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Abstract

We demonstrate that high-resolution multidimensional solid state NMR methods can be used to correlate many
backbone and side chain chemical shifts for hydrated micro-crystalline U-13C,15N Basic Pancreatic Trypsin In-
hibitor (BPTI), using a field strength of 800 MHz for protons, magic angle sample spinning rates of 20 kHz and
proton decoupling field strengths of 140 kHz. Results from two homonuclear transfer methods, radio frequency
driven dipolar recoupling and spin diffusion, were compared. Typical13C peak line widths are 0.5 ppm, resulting in
Cα-Cβ and Cα-CO regions that exhibit many resolved peaks. Two-dimensional carbon–carbon correlation spectra
of BPTI have sufficient resolution to identify and correlate many of the spin systems associated with the amino
acids. As a result, we have been able to assign a large number of the spin systems in this protein. The agreement
between shifts measured in the solid state and those in solution is typically very good, although some shifts near
the ion binding sites differ by at least 1.5 ppm. These studies were conducted with approximately 0.2 to 0.4µmol
of enriched material; the sensitivity of this method is apparently adequate for other biological systems as well.

Introduction

Solid state NMR (SSNMR) has been a method of
choice for probing structure, conformational dynam-
ics, ionization state and hydrogen bonding for many
large and insoluble biological systems. Many ex-
amples from the literature attest to the strengths of
SSNMR for structural and dynamics studies; to men-
tion just a few cases, SSNMR has provided signifi-
cant insights into the structures and mechanisms of
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∗∗∗Present address: Institute de Biologie et Chemie des Proteines,
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passage du Vercors, F-69367 Lyon Cedex 07, France.

rhodopsin (Feng et al., 1997), and bacteriorhodopsin
(Thompson et al., 1992), 5-enolpyruvylshikimate-3-
phosphate (EPSP) synthase (McDowell et al., 1996),
β-amyloid (Lansbury et al., 1995; Benzinger et al.,
1998) and gramicidin (Ketchum et al., 1993). Most of
the solid-state NMR experiments to date have utilized
selective labeling, which tends to make these stud-
ies labor intensive and narrowly focussed. Reliable
resonance assignment protocols would make SSNMR
methods more powerful. Recent studies of the major
coat protein of the fd bacteriophage (Marassi et al.,
1997) illustrate the potential power of uniform label-
ing and SSNMR studies for static, oriented membrane
proteins. Another appealing approach for resonance
assignments of solid state proteins borrows conceptu-
ally from solution methods (Montelione and Wagner,
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1990; Kay et al., 1990) in that the primary tool would
be multi-dimensional correlation of the isotropic back-
bone and side chain15N and 13C resonances. The
potential advantage in utilizing unoriented samples
and high-resolution MAS methods is that isotropic
shifts would allow for unambiguous identification of
many of the side chains and therefore ‘proofreading’
of the assignments. Cα and Cβ isotropic shifts would
also provide information on secondary structure or
backbone torsion angles (Saito et al., 1983; Spera and
Bax, 1991; Wishart et al., 1991; de Dios et al., 1993).
The problem of site-specific backbone assignments
for uniformly isotopically enriched systems has been
considered (Tycko, 1996), and a recent report demon-
strates that backbone assignments for some sites will
be possible even at moderate field strengths (Straus
et al., 1998b).

Relatively high sample spinning speeds can be uti-
lized to establish correlations between isotropic shifts
at high field strengths for biological solids. The carbon
spectra of uniformly enriched proteins are sufficiently
congested that spinning rates of 85–100 ppm must
be used. A variety of homo- and heteronuclear trans-
fer sequences have emerged recently (Griffin, 1998),
which operate by manipulating dipolar interactions
during Magic Angle Spinning (MAS). Homonuclear
methods include RFDR (Bennett et al., 1992, 1998),
C7 (Lee et al., 1995), POST-C7 (Hohwy et al., 1998),
and CMR7 (Rienstra et al., 1998), SPC-5 (Hohwy
et al., 1999), MELODRAMA (Sun et al., 1995b),
DRAWS (Gregory et al., 1995), TOBSY (Baldus and
Meier, 1996), USEME (Fujiwara et al., 1995) and
R/L (Baldus et al., 1994). Heteronuclear methods in-
clude RFDRCP (Sun et al., 1995a), TEDOR (Hing
et al., 1992), SPICP (Wu and Zilm, 1993), APHH-
CP (Hediger et al., 1994, 1995; Baldus et al., 1996)
and AMAP-CP (Hediger et al., 1997). The relative
merits of many of these techniques have been dis-
cussed recently (Baldus et al., 1998a); they can be
applied as multidimensional experiments in order to
assign uniformly enriched small molecules in the solid
state (Fujiwara et al., 1995; Michal and Jelinski, 1997;
Hong and Griffin, 1998). Thus, the tools appear to be
in place for correlation spectroscopy of proteins. Re-
maining obstacles concern dispersion and line widths
of the systems of interest, and detection sensitivity
for multidimensional experiments on sub-micromole
quantities of sample.

In this report we present13C homonuclear cor-
relation experiments for uniformly13C,15N-enriched
BPTI. This sample was selected because of its mod-

est size (6.5 kDa or 58 residues) and the extensive
literature about its solution NMR properties. Mea-
surements using several field strengths B0 are com-
pared with the objective of assessing the dispersion
and resolution in the spectra. We demonstrate that at
the highest field strengths available, extensive assign-
ments of side chain carbons can be accomplished for
many amino acid side chains using 2D spectroscopy
involving relatively simple recoupling pulse sequences
and remarkably small amounts of isotopically en-
riched protein (0.2–0.4µmol). The side chain peaks
can be correlated to the backbone resonances and ul-
timately combined with additional measurements of
tensorial properties to determine local structures and
conformational dynamics in biopolymers.

Materials and methods

U-13C 15N BPTI was prepared by overexpression in
E. coli, purification, refolding and re-purification as
described elsewhere (Jansson et al., 1996). 5 mg
of U-13C, 15N BPTI was mixed with 50 mg of un-
enriched BPTI (Cal Biochem) and crystallized by
dialysis against deionized water for 1 week at room
temperature in the presence of 10µM sodium azide.
The homogeneity of both the isotopically enriched
and natural abundance materials was verified by mass
spectrometry and SDS-PAGE gel electrophoresis. Ap-
proximately 1–2 mg of isotopically enriched material
was used for spectroscopy.

300 MHz homonuclear13C spectra of microcys-
talline BPTI were acquired on a Chemagnetics Infinity
300 spectrometer (Yale University) using a 3.2 mm
triple resonance MAS probe (Varian-Chemagnetics,
U.S.A.), a spinning speed of 11.5 kHz and sample
temperature of−10◦C. The MELODRAMA n = 2
condition was used (spin lock field strength 23 kHz)
with a mixing time of 1 ms. TPPM decoupling was ap-
plied during t1 evolution, mixing, and acquisition with
a decoupling field strength of 132 kHz. An adiabatic
tangential ramped cross-polarization of 3 ms was used
to transfer the proton magnetization to the carbon. 512
t1 increments were collected with 64 scans per tran-
sient with a relaxation delay of 4 s (total aquisition
time 36 h). Frequency discrimination in the indirect
dimension was accomplished using the States method
(States et al., 1982). The spectra were processed using
FELIX (MSI) with application of a sinebell window
function in both dimensions.
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400 MHz homonuclear13C solid state NMR spec-
tra were acquired on a Chemagnetics CMX400 spec-
trometer (Columbia) operating at Larmor frequen-
cies of 396.5 MHz for protons, 99.7 MHz for13C,
and 40.2 MHz for15N, using a 5 mm double reso-
nance MAS probe (Chemagnetics-Otsuka Electronics,
U.S.A.), spinning speed 8.2 kHz, and a sample temper-
ature of−10◦C. Then = 2 condition MELODRAMA
sequence was used (spin lock field strength 16.5 kHz)
with a mixing time of 1 ms. TPPM decoupling (Ben-
nett et al., 1995) (field strength 80 kHz) was applied
during t1 evolution, mixing and acquisition. An adi-
abatic linear ramped cross polarization of 3 ms was
used to transfer the proton magnetization to the car-
bon. 179 t1 increments were collected with 256 scans
per increment, and a relaxation delay of 3 s (total ac-
quisition time of 38 h). TPPI (Marion and Wüthrich,
1983) was used for phase sensitive detection in the
indirect dimension. The spectra were processed in FE-
LIX (MSI). Shifted (90◦) sinebell window functions
were applied in both dimensions.

800 MHz homonuclear13C spectra of microcrys-
talline BPTI were acquired using a Varian INOVA
800 MHz spectrometer (Yale University) outfitted
with a double resonance probe with 2.5 mm rotors,
ca 20 kHz sample spinning speed (see specific de-
tails below), 140 kHz proton decoupling (TPPM), and
a sample temperature of 10◦C was maintained dur-
ing the experiment. Two spectra utilizing the RFDR
sequence are presented. In one (Figure 1c), carbon
detection windows were 80 kHz in both dimensions,
the initial carbon excitation was accomplished with a
3 ms cross-polarization (square pulse); 1000 scans per
t1 increment, and 160 t1 increments were used with a
recycle delay of 1.5 s to give a 66 h experiment. The
spinning speed was 20.08 kHz and six cycles of XY-8
phase cycledπ pulses were used to give a 2.4 ms mix-
ing time. In the other (Figure 2a), spectral windows
of 80 kHz and 32.494 kHz were used for the direct
and indirect dimensions, respectively, and the carbon
magnetization was excited using cross-polarization for
80 µs (square pulse); 576 scans were collected for
each time increment, and 160 t1 increments were col-
lected with a pulse delay of 1.5 s, to give a 38 h
experiment. The spinning speed was 19.23 kHz and
four cycles of XY-8 phase cycledπ pulses were used
to give a total mixing time of 1.66 ms. One experiment
utilizing proton assisted spin diffusion is presented
(Figure 2b). Spectral windows of 80 and 32.494 kHz
were used. 256 scans per t1 increment and 131 t1 in-
crements were collected with a pulse delay of 1.5 s

to give a 14 h experiment. The spinning speed was
19.6 kHz and the mixing time (without decoupling)
was 50 ms. TPPI (Marion and Wüthrich, 1983) was
used for phase sensitive detection in the indirect di-
mension. Data were processed using FELIX (MSI).
Shifted (90◦) sinebell window functions were applied
in both dimensions, except as noted.

Results and discussion

Carbon–carbon correlation spectra of uniformly en-
riched BPTI collected at 300, 400, and 800 MHz
are compared in Figure 1. Two-dimensional carbon–
carbon correlation spectra for roughly 0.2µmol of
micro-crystalline U-13C,15N BPTI are shown, for
which the mixing period consisted of MELODRAMA
(for 300 and 400 MHz spectra), and RFDR (for
800 MHz spectra). The sample spinning speed of
19.8 kHz in the 800 MHz spectra was selected so as to
avoid rotational resonance conditions between the car-
bonyl carbons and any of the aliphatic carbons. Sam-
ple temperatures were maintained between−10◦C
(300 and 400 MHz spectra) and 5◦C (800 MHz spec-
tra) throughout. Most of the experimental settings
were similar for the three data sets (cross-polarization
contact time, mixing time during the MELODRAMA
or RFDR transfers, total acquisition time). The sensi-
tivity in the 800 MHz spectra is dramatically enhanced
above those collected at 300 MHz or 400 MHz. In the
300 MHz spectra higher decoupling power results in
better recoupling of the resonances as compared with
the 400 MHz spectra, but the sensitivity is significantly
lower than in the 400 MHz data. The decoupling
strength does have the expected effect upon the line
widths as assessed from the diagonal peaks. In or-
der to apply higher decoupling strengths, small stators
were used, so that only a fraction of the sample could
be packed into the rotors (ca. 0.25) and thus the net
gain in sensitivity due to the improved decoupling was
compromised. In addition, the higher spinning speeds
made dehydration of the sample a significant concern;
rubber gaskets were included in the rotor assembly to
minimize this problem.

The proton T1 value was estimated from inversion
recovery experiments at 800 MHz. Relaxation data
were acquired using both direct detection of the pro-
tons, and indirect detection via CP to13C, and seven
time points were acquired. The relaxation curves were
apparently single exponential, and a proton T1 of 0.4 s
was determined by least squares fitting of the data. The
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Figure 1. Two-dimensional carbon-carbon correlation spectra for microcrystalline U-13C,15N-BPTI at 300, 400, and 800 MHz are compared.
(a) Spectrum at 300 MHz (spinning speed 11.5 kHz, sample temperature−10◦C). Carbon recoupling was established using the n= 2 condition
of the MELODRAMA mixing sequence (spin-lock field of 23 kHz) with a 1 ms mixing time. Proton decoupling field was 135 kHz. Total
acquisition time was 36 h. (b) Spectrum at 400 MHz (spinning speed 8.2 kHz, sample temperature−10◦C). Carbon recoupling was established
using the n= 2 condition of the MELODRAMA mixing sequence (spin-lock field of 16.5 kHz) with a 1 ms mixing time. Proton decoupling field
was 80 kHz. Total acquisition time was 38 h. (c) Spectrum at 800 MHz (spinning speed 19.8 kHz, sample temperature 5◦C). Carbon recoupling
was established using the RFDR mixing sequence with a 1.6 ms mixing time. Proton decoupling field was 140 kHz. Total acquisition time
was 38 h. Panel (d) shows representative slices of the C-C 2D taken at 800 MHz, illustrating the intensities and signal-to-noise ratios of the
important cross peaks.

observed proton T1 is sufficiently short to accommo-
date a recycle delay of only 1.5 s, largely mandated to
minimize probe heating effects.

Many prominent cross peaks corresponding to di-
rectly bonded pairs can be seen in the 800 MHz
spectrum, including the CO-Cα region, numerous Cα-
Cβ cross peaks, and intra-aromatic cross peaks. The
line widths of the cross peaks appear to be approx-
imately 0.5 ppm throughout the spectrum, and may
be in large part determined by the J-couplings (35 Hz
for the homonuclear Cα-Cβ coupling; 55 Hz for the
homonuclear Cα-CO coupling, and 15 Hz for the
heteronuclear N-C coupling) (Clore and Gronenborn,
1994). In contrast, few cross peaks of interest could be
detected at lower field strengths.

In Figure 2 we contrast the aliphatic or ‘Cα-Cβ’
regions for a spectrum in which the RFDR pulse se-
quence was used to achieve transfer of Zeeman order
to one for which simple proton assisted spin diffusion
(delay with longitudinal carbon magnetization and no
RF proton decoupling) was used to establish transfer.
The intensities of the cross peaks differ substantially
for the RFDR and the spin diffusion sequences, where
typically pairs of peaks characterized by large differ-
ences in chemical shift give rise to more prominent
cross peaks if the transfer is driven by the RFDR pulse
sequence, and those with small differences in chemical
shift are more prominent if spin diffusion is used. As-
signment of many side chains is possible on the basis
of the spectra presented in Figure 2. In Figure 3 the
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Figure 2. Two-dimensional carbon–carbon correlation spectra for micro-crystalline U-13C,15N BPTI. A short cross-polarization period (50µs)
achieved selective polarization transfer to protonated carbons in both cases. Spectra were processed in FELIX (MSI); a 90◦ sine-bell window
function in both dimensions was applied. Two mixing sequences are contrasted: (a) RFDR (1.6 ms resulting from four cycles of the XY-8
mixing sequence). The data were collected in 72 h, involving 160 increments and 512 scans per increment, with a pulse delay of 1.5 s. In
the RFDR spectrum, the CO-Cα region and the aliphatic region are shown on the same scale. The assigned cross peaks are color coded
according to the amino acid type. The horizontal lines are drawn to demonstrate the walks through CO-Cα–Cβ resonances. For the three Asn
residues, a CO-Cα–Cβ-Cγ walk is shown. For the site-specific assignments of the aliphatic cross peaks, refer to Figure 3. The sequence-specific
assignments of the CO-Cα resonances are given in Figure 4. The Met and Gly cross peaks were identified solely on comparison with solution
NMR data; for all others the identification is based on reading through the side-chain spin system. The two Leu residues (6 and 29) can also
be identified in the aliphatic region, and the aromatic–aliphatic and aromatic–aromatic cross peaks for Tyr and Phe can be identified, but in
these cases ambiguities occur in the correlations, so these were not highlighted. Expansions (c), (d) and (e) come from spectrum 2(a) and
illustrate the peak shapes for Ile, Thr, and Ala residues, respectively. (b) Proton assisted spin diffusion (50 ms longitudinal mixing without
proton decoupling). In the spin diffusion spectrum, the aliphatic region is displayed to emphasize Cα-Cβ cross peaks. The intensities of the
cross peaks differ substantially for the RFDR and the spin diffusion sequences, where typically those with large differences in chemical shift
are more prominent in the RFDR data and those with small differences in chemical shift are more prominent in the spin diffusion data set.
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Figure 3. Side-chain correlations are illustrated for: Top left: the three Thr and the unique Ser (RFDR data set as described in Figure 2 with
spin diffusion inset); top right: the unique Val and both Ile (RFDR data set as described in Figure 2, another RFDR data set inset); bottom
left: all four Pro (RFDR data set as described in Figure 2 with spin diffusion inset); bottom right: all three Asn (RFDR data set as described
in Figure 2 with spin diffusion inset). Walks through the side chains are illustrated with horizontal and vertical bars connecting related cross
peaks in the sequence. The data are identical to those shown in Figure 2, except that for the Pro and Asn figures resolution enhancement was
used in processing (shifted sine-bell with a 60◦ phase). Insets illustrate that the same cross peaks can be found in the data set for which spin
diffusion was used to facilitate mixing, often with stronger intensity (except for the top right panel for Ile and Val, where the inset is another
RFDR data set). The assignments rely heavily on the RFDR data set, but the spin diffusion spectrum (Figure 2) was also important, primarily
for confirming the methylene–methylene cross peaks of Pro and the methylene–methyne cross peaks of Cys, Asn and Thr. Five well-resolved
cross peaks in the region corresponding to shifts of 17–21 ppm and 51–55 ppm are assignable as Ala (Figure 3a), and six cross peaks in the
region corresponding to shifts of 42–46 ppm and 54–61 ppm are assignable as Cys (inset at lower left).
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Figure 4. Backbone (CO-Cα region) correlations, including as-
signed Thr, Asn, Pro, Val, Gly, Gln, Met, and Ala residues. Data
collection as described in the caption for Figure 2. The spectrum
was processed in FELIX (MSI). A 60◦ sine-bell window function
was applied in both dimensions to enhance resolution.

same spectra from Figure 2 are presented with hor-
izontal and vertical bars to guide the eye through the
recognition of the spin systems present in BPTI. Many
amino acid side-chain resonances can be identified and
correlated to those of the protein backbone. For some
amino acids, unambiguous topologies can be estab-
lished from these 2D spectra. We list a comparison of
the expected and experimentally observed numbers of
that type of amino acid: Thr (3/3), Ser (1/1), Val (1/1),
Ile (2/2), Pro (4/4), Asn (3/3), Gln (1/1). Other amino
acids give rise to cross peaks as expected but cannot be
site-specifically assigned: Ala (5/6), Gly (5/5, not all
resolved), Cys (6/6), Phe (4/4 unassigned), Tyr (4/4),
Leu (2). The following residues are apparently weak
due to structural heterogeneity: Asp, Glu, Lys, Arg.
Finally, the following amino acids are not present in
BPTI: His, Trp.

Many of the peaks in the CO-Cα region can also
be resolved and assigned, as illustrated in Figure 4.
When resolution enhancement (a shifted sine-bell with
a 60◦ shift) was used to process the data, many of the
peaks could be identified through comparison between
cross peaks in the Cα-Cβ and the CO-Cα regions.
Figure 4 illustrates these assignments. Two bond trans-
fers can be seen in this region as well, particularly so

for the spin diffusion data set. For example, both the
Thr and the Ala residues show well resolved Cβ-CO
cross peaks, which are useful for identifying the CO
resonances for these amino acids.

It is of interest to compare the carbon shift val-
ues as measured in the solid state to those measured
in solution state. Cole and Torchia (1991) previously
observed that isotropic shifts tend to be similar in the
solid and the solution state in connection with ex-
tensive comparative data on staphylococcal nuclease.
Many aspects of the sample conditions necessarily dif-
fer for solution vs. solid state measurements (pH, ionic
strength) but it is known that with the important ex-
ception of the easily ionized residues, many of the
carbon shifts for BPTI are rather immune to these
issues in solution state (Tuchsen and Hansen, 1988).
Table 1 indicates the comparison between isotropic
chemical shifts measured in solution and in the solid
state. In making the comparison of carbon shifts
measured in the solid state vs. in solution we have
utilized proposedsequence-specificassignments for
our SSNMR data. While the spin systems are unam-
biguously identified through correlations in isotropic
shifts, as illustrated in Figure 3, sequence-specific as-
signments would normally be determined by identify-
ing sequential backbone connectivities, which we have
not completed yet. Sequence-specific assignments can
be unambiguously determined for the amino acids in
which the sequence provides only one example of a
particular amino acid (Ser, Val, Gln). We propose
that some other sequence-specific assignments can
be determined by comparisons between solution and
the solid state values; the sharp agreement in certain
side-chain shift patterns (see, for example Thr or Ile)
indicates that assignments based upon solution NMR
chemical shift values are correct and the similarity of
the isotropic shifts between solution and solid state
is not fortuitous. Comparison of values for the more
trivial spin systems (Gly, Ala, Cys) is probably not as
meaningful. Measurements in solution state were per-
formed as part of our parallel efforts to develop general
methods for automated analysis of multidimensional
NMR spectra of proteins. These solution-state13C
assignments are also reported in Table 1. The solu-
tion chemical shifts are referenced relative to DSS
and differ in some respects from previously reported
values, presumably because of differences in refer-
encing (Wagner and Bruhwiler, 1986; Tuchsen and
Hansen, 1988). The solid state NMR spectra were
referenced assuming that the most deshielded carbon
is attributed to the delta position of Ile 19 and is at
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Table 1. Isotropic chemical shifts for carbon resonances in BPTI

Amino Cα:Soln Cβ:Soln Cγ1:Soln Cγ2′:Soln Cδ:Soln CO:Soln

acid (SS), ppm (SS), ppm (SS), ppm (SS), ppm (SS), ppm (SS), ppm

Asn-24 50.8 (50.9) 38.5 (37.6) (177.7) 175.5 (175.2)

Asn-43 51.1 (51.6) 35.7 (35.4) (177.0) 174.9 (174.8)

Asn-44 54.1 (54.4) 39.6 (38.9) (176.3) 174.4

Ile-18 60.4 (60.2) 40.1 (39.9) 18.9 (19.2) 27.4 (28.5) 14.3 (14.9) 175.8

Ile-19 61.3 (60.2) 35.9 (34.9) 17.6 (19.5) 27.7 (27.9) 10.9 (10.9) 176.7

Ser-47 56.4 (56.8) 67.9 (66.1) 173.7

Thr-11 67.3 (67.2) 70.5 (70.1) 22.0 (21.6) 177.0 (177.1)

Thr-32 60.8 (60.9) 71.2 (71.6) 22.5 (22.2) 175.6 (175.6)

Thr-5 66.4 (66.2) 69.5 (69.5) 22.8 (22.8) 176.6 (176.8)

Val-34 62.6 (62.3) 31.3 (31.8) 22.5 (22.1) (21.6) 174.5 (174.0)

In each case the connectivities within the13C SSNMR data were established through the two 2D
spectra shown and were sufficient to the amino acid type corresponding to the resonances. Site-specific
assignments for Val 43 and Ser 47 are possible since they are the only Val and Ser in BPTI; those
for the Thr, Ile, and Asn are proposed based only upon comparison of the pattern of solution and
solid state isotropic shifts. Rms deviations between solution and solid state shifts are approximately
0.5 ppm. Shifts that differ by more than 1.0 ppm are indicated in bold and appear in a cluster on the
surface of the protein on the side of the molecule that is more electrostatically charged (Figure 5). When
more assigned sites were included (ones which were somewhat less secure because there are more of
that residue type, such as Ala, Pro and Cys, see Supplementary material), the pattern persists that the
perturbed sites are all on one surface-exposed cluster, presumably because of solid state contacts.

10.9 ppm relative to DSS. In total we were able to
correlate more than half the side chains using only
these two 2D spectra, although sequence-specific as-
signments are unambiguous for only about a quarter of
the residues. The solution and solid state shifts agree
within 1 ppm except for a few residues (Ile18, Ile19,
Ser47) that are near the ion binding site and the lig-
ands Lys46 and Arg20 for the ion (Figure 5). Since our
sample was dialyzed and recrystallized from distilled
water it is likely that the ion binding site is unoccu-
pied and therefore the nearby residues are structurally
perturbed.

These experiments offer optimism relative to many
of the typical problems encountered in SSNMR and
relative to the future of resonance assignment of uni-
formly isotopically enriched biopolymers. One issue
relates to decoupling protons from the carbon nuclei
during detection; decoupling methylenes is a notorious
problem for solid state NMR measurements on organic
solids. The Pro residues contain strongly coupled
proton spin systems with several flanking methylene
units; these residues exhibit very strong signals in
our data. In this regard the high spinning speeds and
decoupling strengths used in the present study are
probably crucial. It will be of interest to study se-
lectively deuterated proteins, and assess these spectra

as a function of proton decoupling fields. The effects
of the homonuclear couplings in determining the line
widths of the carbon resonances are presumably sub-
stantial, particularly the J couplings. In addition, the
residual broadening due to incomplete MAS averaging
of the13C-13C dipolar couplings for spin systems that
have congested isotropic shifts may still be important.
In this respect, constant-time experiments may be of
interest (Straus et al., 1996, 1998a).

Groups in intermediate exchange typically show
depressed SSNMR intensities over very broad tem-
perature ranges due to the many time-scales on which
conformational dynamics might interfere with coher-
ent evolution processes (Long et al., 1994). BPTI has
many amino acids that are known to be in or near
intermediate exchange in solution near our experimen-
tal temperature (Wagner et al., 1976). Phe22, Phe45,
Tyr23 and Tyr35 rings are probably in slow exchange
(<1 s−1) (Wagner, 1983); Cys14 and 38 undergo
an isomerization in intermediate exchange (∼10 s−1)
(Otting et al., 1993) and other aromatic rings (in-
cluding those that are solvent exposed): Phe4 and 33
and Tyr10 and 21, probably undergo faster flipping
(>105 s−1) (Wagner, 1983). It remains of interest to
study the signal strengths as a function of sample tem-
perature; at present we have insufficient data to relate
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Figure 5. Cartoon of BPTI based on the Protein Data Bank file
(6pti). Side chains indicated in molecular detail were assigned. Red
side chains exhibited carbon chemical shift deviations (solid state
vs. solution) outside the typical range associated with the experi-
mental error (i.e. more than 2σ or more than 1 ppm, Ile 18, Ile 19
and Ser 47). Brown side chains had shifts that were within experi-
mental error; these residues are distributed throughout the molecule.
Two residues, Arg 46 and Lys 20, serve as ligands for the ion binding
site and are rendered in blue. The perturbed side chains appear in a
patch near these charged side chains and the ion binding pocket.
Graphical representation prepared using MolScript (Kraulis, 1991).

dynamics to peak intensity in a reliable way. However,
from a cursory glance it is clear that the Cys residues
in intermediate exchange exhibit depressed intensities
relative to the other Cys residues, and that aromatic
rings in the rigid limit exhibit strong assignable res-
onances while the other ring carbons appear to be
broader.

An unanticipated ‘blind spot’ in our measurements
concerns ionization phenomena. Many amino acids
with charged side chains (e.g. Glu, Asp, Arg, Lys)
exhibit resonances that are systematically weak in
intensity, or broad and unresolved, as if their struc-
tures are heterogeneous under the low ionic strength
crystallization conditions. Some of these residues are
also known to exhibit strongly pH dependent shifts
(Tuchsen and Hansen, 1988).

Since these experiments have been performed on
a fraction of a micromole of protein, the prospects
are excellent in terms of studies of domains in the

context of large complexes. The available volume in
a high speed rotor has been only partially utilized
(<10%) and so complexes with large effective mole-
cular weights, with uniformly isotopically enriched
domains of the size of BPTI, can probably be studied
with multidimensional methods. A number of straight-
forward experiments can be proposed on the basis of
this pilot study. The good agreement between solu-
tion and solid state shifts indicates that assignments
might be ‘borrowed’ from solution NMR as a start-
ing hypothesis for SSNMR assignments. Furthermore,
these measurements could be used for studying bind-
ing faces in macromolecular assemblies via chemical
shift perturbations.

Our optimistic outlook based on these spectra dif-
fers somewhat from the conclusions offered in pre-
vious discussions of backbone resonances and the
prospects for complete assignment by SSNMR meth-
ods (Tycko, 1996). The use of resolved side-chain res-
onances and the unambiguous information of amino
acid identity simplifies the assignment protocol signif-
icantly and provides opportunities for ‘proofreading’
the assignments. Even if the backbone resonances
prove to be relatively poorly resolved, these side-chain
resonances will be important in the protocol for par-
tial assignments. The dispersion and line widths for
BPTI are relatively favorable; of course it is not yet
clear whether other systems of biological interest will
exhibit this resolution.

The effort to assign NMR spectra of proteins in the
solid state has many remaining spectroscopic objec-
tives. Heteronuclear C-N correlation spectra at high
fields represent a very important objective. These
spectra have the potential to be more resolved than
the homonuclear spectra, and provide opportunities
for efficient, directed one bond transfers through the
backbone (Baldus et al., 1998b). It remains to be seen
how the resolution of the backbone15N resonances at
high fields will compare with those observed for13C in
this work. Our observation that the13C resonances as-
sociated with ionic residues are significantly broader,
presumably due to structural heterogeneity linked to
crystallization conditions, would suggest that sample
preparation protocols will be as important, if not more
so, than careful spectroscopic practice in obtaining
the ultimate achievable resolution in such experiments.
Assuming that such potential difficulties can be gen-
erally addressed, it is our hope that these methods
will be combined with semi-selective isotopic labeling
schemes (Rosen et al., 1996; Hong, 1999) and block
labeling schemes (Xu et al., 1999) to achieve use-
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ful partial assignments for side chain and backbone,
that will serve as the basis for structural and dynamic
studies of proteins.

Conclusions

High field spectra of uniformly isotopically enriched
solid state BPTI can be partially assigned using rel-
atively simple 2D methods and modest amounts of
isotopically enriched protein. In particular, the side
chains of approximately half of the 58 residues were
correlated back to theα resonance and in many cases
to the carbonyl, using only a pair of simple 2D correla-
tion experiments. Based upon unique amino acids and
on comparison with solution NMR data, side chains
(roughly a quarter of all residues) could be unambigu-
ously identified. Improved performance at 800 MHz
as compared with lower field strengths is dominated
by the fact that the sensitivity is dramatically better,
but the effective resolution in these simple homonu-
clear correlation experiments might also be improved
significantly due to a contribution for C-C J couplings
that are fixed over the field range. Presumably phys-
ical homogeneity of the samples is also important,
and will in part guide the selection of future systems,
although this point remains to be examined system-
atically. We propose that these methods might allow
for nearly complete resonance assignments in low
molecular weight biological solids in the near future.
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