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Abstract Three-dimensional (3D) structure determina-
tion of proteins is benefitted by long-range distance con-
straints comprising the methyl groups, which constitute the
hydrophobic core of proteins. However, in methyl groups
(of Ala, Ile, Leu, Met, Thr and Val) there is a significant
overlap of '*C and "H chemical shifts. Such overlap can be
resolved using the recently proposed (3,2)D HCCH-COSY,
a G-matrix Fourier transform (GFT) NMR based experi-
ment, which facilitates editing of methyl groups into distinct
spectral regions by combining their '>C chemical shifts with
that of the neighboring, directly attached, '*C nucleus. Using
this principle, we present three GFT experiments: (a) (4,3)D
NOESY-HCCH, (b) (4,3)D 'H-TOCSY-HCCH and
(c) 4,3)D 13C—TOCSY—H@H. These experiments provide
unique 4D spectral information rapidly with high sensitivity
and resolution for side-chain resonance assignments and
NOE analysis of methyl groups. This is exemplified by
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Introduction

High-resolution structure determination of proteins by
NMR spectroscopy relies on a large network of 'H-'H
NOEs, which provide long range distance information or
constraints between 'H nuclei (Wiithrich 1986). Important
among these are constraints involving methyl-methyl and
methyl-non-methyl protons (Gardner et al. 1997; Zheng
et al. 2003). This is primarily due to the fact that methyl
groups constitute the hydrophobic core of globular proteins
and come close in three-dimensional (3D) space to other
methyl groups or hydrophobic groups, which are buried in
the core of proteins. Further, their fast rotation coupled
with three chemically equivalent protons renders them very
sensitive thus making them favorable probes for structure
determination (Tugarinov and Kay 2005). In recent years, a
number of methods have been developed to exploit these
characteristics for structural and dynamic studies in large
molecular weight proteins (Gardner et al. 1996, 1997;
Gross et al. 2003; Rosen et al. 1996; Tugarinov et al. 2003,
2004, 2005a, b; Tugarinov and Kay 2004a, Zwahlen et al.
1998).

In methyl groups (of Ala, Ile, Leu, Met, Thr and Val)
there is a significant overlap of '>C and '"H chemical shifts
(Atreya and Chary 2001). Typically, their '*C and 'H shifts
fall in the range of 5-25 ppm and 0-1.5 ppm, respectively
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(Fig. 1; statistical analysis based on chemical shift data of
non-homologous 186 proteins taken from the BioMa-
gResBank (BMRB; http://www.bmrb.wisc.edu)). This
overlap is aggravated in multidimensional NMR experi-
ments (specifically a 3D experiment), where one of the 2D
projections happens to contain '*C—"H correlations. A 4D
13C-13C NOESY (Kay et al. 1991; Clore et al. 1991) or its
variants (Anglister et al. 1994; Grzesiek et al. 1995; Lee
et al. 1994; Muhandiram et al. 1993a, b; Vuister et al.
1993) can help resolve such overlap. However, their
acquisition with high resolution for structural analysis is
hampered by long minimal measurement times. While rapid
data collection methods for these experiments have been
proposed (Coggins et al. 2005; Farmer and Mueller 1994;
Galius et al. 2008; Kock and Griesinger 1994; Shen et al.
2005; Snyder et al. 2007a, b; Tugarinov et al. 2005a, b; Xia
et al. 2003, 2008), the overlap of '*C and 'H chemical shifts
of methyl groups (Fig. 1a) has not been addressed. This is
also applicable to '*C-edited TOCSY experiments routinely
used for protein resonance assignments (Cavanagh et al.
2007; Kay et al. 1993; Logan et al. 1992).

We have recently developed an experiment (Barnwal
et al. 2008) based on G-matrix Fourier transform NMR
spectroscopy (Atreya and Szyperski 2005; Kim and
Szyperski 2003; Szyperski and Atreya 2006), which over-
comes this limitation and facilitates rapid acquisition of
spectra with high resolution. The experiment, namely,

methyl edited GFT (3,2)D HCCH-COSY exploits the fact
that while the '*C chemical shifts of the different methyl
groups overlap, their directly one-bond attached neighbor-
ing carbon nuclei have distinct '*C chemical shifts for the
different amino acid types (Barnwal et al. 2008). For
instance, 3¢ of alanine, which is directly attached to its
methyl carbon (13Cﬂ) has a distinct chemical shift
(50-55 ppm) than 3¢ of threonine (~70 ppm) which is
directly attached to its methyl carbon ('*C’?; Cavanagh et al.
2007). Thus, by combining the chemical shift of a methyl
carbon with its directly attached neighboring carbon
nucleus, a distinct separation of methyl groups is obtained
(illustrated in Fig. 1). The utility of (3,2)D HCCH-COSY
was demonstrated for stereo specific assignment of methyl
groups of leucine and valine (Barnwal et al. 2008). This
methodology can be incorporated in a '*C-edited NOESY or
TOCSY experiment in the resolving dimension such that
methyl groups get edited in one of the 2D projections of a 3D
experiment. This forms the basis of HCCH edited GFT
(4,3)D 'H-'H NOESY, 'H and '>C TOCSY experiments
proposed here. These experiments provide 4D spectral
information rapidly with high sensitivity and resolution for
resonance assignment and structure determination. The
proposed method has been used for obtaining long range
distance constraints in a non-deuterated 17.9 kDa cytosolic
human J-protein co-chaperone (rotational correlation time
(1) of ~10 ns) a highly conserved protein, which plays
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Fig. 1 Histogram plots showing distribution of chemical shifts of
a methyl carbons (indicated as Q('3C™"), b Q('3C™") + Q('3¢reieh
and ¢ Q(C™Y — Q('3C™'#). The linear combinations are defined
as: Q(13Cmet) + *Q(ISCneigh) — 5met + (5neigh _ (Scarrier frequency)
(where ¢ is the chemical shift value). A '*C carrier frequency of
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40 ppm was chosen for calculation. The schematic drawing of the
molecular structure (top) defines '*C™* and 'C™&". The statistical
analysis for obtaining these chemical shift distributions was carried
out using database of non-homologous 186 proteins taken from the
BioMagResBank (BMRB)
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crucial role in protein folding (Qiu et al. 2006). These
experiments are applicable to uniformly '*C-labeled protein
samples with partial deuteration or samples prepared using
the SAIL approach (Kainosho et al. 2006).

Materials and methods
NMR spectroscopy

Figure 2 depicts schematically the magnetization transfer
pathway and Fig. 3 shows the radio-frequency (RF) pulse
schemes of the three experiments proposed: (a) (4,3)D
NOESY-HCCH, (b) (4,3)D 'H-TOCSY-HCCH and
(c) (43)D “C-TOCSY-HCCH. For the nuclei shown
underlined, the chemical shift evolution periods are jointly
co-incremented. The (4,3)D NOESY-HCCH provides
'"H-'H shift correlations as in a conventional NOESY,
whereas (4,3)D '"H-TOCSY-HCCH and (4,3)D '*C-TOC-
SY-HCCH spectra provide intra-residue 'H and °C shift
correlations, respectively. A detailed product operator
treatment of the experiments is provided in the supple-
mentary material and briefly discussed below. The com-
plete set of pulse sequences, parameters, processing scripts
and representative raw data sets are available from the
authors upon request.

(4,3)D H-TOCSY-HCCH

(4,3)D C-TOCSY-HCCH

Fig. 2 A schematic drawing illustrating the magnetization transfer
pathways implemented in the proposed (4,3)D GFT NMR experi-
ments. The (3,2)D HCCH-COSY has been published previously
(Barnwal et al. 2008). The letter ‘i’ or ‘j° denotes the residue number
along the polypeptide chain. Also indicated are the chemical shift
evolution periods (‘#;’; i = 1,2,3) used for frequency labeling of
different '*C/"H nuclei

Sample preparation

Ubiquitin containing plasmid (PGLUB) was transformed
into E. coli BL21 cells. Cells were grown at 37°C in M9
minimal medium consisting of 1 g/L of "’NH,Cl and 4 g/L
of "*C-Glucose. Protein expression was induced at midlog
phase (ODggg ~ 0.6) by addition of 1.0 mM isopropyl
f-D-thiogalactoside (IPTG). Cells were harvested by cen-
trifugation and solubilized in acetate buffer (5 mM EDTA,
50 mM Na acetate, pH 5). Following sonication, the
supernatant containing the protein was loaded onto a pre-
equilibrated ion exchange column (SP Sepharose fast flow
from GE) and the protein eluted with a salt gradient of
0-0.6 M NaCl. For NMR studies, a sample containing
~1.0 mM of protein in 50 mM Phosphate buffer (100%
’H,0; pH 6.0) was prepared.

The open reading frame corresponding to cytosolic
human J-protein was PCR-amplified from human HeLa
cells cDNA library using sequence specific primers and
cloned into a pET3a vector with a 6-Histidine tag at the
C-terminus of the protein resulting in 155 amino acid
residues (17.9 kDa). The constructs were transformed into
E. coli Rosetta cells. The cells were grown at 30°C in M9
minimal medium consisting of 1 g/L of ">’NH,Cl and 4 g/L
of '>C-Glucose and induced with 0.5 mM IPTG. The
protein was purified using Ni-NTA column followed by
gel filtration. The final NMR sample contained ~0.7 mM
protein, 20 mM Tris buffer (pH 7.5) and 80 mM NacCl in
100% *H,0.

NMR data collection

NMR experiments were performed at 25°C on a Bruker
700 MHz spectrometer equipped with a cryogenic probe
(acquisition parameters and measurement times for the dif-
ferent experiments are provided in Table S1 of Supplemen-
tary Material). The '*C r.f. carrier frequency was set to
40 ppm with a spectral width of 80 ppm to allow aliasing of
peaks belonging to Threonine. The scaling factor, k, was set
to 1.0. Data were processed with NMRPipe (Delaglio et al.
1995) and analyzed using XEASY (Bartels et al. 1995).
Since the G-matrix transformation is applied within the pulse
sequence (Swain and Atreya 2008), the raw-data does not
require any pre-processing and can be processed using
methods used for conventional 3D FT-NMR spectra.

Results and discussion
Data acquisition

The magnetization transfer pathway implemented in the RF
pulse schemes (Fig. 2) is briefly described as follows.
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Fig. 3 Rf. pulse schemes of rnethyl edited GFT experiments:
a (4,3)D NOESY-HCCH, b (4,3)D 'H-TOCSY- HCCH and ¢ (4,3)D
BC-TOCSY- HCCH. _All the three experiments share a common block
which is indicated on the top. Rectangular 90° and 180° pulses are
indicated by thin and thick vertical bars, respectively, and phases are
indicated above the pulses. Where no r.f. phase is marked, the pulse is
applied along x. High-power 90° pulse lengths are: 8.7 us for 'H,
37 us for >N and 15.8 ps for °C. x = 1.0 (see text). The 'H r.f.
carrier is placed at the position of the solvent line at 4.7 ppm. The '°N
carrier position is set to 118.5 ppm. The '*C r.f. carrier is kept at
40 ppm throughout the sequence. GARP is employed to decouple *C
during acquisition. All pulsed z-field gradients (PFGs) are sinc-shaped

Following "H/'3C chemical shift evolution (during #;) and a
"H-"H or *C-"3C mixing period, the magnetization result-
ing on a '>C (methyl) nucleus (abbreviated as '*C™") is
transferred by one-bond J-coupling to its neighboring '*C
nucleus (abbreviated as 'C™€"). The 3C™" pucleus is
frequency labeled during the chemical shift evolution period
t>. During the reverse transfer period, '*C™" spins are fre-
quency labeled in a constant-time manner. The delay, 27,, is
adjusted to 1/2Jcc (~ 14.0 ms; Fig. 3). Phase-sensitive joint-
sampling of chemical shifts of '*C™" and '*C™'&" is achieved
by co-incrementing their respective chemical-shift evolution
periods with the '3C"*€" shifts scaled by a factor ‘x” relative
o 13C™! (Atreya and Szyperski 2005; Szyperski and Atreya
2006). This results, after G-matrix transformation, in two
sub-spectra each comprised of peaks at a given linear com-
bination of chemical shifts along the indirect dimension (#,):
wy: QPC™Y £ xQ(13CEN) where the two '*C nuclei
belong to the same given amino acid and Q('°C™") +
K*Q(ISCneigh) — 5met + K*(éneigh o 5carrier frequency) (5 is
the chemical shift value). The scaling factor, «, allows one to
either increase the dispersion of peaks or restrict the chemical
shift evolution period of '*C to avoid loss in sensitivity due to
transverse relaxation during f,. In the present study, the
scaling factor was set to 1.0. Thus, the following chemical
shifts are detected in the different dimensions: w;: lHl-,j/ 13C,»/j;
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with gradient recovery delay of 200 ps. The duration and strengths of
the PFGs are: G1-G3 (0.5 ms, 22 G/cm). The delays are: 7; = 1.7 ms,
7, = 7.0ms, 13 = 1.1 ms and 6 = 30 ps; 0y, d, = 500 ps. Phase
cycling: ¢y = x; o = X, ¥; P3 = Y, X; pg = X, ¥; Prec = X, —x for all
the three experiments. Quadrature detection along w;("H/ I3C) is
obtained by shifting the phase ¢, by 90° in STATES or STATES-
TPPI manner. Along w, ('3C), the combination of phases: ¢,-¢4 and
¢rec result in the selective detection of the linear combination:
Q(Pcrey — Q('3Creieh) (Swain and Atreya 2008). Alternatively, the
second linear combination: Q('3C™°Y) 4+ Q('3CP#h) can be selec-
tively detected by using the phase cycle: ¢ = x, —y; ¢3 =y, —x;
¢4 =Y, =X (brec =X, =X

wy: QPCTY + Q(1PC€iEh); o5 'HM where ‘i/j” refers to
the residue number along the polypeptide chain. An addi-
tional 2D [13C, 1H] CT-HSQC recorded with the same
sample provides central peak information (w;: Q(BC“““))
needed to analyze the data.

Further, as evident from Fig. 1, both linear combina-
tions: Q("°C™") + Q('3C"™ €M) afford separation of chemi-
cal shifts of methyl groups into distinct spectral regions.
Thus, either of the shift combination can be chosen and
selectively detected using the method of combination shift
selective GFT NMR approach (Swain and Atreya 2008). In
this approach, the G-matrix transformation required for
forming the desired linear combination is performed within
the pulse sequence by appropriate phase cycling of the
radiofrequency pulses and receiver avoiding thereby the
need for any pre-processing of the data (Swain and Atreya
2008). In the present study, we acquired data with the linear
combination: Q('>C™") — Q('*C"€") which has a slightly
better resolution (Fig. 1). This saves a measurement time by
a factor 2 by avoiding the collection of the second undesired
linear combination. Notably, an equivalent 4D NMR
experiment with conventional sampling scheme and
equivalent resolution would have required 30-40 fold
higher measurement time due to sampling of an additional
dimension.
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(4,3)D NOESY-HCCH

Figure 4 shows the 2D {w; (ISC), w3 (lH)} projection of
(4,3)D NOESY-HCCH spectrum of human J-protein in
comparison with the corresponding projection of a 3D
3C-edited ['H, 'H] NOESY-HSQC spectrum. The latter
was recorded using the same acquisition parameters as
used for (4,3)D GFT experiment (Table S1 of Supple-
mentary material). Evidently, the 2D projection from the
GFT experiment has higher dispersion and peaks belonging
to the different methyl groups are well separated. Figure 5a
shows representative {w; (lH), w3 (1H)} plots from the
(4,3)D NOESY-HCCH spectrum acquired for Ubiquitin in
measurement time of ~ 15.5 h. Figure 5b illustrates a few
of the long-range NOEs mapped onto the 3D structure of
the protein.

GFT data for the non-deuterated 17.9 kDa cytosolic
human J-protein (0.7 mM; 7. ~ 10 ns) was acquired with
a total measurement time of 43 h resulting in average S/N
of ~6 £ 2 for the long-range NOEs. Figure 6 shows
representative {w, (lH), w3 (lH)} strips from the (4,3)D
NOESY-HCCH spectrum and Fig. 7 illustrates an example
where methyl groups of V123 and T138 having similar
3C™et chemical shifts of ~21.5 ppm overlap in the

Fig. 4 Two-dimensional (2D)
{wy (C), w5 (*H)} projections
from a 3D *C-edited ['H, 'H]
NOESY-HSQC of human

(a) 3D 3C-edited
['H, 'H] NOESY-HSQC

Q(I3Cm)

conventional 3D '*C-edited NOESY. They are resolved in
the (4,3)D GFT spectrum (see also Fig. 4) due to differ-
ences in their 'C™€" chemical shifts ('*CP (V123)
~35 ppm; *C*? (T138) ~70 ppm), thereby facilitating
accurate assignment of the NOEs. Note that the Threonine
peaks are aliased to reduce the spectral width (Fig. 3). A
total of 45 long range constraints involving methyl protons
were obtained from GFT experiment which together with a
3D ""N-edited NOESY provided crucial long range con-
straint for a high resolution 3D structure (to be published
elsewhere). In order to validate the sensitivity of the
method, a conventional 3D 13C_resolved NOESY was
acquired with the same acquisition parameters (i.e., spec-
tral resolution) and measurement time (Table S1 of Sup-
plementary material). All the expected long range 'H-'H
correlations were observed in the (4,3)D GFT spectrum as
compared to a conventional 3D spectrum.

(4,3)D 'H-TOCSY-HCCH
The (4,3)D 1H-TOCSY-H@H complements the (4,3)D
NOESY-HCCH experiment described above in that it

provides the intra-residue 'H correlations. In this experi-
ment, 'H magnetization is transferred to the methyl proton

(b)GFT (4,3)D ['H, 'H] NOESY-HCCH

Q(13Cme‘l) . Q(I3Cneigh)

J-protein in comparison with

b the corresponding projection
of a GFT (4,3)D NOESY-
HCCH spectrum acquired and
processed with similar spectral
and digital resolution. Methyl
groups in the GFT spectra
belonging to different amino
acids are indicated in by boxed
lines. Peaks corresponding to
Threonine are aliased to reduce
the spectral width
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within the same amino acid by isotropic mixing (Figs. 2
and 3). This is useful for assignments of peaks in the (4,3)D
NOESY-HCCH spectrum. Figure 8 shows representative
strip plots from the (4,3)D 'H TOCSY-HCCH spectrum
acquired for Ubiquitin in measurement time of ~15h
(S/N: 10 =+ 7). Nearly all the expected 'H-"H correlations
were observed in the (4,3)D GFT spectra.
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(4,3)D *C-TOCSY-HCCH

The (4,3)D '*C-TOCSY-HCCH was devised to provide
intra-residue '>C chemical shifts. In this experiment, the
'3C magnetization from all '*C nuclei in a given amino acid
is transferred to the methyl carbon within the same amino
acid by isotropic mixing (Figs. 2 and 3). Figure 9 shows
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3D 3C-edited
['H, 'H] NOESY-HSQC GFT (4,3)D ['H, 'H] NOESY-HCCH
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Fig. 7 {w; (‘H), w3 (‘"H)} strips from 3D *C-edited NOESY-HSQC
showing two overlapping residues (*C”' (V123) and '*C"? (T138))
that are resolved in the (4,3)D GFT NOESY-HCCH spectrum due to
differences in their 3C™#" chemical shifts (*3CF (V123) ~35 ppm;
13k (T138) ~70 ppm), thereby facilitating unambiguous assignment
of the NOEs. Note that the Threonine peaks are aliased (Fig. 4)

representative strip plots from the (4,3)D '*C-TOCSY-
HCCH spectrum acquired for Ubiquitin in measurement
time of ~9.5h (S/N: 8 £5). Nearly all the expected
3C_13C correlations were observed in the (4,3)D GFT
spectra.

The above experiments demonstrate the utility of mod-
ulating the chemical-shifts of '*C™" with that of its directly
attached '*C nucleus. This imparts significant dispersion in
the spectral region containing '*C—"H cross peaks of CHj
groups belonging to Ala, Ile, Leu, Met, Thr and Val resi-
dues. This in turns aids in unambiguous resonance
assignments of '>CH; groups and obtaining accurate dis-
tance constraints involving methyl groups. A few practical
considerations regarding the experiments are discussed in
the following. First, the maximum chemical shift evolution
of 3C™" (tpnax) during 1, is limited to 14 ms (Fig. 3) due to
constant-time evolution. One can extend the chemical shift
evolution periods by using semi-constant time evolution
albeit at the cost of increased measurement time. However,
Bemet ;) of 4-5 ms is sufficient in most cases due to
good dispersion of peaks (Fig. 4). Second, while the RF
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Fig. 8 Representative {w; (‘H), ws ("H)} strips from GFT (4,3)D
"H-TOCSY-HCCH spectrum acquired for ubiquitin. Chemical shifts
along @, (QFPC™Y) — Q(3C™'t")) and the residue number is
indicated on the top of each strip. Labels on cross peaks in each
strip indicate the respective chemical shift assignments. Note that the
Threonine peaks are aliased (see Fig. 4)
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Fig. 9 Representative {m, (13C), [OF (IH)} strips from GFT (4,3)D
13C-TOCSY-HCCH spectrum acquired for ubiquitin. Chemical shift
along @, (QPC™Y — Q('3C"e") and the residue number are
indicated on the top of each strip. Labels on cross peaks in each strip
indicate the respective chemical shift assignments. Note that the
Threonine peaks are aliased (see Fig. 4)
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pulse scheme shown in Fig. 3 does not have an explicit
scheme for suppression of the solvent (H,O) line, a
WATERGATE module (Cavanagh et al. 2007) can be
incorporated during the reverse INEPT step, prior to
detection. This is important for samples dissolved in 90%
H,O. Third, the choice of the carrier frequency for '*C r.f.
pulses and the scaling factor (k) plays an important role. A
shift in carrier frequency results in a uniform shift of the
distribution (Fig. 1) whereas a change in the scaling factor
impacts (1) the spectral dispersion (and thus the range of
chemical shifts) and (2) the sensitivity of the experiment
due to non-constant time evolution of '*C"'€" (1,) (Fig. 3).
The chemical shift distribution shown in Fig. 3 was gen-
erated assuming a '>C carrier frequency of 40 ppm and a
scaling factor (x) of 1.0. This results in the chemical shifts
of different methyl groups in the range of —20-80 ppm for
the two linear combination of chemical shifts: Q('>C™") +
Q('3C™'eM) . However, it is not necessary to acquire both
the linear combinations in the (4,3)D experiments.
Either of the shift combination can selectively be chosen
for detection along ,. The appropriate choice is based on
the resolution obtained in the 2D {w,: Q(3C™Y) +
Kk*Q(PCEN) | )3 "TH™} projection of these spectra which
can be acquired rapidly with different linear combinations
and scaling factors. For instance, the shift combination:
Q(3c™mety — ("*Cith) was found to be appropriate in the
present study. The spectral width and the carrier position
can then be adjusted appropriately so as to alias the peaks
belonging to the methyl groups of Threonine which are
well separated from the rest of the methyl group containing
amino acids. Thus, with the '*C carrier frequency set to
40 ppm (x = 1), a spectral width of 60-70 ppm can be
chosen which is about twice the spectral width required for
a conventional 3D '3C-edited NOESY-HSQC. Thus, the
minimal measurement time of the GFT (4,3)D experiments
is a factor of 2.0 more than the conventional congeners.
Fourth, the experiments have an inbuilt filter to selectively
detect '*C nuclei that are attached only to one neighboring
-13C nucleus. This is due to the delay, 21,, adjusted to
1/2Jcc (~14.0 ms) to transfer the magnetization from
13C™et to its neighboring '*C nucleus. Thus, any *C site
directly attached to two or more '>C nuclei results in the
generation of higher order coherences, which are not
detected. This is useful for suppressing peaks belonging to
H’/C" of Arg and H%/C? of Lys, which overlap with those
of methyl protons (Atreya and Chary 2001). The delay, 21,
also renders a loss in sensitivity of GFT experiments
compared to the conventional 3D '*C-edited congeners,
which employ 2D [*C, "H] HSQC. The sensitivity loss (of
the HCCH part of the GFT experiment compared to 2D
HSQC) is less than 25% for non-deuterated proteins with
molecular mass <20 kDa and amounts to a factor of ~2
for proteins with molecular mass ~40 kDa. This was

@ Springer

estimated using the expression for signal loss in 2D HSQC
described by Tugarinov et al. (2003) arising from trans-
verse relaxation of methyl proton and carbon described
therein.

Conclusions

In summary, we have developed three GFT NMR experi-
ments, which simplify resonance assignment of methyl
groups in proteins and aid in structure determination. The
experiments are based on the observation that joint sam-
pling of chemical shifts of the methyl carbon and its
directly attached carbon nucleus separates the methyl
group containing amino acids into distinct spectral regions.
These experiments provide 4D spectral information with
high sensitivity and resolution. Further spectral simplifi-
cation can be achieved by combining this method with
selective unlabeling of amino acids (Atreya and Chary
2001; Tugarinov and Kay 2004b). In addition, measure-
ment times can be further reduced by combining data
acquisition with other approaches for rapid data collection
(Atreya and Szyperski 2005). Taken together, these
experiments will have a range of applications in side-chain
resonance assignment and structure determination of pro-
teins and their complexes.
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