8 175.0 55.1 42.2

130 119.8 176.7 58.3 35.9 26.8/18.1 1.4

L31 128.4 177.0 533 425 28.1 27.4/26.4

T32 118.8 173.8 62.7 69.8 225

L33 130.1 174.4 55.0 43.0 26.8 25.5/23.8

L34 125.7 177.6 55.0 43.0 26.8 26.0/22.2

N35 113.9 174.6 544 415

S36 124.8 173.5 56.8 62.0

T37 112.6 175.7 65.0 70.9 21.6

N38 126.0 174.8 54.0 41.6

K39 1214 176.2 58.2 334

D40 115.3 177.2 55.7 444

W41 122.7 174.2 55.9 329 111.0 128.5/128.5 139.0/118.7 114.8/121.0 125.7
W42 123.6 174.8 535 31.6 112.2 126.1/129.3 139.3/121.1 114.7/119.9 1243
K43 119.6 174.8 54.0 33.8 24.2 29.3 42.0
Va4 121.9 173.1 59.3 36.4 21.0/18.6

E45 120.0 175.5 56.1 30.9 34.8

V46 59.9 331 20.8/19.8

N47 177.5 55.0

D48 113.9 174.6 54.1 40.5

R49 122.2 176.6 55.2 341 27.2 43.9

Q50 116.6 175.9 53.1 31.6 333

G51 106.8 170.5 459

F52 118.6 1753 58.8 42.5 140.2 131.5/131.5 131.4/131.4 129.3
V53 110.0 172.6 57.9 335 22.3/17.0

P54 136.8 177.7 61.6 30.1 283 50.0

A55 129.0 178.7 54.0 15.9

A56 113.0 177.7 52.8 18.2

Y57 134 1744 54.8 37.2 1333 118.5 130.8 159.5
V58 110.7 173.8 57.8 355 22.4/19.8

K59 119.6 176.4 54.0 37.2 24.7 29.6 42.0
K60 126.7 176.6 58.4 334 26.0 29.6 42.0
L61 125.7 175.6 54.3 41.4 294 26.6/23.0

D62

Preparation of the protein sample for MAS measurements: A 200-
mm (NH,),SO, solution (pH 3.5, 0.04 % (w/v) NaN,) was added to a 33-
mm solution of the SH3 domain (pH 3.5), at a volume ratio of 1:1. The
SH3 domain was precipitated by changing the pH value of the
mixture to 7.5 in an NH; atmosphere. The solution was kept at 4 °C for
three days before the precipitate was separated by centrifugation
(20 min, 15000 rpm). In this form, approximately 10 mg protein was
transferred into a 4-mm CRAMPS rotor. The core of the upper spacer
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of the CRAMPS rotor was closed in order to maintain a constant level
of water inside.

NMR spectroscopy: The NMR measurements were recorded on a
Bruker DMX750 spectrometer using double-channel and triple-
channel CP-MAS probeheads. The spinning frequency of the 4-mm
ZrO,-CRAMPS rotors was stabilised to + 2 Hz. The RFDR spectra were
acquired at a radio frequency of 188.6 MHz, and a spinning
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frequency of 8 kHz using TPPIB4 for phase sensitive detection.?? The
90-degree proton pulse was set to 2.5 ps, '*C B, fields of 50 kHz
during the ramped CP sequence with a mixing time of 0.5 ms were
used, and a 100%/50% ramp was applied on the proton channel.
Rotor-synchronised m-pulses with a length of 21 us were applied
during the RFDR mixing time of 1 ms or 3 ms.

For the standard proton-driven spin diffusion experiments similar
parameters were used; but with the carbon m/2 pulse length
changed to 4.9 ps. The proton decoupler was switched off during the
spin diffusion period of 5ms and 15 ms.

All triple-resonance NMR spectra were recorded using an MAS
frequency of 8 kHz while stabilizing the sample temperature at 278 K.
>N polarisation was created with a ramped CP matching®®> 3¢ and an
HN contact time of 2 ms. For all experiments, HN matching was first
optimised using CW fields at the + 1 sideband of the Hartmann-
Hahn CP matching curve. 'H and "N rf. fields during transfer were
chosen to be 40 and 32kHz respectively. For band-selective
SPECIFIC CP transfer® from nitrogen atoms to carbon atoms, the
13C carrier frequency was placed slightly outside the chemical shift
range of the CO (for NCO) or of the C* (for NCA transfer) signals,
respectively. Rf. fields during the NC contact were chosen to be
30 kHz and 15 kHz for >N and '3C irradiation, respectively. Mixing
times between 2 and 4 ms and linear ramps from 100 to 80% on the
N rf. field were employed to optimise efficiency and selectivity of
the transfer. For all experiments involving homonuclear spin
diffusion transfer, *C rf. fields of 50 kHz were used to excite or
reconvert longitudinal magnetisation before and after the *C-13C
mixing time. BASE-DREAM C“C# experiments were performed by
using ramped '3C r.f. amplitudes and by placing the carrier frequency
in the middle of the C* and C” signals. With a MAS frequency of 8 kHz,
a linear modulated r.f. field between 6 and 3 kHz results in a band-
selective excitation profile of 6 =25-35. 128 (NCO, NCA) or 196
(NCOCX, NCACX) t, experiments were recorded in phase-sensitive
mode using a TPPI scheme. Linear prediction in t, was performed
during data processing. In all experiments, two-pulse phase
modulation (TPPM)% was applied to decouple protons in t; and t,,
applying 7-us proton pulses (with a flip angle of 170°), and +15°
phase shifts.
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