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Determination of methyl '3C-"°N dipolar couplings in peptides
and proteins by three-dimensional and four-dimensional magic-angle
spinning solid-state NMR spectroscopy
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We describe three- and four-dimensional semiconstant-time transferred echo double resonance
(SCT-TEDOR) magic-angle spinning solid-state nuclear magnetic resonance (NMR) experiments
for the simultaneous measurement of multiple long-range N-13C™™! dipolar couplings in
uniformly *C, ®N-enriched peptides and proteins with high resolution and sensitivity. The methods
take advantage of 1>C spin topologies characteristic of the side-chain methyl groups in amino acids
alanine, isoleucine, leucine, methionine, threonine, and valine to encode up to three distinct
frequencies (""N—"3C™"™! dipolar coupling, N chemical shift, and *C™™! chemical shift) within
a single SCT evolution period of initial duration ~1/ lJCC (where lJCC%35 Hz, is the one-bond
Bemethyl_13¢ J_coupling) while concurrently suppressing the modulation of NMR coherences due
to 3C-"3C and 'SN-"3C J-couplings and transverse relaxation. The SCT-TEDOR schemes offer
several important advantages over previous methods of this type. First, significant (approximately
twofold to threefold) gains in experimental sensitivity can be realized for weak N-—!3cmety!
dipolar couplings (corresponding to structurally interesting, ~3.5 A or longer, distances) and typical
13omethyl ransverse relaxation rates. Second, the entire SCT evolution period can be used for
and/or "°N frequency encoding, leading to increased spectral resolution with minimal
additional coherence decay. Third, the experiments are inherently “methyl selective,” which results
in simplified NMR spectra and obviates the use of frequency-selective pulses or other spectral
filtering techniques. Finally, the "N — Bc cross-peak buildup trajectories are purely dipolar in nature
(i.e., not influenced by J-couplings or relaxation), which enables the straightforward extraction of
SN - Bemethy! gistances using an analytical model. The SCT-TEDOR experiments are demonstrated
on a uniformly *C, 'SN-labeled peptide, N-acetyl-valine, and a 56 amino acid protein, Bl
immunoglobulin-binding domain of protein G (GB1), where the measured "N—"3C™™! dipolar
couplings provide site-specific information about side-chain dihedral angles and the packing of

13Cmethy1

protein molecules in the crystal lattice. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2817638]

I. INTRODUCTION

The past several years have witnessed rapid advances in
magic-angle spinning (MAS) solid-state nuclear magnetic
resonance (SSNMR) spectroscopy and its application to the
detailed characterization of protein structure, dynamics, and
function.! These advances, which include the availability of
high field magnets, improved probe designs,z’3 novel radio-
frequency (rf) pulse schemes,*” and general protocols for the
preparation of optimal samples for SSNMR studies,”™ have
enabled complete or nearly complete B¢ and PN sequential
resonance assignments to be obtained for a number of uni-
formly Bc, BN (U-"C,PN) enriched proteins between
~50-150 amino acids.”"” The ability to perform quantita-
tive SSNMR measurements on U—13C, BN-labeled samples
has also facilitated the determination of several de novo
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three-dimensional peptide and protein structures,
atomic-resolution studies of protein-protein interfaces,
protein hydrz:1tion,27—29 and protein backbone and side-chain
dynamicsmf32 in microcrystalline proteins, as well as de-
tailed studies of biological solids lacking long-range order,
including supramolecular peptide and protein aggregates and
membrane-bound proteins.23’24’33738

While optimal SSNMR approaches for backbone and
side-chain '>C and >N assignments (which can be used to
predict protein secondary structure™) are continuously being
developed,‘w42 a suite of two-dimensional (2D) and three-
dimensional (3D) triple-resonance experiments, based on
sPECIFIC N-C cross polarization43 and a variety of
BC-BC magnetization transfer schemes (e.g., NCACX,
NCOCX, CONCA, etc.),4’5 provides an excellent starting
point toward achieving complete sequential assignments of
spectra for small—to medium-sized U-"3C, N labeled pro-
teins. These experiments can also be readily extended to pro-
vide site-specific information about relative orientations of
various dipolar tensors in proteins,‘mﬁ46 thereby enabling a
more precise definition of the secondary structure elements.

© 2008 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.2817638
http://dx.doi.org/10.1063/1.2817638
http://dx.doi.org/10.1063/1.2817638
http://dx.doi.org/10.1063/1.2817638

052314-2 Helmus et al.

To establish the exact side-chain conformations and the glo-
bal protein fold, however, additional data are required,47
typically in the form of interatomic distance restraints ryg,
determined using methods which report on the magnitude of
through-space magnetic dipole-dipole couplings D;¢ between
the nuclei (D5 y,vq/ r?s, where 7y, and g are the gyromag-
netic ratios of the coupled 7 and S spins).

SSNMR methods for restoring (or recoupling) dipole-
dipole interactions in isolated homo- and heteronuclear spin-
1/2 pairs under MAS (where they are effectively averaged)
are well established,”** and their applications to distance
measurements in biological solids have been thoroughly
discussed.” ! However, the direct application of most of
these techniques to U—13C, N-enriched molecules, where
virtually all B¢ and N nuclei experience multiple through-
space (Dg) and through-bond (J;5) couplings to the neigh-
boring spins, poses significant challenges because the largest
couplings in the cluster typically dominate the spin dynamics
and can interfere with the accurate determination of weaker,
structurally interesting dipolar couplings. Depending on the
NMR experiment (i.e., the exact form of the effective spin
Hamiltonian active during the recoupling period), the detri-
mental effects of the omnipresent one- and two-bond
Bc-B¢ and BC-PN couplings can range from the compli-
cation of magnetization transfer pathways leading to de-
graded spectral resolution and sensitivitysz’53 to the complete
quenching of magnetization transfer via the weaker
couplings.54_56 Nevertheless, despite the relatively complex
nature of multispin systems, significant progress has been
made in the recent years in the development of SSNMR
methods for the accurate determination of weak 'C-"C
(Refs. 57-64) and “C—"N (Refs. 52 and 65-71) dipolar
couplings in U-"3C, N-labeled molecules. We note that
complementary techniques have been proposed to derive
multiple qualitative/semiquantitative distance restraints in
U—13C, BN-labeled proteins based on the measurement of
"H-"H (Refs. 16, 27, and 72-74) and C-"3C (Refs. 14, 21,
22, and 53) couplings (and very recently also nuclear
pseudocontact shifts” or enhanced transverse relaxation
rates’® in paramagnetic proteins).

Here, we focus on SSNMR methods for the quantitative
measurement of multiple long-range '*C—'""N dipolar cou-
plings in U-"3C, >N-labeled proteins. Specifically, we are
interested in multidimensional NMR schemes, which enable
the simultaneous measurement of all *C—'N couplings in
U—BC, N molecules with arbitrary 3C and PN chemical
shifts. One such scheme, proposed by Michal and Jelinski®®
and subsequently extended by Jaroniec et al.>* corresponds
to a 3D “out—and—back—type”77 pulse sequence based on the
experimentally highly robust’®’”® (and closely related) rota-
tional echo double resonance® (REDOR) and transferred
echo double resonance® (TEDOR) techniques. This 3D
TEDOR scheme combines two independent frequency-
labeling periods, #,(*°N) and #,('3C), for site-specific reso-
lution, with REDOR-type Bc-BN dipolar coherence trans-
fers (where the duration of the coherence-transfer periods is
incremented in the third dimension, 7y, to encode distance
information into ">N—'3C cross-peak intensities). Note that
although all dipolar couplings between a particular *C (de-
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noted here as C) and the neighboring "N nuclei
(N;,N;,Ny,...) are simultaneously restored during 3D
TEDOR, the typical >N—'3C cross-peak buildup trajectories
depend primarily on the magnitude of the active ’N-13C
dipolar coupling (i.e., the coupling C—N; responsible for the
cross peak at isotropic chemical shifts [y ,Qc] in the 2D
correlation map) and only to a lesser extent on the passive
couplings to all other BN (i.e., C—Nj, C-Ny, etc.).52 Two
significant problems related to spectral resolution and sensi-
tivity hinder the extension of the broadband (and most gen-
erally applicable) version of the 3D TEDOR scheme
(z-filtered TEDOR or ZE-TEDOR??) from peptides to larger
U-"3C, N-labeled proteins. First, the ’N— BC cross peaks
are modulated by ~30-60Hz one-bond *C-'3C
J-couplings ('J), which leads to reduced cross-peak inten-
sities by limiting the useful 'N—'3C coherence-transfer
times to only ~8-14 ms (Ref. 52) (ideally, longer times, at
least ~16—-20 ms, are desirable to achieve significant coher-
ence transfer via weak "N—'3C couplings). Second, the res-
olution is limited by the 2D '"N—"3C correlation spectrum,
which may become highly congested for larger systems (es-
pecially since multiple "N — 13C cross peaks are obtained for
each °C site). While relatively straightforward solutions to
both of these problems can be (or have been) proposed, these
solutions have serious drawbacks that limit their general util-
ity, as discussed below. For example, a band-selective 3D
TEDOR experiment, where '*C—'3C J-couplings to '*C
spins of interest are suppressed using frequency-selective
pulses, has been developed.52 However, this scheme is lim-
ited by the chemical shift dispersion and is applicable only to
certain types of '°C sites (e.g., decoupling of *C’—'*Ca
J-couplings for all protein residues is straightforward, but the
suppression of *Cy—13Cé couplings for leucines,
13Coz—BC,B for serines, etc., is, in general, difficult or even
impossible to achieve due to similar chemical shifts of the
coupled 13C nuclei). The limited spectral resolution problem
can also, in principle, be easily addressed by appending to
the existing 3D ZF-TEDOR scheme an additional '*C chemi-
cal shift evolution period followed by a *C—"3C magnetiza-
tion transfer sequence [thus converting it into a four-
dimensional (4D) NMR experiment]. In practice, however,
this approach, which would further extend the duration of the
(already relatively long) pulse sequence by another
~10-15 ms, will generally be associated with additional
sensitivity losses due to spin relaxation and *C-'3C
J-modulation of the NMR signals.

In this paper, we present 3D and 4D semiconstant-time
TEDOR (SCT-TEDOR) NMR pulse schemes, which, for cer-
tain common amino acid '*C spin topologies, effectively cir-
cumvent the aforementioned problems and enable the simul-
taneous measurement of multiple long-range '"N-13C
distances in U="3C, "“N-labeled proteins with high reso-
Iution and sensitivity. Although the methods can be readily
applied to any type of 13C site, which experiences a single
one-bond J-coupling to another BC nucleus (e.g., Ber,
Bemethyl etc.) (or is not strongly J coupled), we believe that
the most general and useful application of this methodology
will be to *C methyl groups of alanine, isoleucine, leucine,
methionine, threonine, and valine, and here we focus exclu-
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sively on this application. Methyl groups are highly sensitive
probes of protein structure and dynamics, and have been at
the forefront of some of the most exciting developments in
solution-state NMR methodology for studies of high molecu-
lar weight proteins82 and also recently in biomolecular solid-
state NMR.*** These groups are over-represented in pro-
teins in general and in membrane proteins in particular: The
six methyl group containing amino acids (Ala, Ile, Leu, Met,
Thr, and Val) correspond to 30% of the 20 naturally occur-
ring amino acids, but account for over 37% of the database
of more than 1000 unrelated proteins of known sequence,85
and comprise ~50% —60% of residues found in membrane
proteins%_88 [in the B1 immunoglobulin-binding domain of
protein G (GB1) used in this study, these six residues ac-
count for nearly 45% of the sequence]. Moreover, methyl
groups are usually quite well dispersed throughout the pri-
mary sequence89 and play significant roles in defining the
structure of hydrophobic protein cores,*”  functional
dynamics,90 ligand binding,84 and long-range intermolecular
interactions in supramolecular peptide aggregates.3 39192
The new SCT-TEDOR methods take advantage of the
characteristic '°C spin topology of side-chain methyl groups
in Ala, Tle, Leu, Thr, Val [single 'J of ~35 Hz (Ref. 77)],
and Met ['J=0, %o/ *Joe =4 Hz (Ref. 93)] to encode up
to three distinct frequencies (°N—"3C™™! dipolar coupling,
N chemical shift, and C™™!' chemical shift) within a
single SCT evolution period of initial duration ~1/"J.
~28 ms (typical total duration up to ~35 ms) while concur-
rently suppressing the modulation of NMR coherences due
to *C-"3C and "SN-"3C J-couplings and transverse relax-
ation. The utilization of the entire SCT period for *Cmeth!
and/or '°N chemical shift encoding leads to very high spec-
tral resolution without major sensitivity compromises and is
facilitated by a period of N-13C™™! myltiple-quantum
(i.e., zero- and double-quantum coherence) evolution to en-
code the °N frequency, bracketed by two identical periods,
during which concurrent N—'3C™™! coherence transfer
and 1*C™*™! frequency labeling of single-quantum/antiphase
coherences can take place. Note that at the fundamental
level, the SCT-TEDOR sequences described here are the di-
polar *C—'>N SSNMR analogs of the well-known hetero-
nuclear multiple-quantum coherence experiment in
solution,”* further modified using schemes designed to en-
hance spectral resolution and sensitivity.%_lo0 We show in a
model U—13C, BN labeled peptide, N-acetyl-valine, and a
56-residue protein, GB1, that in addition to improved reso-
lution, SCT-TEDOR can offer significant (up to approxi-
mately twofold to threefold) gains in sensitivity for measure-
ments of weak N-3¢C™™!  dipolar  couplings
(corresponding to ~3.5 A or longer distances), and that in-
herently these schemes are “methyl selective,” which results
in simplified NMR spectra and obviates the use of
frequency-selective pulses52 or other spectral filtering
techniques.101 Moreover, since the BN_13¢ cross-peak
buildup trajectories are purely dipolar in nature (i.e., not in-
fluenced by J-couplings or relaxation), the "N—13Cme®! djs-
tances can be easily extracted using an analytical model. Fi-
nally, we note that with the exception of intraresidue
15N—BC,B correlations for alanine, all other cross peaks re-
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port on nontrivial, structurally interesting "N —13C™™! gjs-
tances and, in general, provide valuable site-specific infor-
mation about side-chain dihedral angles and three-
dimensional protein structure.

Il. MATERIALS AND METHODS
A. Sample preparation

The U-"3C, '*N-labeled N-acetyl-valine (NAV) sample,
which consisted of 20% U-— 13C, SN-NAYV diluted in natural
abundance NAV by recrystallization from aqueous methanol
(to reduce intermolecular *C—">N contacts), was a kind gift
from Rienstra (University of Illinois, Urbana-Champaign).
The sample was center packed in a 3.2 mm 22 ul rotor
(Varian Inc., Palo Alto, CA) to minimize the effects of rf
inhomogeneity.

U-"C, >N-labeled GB1 was prepared using standard
molecular biology techniques. E. coli BL21(DE3) cells were
transformed with the plasmid corresponding to the T2Q mu-
tant of GBI (kindly provided by Gronenborn, University of
Pittsburgh), grown at 37 °C on a minimal medium contain-
ing 1 g/1 "NH,Cl and 3 g/1 "*C-glucose, and supplemented
with 10 ml of 10X '3C, "N-labeled Bioexpress cell growth
medium (Cambridge Isotope Laboratories, Andover, MA).
Protein expression was induced at ODgy, of ~0.6 by the
addition of isopropyl f3-D-thiogalactoside to a final concen-
tration of 0.5 mM, and cell growth was continued for 4 h.
Cells were harvested by centrifugation at 4000g for 20 min
at 4 °C, and cell lysis was achieved using lysozyme diges-
tion followed by ultrasonication. Specifically, the cell pellet
from a 1 L culture was resuspended in 25 ml of the lysis
buffer (50 mM tris-HCI, 300 mM NaCl, pH 8) containing
5 mM MgCl,, 1 mM CaCl,, ~300 units of DNAse I (Invit-
rogen, Carlsbad, CA), ~35 units of RNAse A (Qiagen Inc.,
Valencia, CA), 1 mg/ml lysozyme (American Bioanalytical,
Natick, MA), and ~0.1% Triton X-100 (Sigma-Aldrich, St.
Louis, MO), and incubated on ice with stirring for 1 h. The
cell suspension was subsequently ultrasonicated on ice and
centrifuged at 45 000g for 30 min at 4 °C to remove the cell
debris. In a final prepurification step, the supernatant con-
taining GB1 was heated at 80 °C for 10 min, centrifuged at
45 000g for 30 min at 4 °C, and concentrated using an Ami-
con Ultra-15 centrifugal 5000 molecular weight cut-off
(MWCO) filter unit (Millipore, Billerica, MA). GB1 was pu-
rified by fast protein liquid chromatography (FPLC) using a
HiLoad 16/60 Superdex 75 prep grade column (Amersham
Biosciences/GE Healthcare) equilibrated with a 50 mM so-
dium phosphate, 150 mM NaCl, and pH 6.5 buffer. Peak
fractions containing the protein were pooled, concentrated
using an Amicon 5000 MWCO filter, washed extensively
with 50 mM sodium phosphate and pH 6.5 buffer and con-
centrated to a final protein concentration of 30 mg/ml. Typi-
cal yields of purified GBI obtained using this procedure
were ~100 mg/1 of cell culture.

GB1 microcrystals for SSNMR studies were prepared
according to the published batch precipitation plrocedulre.]5
Briefly, a total of 1.2ml of 2:1 (v/v) solution of
2-methylpentane-2.,4-diol:isopropanol was added in three ali-
quots to 0.4 ml of the 30 mg/ml GBI solution (i.e., 12 mg of
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FIG. 1. Pulse schemes of the (A) 3D and (B) 4D semiconstant-time TEDOR (SCT-TEDOR) experiments. Narrow and wide black rectangles correspond to 90°
and 180° pulses, and have phase x unless indicated otherwise. The REDOR 180° >N pulses (filled gray rectangles) were phase cycled according to the xy-4
scheme (Ref. 78). Typical parameters used to record the GB1 spectra are given below (see text for additional details and pulse sequence description). The 'H,
13C, and "N carriers were placed at 4.7, 30, and 120 ppm, respectively, and for both schemes the delays were A=6.0 ms, 7=11.88 ms, and 6=0.9 ms. These
delay settings result in the initial duration of the semiconstant-time evolution period of T-=2T+46~1/ IJCC=27.36 ms, which effectively refocuses the
methyl '3C magnetization evolving under the ~35 Hz one-bond *C—'3C J-coupling, and enables up to ~27~23.76 ms of '3C—'>N dipolar evolution (7cy)
and constant-time '*C chemical shift evolution (z,) (4D pulse scheme only), and up to ~46=3.6 ms of constant-time >N chemical shift evolution (r,). Scheme
(A), 3D SCT-TEDOR: The semiconstant-time "N frequency labeling during ¢, was accomplished as follows. First, the two N refocusing 180° pulses
(initially placed in the center of the two periods of duration 26) were moved simultaneously in opposite directions by #;,/4, as shown in the figure (this
implementation enables '’N chemical shift encoding, while refocusing all >N —'C J-couplings for each 7, increment). Subsequently, once the entire 48 period
has been used (i.e., the 180° >N pulses can no longer be moved), the *N frequency-labeling period can be extended further (typically by an additional
~4-8 ms, limited primarily by the dephasing of 'SN—"3C™™! multiple-quantum coherence generated at time point a, under ]JCC) by incrementing the
variable delay #,,, as indicated in the figure. In our implementation, each '°N ¢, and ¢,, increment (Ar,, and At,,) had the duration Af,,=At,,=360 us, and
a total of 30 increments were recorded for a maximum N evolution period of 11 max=10.44 ms (note that for experiments where 7cy times up to ~16—18 ms
are investigated, an alternative, purely constant-time implementation of the experiment may be preferable with the following typical parameters: T
=8.28 ms, 6=2.7 ms, Ar,,=360 us, and Ar,,=0). Phase cycling: ¢;=x,—x; ¢,=2(x),2(y),2(-x),2(-y); ¢3=8(x),8(—x); receiver=2(x,—x,—x,x),
2(=x,x,x,-x). Quadrature in the '’N (F,) dimension was achieved by phase cycling of ¢, according to the method of States ef al. (Ref. 121). Scheme (B),
4D SCT-TEDOR: Semiconstant-time >N chemical shift labeling was identical to that described in scheme (A). *C™™ constant-time frequency labeling was
achieved by first incrementing the delay 7,,/2 up to ~T/2, followed by incrementing the delay 7,;,/2, also up to ~7/2 (in our implementation, each '*C 1,
increment was Ay, =At,,=90 us). Following the semiconstant-time evolution period encoding the >N and *C™™! chemical shifts, and *N—3C™™! dipolar
couplings during 7, 7, and 7ay, respectively, *C—'3C magnetization transfer was achieved using an off-resonant band-selective SPC-5, pulse sequence (Refs.
54 and 108) (effective carrier frequency at 42 ppm), with a '*C field strength of 37 kHz and duration of 7cc=1.35 ms (157,). Phase cycling: ¢;=x,-x; ¢,
=2(x),2(y); ¢3=4(x),4(y); receiver=x,—x,—x,x,—x,x,x,—x. Quadrature in the N (F,) dimension was achieved by phase cycling of ¢, according to the
method of States et al. For quadrature in the Bc (F,) dimension, TPPI (Ref. 122) was applied to the initial 'H 90° pulse and the 'H and 13C cross-polarization
pulses.

protein) in 50 mM sodium phosphate, pH 6.5, and the mi-
crocrystal formation was allowed to proceed at room tem-
perature for 1 h. The sample was centrifuged and the pellet
center packed in a 3.2 mm 22 ul Varian rotor by centrifuga-
tion. The amount of U~"C, "N-labeled GB1 in the final
sample was ~10 mg (1.5 wmol). 1D "*C and "N CPMAS,
and 2D C-"3C and '"N-'3C correlation spectra were re-
corded to assess the microcrystal quality and to confirm the
published GB1 assignments.15

B. NMR spectroscopy

NMR experiments were performed on a three-channel
Varian spectrometer operating at the frequencies of
499.8 MHz for 'H, 125.7 MHz for °C, and 50.6 MHz for

5N, equipped with a T3 HXY 3.2 mm MAS probe. The
MAS frequency of 11.111 kHz, regulated to approximately
*3 Hz, was used for all experiments. Sample temperature
during experiments was controlled using a stream of dry
compressed air, delivered to the sample via a variable-
temperature (VT) stack at a flow rate of approximately
30 I/min. For NAV, the VT gas temperature was set to
293 K, resulting in an effective sample temperature (due to
frictional heating) of approximately 298 K, as determined by
lead nitrate calibration;102 for GB1 the VT gas was set to
273 K, resulting in an effective sample temperature of ap-
proximately 278 K.

The 3D and 4D SCT-TEDOR pulse schemes are shown
in Fig. 1. The detailed description of the pulse schemes is
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provided in Sec. III below, and the key experimental param-
eters are given in the figure caption; only the standard pa-
rameters common to both schemes are given here. Note that
proper rotor synchronization is essential for the successful
implementation of these pulse schemes, and the parameters
listed below and in the figure caption assume a MAS rate,
w,/27, of 11.111 kHz (i.e., the rotor period 7,=90 us). Un-
less indicated otherwise, the lH, 13C, and N 90° pulse
lengths were 2.5, 3.0, and 5.0 us, respectively. The 'H-13C
cross polarization'™ (CP) was achieved using a constant 'H
field, w,/27r, of 65 kHz, a *C field of 52+ 7 kHz (i.e., by
matching the n=—1 Hartmann-Hahn condition) applied with
a linear ramp proﬁle,104 and contact times of 1-2 ms. All
15N 180° pulses during the REDOR *C—"°N dipolar mixing
periods (7cy) [including the two '°N refocusing pulses in the
scheme of Fig. 1(A)] were applied at a field strength of
27.8 kHz (i.e., t;30=18 us; wy/ w,=~2.5). Throughout the en-
tire SCT evolution period, with initial duration Tc=27T+46
~1/ 1JCC, SPINAL-64 'H decoupling105 was applied at a
100 kHz field strength (pulse length of 4.9 us, total phase
difference of 10.5°); the optimal decoupling parameters were
obtained by maximizing the absolute *C spin-echo intensity
using the standard spin-echo pulse sequence106 on the 1°C
channel: CP-T¢/2-180°-T¢/2-z-filter-acquire, with Tc
=27 ms. During the z-filter periods of duration A=6 ms,
used for the suppression of transverse '°C coherences, a
50 kHz cw 'H field was applied (in our experience this pro-
vided an efficient suppression of transverse coherences,
while concurrently minimizing *C-'3C magnetization
transfer via proton-driven spin diffusion'”’), and 110 kHz cw
proton decoupling was employed during SPC-5; band-
selective '3C-'3C  double-quantum mixing54’108 [pulse
scheme in Fig. 1(B) only]. During acquisition, two-pulse
phase modulated (TPPM) 'H decoupling'® was applied at a
field strength of ~70 kHz (pulse length of 7.0 us, total
phase difference of 8.5°).

lll. THEORETICAL BACKGROUND

A. Nuclear spin interactions in U-"3C, *N-labeled
systems

For a U-"3C, N-labeled solid rotating rapidly at the
magic angle (0m=tan‘1\r’5%54.7°), far from *C-13C and
ISN- N rotational resonance conditions,”’ and in the pres-
ence of efficient "H decoupling, the effective Hamiltonian
describing the spin dynamics during the free evolution peri-
ods consists of terms corresponding to the isotropic chemical
shifts, heteronuclear and homonuclear J couplings,

H=2 QcCi + > ONN; + > mIH2CN;,
i i ij
+ > m¢2C,.C,.. (1)
i<j
In Eq. (1), the angular momentum operators representing '°C
and N nuclei are denoted by C and N, respectively, Q¢ and
Qy are the BC and PN isotropic chemical shifts, and Jcy
and Jcc are the BC-"N and Pc-"C J-coupling constants

in hertz (assumed to be in the weak-coupling regime,110 ie.,
|Q=Q,|>|mJ,,|). During the REDOR coherence-transfer
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periods of length 7-y/2 (Fig. 1), the effective Hamiltonian
nominally contains terms describing the recoupled '*C—""N
dipolar interactions @ and '*C—"3C J-couplings [we ignore,
for the moment, the concurrent isotropic 13C chemical shift
evolution introduced intentionally in the pulse scheme of
Fig. 1(B)]:

H= E wijzcizsz + E WJ%CZCiZCjZ’ (2)
i i<j
where
;== 212D, sin(2B)sin(y) (3)
and
h
Dy=- (ﬂ>—7”1§ . (4)
41 2mry;

The Euler angles, 8 and v, describe the orientation of the
BC-BN dipole vector in the rotor-fixed reference frame.
The dipolar coupling constant D (in hertz) is a function of
the characteristic '*C and °N gyromagnetic ratios yc and yy
and the internuclear distance r. We note here that the minor
scaling of D due to the finite duration of the REDOR 180°
pulses111 can be ignored in the data analysis (under our ex-
perimental conditions, this leads to errors of <0.05 A in the
estimated 'C—"°N distances, which are negligible relative to
other sources of error, as discussed below).

B. 3D SCT-TEDOR pulse scheme

Since the effective Hamiltonian terms in Egs. (1) and (2)
commute with each other at all times, the evolution of spin
coherences during the SCT-TEDOR experiments can be de-
rived independently for each of the terms using straightfor-
ward product-operator calculations.''” The basic spin dynam-
ics during 3D-TEDOR-type experiments have been
previously discussed in detail, > and we focus here on the
unique features of the SCT-TEDOR schemes and their appli-
cation to the simultaneous measurement of dipolar couplings
between °N and methyl 3C nuclei in U—BC, N-labeled
molecules. The 3D SCT-TEDOR scheme [Fig. 1(A)] is de-
scribed first in detail, and the discussion is subsequently ex-
tended to the 4D implementation of the method [Fig. 1(B)].

The transverse magnetization on the ith '3Cm™!
nucleus, denoted by the initial density operator p(0)=C,,, is
created using 'H— 13C CP (note that although not employed
in the experiments described here, nuclear Overhauser polar-
ization techniques''>'" can also be used to generate '>C™e!
magnetization with potentially higher sensitivity than CP).
Ignoring, for the moment, all rf irradiation on the BN chan-
nel and assuming #,,=0, we note that the pulse sequence in
Fig. 1(A) corresponds to a simple '*C spin echo'”® with a
total duration T-=2T+44 (followed, at time point ¢, by a
z-filter of length A). During the spin-echo period, the only
interaction leading to a significant, coherent spin evolution is
the J-coupling between the methyl BC and the directly
bonded aliphatic *C ('Joc=~35+2 Hz for all methyl-
containing residues, except Met where 1JCC=0). Therefore,
by setting Tczl/IJCC%28 ms, as is commonly done in
many solution-state NMR pulse schemes,”” the one-bond
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J-couplings involving methyl '*C are essentially completely
refocused during the constant-time period T (since
cos(m'JocTc) =-1) and do not need to be considered further
at this point.

Following 'H-'3C CP, a REDOR sequence of duration
Tcn/2, consisting of a rotor-synchronized train of 180°
pulses [filled gray rectangles in Fig. 1(A)], is applied on the
5N channel to recouple all >C—'°N dipolar couplings. The
relevant density operator term (selected by the applied phase
cycling and leading to observable magnetization during 7,),
which is present immediately before the 'SN 90° pulse at

time point a, corresponds to PC™™!  antiphase
cohere:nce,77’110
p(Cl_) = 2Cinjz Sin(a)ijTCN/2) H Cos(wikTCN/z) . (5)

k#j

where w;; is the active BN-Beme™! dipolar coupling and
w;; are the passive couplings between the methyl B¢ and all
other >N nuclei. Note that the REDOR pulses are applied
symmetrically about the central 180° N pulse (black
rectangle), as shown in the figure, with a spacing of 7,./2
(although not absolutely critical to the experiment as far as
the evolution of *C™™! coherences is concerned, this par-
ticular implementation eliminates any spectral artifacts aris-
ing from magnetization transfer via the ~10-15 Hz
BC’-5N and *Ca-"N one-bond J—couplings77 for 7on/2
=0). Note also that the REDOR period has the duration of
Ten/2=2n7,, where n=0,1,2,... [the n=1 case is shown in
Fig. 1(A)], and does not include the 27, period containing the
central 180° SN pulse (during which *C—'>N couplings are
refocused).

At time point a, the 90° N ¢,-pulse (¢, = * x for co-
herence selection and, independently, ¢, = =y for quadrature
detection in the F; dimension) converts the antiphase coher-
ence into PC™™_I5N  multiple-quantum  coherence
(MQC);""!10 e.g., for ¢, =x, we have

p(a+) =- 2Cinjy Sin(a)ijTCN/z)H COS(wikTCN/Z) . (6)
k#j

The MQC "N frequency encoding takes place in 7,,, during
the constant-time period 46 (i.e., we assume #,,=0 for the
time being). Note that in this particular implementation,
MQC evolution under all other interactions (i.e., *Cmeh!
chemical shift, 15N—BC’, and PN-BCa J-couplings) is ef-
fectively suppressed. Moreover, the MQC formally does not
evolve under N—'3C™™ dipolar and J-couplings’''° [al-
though these interactions are generally negligible, with the
dipolar coupling effectively averaged by MAS and
PN-_Bemett 270 /2 e <2 Hz (Ref. 114)]. Immediately
before the 90° "N pulse at time point b, the density operator
is

p(b_) =- 2Ciy Sin((x)ij’TCN/Z)H COS((I)ikTCN/Z)
k#j
X[N;, cos(Qthla) -Nj, sin(Qthlu)]. (7)
The 90° °N x-pulse selects the cosine )y -modulated MQC

component and converts it back into 13rlethyl antiphase co-
herence,

J. Chem. Phys. 128, 052314 (2008)
pb*) == 2C,N;,

x]1 Cos(wikTCN/z)COS(QN/.tla)7 (8)
k)

Sin((l)l‘jTCN/z)

which is subsequently transformed during the second RE-
DOR period of duration 7¢y/2 (identical to the first REDOR
period) into observable *C™™! single-quantum coherence
at time point c,

p(C) = 2Cix Sinz(wijTCN/z) H COSZ(wikTCN/Q)COS(Qthla) .
k#j

)

This 3C™™! single-quantum coherence is converted into
longitudinal magnetization (~C;,) by the 90° '*C y-pulse at
time point ¢, stored along the z-axis during the short z-filter
period of duration A (while any residual transverse °C co-
herences are dephased), returned to the transverse plane by
the 90° ’C ¢;-pulse, and detected during t,. The final
powder-averaged NMR signal, assuming the usual quadra-
ture detection in F; and F, dimensions’ """ and ignoring
normalization constants, is given by

S(t14:12, Ton) = (Tr{C] p(c)})

= <Sin2(ll)ijTCN/2) H COSZ(wikTCN/2)>
k#j

Xexp(iQNI/tla)eXp(iQCIIZ)’ (10)

where (...) denotes the powder average. As stated qualita-
tively in the Introduction, Eq. (10) describes a cross peak at
frequencies [Qy, Q¢ ] in the 2D BN-BCc NMR spectrum,
which evolves due to the active SN—'3cmethy! dipolar cou-
pling, w;; (the precise values of w;; depend on the orientation
of the individual crystallites in the powder sample) as a func-
tion of the REDOR mixing time, 7cy, according to
sin®(w;;7cn/2), and is further modulated as cos*(w;7en/2)
by the passive "N—'3C™™! couplings, w;.

The constant-time (CT) period, Tc=2T+46~1/"Jq-
~28 ms, during which the one-bond Cmethyl_13aliphatic
J-coupling is effectively refocused, is used for both
Bemethyl 1SN coherence transfer and "N frequency encod-
ing. The optimal duration of the '*C™™!_15N coherence-
transfer period (27) will typically be in the range, 2T
=~ 16-24 ms, which leaves a period of 46=~4-12 ms for CT
N chemical shift labeling. While for some experiments,
this >N frequency-labeling period will be sufficient, it can
be easily increased by an additional period of up to
~4-8 ms to enhance spectral resolution in the N dimen-
sion, with minimal effect on spectral sensitivity. This is done
by incrementing the variable delays #,,/2 about the central
13C 180° ¢, pulse, as shown in Fig. 1(A), once the entire 44
period has been used for >N frequency encoding (i.e., the
moving 180° N pulses are next to the 90° pulses and can no
longer be moved). Note that the various parameters are set
such that the ¢,, and ¢, increments, At,, and At,,, respec-
tively, are equal (Fig. 1). The final powder-averaged NMR
signal for this SCT-TEDOR experiment is
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S(t1,t2, 7en) = <Sin2(wij7'CN/2)H cos®(wyTen/2))
k)

X cos(Tr]JgCtlb)exp(iQthl)exp(iQCl_tz) ,
(11)
where
f=ta+ 1. (12)

Note that the factor cos( 'chtl,,) in Eq. (11), which de-
scribes the modulation of N-"C™™! MQC due to the
one-bond J-coupling (/.= 35 Hz) between the ith *C™™!
and jth 1*C¥Phate nyclei, remains close to unity (~0.6—0.9)
for the maximum value of #;;, used (~4-8 ms) and therefore
leads only to minor line broadening in the "N (F,)
dimension.”

C. 4D SCT-TEDOR pulse scheme

The 3D SCT-TEDOR scheme suppresses the modulation
of PN-1Bcme™! cross peaks due to one-bond *C-13C
J-couplings and enables significant coherence transfer to be
achieved via the weaker "N—"3C™™! couplings, which, as
discussed below, leads to sensitivity gains in many cases.
Another major advantage of this scheme is that it can be
trivially converted into a 4D NMR experiment without any
additional sensitivity losses. This 4D SCT-TEDOR scheme is
shown in Fig. 1(B). Briefly, placing the two central 180°
pulses during the REDOR periods (black rectangles) on the
BC channel instead of >N and moving them sequentially in
t,, and t,, (with equal 7,, and f,, increments), as shown in
the figure, enables up to 27T (i.e., ~16-24 ms) of CT
Bemethy! frequency encoding in 1, (ty=t,,+1,,), which results
in very high spectral resolution in the F, dimension. Imme-
diately prior to the application of the 90° '*C y-pulse at time
point c, the relevant part of the density operator (assuming
cosine modulated signal components in both 7, and 7,) is
given by

plc) =2C;, Sin2(wijTCN/2)H cos*(@y Ten/2)
k#j

><cos(ﬂ'lJicjctlb)cos(Qthl)cos(QCitz). (13)

A fraction of the methyl '*C magnetization can now be re-
layed to the directly bonded aliphatic °C nucleus (C)) using
a variety of magnetization transfer schemes™’ to further in-
crease the spectral resolution (e.g., for a valine residue, the
SN-13Cy1 buildup trajectory as a function of 7cy can be
detected at both *Cyl and '*CB frequencies in the F; di-
mension). The resulting observable “diagonal” and
“cross” signals giving rise to peaks at frequencies
[On..Qc.. Q¢ ] and [QN e, ,QC] respectively, in each
of the 3D N 13¢met 23 'NMR spectra comprising the
4D SCT-TEDOR series are

Sdiag <Sin2(wijTCN/2)H cos?(wyTen/2))cos(m Tt )
k)

X exp(iQth, )exp(chitz)exp(iQCig) , (14a)
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Seross & <Sin2(wijTCN/2)H cos?(wyTen/2))cos(m' Tt )
k#j

><exp(iQthl)exp(iQCitz)exp(iQCjt3). (14b)

We have investigated '*C—'3C magnetization transfer using
the  double-quantum  band-selective =~ SPC-5;  pulse
sequence54’108 as well as dipolar assisted rotational resonance
(DARR)/rf-assisted spin diffusion (RAD) scheme.®*!"> With
our experimental parameters, superior magnetization transfer
was generally achieved with SPC-55 relative to DARR/RAD
(e.g., in NAV the *Cyl/92-"3Cp cross-peak volumes were
~25% —30% of the corresponding diagonal peak volumes
with 1.35 ms of SPC-5; mixing, whereas the cross-peak vol-
umes were ~6% —10% relative to the diagonal peaks with
5 ms of DARR/RAD).

D. Internuclear distance measurements in proteins

The internuclear "N—13C™™! djstances in proteins can

be determined from 'N—"3C™™! ¢ross-peak buildup trajec-
tories, using an implementation of the formalism described
in detail in the context of previous 3D TEDOR experiments
on small peptides.52 According to Egs. (11), (14a), and (14b),

the intensities (volumes) of individual N—"C™M! ¢rogss
peaks are proportional to
Ij(7en) = (sin*(w;;7en/2) [T cos?(wmon/2)). (15)

k#j

Note that due to the constant-time nature of the SCT-TEDOR
experiments, the cross-peak buildup trajectories are purely
dipolar in nature (i.e., not influenced by J-couplings or re-
laxation), with the main fit parameters being w;; (the active
dipolar coupling) and w;; (passive couplings). Although Eq.
(15) appears to be quite simple, its direct use in the analysis
of experimental TEDOR trajectories is complicated by the
formal dependence on the relative orientation of "N-'3C
dipolar couplings. To circumvent this problem, a simplified
analytical formalism has been proposed,52 which is based on
Bessel function expansions of REDOR/TEDOR-type NMR
signals developed by Mueller.''® The zeroth order approxi-
mation to this Bessel function expansion, which neglects all
orientation-dependent terms and abolishes the need for pow-
der averaging, gives the following expression for the cross-
peak intensity as a function of TCN152

I(en) = A(1 = [Jo(N2D ) D)
xIT (1 +[Js(\2Dyre) ), (16)

kFj

where Jy(x) is a Bessel function of zeroth order, D;; and Dy
are the active and passive "N—13C™™! dipolar coupling
constants [Eq. (4)], and A, is an overall cross-peak amplitude
scaling factor. The utility of this analytical expression [rela-
tive to Eq. (15)] for simulating TEDOR buildup trajectories
was investigated extensively,52 indicating that the use of the
approximate analytical model is the major source of error in
determining '*C—'°N distances in the 3—5 A regime, with
expected uncertainties typically on the order of approxi-
mately =10% —15% of the measured distance.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



052314-8 Helmus et al.

An additional simplification of this analytical model is
used here to facilitate the extension of the SCT-TEDOR
methods from small peptides to larger proteins. As discussed
previously,52 in the case of completely resolved '"N-"C
spectra for small peptides, the "’N—'3C cross-peak trajectory
fitting routine involves simultaneously fitting a set of N tra-
jectories corresponding to a particular 13C nucleus with a set
of N equations of the form given in Eq. (16), where the fit
parameters correspond to the N ’N—"3C dipolar couplings
(the identity of the active and passive couplings is appropri-
ately interchanged for the different cross peaks). It is clear
that this approach is likely to be problematic in larger sys-
tems since in most cases one or more of the N ’N—'3C cross
peaks corresponding to a particular *C nucleus will, at least
partially, overlap with cross peaks corresponding to a differ-
ent '°C nucleus with a similar resonance frequency. There-
fore, for systems with a potential for a significant cross-peak
overlap, such as proteins, the fitting of individual cross-peak
trajectories (rather than sets of cross-peak trajectories) to Eq.
(16) promises to be the most generally applicable approach.
Moreover, since the initial cross-peak buildup rate is most
sensitive to the magnitude of the active dipolar coupling (the
presence of passive couplings affects mainly the overall tra-
jectory amplitude and evolution at longer mixing times), per-
forming several successive fits of a particular cross-peak tra-
jectory where the number of passive couplings (i.e., fit
parameters) is systematically increased was found to give
good results as far as the estimation of the active dipolar
coupling was concerned (i.e., the initial fit involved only two
parameters, A and Dy, followed, if necessary, by fits of A,
Dactive’ Dpassive,l; A’ Dactive’ Dpassive,l» Dpassive,Z; CtC.). For a set
of PN-Bcmethy! distance measurements in GB1, we found
that in most cases, fitting only A and D, (i.e., ignoring the
passive couplings altogether) was sufficient to obtain reason-
able fits. Moreover, in all the cases where significant discrep-
ancies were observed (particularly at longer evolution times)
between the experimental data and the A, D, fit (referred
to also as the IS model), an IS, model (i.e., the three-
parameter, A, D,ives Dpassive,1» fit) Was sufficient to obtain a
very good agreement with experiment (note that, as dis-
cussed below, despite the generally higher quality fits for the
1S, model, the distance estimates obtained with the IS and
IS, models were typically within ~0.1-0.2 A).

IV. RESULTS AND DISCUSSION

A. Relative sensitivity of SCT-TEDOR and ZF-TEDOR
schemes

Given the relatively long (~30 ms) duration of the SCT-
TEDOR schemes, one of the main concerns regarding their
general utility is related to sensitivity. Here, we show that not
only is the sensitivity of the SCT-TEDOR schemes compa-
rable to ZF-TEDOR (Ref. 52) (which would already be use-
ful given the superior resolution furnished by 4D SCT-
TEDOR), but that in some cases the new methods can
actually provide substantial (approximately twofold to three-
fold) gains in sensitivity relative to ZF-TEDOR.

The relative sensitivity of ZF- and SCT-TEDOR was in-
vestigated using both analytical simulations of nuclear spin
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FIG. 2. Simulations of *N-"3C cross-peak trajectories and comparison of
relative sensitivity of ZF-TEDOR (Ref. 52) and CT-TEDOR experiments,
for typical distances involving J-coupled methyl '*C for Ala, Ile, Leu, Val,
and Thr residues in U-'>C, N-labeled proteins. (A) Simulated 'SN-"3C
cross-peak trajectories for ZE-TEDOR measurements corresponding to 3 A
(@), 4 A (V), and 5 A (W) "N-"C distances, and for CT-TEDOR mea-
surements corresponding to 3 A (0), 4 A (V), and 5 A (00) ®N-"3C dis-
tances, in the presence of one J-coupled 3C nucleus (e.g., BCa for Ala,
13Cp for Val, etc.). The cross-peak intensities are given as a fraction of the
13C intensity in a 1D CPMAS experiment. For ZE-TEDOR, the analytical
model (Ref. 52 and 116) (see text) was used to calculate cross-peak trajec-
tories, further modulated by 7-y-dependent terms describing the Jo¢ evolu-
tion of 139 magnetization and transverse relaxation, i.e., Iyr(7cy)
:%(1—[J[,(QZDTCN)]Z)COSZ(W]JCCTCN/2)exp(—F¢CN), with 'J-=35 Hz and
I'=25s7!. For CT-TEDOR, a similar expression was used, but with Bc
J-evolution and relaxation terms now corresponding to constants: Icr(7cy)
=[2(1-[J(\2D ey PIcos(m' e T)exp(-T'T)|,  with  Jee=35Hz, T
=25 57!, and T¢=26.5 ms (i.e., T¢ is slightly shorter than the ideal value of
1/'J:¢=28.7 ms, which accounts for effects of °C transverse relaxation).
Note that all simulations assume that >N transverse relaxation (expected to
be significantly smaller than '*C transverse relaxation) is negligible. (B)
Calculated sensitivity of CT-TEDOR vs ZF-TEDOR experiments for the
measurement of 3, 4, and 5 A "N—'3C distances as a function of the °C
transverse relaxation rate. The relative sensitivity is defined as the ratio
IES/IEY, where IES and I8 are the maximum intensities observed in the
calculated CT-TEDOR and ZF-TEDOR cross-peak trajectories, respectively.
The analytical expressions above were used for the calculation of the indi-
vidual trajectories. Note that for CT-TEDOR the optimal value of 7 de-
pends on the relaxation rate, I" therefore, in our approach, the optimal 7 for
each value of I" was first obtained from the evolution of the magnetization
for a methyl '3C spin J-coupled to one other '*C, with 1JCC=35 Hz calcu-
lated using I(f)=cos(7"Jct)exp(~T't) (the optimal T, values were between
28.7 and 21.9 ms for I' in the O to 100 1/s range). Furthermore, for CT-
TEDOR simulations, we considered 7¢y in the range of 0—20 ms, which
corresponds to typical experimental values. The horizontal dashed line at the
value I&¢/I73*=1 indicates the point where the sensitivities of the two
experiments are equal. The vertical dashed line at the value I'=25 s~! indi-
cates the experimentally determined transverse relaxation rate for methyl
13C in U-'3C, "*N-labeled N-acetyl-valine.
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FIG. 3. (Color) Comparison of the relative sensitivity of ZF-TEDOR and SCT-TEDOR pulse schemes for the measurement of long-range "N —

]3Cmelhyl

distances in U—"3C, "N-labeled GB1. 2D "N—13C™™! chemical shift correlation spectra obtained using (A) ZE-TEDOR with 7oy=11.52 ms (Ref. 52), (B)
SCT-TEDOR [scheme in Fig. 1(A)] with 7cy=14.40 ms, and (C) SCT-TEDOR with 7cy=23.04 ms. Asterisks in spectrum (A) denote lysine and leucine
ISN—-"13Cy correlations, present in ZE-TEDOR spectra, but effectively suppressed in SCT-TEDOR due to the constant-time J-evolution. Each 2D spectrum was
acquired as a 30" (1,,°N) X 1000*(t2, 13C) data matrix with time increments of (360,20) us, acquisition times of (10.4,20.0) ms, and a total measurement
time of ~2.7 h/spectrum. Positive (blue) and negative (red) cross peaks are drawn with the lowest contour levels at ten times the rms noise level. (D)—(F)
One-dimensional slices from the 2D spectra in (A)—(C), taken at "N frequencies corresponding to residues T49 and 16 as indicated. Representative cross peaks
in proteins associated with typical ~3 A (T49N-T49y) and ~4 A (I6N-1661) N—"3Cm™! distances are highlighted, with the cross-peak intensities relative

to those in the ZF-TEDOR spectrum indicated in the 1D slices in (D)—(F).

dynamics in simple three-spin model systems (consisting of
a dipole-coupled BN-Bc pair, with the Bc spin J-coupled
to another "*C with 1JCC=35 Hz) and experiments in U- B¢,
5N-labeled GB1. Figure 2(A) shows simulated cross-peak
buildup trajectories for ZF- and CT-TEDOR for *N-!3C
distances of 3, 4, and 5 A. The simulations assume a typical
Bomethy! ansverse relaxation rate, I'=25 s™!, determined ex-
perimentally for methyl '*C groups in NAV using spin-echo
experiments (data not shown), under the MAS and 'H de-
coupling conditions employed in this study (see figure cap-
tion for additional details). As expected,52 the simulations
indicate that ZF-TEDOR cross-peak trajectories are modu-
lated by Be_Bc¢ J-evolution, which for 1JCC=35 Hz limits
the useful "N—'3C coherence-transfer time (i.e., time where
the maximum cross-peak intensity is achieved) to
~10-14 ms. On the other hand, due to the constant-time
nature of the experiment, the CT-TEDOR trajectories are
purely dipolar and free of such modulations. This enables
significantly higher '’N—'*C magnetization transfer at longer
mixing times, especially for weak '"N— Bc couplings corre-
sponding to long-range distances (e.g., for a 4 A BN-Bc
distance, the CT-TEDOR cross-peak intensity for 7¢y
=20 ms is more than double the maximum value that can be
achieved with ZF-TEDOR). We note here that the main un-
derlying concept of SCT-TEDOR, namely, CT-type °N-13C
coherence transfer with concurrent *C™™! evolution, could
in principle also be implemented within the ZF-TEDOR
scheme. Although this would produce purely dipolar 7cy tra-
jectories and enable a limited amount, up to ~6 ms, of
“relaxation-free” *C™™! encoding, both the resolution and
the sensitivity of such a modified ZF-TEDOR scheme would
still be inferior to the SCT-TEDOR experiments. A more

extensive comparison of the relative sensitivity of ZF- and
CT-TEDOR experiments is presented in Fig. 2(B), where we
plot the relative sensitivity of the two experiments (defined
here as the ratio of the maximum cross-peak intensity in CT-
and ZF-TEDOR simulations, I&+/ I, obtained within the
typical mixing time range 7on=0-20 ms) as a function of
the °C transverse relaxation rate for ’N—"3C distances of 3,
4, and 5 A. Remarkably, for almost all distance and 13C re-
laxation rate combinations, CT-TEDOR is predicted to offer
comparable or improved sensitivity relative to ZF-TEDOR.
Indeed, only for 13C - N distances <3 A, which are associ-
ated with rapid cross-peak buildup (e.g., intraresidue
15N—13C,8 distances in alanine residues), and/or large I val-
ues (which would generally lead to poor experimental per-
formance for either experiment) is the sensitivity superior for
ZF-TEDOR. The predicted sensitivity gains for CT-TEDOR
at practically all experimentally relevant BC transverse re-
laxation rates (i.e., ['=10—40 s™!) are most significant (ap-
proximately twofold to threefold) for the most structurally
interesting distances (reny=3.5—5 A) and are expected to in-
crease further with more efficient '"H decoupling (i.e., at
smaller I' values).

In order to test the theoretical predictions of Fig. 2, a
series of 2D PN—"3C™™! correlation spectra was recorded
for GB1 using the different TEDOR mixing schemes. Figure
3 shows an optimized ZF-TEDOR spectrum acquired with a
mixing time 7cn=~11.5 ms and SCT-TEDOR spectra re-
corded with mixing times of ~14.4 and 23 ms, optimized for
highest cross-peak intensity for ~3 and 4 A distances, re-
spectively. While the cross peaks associated with two-bond
Ala PN-13CB couplings, i.e., rex=2.5 A (see Fig. 5 for
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resonance assignments) are clearly more intense for ZF-
TEDOR relative to SCT-TEDOR, this is not the case for
signals corresponding to typical "N—13C™™! distances in
the ~3-4 A range. For example, the intensity of the
T49N-T49y correlation (rey=3 A) is approximately equal
(within a few percent) in ZF-TEDOR and SCT-TEDOR
(7cn=14.4 ms) spectra, and the I6N-1651 cross peak (rey
~4 A) exhibits a greater than twofold intensity in the 7oy
~23 ms SCT-TEDOR spectrum relative to ZF-TEDOR.
These experimental observations are in good agreement with
the calculated cross-peak intensities in Fig. 2 and underscore
the general utility of the SCT-TEDOR schemes for the mea-
surement of long-range '"N—"3C™™! dipolar couplings in
peptides and proteins.

B. SCT-TEDOR experiments on U-"3C, "5N-labeled
N-acetyl-valine

The 3D and 4D SCT-TEDOR experiments were first
implemented using the model peptide, N-acetyl-valine, to
probe the distances between the amide '°N and '*Cyl and
13C92 methyl groups and to optimize the '*C—"3C magneti-
zation transfer scheme and phase cycling (the Cyl and Cy2
labels for NAV simply serve as an enumerating aid and do
not imply stereospecific assignments). Figure 4 shows the
results of the 4D SCT-TEDOR experiment on NAV, acquired
with SPC-5; *C-"C mixing.”*'®® Note that 3D SCT-
TEDOR and 4D SCT-TEDOR-DARR mixing®*'"” data sets
were also recorded (data not shown), giving essentially iden-
tical 15N—13Cy dipolar couplings. (F,,F3) strips correspond-
ing to small regions of a 3D "N—13C™™! correlation spec-
trum acquired with a REDOR mixing time 7oy~ 14 ms,
taken at F, frequencies corresponding to Bc 1l and Bc V2,
are shown in Fig. 4(A) (see figure caption for experimental
details). The *C—'3C diagonal peaks (e.g., N—Cyl—-Cyl),
as well as one-bond (e.g., N-Cyl-Cp) and two-bond (e.g.,
N-Cyl-Cv2) cross peaks, generated during the SPC-5;
mixing period, are clearly observed. As expected, due to the
double-quantum nature of SPC-5; *C—13C mixing, the cross
peaks display the characteristic sign-alternated pattern, with
signals corresponding to one-bond transfers having opposite
signs relative to the diagonal and the relayed transfers over
two bonds having the same sign. Figure 4(B) shows repre-
sentative trajectories for N-Cyl-Cyl and N-Cyl-Cf
peaks [highlighted by the dashed rectangles in Fig. 4(A)] as
a function of the mixing time 7cy. These trajectories, both of
which report on the same 15N—13Cy1 distance, were simu-
lated using the analytical expression of Eq. (16) with a single
active C—""N coupling (i.e., the IS model) resulting in
best-fit distances of 3.01 and 3.14 A for the N—Cyl-Cyl1
and N-Cvy1-Cg trajectories, respectively. Similar analysis
of the N-C92-C92 and N-C~2-Cp trajectories (data not
shown) gave the best-fit "N—'>Cy2 distance of 2.94 and
3.10 A. These distance estimates are generally in good
agreement with the NAV N-Cy distances of 2.98 and
3.09 A, determined by x-ray crystallography.117
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FIG. 4. (Color) 4D SCT-TEDOR experiment on N-acetyl-valine. (A) Small
N-13C (F,,F;)-regions corresponding to the two '*Cry resonances in the
F, dimension, taken from a 3D N—3Cme®™!_13¢ correlation spectrum ac-
quired using the pulse scheme in Fig. 1(B) with a REDOR mixing time 7cy
of 14.04 ms. The 4D experiment was acquired as a 8 (f;,""N)
X 32(1,,3C) X 1000*(t3, 13C) X 13(7¢y) data matrix with time increments of
(1440,720,20,1800) us, resulting in acquisition times of
(10.0,22.3,20.0,23.0) ms, and a total measurement time of ~37 h. Positive
(blue) and negative (red) cross peaks are drawn with the lowest contour
levels at 15 times the rms noise level. The cross-peak assignments are indi-
cated, where Cyl and C92 correspond to resonances at 19.6 and 22.4 ppm,
respectively (note that these labels do not imply a stereospecific assignment
of the Cy resonances). (B) Representative trajectories of the absolute cross-
peak intensity as a function of the mixing time 7¢y for N-Cy1-Cyl (@)
and N—Cyl-CB (O) cross peaks in the series of 3D PN-'*cmetl_13¢
correlation spectra. Simulations using the analytical model of Eq. (16) with
a single active BN-B¢ coupling (see text for details) are also shown (—),
which yielded the best-fit *N—'3Cy1 distances of 3.01 A (N-Cyl-Cyl)
trajectory and 3.14 A (N—Cy1—-Cp trajectory).

C. SCT-TEDOR experiments on U-"'3C, 'N-labeled
GB1

In this section, we demonstrate the utility of the SCT-
TEDOR methods for the simultaneous determination of mul-
tiple ""N—13C™™! distances in U—"3C, N-labeled proteins,
using the 56-residue GB1 as a model system. The 3D SCT-
TEDOR experiment was performed on GB1 with the RE-
DOR mixing time 7¢y varied between ~3 and 23 ms, and
the results are summarized in Fig. 5. Figure 5(A) shows a 2D
BN - Bemety! correlation spectrum of GB1 (corresponding to
the 7on=14.4 ms slice of the 3D), with the major cross peaks
indicated (the assignments have been obtained using the pub-
lished chemical shifts,'5 and a total of 21 well-resolved cross
peaks could be readily identified for the 33 methyl groups
present in GB1). The signal-to-noise ratio for the SCT-
TEDOR data acquired on the ~1.5 wmol GB1 sample was
such that each 2D spectrum in the 3D series could be ac-
quired in only ~2.7 h (i.e., the entire 3D was recorded in
~21.5 h). This bodes quite well for the extension of this
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FIG. 5. (Color) 3D SCT-TEDOR experiment on GBIl. (A) A two-
dimensional slice from the 3D SCT-TEDOR experiment, corresponding to
the PN=3C™™! chemical shift correlation spectrum, recorded with a RE-
DOR mixing time 7cy of 14.4 ms. The 3D SCT-TEDOR spectrum was
acquired as a 30” (1, "N) X 1000%(z,, *C) X 8(7¢y) data matrix with time
increments of (360,20,2880) us, resulting in acquisition times of
(10.4,20.0,23.0) ms and a total measurement time of ~21.5 h. Positive
(blue) and negative (red) cross peaks are drawn with the lowest contour
levels at ten times the rms noise level. The resonance assignments are based
on published *C and N chemical shifts for GBI (Ref. 15) and a 3D
ISN-BcmehyI_13C correlation spectrum acquired with a REDOR mixing
time of 15.84 ms [i.e., a slice from a 4D SCT-TEDOR experiment; see, Figs.
1(B) and 7]. The K28N-MIle correlation (indicated by an asterisk) appears
to result from an intermolecular contact between protein molecules in the
GBI microcrystals (Fig. 9). (B) Representative trajectories of cross-peak
intensity as a function of 7y for T49N-T49y (@) and I6N-16651 (O) cross
peaks, corresponding to '"N—'3C distances in the ~3—4 A range. Best-fit
simulations using the IS, analytical model described in the text are also
shown (—) (see Fig. 6 for additional experimental and simulated cross-peak
trajectories). (C) Comparison of selected "N—'3C distances in GB1 deter-
mined using x-ray diffraction and 3D SCT-TEDOR (Table I). The uncertain-
ties in the NMR distances (error bars of =10% of the best-fit distance
estimate are indicated in the figure) are associated primarily with the use of
the approximate analytical model to describe the cross-peak trajectories
(Ref. 52).
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methodology to smaller samples and/or larger proteins, espe-
cially when higher B, fields and MAS rates, and more effi-
cient "H decoupling and polarization transfer schemes''*!"3
are employed to further enhance the overall experimental
sensitivity. Note also that due to the constant-time nature of
SCT-TEDOR, correlations not involving '*C methyl groups,
which would normally appear in the same spectral region
[e.g., lysine and leucine "N—13C1y; see Fig. 3(A)], are effec-
tively suppressed without the use of frequency-selective
pulses or other spectral editing techniques.5 101

The 3D SCT-TEDOR experiment enabled us to analyze,
in detail, the buildup trajectories for several cross peaks,
which were well resolved in the 2D N—"3C™™! correlation
spectrum. Specifically, we selected for the analysis a set of
nine representative cross peaks (I6N-1681, T1IN-T11vy,
K13N-L126, A20N-A208, V2IN-A208, D40N-V39vy,
T44N-T44y, T49N-A48 B3, and T49IN-T49+y) associated with
SN - Bemety! gistances in the range of ~2.5-4.5 A in the
x-ray structure of GB1 (PDB ID: lpgb)."'® Note that al-
though the current spectra do not provide the stereospecific
assignments of Val Cy and Leu Cé& a priori, the analysis of
the GB1 crystal structure indicates that the K13N-L126 and
D40N-V39+y correlations of interest, which correspond to
distances of ~3-3.5 A, most likely involve the L2 and
Vyl carbons (the K13N-L12651 and D40N-V39+2 distances
are ~5.2 and 4.5 A, respectively, and are expected to give
rise to much weaker cross peaks in the range of the mixing
times probed; see Fig. 2). The T49N-T49y and I6N-I1661
trajectories shown in Fig. 5(B) clearly demonstrate the very
different cross-peak buildup profiles associated with ~3 A
(T49N-T49y) and ~4 A (I6N-1661) N-13C distances.
The cross-peak trajectories were fitted using the analytical 1S
and IS, models described in Sec. III [the IS, fits are shown in
Fig. 5(B)]. The experimental and simulated trajectories for
all the cross peaks in the set are shown in Fig. 6, and the
associated best-fit "N—"3C™™! distances are summarized in
Table I and compared with the corresponding x-ray distances
in Fig. 5(C). It is interesting to note that the simplest IS
model, which assumes only the presence of a single active
dipolar coupling and is clearly a very rough approximation in
many cases, provided initial fits of reasonable quality for
most of the cross-peak trajectories. Specifically, this model
was able to accurately reproduce the initial parts of the tra-
jectories (Fig. 6), consistent with the idea that the initial rate
of cross-peak buildup in TEDOR-type experiments is, in
general, governed primarily by the magnitude of the active
dipolar coupling. For those trajectories, where significant
discrepancies between the experiment and IS fits were ob-
served (e.g., V2IN-A208, T44N-T44~y, T49N-T49y), the
most pronounced deviations occurred at mixing times 7cy
= 10—15 ms. (Note that the A20N-A208 trajectory is asso-
ciated with relatively poor-quality fits due to our choice of
the mixing time increments, which were optimized for the
measurement of ~3—5 A distances. This trajectory is shown
only to demonstrate the rapid cross-peak buildup observed
for intraresidue two-bond “N-'3C dipolar couplings.) In
these cases, the fit quality could be substantially improved by
using the IS, model, which includes one additional passive
coupling. Remarkably, despite the generally higher quality
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FIG. 6. Representative cross-peak trajectories as a
function of the mixing time 7¢y from the 3D SCT-
TEDOR experiment on U—'3C, "N-labeled GB1. The
trajectories correspond to a set of nine cross peaks (in-
dicated in the plots), which are well resolved in the 2D
SN - Bemety! correlation spectrum [Fig. 5(A)]. Best-fit
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fits for the /S, model, most of the distance estimates obtained
with the IS and IS, models were within ~0.1-0.2 A (Table
I). The inclusion of an additional passive coupling (i.e., the
IS5 model) was investigated for several of the cross peaks
(data not shown) and was found to have little effect on the
overall fit quality and the best-fit distances determined using
the simpler simulation models.

A comparison of the N—'*C™™! distances in GBI
measured using 3D SCT-TEDOR, with the corresponding
values in the published x-ray crystal structure (PDB ID:
1pgb)118 reveals a reasonable agreement [Fig. 5(C)]. With the
exception of the TIIN-T11vy measurement (see discussion
below), all PN—13C™™! gistances determined by NMR are
within ~ £ 10% of their x-ray counterparts, which we con-
sider to be acceptable given the approximate nature of the
data analysis and the fact that these longer-range
SN - Bemety! gistances are quite sensitive to the exact values
of the intervening dihedral angles (i.e., in addition to the
inherent experimental uncertainties, the minor differences

TABLE 1. Selected methyl '*C—">N distances in GBI.

Distance® (A)

Atoms NMR (IS model) NMR (IS, model) X-ray®
I6N-1661 3.75 3.86 4.24
TIIN-T1ly 2.97 3.11 3.77
KI3N-LI126 3.07 3.34 3.39¢
A20N-A208 2.33 2.36 2.48
V2IN-A208 2.88 3.01 3.15
D40N-V39y 3.01 3.15 3.34¢
T44N-T44y 2.86 2.96 2.94
T49N-A4883 3.03 3.05 3.37
T49N-T49y 2.92 3.06 291

“Uncertainties in the measured NMR distances, associated with the use of
the approximate analytical simulation model, are expected to be on the order
of approximately +10% —15% of the measured distance (see text). (Ref.
52).

"PDB ID: Ipgb. (Ref. 118).

‘K13N-L1282 distance in 1pgb (see text).

dD4ON—V39)/1 distance in 1pgb.

between the NMR and x-ray distances may, at least in part,
reflect subtle structural differences between protein single
crystals and the microcrystals used for the SSNMR analysis).
We now turn our attention to the T11N-T11+y measurement,
which, relative to the other measurements, appears to deviate
more substantially from 1pgb (SCT-TEDOR data yield a
T1IN-T11vy distance of ~3.1 A, which differs by ~0.7 A or
~20% from the x-ray distance of ~3.8 A). The T1IN-T11y
cross-peak trajectory [Fig. 6(B)] does not display any obvi-
ous anomalies and exhibits qualitatively the same features as
the T44N-T44y and T49N-T49y (rcy=3 A) trajectories
while differing markedly from the I6N-I651 (rey=~4 A) tra-
jectory. Therefore, it is indeed quite likely that different T11
side-chain x1 (i.e., N—Ca-CB—-0y) rotamers are present in
GB1 single crystals and in the microcrystalline protein
preparation used in the current study. Given that Thr
x1=+60°, 180°, and —60° rotamers correspond to intraresi-
due 15N—13C'y distances of ~2.95, 2.95, and 3.8 A, respec-
tively, the SCT-TEDOR measurements are consistent with
the presence of y1= +60° and/or 180° T11 rotamers (instead
of the y1=-80° conformation present in 1pgb). Although
additional SSNMR measurements would be required to un-
equivocally confirm the presence of the different y1 rotam-
ers, this possibility is supported by several additional obser-
vations. First, the detailed analysis of the backbone dynamics
of GB1 in solution'"? indicates that the loop between the 1-
and (2-strands, which contains T11, is one of the most flex-
ible regions of the protein (i.e., the conformational space
accessible to T11 is larger than for residues found in regular
secondary structure elements). Second, the inspection of
orthorhombic and trigonal GBI lattices''® reveals that the
T11 side chain is relatively isolated and does not appear to be
obviously involved in critical intra- and intermolecular pro-
tein contacts. Finally, the analysis of 132 proteins of known
structure containing nearly 1500 Thr 1residues,120 shows that
Thr y1=+60° and —60° rotamers are most common, ac-
counting for ~91% of the database (xy1=180° accounts for
the remaining ~9%), and occur with nearly equal frequency
(46% for y1=+60° and 45% for x1=-60°). This indicates
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that the yl conformations, which are consistent with the
measured '"N—'Cy distance for T11, are by no means un-
usual in proteins (indeed the y1=+60° conformation occurs
with the highest frequency, albeit by a very small margin).
The 3D implementation of SCT-TEDOR allowed us to
demonstrate the new methodology and perform a detailed
analysis of several typical "N—'3C™™! distances in GBI
(Figs. 5 and 6). In general, however, the resolution of 2D
BN - Bemet! ¢orrelation spectra may not be sufficient, and
the experiments will need to be performed in 4D mode (as
shown in Fig. 4 for NAV). Although in this initial report we
did not attempt the full 4D SCT-TEDOR experiment on
GBI, in Fig. 7 we show a single slice of such a 4D experi-
ment (i.e., a 3D PN-Cm™I_13¢C correlation spectrum ac-
quired with 7oy= 16 ms), which clearly demonstrates the ad-
vantages of increased spectral resolution offered by an
independent *C™™! frequency dimension followed by
BC-13C magnetization transfer. For example, in the F,
=17.6 ppm strip (top), the three signals with the same methyl
BC frequency can be unambiguously separated in the Fj
dimension to yield a pair of cross peaks corresponding to
A26p and a single correlation involving 16y2. Note that the
spectrum in Fig. 7 was acquired in ~60 h, which implies
that with identical settings (i.e., full eight-step phase cycle
and utilization of the entire CT period for *C™™! encoding
with minimal frequency aliasing in F,), a 4D with four
points in the 7¢y dimension could be recorded in ~10 days
(while somewhat lengthy, this experiment duration is not ab-
solutely prohibitive). Moreover, given that the experiment is
of a constant-time variety and the spectral sensitivity was not
the limiting factor in this case, the total experiment time
could be significantly reduced (to ~5-7 days) by reducing
the phase cycle to four steps and/or optimizing F; and F,
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aliasing (alternatively, additional 7~y points could be re-
corded within a 4D experiment with a total duration of
~7-10 days).

Due to the characteristic magnitude of the '*C—'°N di-
polar coupling constants, TEDOR-type experiments are ide-
ally suited to the measurements of '*C—'°N distances up to
~5A [a5 A BC-PN distance corresponds to D =25 Hz;
see Eq. (4)]. Given that for many proteins a typical methyl
13C site will be in such proximity to ~2—3 "N nuclei (Fig.
8), these experiments will generally be very sensitive report-
ers of local backbone and side-chain conformation. Never-
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FIG. 8. Number of nitrogen atoms within a sphere of 5.0 or 6.0 A radius
around an Ala, Ile, Leu, Met, Val, or Thr methyl carbon in a database of 78
globular proteins of known structure (total of 5926 methyl groups). The
protein database used corresponds to that employed by the TALOS program
(Ref. 39) to predict protein secondary structure based on NMR chemical
shifts. For ~75% of the methyl groups, two to four nitrogen atoms are
found within a 5.0 A radius, and the number of nitrogen neighbors increases
rapidly when the radius is extended to 6 A, resulting in a relatively broad
distribution with the most probable value of 6.
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FIG. 9. (Color) (A) Small (F,,F;)-region taken from the 3D
ISN-BCmehyl_13C correlation spectrum of GBI (Fig. 7) at the Mle fre-
quency in F,, showing the correlations between Mle and the neighboring
5N nuclei. Six cross peaks were observed in this region and assigned based
on the GB1 3C and "N chemical shifts (Ref. 15), combined with the analy-
sis of the published GB1 crystal structures (Ref. 118). The four intramolecu-
lar correlations correspond to dipolar contacts between Mle and MIN
(NH;"), Q2N, K50N, and K50N{, and the two remaining cross peaks (in-
dicated by asterisks) have been assigned to intermolecular contacts with
K28N and K28N{. Note that the cross peaks corresponding to M1N and the
lysine N¢ groups are folded in the F; dimension. (B) Structural model of
GBI in the trigonal lattice (PDB ID: 1pgb) (Ref. 118), which qualitatively
accounts for the observed cross-peak pattern, with the relevant M1e-N dis-
tances indicated by dotted lines. The neighboring GB1 molecules in the
crystal lattice are shown in ribbon representation in cyan and yellow, and
residues M1, Q2, K50, and K28 are shown in stick representation (the atom
types for these residues are colored as follows: C=green, O=red, N=blue,
S=yellow).

theless, in certain cases involving isolated protein molecules,
and certainly for supramolecular peptide and protein
aggregates,”'”? these N-—'3C™™! contacts can provide
valuable long-range structural information for residues far
removed in the primary protein sequence. For GBI, the
analysis of the 3D PN-"3Cm™_13¢C gpectrum (Fig. 7) im-
mediately revealed two such instances. First, the slice at F,
=21.4 ppm (bottom of Fig. 7), which corresponds to the
T51vy and T53y frequency contains a relatively weak, but
clearly discernible, correlation at the N frequency associ-
ated with 16 (note that L5 and L7 "N also resonate in this
region). The GBI structure''® reveals that this cross peak (or
group of cross peaks) is most likely the result of the proxim-
ity of the B1- and B4-strands, containing residues 16 and
T51/T53, respectively (the relevant distances are ~4.75, 4.9,
and 5.1 A for T53y-I6N, T519-I6N, and T517-L5N, respec-
tively). In addition, the region of the spectrum corresponding
to Mle and shown in Fig. 9(A) reveals six distinct BN-B¢
cross peaks (note that these peaks can already be detected in
a 2D BN-1¢cme! correlation spectrum [see, Fig. 5(A)] re-
corded with a sufficiently high signal-to-noise ratio). Based
on the published GB1 °C and '°N chemical shifts,"” com-
bined with the analysis of the available GB1 crystal
structures,''® four of the observed cross peaks were assigned
to intramolecular contacts between Mle and MIN (NH;"),
Q2N, K50N, and K50N{, and the remaining two cross peaks
were associated with intermolecular contacts (the microcrys-
tals used in this study consisted of 100% U—13C, BN GB1)
to K28N and K28N{, as shown in the qualitative structural
model in Fig. 9(B). The identification of the intermolecular
contacts was possible only by assuming that GB1 is present
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in the microcrystals in a trigonal lattice (PDB ID: 1pgb),'"®

which packs the a-helix of one GB1 molecule in the vicinity
of the N-terminus of another GB1 molecule. No significant
intermolecular M1e-'°N contacts at the observed frequencies
could be identified when an orthorhombic lattice (1pga)''®
was assumed. Subsequent experiments in our laboratory, in-
volving the measurements of methyl-methyl contacts in GB1
(Helmus'?), as well as detailed studies of different GB1
crystal polymorphs124 lend further support to the assumption
of a trigonal lattice for GB1 microcrystals. Note also, that
since the M1 side-chain is highly unlikely to adopt the same
conformation in GB1 microcrystals and single crystals used
for X-ray analysis, when performing the cross-peak assign-
ments we considered primarily the observed °N frequencies
followed by the general proximity of the M1 residue to other
residues (as opposed to the precise distances between M1e
and individual >N nuclei).

V. CONCLUSIONS

We have described 3D and 4D SCT-TEDOR experi-
ments, which enable the measurement of multiple long-range
BN_Bcmet™! - dipolar  couplings in  uniformly C,
I>N-labeled peptides and proteins with high resolution and
sensitivity. The new methods take advantage of characteristic
13C spin topologies of side-chain methyl groups in amino
acids alanine, isoleucine, leucine, methionine, threonine, and
valine to encode ""N—"3C™™! dipolar coupling, '°N, and/or
Bemeyl chemical  shift information within a single
semiconstant-time evolution period, while concurrently sup-
pressing the modulation of NMR coherences due to
J-couplings and transverse relaxation. These approaches si-
multaneously offer significant (approximately twofold to
threefold) sensitivity gains for measurements of ’N—'3C di-
polar couplings corresponding to long-range (=3.5 A) dis-
tances as well as increased spectral resolution. Moreover, the
resulting PN—13C™™! cross-peak trajectories are purely di-
polar in nature, which enables the straightforward extraction
of the relevant distances using analytical models of spin dy-
namics. The SCT-TEDOR experiments were demonstrated
on a uniformly *C, "N-labeled peptide, N-acetyl-valine,
and a 56-residue protein, GB1, highlighting the utility of the
measured "N—"C™™! dipolar couplings for providing
atomic-resolution, site-specific information about side-chain
dihedral angles and the packing of protein molecules in the
crystal lattice. Based on the sensitivity observed in the GB1
studies, this methodology should be readily applicable to
other peptide and protein systems.
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