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A solid-state rotational-echo double resonance (REDOR) NMR method was introduced to identify the
¢- and -torsion angle from a '"H-"°N or "H-'3C’ spin system of alanine-like residues in a selectively, uni-
formly, or extensively ’N-/'>C-labeled peptide. When a C,(i) or a >N peak is site-specifically obtainable
in the NMR spectrum of a uniformly >N/!3C-labeled sample system, the /- or ¢-torsion angle specified
by the conformational structure of peptide geometry involving '°N(i)-'H,i-'>N(i+1) or
(i — 1)-"HNi-13C'(i) spin system can be identified based on '3>C,- or '°N-detected 'H,-'°N or
THy-'2C REDOR experiment. This method will conveniently be utilized to identify major secondary
motifs, such as a-helix, g-sheet, and g-turn, from a uniformly '>N-/'3C-labled peptide sample system.
When tested on a '>C-/">N-labeled model system of a three amino acid peptide Gly-[U-'3C, '>N]Ala-
[U-13C, ®N]Leu, the ys-angle of alanine obtained experimentally, 1 = —40 + 30°, agreed reasonably well
with the X-ray determined angle, yy = —39°.

TH{—15N, spin system

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Solid-state nuclear magnetic resonance spectroscopy (SSNMR)
has been utilized for investigating the conformational structures
of biological solids. In particular, molecular torsion angles have
been extracted by correlating two interacting, anisotropic tensors
[1-10] or by measuring long-range, through-space distances [11-
14] that constrain molecular torsion angles.

Among those tensor correlating methods, a seminary technique
developed under high-resolution magic-angle spinning (MAS) con-
ditions is NCCN-2Q HLF experiment [4] that measure the y/-tor-
sion angle around a C,-C' bond by correlating the two C-N
dipolar tensors in a peptide. Similarly, two C-H dipolar vectors
were correlated around a C-C bond to measure the torsion angle
involved in a HCCH molecular segment [3]. The NCCN-2Q HLF
method is however insensitive to torsion angles less than +120°,
therefore, an alternative scheme, HCCN method [6] which corre-
lates H,—~C,, dipolar vector and C'-N dipolar vector, has been devel-
oped for detecting a -torsion angle less than |120°. Also
developed was to correlate H-N and H-C, vectors to determine a
¢-torsion angle along N-C, bond [6]. Another type of correlation
scheme developed for measuring i/-torsion angle is the RACO
method [7], which correlates the chemical shift anisotropy (CSA)
of C' with the H,-C, dipolar vector in an amino acid residue. All
these methods have limited applications because they require
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selective isotopic enrichments. Recently, a modified version of
RACO method that is applicable to a uniformly '3C labeled system
has been developed [15]. An improved technique that uses the
same spin topology as the RACO but can be applied to a uni-
formly/extensively labeled spin system is the ROCSA-LG [10], as
the effect of C—-C homonuclear dipolar coupling to CSA is mini-
mized by the ROCSA sequence [16].

More involved techniques developed under MAS to measure
both ¢ and i angles simultaneously are DQDRAWS [8] and DQCSA
[9] methods. These methods correlate CSAs of two adjacent C’ car-
bons in peptides. In DQDRAWS technique, the spinning sideband
intensity of a C'-C’ double quantum signal contains the mutual ori-
entational information of C' CSA tensors. Compared with the
DQDRAWS technique, the DQCSA method places fewer demands
on the 'H decoupling power and rf homogeneity. More sparse
pulses are incorporated in the DQCSA pulse sequence with an indi-
rect evolution time that is confined to a constant period of one or
two rotor periods. Both DQDRAWS and DQCSA methods are suit-
able for selectively labeled peptides and are not affordable for uni-
formly or extensively labeled sample systems because of the
presence of many '>C-'3C homonuclear dipolar interactions.

A distance measurement between two nuclei, which are sepa-
rated by more than three covalent bonds, constrains the torsion
angle(s) involved along bonds connecting two nuclei. For instance,
when the o-proton of C, carbon is utilized, the H,(i)-C'(i — 1) and
H,(i)-N(i + 1) distances will constrain the ¢; and y; angles, respec-
tively. These torsion angle dependent three-bond distances have
been measured by 2H,-!3C or 2H,-'°N rotational-echo double
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resonance (REDOR) experiments by employing phase-modulated
(PM) inversion pulses to ensure efficient inversion of 2H, spins
[17,18]. Hong and coworkers developed 'Hy(i)-C/(i) and 'Hg(i)-
N(i) REDOR techniques for determining the ¢(i) and side-chain
torsion angle, y(i), by incorporating a 'H nucleus directly into the
spin pair of distance measurements [14,19-21]. For a '3C-/!°N-la-
beled peptide, a 'HY-X (Y is directly bonded to 'H) REDOR method
[19,20] was implemented for measuring the 'H-X distance via Y
detection, where X and Y are either a '*C,, '*C; or amide '°N.
The proton echo signal of a 'H-X dipolar pair was recorded
indirectly via a Y nucleus by applying a short Lee-Goldburg
cross-polarization (LGCP) scheme [22,23] to prevents any potential
signal contamination from the nearby protons via spin diffusion,
while applying a series of n-pulses along the X channel for REDOR
mixing. For encoding the 'H echo signal during the REDOR
evolution period, however, it is essential to remove strong 'H-'H
homonuclear dipolar interactions by applying a homonuclear
dipolar decoupling sequence, such as a frequency-switched
Lee-Goldburg (FSLG) [24] or MREV-8 [25] sequence.

In this manuscript, we extended the 'HY-X REDOR approach
and have examined various types of dipolar coupled spin systems
involving H,, or Hy of alanine-like residues for determining ¢- or /-
torsion angles of major secondary structures in selectively, exten-
sively, or even uniformly '3C-/'°N-labeled peptides. Based on the
indirect detection scheme along either C, or N of an amino acid
residue, spin systems that can be chosen for determining ¢- or
Y-torsion angle determination include Hy(i)-N(i+ 1), Hy(i)-
C'(i — 1), and Hn(i)-C'(i). For instance, a 'H,(i)-'°N(i + 1) is a very
sensitive probe for determining the ys(i)-torsion angle of a selec-
tively labeled ith residue. When considered in an extensively/
uniformly ’N-labled system, the spin system is however domi-
nated by the stronger 'H,(i)-'°N(i) pair, which is invariant to the
Y(i)-torsion angle variation. Yet, an effectively isolated three-spin
system, '°N(i)-H(i)-'°N(i + 1), has been identified for differenti-
ating major conformational structures possessing significantly
different s angles, such as a-helix, g-sheets, and g-turns, etc.

2. Experiments
2.1. Materials

Natural abundance Gly-Ala-Leu and '3C-/'>N-labeled Gly-
[U-13C, *N]Ala-[U-13C, 'N]Leu (labeling purity of both '*C and
15N: 98.0%) peptides were synthesized by Fmoc-based solid-state
peptide synthesis at AnaSpec Inc. (San Jose, CA). The synthesized
peptides were purified by reversed-phase liquid chromatography
and the molecular weights of the purified peptides were confirmed
by electrospray ionization mass analyzer. The labeled peptide, Gly-
[U-13C, '*N]JAla-[U-"C, ">N]Leu, was diluted to 18.0% in natural
abundance Gly-Ala-Leu peptide, which was subsequently recrys-
tallized according to the literature procedure [26]. About 46 mg
of recrystallized peptide was center-packed into a 4 mm MAS rotor
with bottom and top spacers. The sample temperature was kept
constant at 22 °C by using BCU-X temperature control unit.

2.2. NMR pulse sequences

The NMR experiments were performed on a Bruker Avance I1-300
NMR spectrometer (7.05 T) with Larmor frequencies of 30.41 MHz
for °N, 75.47 MHz for '3C, and 300.13 MHz for 'H. Fig. 1A and B
shows the pulse sequences used for our 'HS—'N,'HS—'3C, or
THN-13C" REDOR experiments. The '*C, or >N nuclei for signal
encoding are initially irradiated using four 7/2 pulses with 1 ms
interpulse delay to remove the influence of any pre-existing trans-
verse magnetizations. Equilibrium proton magnetizations are sent

to a position in the xz-plane with an orientation of either —35° or
145° with respect to z-axis before applying a frequency-switched
Lee-Goldburg (FSLG) sequence along the x-axis with offsets, which
removes 'H-"H homonuclear dipolar interactions during the evolu-
tion of 'H echo signals for the REDOR mixing period. One rotor period
(t,=86.0 us; w,=11.635 kHz) of REDOR mixing time 7 consists of
four (2m27) FSLG units, whose effective field strength is 93.08 kHz
(e = 76 kHz) with offset 2 =+ 53.74 kHz. Two m-pulses per rotor
period were applied along the indirect channel (for nitrogen chan-
nel, w4[!°N] = 26 kHz) to reintroduce 'H-X (X = >N or '3C’) dipolar
couplings under MAS. A 7 pulse (3 us) is inserted in the middle of
H evolution to refocus the 'H chemical shift. As noted in Fig. 1B,
when both the irradiation and signal encoding are both along the
carbon channel, a selective Gaussian pulse must be applied along
the frequency range of C’ around 170-180 ppm to ensure selective
inversion of carbonyl peaks. A relevant mode of experiment that
requires a selective Gaussian inversion is 'HS—13C' REDOR
experiment.

For the 'HS — SN REDOR experiment, a short (~150 us) LGCP
scheme (CP power: w;('H)=50kHz with offset =—35.4kHz;
1(13C)=50kHz) is employed for one-bond signal transfer from
'H,, to C, for signal acquisition via '>C channel. Spectra of 640-
4096 scans were coadded with a recycle delay of 4 s. An extension
to a two-dimensional (2D) '3C/’>N correlation experiment is op-
tional as included in Fig. 1A to increase the resolving power. 'H
n/2 and 7 pulse lengths were 2.5 and 5 pus, respectively, while
5N 7 pulse length was 17.5 ps. A proton decoupling sequence,
SPINAL-64, with @, = 63 kHz is used during '>C-detection for het-
eronculear decoupling. Details of phase cycling steps are shown in
the figure caption. REDOR dephasing signals (S) and reference sig-
nals (Sp) were recorded with and without irradiation of 7 pulses,
respectively, along the indirect channel.

2.3. Simulation of REDOR dephasing curves

Since an analytical expression for the simulation of a REDOR
dephasing curve fails to deal with real experimental conditions,
such as finite pulse effects and relative tensor orientations involv-
ing multi-spin systems, brute-force calculations were carried out
foran I —S, (n=2 and 4) spin system using a in-house developed
C**-based program. A full density matrix evolution was considered
under the influence of the REDOR 7-pulses in the sequence. The
program was developed to consider explicitly all the experimental
parameters, such as pulse power, pulse duration, and spinning
speed, and all the relevant internal tensor parameters, such as
the magnitudes and relative orientations of I — S,, dipolar interac-
tions and chemical shift anisotropies (CSAs) of S (='°N) spins. The
I spin (='H) CSA tensor parameters are ignored in the actual calcu-
lation. The principal values of the amide nitrogen CSA tensor
parameters used in the analysis were o1 = 64 ppm, 0, =77 ppm,
and o33 =217 ppm [27]. All the relevant internal Hamiltonians
are approximated as piecewise-constants with 60 increments per
rotor period. Dipolar tensors and CSAs defined in their principal
axis systems (PASs) transform to the laboratory frame (rotating
frame in the usual sense) via multiple intermediate frames accord-
ing to:

(o5:.5.0°)

CSA(Sh,n=2,...)  — ’Dipolar interaction (I — S,)

0°.00.0°) . . . 0"
x T )Dlpolar 1nteract10nI—Sl( AN 1)CSA(I)
d le(ap,y rt,54.7°,0°
powder angle(*7) potor Frame "% " Lab Frame, (1)

where angle sets in the parenthesis are Euler angles transforming
either a dipolar or CSA tensor from an old frame on the left side into
a new frame on the right side of each transformation step in Eq. (1).
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Fig. 1. Pulse sequences used for "HY-X REDOR. Proton echo signals evolve during the REDOR mixing period under the FSLG sequence, which removes 'H-"H homonuclear
dipolar interactions. FSLG decoupling power was 76 kHz, with eight 10.7 pns 294° rotation blocks per rotor period (7, = 86.0 ps), with offset frequencies of +53.74 kHz. For the
REDOR mixing period, either the 'H,, or 'Hy echo signal evolves under two X-channel ['°N (A) or C'(B)] 7-pulses per rotor period with XY-16 phase alternation scheme, and is
transferred to a directly bonded Y ['3C,, (A) or >N (B)] using a short LGCP step (~150 ps) for detection. A 2D extension of the pulse sequence is optionally included in (A) to
increase the resolving power of a spectrum on a standard 2D 'C/*°N correlation scheme, utilizing a cross-polarization (CP) between 3C, and '*N or >C’ and '°N. For inverting
C' nuclei selectively, a series of 7-Gaussian pulses can be applied along the carbon channel (B). MAS was performed at 11.635 kHz spinning within +1 Hz. Phase cycling: ¢; =y,

=Y p2=(V)s, (—V)ss 3 =X Pa=X X —X, =X, Y, ¥, =V, =i Prec =X, =X, =X, X, ¥, =Y, =V, J.

The relative tensor orientation between an I-S, ['H(i)-'>N(i + 1),
TH,(i)-15N(i — 1), or "Hy(i)-">N(i + 2)] vector and I — Sy ['Hy(i)-1>"
N(i)] vector, 0y, is instrumental in our REDOR analysis. However,
the relative orientation between the CSA tensor of either a 'H or
15N and an I — S,, dipolar vector was proven insignificant in REDOR
dephasing characteristics (vide infra): &, <, g9, and y¢ angles were
ignored in our actual analysis (oS = g = p¢ =97 =0). Powder
averages of REDOR dephasing signals were obtained by considering
113 crystallite orientations spanning over the powder angles o, §,
and 7. The FSLG scaling factor, 0.57, was considered in our REDOR
data analysis for evaluating a 'H-!°N pair's dipolar coupling
strength.

3. Spin systems consideration
3.1, THy(i)—"°N(i + 1), "H,(i)-"3C/(i — 1), and "HN(i)-'3C (i) distances

These spin pair distances become basic distance constraints in
our study that can be utilized for determining the ¢(i)- or y/(i)-tor-
sion angles in an alanine-like peptide geometry as shown in Fig. 2.
The conformational degree of freedom in a H,(i)-Cy(i)-C'(i)-
N(i+ 1) fragment is restricted by the rotation of Yy (=} — 118°
angle (Fig. 2A). Therefore, the 'H,(i)-'°N(i+ 1) distance varies
according to the rotation of y/(i)-angle as explained by the Supple-
mentary Eq. (3) in the Supplementary information. In a typical
alanine-like residue, the H,(i)-N(i + 1) distance will vary in the
range of 2.38-3.29 A (Fig. 2A).

The prediction of REDOR dephasing curves based on the calcu-
lated H,(i)-N(i + 1) distances obtained at /(i)-torsion angles of
typical secondary structures is provided in Fig. 2A. Albeit the close-
ness in the dephasing curves between «-helix and 3¢-helix and
between antiparallel and parallel p-sheet structures, the «-helix
is clearly distinguishable from the g-sheet structure as they have
clearly distinguishable 'H,(i)-'>N(i + 1) REDOR dephasing curves
(Table 1). Additionally, it is predicted that the g-turn type-I and

type-II structures are clearly distinguishable from each other. In
all of our simulated REDOR dephasing curves, the FSLG scaling
parameter, 0.577, has been considered explicitly in the simulations
to estimate the dipolar strength of 'H-X distances.

Likewise, a 'H,(i)-'3C'(i — 1) distance constrains ¢(i)-torsion
angle (=¢(i)+116°) in a molecular skeleton H,(i)-C,(i)-
N(i -C'(i — 1). The ¢(i)-torsion angle dependent 'H,(i)-'3C'(i — 1)
distances and the corresponding REDOR dephasing curves calcu-
lated based on the H,(i)-C,(i)-N(i)-C'(i — 1) geometry of the major
secondary structures are shown in Fig. 2B. The variation range of
TH,(i)-13C'(i — 1) distances is 2.5-3.3 A [Fig. 2B; see Supplementary
Eq. (4) in the Supporting Information]. Since the dipolar coupling
strength of a 'H,(i)-'3C'(i — 1) pair is much stronger than that of
H,(i)-N(i + 1), the calculated REDOR curves dephase more rapidly
than those from H,(i)-N(i + 1) case. The "H,(i)-'3C'(i — 1) REDOR
analysis also distinguishes an «-helical structure against a p-sheet
structure. In this case however the -turn type-I and type-II struc-
tures provide an identical REDOR dephasing curve.

A 'HN(i)-3C'(i) distance measurement is different from the pre-
vious two cases that it requires the signal encoding along the
amide nitrogen. The ¢, N(i)-torsion angle rotation in the molecular
segment, Hy(i)-N(i)-C,(i)-C'(i), provides a variation in the
THN(i)-13C(i) distance (Fig. 2C) according to the Supplementary
Eq. (5). The ¢}(i)-torsion angle is related to the ¢(i)-torsion angle
by ¢N(i) = ¢(i) + 180°. Sinha et al., utilized this mode of distance
measurement for determining ¢(i)-torsion angle [12]. As shown
in Fig. 2C, REDOR dephasing curves calculated based on the
THN(i)-13C(i) distances are prominently different for o-helical
and B-sheet structures. Moreover, this method offers sufficiently
different REDOR dephasing curves for the parallel (¢ =-119°)
and anti-parallel (¢ = —139°) B-sheet structures. As in the case of
TH,(i)-'3C'(i — 1), this mode does not distinguish g-turn type-I
and -II structures either.

Additionally, for an amino acid residue that possesses a hydro-
gen atom in the g-carbon, such as isoleucine, valine, and threonine,
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Fig. 2. (A) "Hy(i)-">N(i + 1), (B) "Hu(i)-C'(i — 1), and (C) "Hx(i)-"3C'(i) distances in a peptide sequence consisting of alanine-like residues are obtained by varying either the
Y(i)- (A) or ¢-torsion (B and C) angle. Parameters used as bond lengths and bond angles required to find these atom pair distances are provided in the Supporting Information.
S/So REDOR dephasing curves were simulated for 'H-X (X = 1°N or '3C’) distances from a-helix, 31¢-helix, parallel and antiparallel -sheets, and type-I and -II turns for each
spin pair. The dipolar coupling strength of each spin pair was scaled down by the FSLG scaling factor (0.577). The universal REDOR dephasing curve was utilized for

simulations.

Table 1

TH,-"5N distances on peptide geometry determined by (¢, ¥/) torsion angles defined over i — 1, i, and i + 1 residues involved in the sequences of major secondary structures.

a-Helix 310-Helix Antiparallel g-sheet Parallel p-sheet p-Turn type 1 B-Turn type II

(i) (°) -57 —49 -139 -119 —60 —60
(i) (°) —47 -26 135 120 -30 120
d[N(i)-N(i + 1)] = d; (A) 2.78 2.65 3.52 3.42 2.67 3.42
d[C'(i — 1)-C'(i)] = d3 (A) 3.00 2.94 3.62 3.50 3.02 3.02
d[H,(i)-N(i + 1)] = d3 (A) 3.26 3.20 2.38 2.36 3.21 2.36
d[Hy(i)-C'(i — 1)] = d4 (A) 2.73 2.79 2.55 2.51 2.71 2.71
d[HN(i)-C'(i)] = ds (A) 3.20 3.25 2.65 2.77 3.19 3.19
ZIN(i)-Hy(i)-N(i + 1)]* (°) 58 55 104 101 56 101
Z[C'(i — 1)-HNG)-C' ()] (°) 65 63 100 92 67 67

dg = d[H,(i)-N(i)] and d = d[HN(i)-C'(i — 1)] are 2.08 A and 2.04 A for all cases.
@ The Z[N(i)-Hq(i)-N(i + 1)] is identical to the angle 6 defined in Fig. 2C.
b The £[C'(i — 1)-HN(i)-C'(i)] is identical to the angle 0 defined in Fig. 2A.

an additional molecular segment, Hp(i)-Cp(i)-C,(i)-N(i), constrains

the side-chain torsion angle y; via the Hy(i)-N(i) distance [12].

3.2. I°N(i)-1H,(i)-">N(i + 1) and C(i — 1)-"HN(i)-C(i) spin systems
Although the angular precision of a torsion angle determination

is highest when an isolated two-spin system is considered, the
preparation of an isolated "H,(i)—'>N(i + 1), "H,(i)-"3C'(i — 1), or

THN(i)-13C(i) spin system in a peptide sample requires an enrich-
ment of a single, selectively '°N- or 3C’-labeled amino acid residue
by chemical synthesis. Usually it requires very expensive, elaborate
efforts to prepare many differently labeled versions of well isolated
spin pairs per a sample system for determining multiple ¢- and
Y-torsion angles. Moreover, this approach is not applicable for
protein samples prepared from bacterial growth. Thus, preparing
a non-selective, multiply labeled sample system per a sample
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based on a uniform or extensive labeling scheme reduces the cost,
while maximizing the structural constraints. From a uniformly
13C- and/or °N-labeled peptide or protein sample system, how-
ever, the spin systems become crowded, and the information
contents coming from the longer dipolar pairs that are spanning
over multiple covalent bonds are buried by the shorter dipolar
pairs that are separated by one or two covalent bonds. This is be-
cause a stronger dipolar coupling interaction dominates the REDOR
dephasing curve by overwhelming weaker dipolar coupling inter-
actions in the spin network involved.

For a three-spin system that is composed of two heteronuclear
dipolar interactions sharing a common nucleus, a minor modifica-
tion by the weaker dipolar coupling to the REDOR dephasing curve
that is predominantly determined by the stronger one may provide
a still useful way for determining the major secondary structures
in a uniformly or extensively '3C-/'">N-labeled peptide or protein.
For instance, a three-spin system, >N(i)-'H(i)-'>N(i + 1), can be
utilized to identify «-helical or -sheet y(i)-torsion angles from a
uniformly '>C- and/or '°N-labeled sample system. Other types of
three-spin systems can be utilized are either a C'(i — 1)-1HN(i)-
C'(i) (Fig. 3B) or C'(i — 1)-1H,,(i)-C'(i) that can be used to extract
¢(i)-torsion angle when a selective m-pulse irradiation scheme is
employed for the 180° inversion of C’' carbons (Fig. 1B).

A three-spin system we have thoroughly investigated in this
work is '>N(i)-"H,(i)-'>N(i + 1) (Fig. 3A). The N(i) and N(i + 1) are
separated from the 'H,(i) atom by 2 and 3 bonds, respectively.
While the H,y(i)-N(i+1) varies according to the rotation of
Wi(i) = (i) — 1182, the Hy(i)-N(i) distance (2.08 A) is invariant to
the Yy angle rotation. An additional, nontrivial parameter that
must be specified is the 0 angle, /[N(i)-H,i -N(i + 1)], that varies
also by the rotation of the i/-torsion angle [28,29]. The dependence
of the 0 angle to the rotation of -torsion angle is provided in
Fig. 3A (see also the Supporting information). The angle 0 defined
between the H,(i)-N(i) and H,(i)-N(i + 1) dipolar vectors varies
in the range of 54.5-104.2° as the y/-torsion angle rotates along
C,i-C'(i) bond (Fig. 3A). For example, for a peptide geometry having
= 120° (parallel g-sheet), the 0 angle and the H,(i)-N(i + 1) dis-
tance required for constraining the this torsion angle are
0=99.6° and d[H,-N(i + 1)] = 2.38 A, respectively.

Fig. 3A shows a three-dimensional (3D) plot of the simulated
I5N(i)-"H,(i)-'>N(i + 1) S/S; REDOR dephasing curves generated
based on the fixed H,(i)-N(i) coupling strength, which works as a
control, and the variable H,(i)-N(i + 1) coupling strength and 6 de-
fined between two dipolar vectors as the /-torsion angle varies
from —180° to 180° (y/y = — 118°). Here, it must be noticed that
the angular degeneracy, i = |£180°|, that is involved in a three-
bond separated 'H,(i)-'°N(i+ 1) dipolar interaction is removed
by incorporating an additional two-bond separated 'H,(i)-15N(i)
dipolar interaction. Because the REDOR dephasing curves thus ob-
tained show a i/-torsion angle dependency, it must be possible to
differentiate between major conformational structures possessing
sufficiently different /-torsion angles based on the experimental
REDOR dephasing curve of the three-spin system, >N(i)-"H,(i)-1>"
N(i + 1). Demonstrated in a separated plot shown on the bottom of
Fig. 3A are the simulated REDOR dephasing curves for the
ISN(i)-1Hx(i)-15N(i+1) spin system involved in a-helix
(¥ = —47°) and B-sheet (y = 135°) structures. These two curves
are significantly different at the longer mixing times (>2.4 ms).
Even in the region with shorter mixing times (<2.0 ms), where an
experimental observation of a REDOR dephasing curve is more reli-
able, the difference in the dephasing curves evidenced is far be-
yond an ambiguity a typical experimental error associated with
an experimental REDOR dephasing curve with sufficient S/N ratio
would impose. It is also predicted that the ">N(i)-"H(i)-"°N(i + 1)
spin system may distinguishe the p-turn type-I structure against
the type-II structure as explained in the Supplementary Fig. 2C.

Based on the extensive simulations including many other peptide
geometries possessing different secondary structures (Table 1),
we reached to a general conclusion that while some overlap will
be unavoidable among the dephasing curves from secondary struc-
tures possessing similar ranges of conformational angles (e.g. a-he-
lix (y = —47°) and 3¢-helix (yy = —26°); antiparallel (y = 135°) and
parallel (y = 120°) B-sheets), the dephasing curve for the general
case of an «-helical torsion angle is distinguishable from that of
p-sheet torsion angle. Furthermore, when a site-specific resolution
of 13C,, peak is provided, this method might be useful for determin-
ing multiple y/-torsion angles of alanine-like residues in an exten-
sively/uniformly 3C-/!>N-labeled peptide/protein.

To test the validity of employing an effective >N(i)-H(i)-'>
N(i + 1) system for the analysis of experimental "HS—'SN REDOR
data from a uniformly '°N-labeled peptide or protein, additional
nearby 'H,(i)-">N(i — 1) and 'H,(i)-'">N(i+2) interactions are
included to the 'Hy(i)-'°N(i) and 'H,(i)-'>N(i + 1) interactions,
forming an extended 'H{—'5N, spin system. These additional cou-
plings vary depending on the (¢, i) torsion angle sets defined over
three adjacent i — 1, i, and i + 1th residues. Various 'H,(i)-15N(y)
(y=i—1,i+1, and i+ 2) distances and their relative angles with
respect to the strongest 'H,(i)-'>N(i) coupling are reported in the
Supplementary Table 1 for the various types of secondary struc-
tures, such as a-helical, 3 p-helical, antiparallel -sheet, parallel
B-sheet, and p-turn types I and II structures. The dipolar coupling
strengths of 'H,(i)-'°N(i — 1) and 'H(i)-'>N(i + 2) spin pairs found
in these secondary structures are in the range of 64-175 Hz, which
are about 4.1-11.2% of the major 'H(i)-'°N(i) coupling strength.
These dipolar interactions can safely be ignored in the REDOR anal-
ysis for initial REDOR mixing periods because the dipolar coupling
strengths of these spin pairs are less than or comparable to 10% of
that of H,(i)-N(i) and be effectively truncated [28]. More details of
considering "HS—15N, spin system are included in the Supporting
information.

Similarly, we have tested another three spin system,
C'(i — 1)-1Hn(i)-C'(i), in a uniformly '3C-labeled peptide system
to test its validity in determining ¢-torsion angles of major second-
ary structure. To utilize this spin system a selective irradiation
scheme must be incorporated along the carbon channel to invert
only carbonyl carbons. The proton echo signal of amide hydrogen
must be encoded indirectly along the nitrogen signal based on a
short CP. Since it involves dipolar coupling between the hydrogen
and carbon nuclei, the dipolar coupling strengths involved in the
spin system are more stronger than the previous case, and a REDOR
S/So curve obtained from this spin system dephases more rapidly as
can be seen in Fig. 3B. As is seen in Fig. 3B, S/Sg REDOR dephasing
curves from major secondary structures, such as «-helix and B-
sheet, are distinguishable. Because one has to accommodate for
the two Gaussian 7-pulses which possess significantly wider pulse
durations than simple 7-pulses per rotor period, a slower spinning
speed must be used to increase the length of the spinning rotor
period. Since a S/Sy curve from this spin system dephases faster
than the case involving nitrogens, it would impose a limitation in
its use for practical applications.

Finally, we have tested the finite pulse effect and the influence
of relative tensor orientations between the N CSA tensors and
'H-5N, dipolar vectors in S/Sy curves. The known magnitude of
15N CSA tensor values [27] were incorporated in our REDOR simu-
lations with adjustable relative tensor orientations. Fig. 4A shows
the S/So REDOR dephasing curves using 7-pulses along the irradia-
tion channel whose width are infinitely narrow, 5, 10, and 20 ps,
under a 12 kHz of spinning speed. As is clear from Fig. 4A, the influ-
ence of the finite 7-pulse effect is very significant particularly at a
pulse power less than w, = 50 kHz (width of the n-pulse is 10 ps),
therefore, one needs to specify an exact n-pulse width in the brute-
force numerical simulations. The S/S, curves for the a-helix and g-
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Fig. 3. Simulations of /Sy REDOR dephasing curves of three-spin systems, >N(i)-'H,(i)-">N(i + 1) (A) and '3C'(i — 1)-"Hy(i)-'3C(i) (B), obtained by varying the - (A) and ¢-
torsion (B) angles. The 0 angle, 3-D S/So REDOR dephasing plot, and representative S/So REDOR dephasing curves for o-helix (yy = —47°, ¢ = —57°) and parallel p-sheet
(Y =120°, ¢ = —119°) structures for both spin systems are shown by varying either - (A) or ¢-torsion (B) angle in the range of —180° to 180°. Simulations were performed
utilizing a MAS rate at 12 kHz, 5 ps 180° X-pulses, and known tensor values of >C’ and >N CSA tensor parameters. The relative tensor orientations between CSA and 'H-X
dipolar vector were ignorable. The FSLG scaling factor, 0.577, was considered for the strength of dipolar couplings. Homonuclear '"H-"H dipolar couplings are ignored in the

simulations.

sheet structures start to oscillate at the longer mixing time due to
the influence of >N CSA when 40 ps of m-pulses are used. The iso-
tropic offset frequencies considered for >N(i) and °N(i + 1) were
arbitrarily assigned to +5 ppm.

Fig. 4B shows an invariance in S/So REDOR dephasing curves due
to the changes in the relative CSA tensor orientations of >N nuclei
with respect to the 'H-'°N dipolar vector. The same simulation
parameters were used as before, with w;('°N) =100 kHz. Com-
pared in Fig. 4B are S/Sp; dephasing curves obtained with
of =of = 5 = p5 =0° (red circle) and of = o = g7 = g5 =90°
(blue cross). As these two curves from different "N CSA tensor ori-
entations are the same, we can conclude that the influence of rel-
ative tensor orientations between the >N CSA and 'H-!°N dipolar

vectors is ignorable.

4. Experimental results and discussion

The feasibility of detecting a site-specific y/-torsion angle was
tested on a '>C-/'>N-labeled model system consisting of a three
amino acid peptide Gly-[U-'3C, '°N]Ala-[U-"C, "*N]Leu (*3C/"*N
labeling purity: 98.0%) that is diluted to 18.0% in natural abun-
dance Gly-Ala-Leu, which was subsequently recrystallized accord-
ing to the literature procedure [26]. This is a good model
compound because its X-ray crystal structure is known [26]—the
alanine residue positioned in the center of the tripeptide possesses
an o-helical torsion angle /(Ala) = —39° (see the inset in Fig. 5C).
REDOR dephasing signals (S) and reference signals (Sp) were re-
corded with and without "N 7 pulses, respectively. An example
of a set of S and S, °C spectra, measured at the REDOR mixing time
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0.688 ms, is shown in Fig. 5A. The expected REDOR dephasing phe- evolution of a 'H magnetization during the REDOR mixing time

nomenon on the 'H, of Ala residue is clearly visible along the indi- with a sufficiently long T, relaxation time. The signal dephasing
rectly detected C,(Ala) signal on the S spectrum. The experimental due to T, relaxation is common in both S and S, spectra. Thus, in
So curve of the 'H,, signal of alanine over all REDOR mixing times is the S/Sp fraction, the signal dephasing is purely due to the
also shown in Fig. 5B to indicate the influence of the apparent T, TH-'>N heteronuclear dipolar interactions.

relaxation on the signal dephasing which is determined by the effi- A further signal correction is required in the experimental S/Sg

ciency of FSLG 'H-'H dipolar decoupling. A key component of this curve (Fig. 5C) to reflect the NMR signal intensities in S and Sy spec-
technique for improving the signal-to-noise ratio is to ensure the tra due to the contributions from the natural abundance signals. To
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obtained by assuming o-helical and g-sheet torsion angles. Experimental data (blue dots, with error bars) fit well to the simulated dephasing curve for an «-helix with a ¥
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remove the signal portion that contributes only to the Sy signal due
to the presence of 3C,-'H,-'*N combinations in the sample,
which is relatively about 0.0126 (from the labeled peptide: 0.980
('3C) x 0.99985 ('H) x 0.020('*N) x 0.180 [the dilution factor of la-
beled peptide] =0.00353; from the natural abundance peptide:
0.0111 ('3C) x 0.99985 ('H) x 0.9963 ('“N) x 0.820 =0.00907).
The portion of '*C,-'H,~!°N combinations that contribute to both
S and S, signals is 0.173 (from the labeled peptides: 0.980
(13C) x 0.99985 ('H) x 0.980('°N) x 0.180=0.173; the portion
from the natural abundance peptides is negligible). Here we con-
sidered only the major spin pair 'H(i)- "N(i) that dominates the
S/So REDOR dephasing for simplicity. The fraction that does not de-
phase is therefore 0.0126/(0.0126 + 0.173) = 0.0679. Thus, the true
S/So REDOR dephasing signal must be (S— 0.0679Sp)/
(So — 0.0679Sy).

Shown in Fig. 5C is the corrected experimental S/Sy dephasing
curve along with simulated dephasing curves. Error bars are
included in the experimental data by calculating (S/Sp) x
(1/SINO + 1/SINOQg) for each point, where SINO and SINOg are the
signal-to-noise ratio of S spectrum and Sy spectrum, respectively.
Within the initial region of the REDOR dephasing curve, the cor-
rected S/Sp values obtained experimentally match well with simula-
tions using \ ~ —40°. Also included is a simulation based on a
B-sheet secondary structure (i =120°) for comparison. Fig. 5D
shows the c2 deviation between experiments and simulations as a
function of y angle that is assumed in the simulation. The best-fit
result is around iy = —40° with an error range within +30°. Interest-
ingly, no reflection symmetry is observed in Fig. 5D, due to the non-
symmetric nature of the three-spin system, '>N(i)-H(i)-1°N(i + 1),
on the rotation of ys(i) (see also Fig. 3A). We have included the FSLG
scaling factor (0.57) for considering 'H-'’N dipolar coupling
strengths in our REDOR data analysis. The best fit simulation data
with assuming an «-helical y/-torsion angle is in reasonable agree-
ment with the known crystal structure of GAL (a1, = -39°) [26].
Deviations of experimental points from the simulation at long mix-
ing times would be attributed to errors associated with experimen-
tal imperfections, such as insufficient "H-"H dipolar decoupling, rf
inhomogeneity, and finite pulse effects or pulse imperfections,
which are not able to be compensated. These errors would be accu-
mulated when the REDOR mixing time increases. This limitation
would be particularly severe when it is associated with the lower
signal-to-noise ratio of a S/Sp signal that approaches to zero at a long-
er mixing time. Still, a good agreement at short mixing times, which
is normally the time region of most interest in REDOR data analysis,
supports the efficacy of our REDOR method for determining torsion
angles.

Though it possesses a relatively poor angular resolution, the po-
tential usefulness of this approach is a possibility of providing a
sequential y/-torsion angle measurement if the site-specificity of
C,, signals is provided. Thus, the resolution of C, carbons is a limit-
ing factor to be applied a uniformly or extensively *C-labeled sam-
ple system. Practically, a peptide or protein sample must be
recrystallized for obtaining the highest '3C,, spectral resolution. A
small, uniformly-'3C/*°N-labeled peptide sample or a selectively
labeled protein sample is practically an optimal sample system
for this method. Directly bonded '*C,-'3C; or 3C,~'3C’ dipolar
interactions in a uniformly '3C-labeld sample system would also
impose a limitation for obtaining well resolved C, peaks. A
13C-/15N-labeled sample system is superior to the only '*C-labeled
sample system for obtaining high-resolution '3C,, signals due to the
absence of a quadrupole-dipole cross-correlation in 3C,-'N pair
that does not be averaged away by magic-angle sample spinning
[30]. When a protein sample is examined, an extension to the
two-dimensional (2D) ">N/'3C’ or '>N/'3C,, correlation experiment
as indicated in Fig. 1A would be helpful to increase the resolving
power of a spectrum in most practical cases.

5. Conclusion

Spin systems involving 'H, or 'Hy nuclei, such as 'H,(i)-'>
N(@i+1), Hy(i)-3C'(i—1), and 'Hy(i)-'>N(i), are explored for
determining site-specific (i)- or ¢(i)-torsion angles in a selec-
tively '>N- and/or '3C-labeled peptide system. An indirect detec-
tion scheme via either >N or '>C, nuclei can conveniently be
utilized to encode the signals of "H-X (X = 13C or 1>N) REDOR spec-
troscopy. For a uniformly or extensively '>C-/'°N-labeled peptide/
protein sample system, a ng—Nz REDOR scheme is demonstrated
for measuring multiple, site-specific y/(i)-torsion angles of alanine-
like residues. This method has a potential to determine (i)-tor-
sion angles with an angular precision that determine major sec-
ondary structures: it distinguishes «-helix against p-sheet
structures or turn type-I structure against type-II structure, etc.
Although it provides a limited capability to distinguish between
the y/-torsion angles representing «-helix and 3;o-helix structures,
or y-torsion angles representing antiparallel g-sheet and parallel
B-sheet structures, this method can still be a very powerful tool
for residue-specific /-torsion angle determination of a uni-
formly/extensively '3C-/'>N-labeled peptide/protein because a
sequential, site-specific y/-torsion angle determination is feasible.

The finite-pulse duration of m-pulses applied along the irradia-
tion channel must be considered explicitly in the simulation of RE-
DOR curves. However, complications due to the presence of
chemical shift anisotropies (CSAs) of >N nuclei and their relative
tensor orientations to the 'H-'°N dipolar pairs involved were neg-
ligible [21]. A 'H,, spin of an alanine-like residue in a peptide se-
quence is well separated from >N(i — 1) and '>N(i + 2) etc. that it
forms an effective N(i)-'H,i-N(i + 1) spin system.
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