
Journal of Magnetic Resonance 154, 317–324 (2002)
doi:10.1006/jmre.2001.2488, available online at http://www.idealibrary.com on

COMMUNICATIONS

NMR Determination of the Torsion Angle � in α-Helical Peptides
and Proteins: The HCCN Dipolar Correlation Experiment

Vladimir Ladizhansky, Mikhail Veshtort, and Robert G. Griffin1

Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received August 14, 2001; revised November 13, 2001

Several existing methods permit measurement of the torsion an-
gles φ,ψ and χ in peptides and proteins with solid-state MAS
NMR experiments. Currently, however, there is not an approach
that is applicable to measurement of ψ in the angular range −20◦

to −70◦, commonly found in α-helical structures. Accordingly, we
have developed a HCCN dipolar correlation MAS experiment that
is sensitive and accurate in this regime. An initial REDOR driven
13C′–15N dipolar evolution period is followed by the C′ to Cα polar-
ization transfer and by Lee–Goldburg cross polarization recoupling
of the 13Cα

1H dipolar interaction. The difference between the effec-
tive 13C1H and 13C15N dipolar interaction strengths is balanced out
by incrementing the 13C–15N dipolar evolution period in steps that
are a factor of R(R ∼ ωCH/ωCN) larger than the 13C–1H steps.
The resulting dephasing curves are sensitive to variations in ψ
in the angular region associated with α-helical secondary struc-
ture. To demonstrate the validity of the technique, we ap-
ply it to N-formyl-[U-13C,15N] Met-Leu-Phe-OH (MLF). The
value of ψ extracted is consistent with the previous NMR
measurements and close to that reported in diffraction studies
for the methyl ester of MLF, N-formyl-[U-13C,15N]Met-Leu-Phe-
OMe. C© 2002 Elsevier Science (USA)
INTRODUCTION

Solid-state NMR (SSNMR) is emerging as an important tool
for constraining molecular geometry, particularly in systems
which cannot be studied with conventional approaches (1). Thus,
significant information pertinent to the structure and function of
biological solids is frequently obtained with a variety of SSNMR
techniques (2–6). Recently, substantial efforts have been made
to improve and broaden the range of applicability of SSNMR.
Various techniques for homonuclear and heteronuclear distance
measurements have been developed to constrain the secondary
structure of peptides and proteins (7–15). In addition, a vari-
ety of experimental approaches which facilitate measurement
of torsion angles in these systems have been published. In gen-
1 To whom correspondence should be addressed. E-mail: rgg@mit.edu or
griffin@ccnmr.mit.edu.
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eral, torsion angle measurements are correlation experiments
in which the mutual orientation of the anisotropic interactions
such as chemical shift anisotropies and/or dipolar couplings is
determined. If the orientations of these interactions with respect
to the molecular frame are known, then correlation experiments
can directly lead to important geometrical constraints. For ex-
ample, one approach to determining the angle ψ involves cor-
relating the orientation of the C′ CSA tensor with that of the
Cα–H dipolar coupling tensor (16–18). In this case, however,
the data interpretation requires knowledge of the magnitude and
orientation of the principal values of the chemical shift tensor
(CSA) which are not known a priori, making data interpretation
less than straightforward. In this respect, the choice of corre-
lating the orientation of two dipolar interactions is easier since
their orientations are well defined. This approach has been em-
ployed in several recent studies (19–25). For example, a signifi-
cant deviation from the planar trans-conformation in the 1H13C–
13C1H molecular moieties of retinal in two membrane proteins
bacteriorhodopsin and rhodopsin was detected by correlating
the orientation of the two 13C1H dipolar tensors (20, 26, 27).
In these experiments, the double quantum (DQ) coherence is
first excited between two 13C’s and then allowed to evolve un-
der the influence of the dipolar fields of the neighboring protons,
resulting in measurement of the angle χ (19). Similar approaches
are used in measurements of the torsion angle φ in the 1H15N–
13C1H spin quartet (21, 28, 29).

Another backbone torsion angle ψ can also be determined
via dipolar correlation experiments. In this case the two dipole
couplings that can be correlated are the 15N13C vectors in an
15N13C–13C15N moiety following excitation of the 13Cα–13C′

DQ coherence (22, 23). The 15N–13C interaction is restored by
simultaneous phase inversion rotary resonance (SPI-R3) (22)
or via a train of π -pulses applied to the 15N channel (23).
The resulting dephasing curves are sensitive to the variation of
the ψ torsion angle in the neighborhood of trans-conformation
±(120◦–180◦) corresponding to a β-sheet regime.

In contrast to the situation found for β-sheets, the NCCN
moiety in α-helical conformations is far from being planar, with
7 1090-7807/02 $35.00
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the ψ values ranging between −20◦ and −70◦. Therefore, the
15N13C–13C15N experiment is outside its region of optimal sen-
sitivity. To address this problem, we have developed a new ex-
periment which correlates 1H13Cα and 13C′15N dipolar inter-
actions in the 1H13Cα–13C′15N spin quartet. In the α-helical
regime the θN−C ′−Cα−H dihedral angle lies in the vicinity of
trans-conformation, and the NMR response is sensitive to varia-
tions in the θN−C ′−Cα−H . The approach correlates strong interac-
tions between directly bonded nuclear spins and can be used for
multiple angle determination in uniformly labeled compounds.
The utility of the experiment is demonstrated with investigations
of N -formyl[U-13C,15N]Met-Leu-Phe-OH.

EXPERIMENTAL

NMR experiments were performed using an electronics con-
sole custom designed by Cambridge Instruments (courtesy of
D. J. Ruben) that is mated with a Magnex Scientific (Abington,
England) 11.7 T/104-mm-bore magnet (500.06 MHz for 1H,
125.7 MHz for 13C, and 50.6 MHz for 15N, respectively). The
triple resonance 4-mm Chemagnetics/Varian (Fort Collins, CO)
MAS probe was used in the experiments and the spinning fre-
quency, ωr/2π = 12.9 kHz, was controlled by Doty Scientific
(Columbia, SC) spinning frequency controller to a stability of
±3 Hz.

The experiments were performed using the pulse sequence
depicted in Fig. 1a. The selective excitation in the sequence was
achieved by applying a modified SELDOM (30) pulse train,
[delay−(π/2)x −zfilter−(π/2)ȳ]n , where the carrier frequency
was placed at Cα resonance. During the delay, C′ magnetization
makes 90◦ rotation in the xy-plane and is then restored to the
z-axis by a hard π/2 pulse. The Cα magnetization remaining
in the xy-plane is destroyed during the z-filter period, while the
final π/2 pulse restores the z-magnetization to the xy-plane.
A value of n = 2 was sufficient to saturate Cα while preserv-
ing ∼90% of C′ magnetization. An 86-kHz TPPM decoupling
(31) with overall phase shift of 15◦ was employed during ac-
quisition. An 1H RF field of ∼65 kHz was applied during the
Lee–Goldburg cross polarization (LGCP) (32) with the result-
ing effective field of ωeff ∼ 80 kHz. To implement LGCP we
used a theoretically calculated offset value 
ω = ωeff cos θM

for a desired 1H effective field, where θM = 54.7◦. For the ex-
act Lee–Goldburg (33) condition, the C–H dipolar coupling is
scaled by a factor kLGCP = sin θM. In practice, the LGCP de-
phasing curve for Cα was measured, and the true scaling factor,
T1ρ , and the Lorentizian apodization factor were extracted from
the data and used in the simulations. The carbon field during
LGCP was matched to the n = 1 Hartmann–Hahn condition,
ωeff − ω1C = ωr.

To minimize signal losses during REDOR recoupling, the 15N
and the 1H RF fields were mismatched by a factor >3 (34, 35).
Specifically, during REDOR, we employed ∼32 and ∼115 kHz

of CW RF on the 15N and 1H channels during pulses, respec-
tively, and ∼100 kHz TPPM decoupling with overall phase shift
CATIONS

FIG. 1. (a) The 2D and (b) 3D pulse sequences for HCCN dipolar correlation
experiments designed to measure the torsion angle ψ in α-helical peptides.
In (a) 13C polarization is generated with a ramp CP and a SELDOM filter
suppresses the Cα magnetization leaving C′ magnetization. During the REDOR
and the LGCP periods the 13C–15N and 13C–1H dipole couplings evolve (for
periods tCN = RtCH, and tCH, respectively). Following the REDOR period the C′
polarization is transferred to Cα by R2TR. Finally the 13C1H dipole interaction
is reintroduced with Lee–Goldburg cross polarization, and the signal is observed
in the presence of TPPM decoupling. (b) The 3D experiment follows a similar
approach except that an additional evolution period is introduced to yield a 13C–
13C spectrum where the intensities in the third dimension are modulated by the
dipolar coupling.

of 12◦ was employed during the free precession periods be-
tween the pulses (13). The finite (∼16 µs) 15N pulse lengths
during REDOR led to an additional scaling of the 13C/15N
dipolar coupling that must be incorporated into the analysis
of the torsion angle data (36). In practice, the scaling factor
was measured directly from a REDOR dephasing curve of C′

resonance.
Following the REDOR recoupling is a period where selective

polarization transfer occurs between the C′ and Cα . This is ac-
complished with zero-quantum rotational resonance in the tilted
frame (ZQ R2TR) (37, 38), with the carrier frequency placed at
the Cα resonance position. Application of a weak CW RF field
(ω1 ∼ 2.2 kHz) and a C′ offset (
ωC ′ = 14.98 kHz) was used√

to satisfy the ZQ resonance condition: ω2

1 + 
ω2
C′ − ω1 = ωr .

Under these conditions the effective field for Cα resonance points



I
COMMUN

FIG. 2. The structure of N -formyl-L-Met-L-Leu-L-Phe-OMe as determined
by X-ray crystallography (40).

along the rotating frame x-axis, whereas the effective field for
C′ is tilted by ∼8◦ from the z-axis. Under these circumstances
we obtain a scaling factor kR2T R = −1

8 (1 + cos βCα
cos βC ′ +

2 sin βCα
sin βC ′ ) ≈ 0.09, where βx = arctan(ω1/
ωx ) (37, 38).

Another general version of the ψ torsion angle experiment
more suitable for the multiple angle measurements is repre-
sented in Fig. 1b. Following the REDOR dephasing period, the
C′ resonances evolve according to their isotropic chemical shifts.
Broadband dipolar recoupling (RFDR (35), SPC5 (11)) trans-
fers polarization to the Cα spins, which is then dephased under
LGCP. The dephasing of the (C′, Cα) cross peaks in the 2D cor-
relation spectrum as a function of dipolar evolution would be
sensitive to the variation of ψ .

N -Formyl-[U-13C,15N]Met-Leu-Phe-OH (MLF) was pre-
pared as described previously (39). Although the MLF crys-
tal structure is not known, the structure of the methyl ester
N -formyl-[U-13C,15N]Met-Leu-Phe-OMe is known (see Fig. 2)
and the dihedral angle θNF −C ′

L−CLα−H equal to −165.8◦ in MLF-
OMe (40) is anticipated to be in the sensitive region of the HCCN
experiment. We therefore chose this compound to demonstrate
the technique.

THEORY AND SIMULATIONS

In the following discussion we use the symbols Cx,y,z , Nx,y,z ,
and Hx,y,z to denote 13C, 15N, and 1H spin operators. The pulse
sequence in Fig. 1a generates transverse 13C magnetization af-
ter ramped 1H/13C cross polarization. This is followed by the
SELDOM sequence which suppresses signals from 13Cα and
preserves those from 13C′. This defines an initial density matrix
for the experiment: ρ(0) = C ′

x . The C ′
x density matrix evolves

under two 13C/15N heteronuclear dipolar couplings arising from
the directly bonded 15Ni+1 (∼900 Hz) and the remote 15Ni

(∼225 Hz) on the same residue. These two 13C′–15N dipolar
interactions are reintroduced by REDOR π -pulses applied to
the 15N channel, while the π -pulse in the middle of the REDOR
sequence on the 13C channel refocuses 13C chemical shifts. The

REDOR sequence defines the tC N evolution time of the exper-
iment. The effective Hamiltonian of a 13C coupled to two 15N
CATIONS 319

spins generated by the REDOR pulses is (8)

HREDOR = 2ω
C ′ Ni+1
d C ′

z Ni+1z + 2ω
C ′ Ni
d C ′

z Niz . [1]

This Hamiltonian generates a well-known dephasing behavior
(41–43)

ρ(tC N ) = C ′
x cos

(
ω

C ′ Ni+1
d tC N

)
cos

(
ω

C ′ Ni
d tC N

) + · · · , [2]

where all antiphase coherences are omitted.
The 13C′ magnetization modulated by 13C/15N dipolar cou-

plings is selectively transferred to the 13Cα via ZQ R2TR. The
90◦ pulse prior to R2TR period aligns the C′ magnetization with
the effective field. Since ZQ R2TR polarization transfer process
is anisotropic, the quantity of polarization transferred to Cα after
time τ will be a function of the crystallite orientation. The ZQ
R2TR effective Hamiltonian (37, 38)

HR2TR = ωCC
d [C−

α C ′+ + C+
α C ′−] [3]

generates polarization transfer of the form

ρ(tC N ) = Cαx cos
(
ω

C ′ Ni+1
d tC N

)
× cos

(
ω

C ′ Ni
d tC N

)
sin2

(
ωCC

d τ
) + · · · , [4]

where only terms corresponding to polarization of the Cα spin
are kept.

The 13Cα–1H dipolar interaction is then reintroduced through
the LGCP, defining tC H . As shown previously, the LGCP dy-
namics of a 13C1H group are nearly independent of spinning
frequency at ωr/2π ≥ 13 kHz and is dominated by the strong
13C–1H dipolar coupling (44). In a two spin approximation, the
ZQ Hamiltonian generated by LGCP can be written as (32)

HLGCP = ω
Cα H
d [C−

α H+ + C+
α H−] [5]

and part of the density matrix of the crystallite corresponding to
the Cαx observable becomes

ρ(tC N , tC H ) = 1

2
Cαx cos

(
ω

C ′ Ni+1
d tC N

)
cos

(
ω

C ′ Ni
d tC N

)
× sin2

(
ωCC

d τ
)[

1 + cos
(
ω

Cα H
d tC H

)]
. [6]

The effective dipolar couplings ω
C ′ N j

d , ωCC
d , and ω

Cα H
d depend

on the crystallite orientation and can be written as (32, 38, 45)

ω
C ′ N j

d

(
�, �

C ′ N j

P M

) = − 4

π
kREDOR Im

(
ω

C ′ N j

(1)

)
,

ωCC
d

(
�, �CC

P M

) = kR2TR

∣∣ωCC
(1)

∣∣ [7]
ω
Cα H
d

(
�, �

Cα H
P M

) = 1

4
kLGCP

∣∣ωCα H
(1)

∣∣,
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where

ωAB
(1) = µ0

4π

γAγBh- 2

r3
AB

2∑
m=−2

D(2)
0,m

(
�AB

P M

)
D(2)

m,−1(�)d (2)
−1,0(θM ) [8]

and A and B denote different nuclei: C′, N j , H, Cα . The
scaling factor kREDOR in the expression for the ωC ′ N

d effec-
tive 13C/15N dipolar coupling during the REDOR experiment
is cos(π/2ϕ)/(1 − ϕ2), where ϕ is a fraction of the rotor period
ϕ = 2τπ/TR occupied by pulses of length τπ (36). The correc-
tion arises because the pulses occupy a significant fraction of the
rotor period. The scaling factors kR2TR and kLGCP were defined
earlier.

The Wigner rotation matrices D(2)
0,m(�

C ′ N j

P M ), D(2)
0,m(�C ′ Nα

P M ),
and D(2)

0,m(�Cα H
P M ) describe transformations of the correspond-

ing C′N j , C′Cα , and CαN dipole tensors from their principal
axis systems (PAS) to the molecular frame which can be conve-
niently chosen to coincide with the PAS of the C′Cα dipole ten-
sor. The Euler angles �

Cα H
PM = (0, π −θC ′−Cα−H , γCα H ), �C ′N1

PM =
(0, θN1−C ′−Cα

, γC ′ N1 ), �
C ′ N2
PM = (0, π−θC ′−Cα−N2 , γC ′ N2 ) deter-

mine the orientation of the principal axis systems with respect
to the molecular frame, and the Euler angles � are random vari-
ables in a powder and relate the molecular frame to a rotor frame.
The H–Cα–C′–Ni+1 dihedral angle denoted by ζ in the follow-
ing is equal to the difference in Euler angles γC ′ Ni+1 − γCα H

and for L-amino acids can be approximately related to the ψ

(Ni –Cα–C–Ni+1) torsion angle by

ψ = ζ + 120◦. [9]

Assuming that bond angles are known, the intensity of the spec-
tral line corresponding to the Cα will be a function of ψ only
and can be written as

〈Sαx 〉(tCN , tCH , ψ) = 1

8π2

∫
d� sin2 �CC cos �C ′ N1

× cos �C ′ N2 [1 + cos �C H ], [10]

where we introduce the dynamic phases

�CC = ωCC
d τ

�C ′ N j = ω
C ′ N j

d tC N [11]

�C H = ω
Cα H
d tC H .

To compensate for transverse relaxation effects during REDOR
dephasing and T1ρ effects during LGCP, a reference experiment
should be recorded without π -pulses on the 15N channel and
the resulting curve can be represented in a REDOR-like man-
ner. Finally, to account for possible broadening effects due to

residual 1H–1H couplings, RF inhomogeneity, and differential
relaxation, the Lorentzian apodization of the LGCP dephasing
CATIONS

was used. This results in the final expression,

SF

S0
(tC N , tC H , ψ)

=
∫

d� sin2 �CC (�) cos �C ′ Ni+1 (�) cos �C ′ Ni (�)[1 + e−tC H /T ′
2 cos �C H (�, ψ)]∫

d� sin2 �CC (�)[1 + e−tC H /T ′
2 cos �C H (�, ψ)]

,

[12]

where T ′
2 has a value of 0.9 ms extracted from the observa-

tion of LGCP dephasing. The dependence of the signal on ψ

is the strongest if the phases �C ′ Ni+1 and �C H are of the same
order of magnitude. One can therefore increment tCN and tCH

simultaneously, keeping the ratio between the increments ap-
proximately inversely proportional to the ratio of the correspon-
ding interaction strengths: R = tC N /tC H ≈ ω

Cα H
d /ω

C ′ Ni+1
d . Here,

it is necessary to account for the fact that ω
Cα H
d and ω

C ′ Ni+1
d

dipolar couplings have different angular dependence: ω
Cα H
d is

γ -encoded, i.e., depends solely on β, whereas ω
C ′ Ni+1
d depends

on both β and γ . This makes an optimal R factor of the order of
14–18.

Figure 3a shows the backbone geometry with indicated ψ

angle and Fig. 3b presents calculated dephasing curves based
on the geometry of Fig. 3a, the experimentally determined scal-
ing factors kREDOR = 0.92, kLGCP = 0.82, and with |ζ | varying
from 130◦ to 180◦ in 10◦ steps. The calculations are performed

FIG. 3. (a) The relevant Hα–CLα–C′
L– NF fragment of the MLF back-

bone geometry indicating the torsion angle ψ determined in the experiment.
(b) Simulations of the HCCN dephasing curves as a function of the H–C–C–N
dihedral angle. The following structural parameters were used in the simula-

tions: θNF −C ′

L −CLα
= 115.7◦, θC ′

L −CLα−Hα
= 107.3◦, θC ′

L −CLα−NL
= 110.2◦,

dNF C ′
L

= 1.338 A
❛

, dCLαC ′
L:

= 1.533 A
❛

, dCL:α H = 1.115 A
❛

, dCLα NL = 1.462 A
❛

.
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by numerical integration of Eq. [12] for the scaling factor
R = 16.

Like other torsion angle experiments using dipole–dipole cor-
relations, the HCCN experiment has reflection symmetry with
respect to the trans-plane and the result is insensitive to the
sign of ζ . Therefore, the experiment provides two values for ζ

and similarly for ψ . This ambiguity can be eliminated for most
amino acids by comparing the ψ values with a Ramachandran
plot. The allowed ψ for the α-helical conformation is confined
to the region from −20◦ to −70◦, corresponding to ζ values
ranging from −140◦ to −190◦ as shown in Fig. 4.

The center of mirror symmetry (ζ = ±180◦) is therefore shif-
ted toward the edge of the most populated conformational re-
gion. The conformations with ζ beyond that region are much
less likely to occur. However, some ambiguity is possible if the
measured dihedral angle ζ falls in the region −180◦ ± 10◦. In
this case the two possible solutions for ζ will lead to ψ values
which are both allowed. Additional information is then required
to constrain ψ without ambiguity.

The most sensitive region of this experiment is in the range
of |ζ | ∼ 150◦–170◦, whereas values of |ζ | < 120◦ are difficult
to distinguish from one another. In addition, the dependence
of the dephasing on |ζ | exhibits a singularity around 80◦ with
the corresponding curve resembling the one for 145◦. However,
since the values of ζ > −140◦ are much less likely to occur, this
ambiguity can be eliminated in many cases and solutions lying
outside the Ramachandran plot can be discarded.

There are a few sources of systematic error encountered in
extracting ψ from the experimental data. One is determined by
approximating LGCP by the time-independent Hamiltonian of
Eq. [5]. At high spinning frequencies the full LGCP Hamiltonian
is dominated by the time-independent part which is a sum of spin
pair terms of the type of Eq. [5]:

HLGCP = ω
Cα H
d [C−

α H+
α + C+

α H−
α ]

+
∑

i, j �= α

ω
Ci Hj

d [C−
i H+

j +C+
i H−

j ]. [13]

FIG. 4. Illustration of the relation between the ζ (H–C–C–N) dihedral angle
determined in the experiment and ψ torsion angle. The ζ angle directly measured

here is related to ψ by ψ ≈ ζ + 120◦. Both angles are negative as drawn here.
The shadowed region corresponds to α-helical geometry for ζ .
CATIONS 321

FIG. 5. (a) A comparison between the dephasing curves obtained from
the analytical expression of Eq. [12] (solid line), and exact calculation in the
N2–C–C–H spin systems for ωr/2π = 12.9 kHz (circles). The calculation was
performed assuming ideal pulses and no relaxation. For comparison, a full sim-
ulation for ωr/2π = 11 kHz (triangles) is shown. (b) Illustration of the effects of
variations of the geometrical input parameters on the dephasing curves: (solid
line) analytical curve for θC ′−Cα−H = 107.3◦, ζ = −165.8◦; (short-dashed line)
curve corresponding to a 5◦ deviation of the θC ′−Cα−H bond angle. For com-
parison, the long-dashed line shows a curve corresponding to +5◦ deviation of
ζ . The −5◦ deviation of the θC ′−Cα−H results in faster HCCN dephasing which
is smaller than the curve for −5◦ deviation of ζ .

In general the various terms in Eq. [13] do not commute, which
affects the spin dynamics (44, 46). These effects are indepen-
dent of the spinning frequency. The other two contributions are
the residual 1H–1H dipolar couplings which are generally small,
since Hα is usually isolated from the rest of the proton bath and
the dipolar interactions are significantly reduced by the Lee–
Goldburg decoupling (33), and time-dependent 1H–13C dipo-
lar terms neglected in Eq. [13], which are an explicit function
of ωr. To estimate the relative role of these effects, an exact
multispin calculation was performed for N2CCH3 and N2CCH
spin systems and compared with the numerically integrated an-
alytical expression of Eq. [12]. All simulations were done ass-
uming the geometry of MLF-OMe (ζ = −165.8◦), and T ′

2 = ∞.
Figure 5a compares exact simulation of the NMR response of
the N2CCH spin system with the analytical expression, and there
is rather good agreement between two simulations. Increasing
the number of 1H’s has a negligible effect on the dephasing
curves and the result of the exact simulation in the N2CC–H3

spin system is the same. For comparison, a simulation for
ωr/2π = 11 kHz is also shown. In this case the deviation from
the “ideal” behavior of Eq. [12] is more pronounced, but overall
the error introduced by the time independent approximation of
Eq. [5] remains tolerable.

Additional significant contributions to the systematic error
of the experiment arise from the uncertainty in the geometric
parameters required for data interpretation. One is related to
some uncertainty of the bond angles. This issue is explored
in Fig. 5b, where the analytical dephasing curve from Fig. 5a
(θC ′−Cα−H = 107.3◦, ζ = −165.8◦) is duplicated and plotted
together with the curve corresponding to θC ′−Cα−H = 112.3◦,

ζ = −165.8◦. The deviation is obvious but still within 5◦. For
comparison, a curve for θC ′−Cα−H = 107.3◦, ζ = −170.8◦ is



322 COMMUNICATIONS

FIG. 6. (a)–(c) Experimental results of NCCH measurement of the Hα–CLα–C′ –NF dihedral angle. The measurements were done for three different R values
L
as indicated in the figures. The dashed lines correspond to the ±5◦ deviation from the best fit. (d)–(f) RMSD plots of the experiments for R values as indicated in

n

16 ±161.1 −44.6 , 80.8
the figures. The shadowed sections on the RMSD plots show regions correspondi

also shown. Thus, like the other torsion angle experiments the
HCCN experiment is sensitive to the variation of the bond
angles. However, the total uncertainty of these parameters
would not result in an error larger than 5◦ in the ψ value.

Another uncertainty arises when the relation ψ = ζ + 120◦,
which is based on the assumption of perfect tetrahedral ge-
ometry, is used. In fact, deviations from tetrahedral structure
are well known and should be taken incorporated into esti-
mates of the accuracy of the experiment, which is a general
problem inherent to most torsion angle experiments. We can
estimate therefore that the systematic error introduced by un-
certainty in structural input parameters generally exceeds that
resulting from modeling spin dynamics by the time-independent
Hamiltonians.

RESULTS AND DISCUSSION

The experimental test of the HCCN torsion angle experiment
was performed on MLF-OH. The X-ray structure of the closely
related MLF-OMe provides a value for the θNF −C ′

L−CLα−H di-
hedral angle of −165.8◦. Although these two forms may differ,

other NMR measurements (13, 29) suggest that the difference is
not very significant. To translate the θNF −C ′

L−CLα−H into ψ , we
g to the allowed α-helical conformations.

used the relation

ψ = θNF −C ′
L−CLα−H + 116.5◦

which is strictly valid only for MLF-OMe.
Figures 6a–6c display the experimental dephasing curves for

the R = 15, 16, and 17, respectively, and Figs. 6d–6f show the
corresponding RMSD plots. The data showing the best fits are
summarized in Table 1. The simulated dephasing curves are
plotted on the same graphs together with the curves differing
from the best fit by±5◦, which represents a conservative estimate
of the experimental accuracy. The deviation of the experimental
curves from those predicted for tCN > 2 ms is partially due to the
low signal-to-noise ratio, since most of the signal had dephased.

TABLE 1
ψ Torsion Angle Values Extracted from

the Experiments with Different R

R ∂H−CLα−C ′
L −NF

ψ

15 ±162.5◦ −46, 82.2
◦ ◦ ◦
17 ±161.9 −45.4◦, 81.6◦
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In larger peptides and proteins, where signal-to-noise ratio is
lower than in model compounds, one can use a J -decoupled
version of REDOR (47) which would partially reduce a signal
loss due to homonuclear J -couplings. Some deviations are also
expected due to factors discussed in the previous section.

The small discrepancy between experiments for different val-
ues of R is well within the expected error margin. The dashed
regions on the RMSD plots in Figs. 4d–4f indicate the α-helical
region-(20◦–70◦). One solution is clearly well outside the region
and we can conclude that the dephasing curves correspond to
the ψ = −45◦ ± 5◦.

CONCLUSIONS

We have demonstrated a new method for measuring the tor-
sion angle � in peptides and proteins which is applicable to
systems containing the α-helical motif. The results indicate that
the HCCN experiment is a feasible method for an accurate de-
termination of the ψ angle in this regime of the Ramachandran
plot where other methods do not provide accurate results. The
experiment can be applied to uniformly 13C/15N-labeled com-
pounds and benefits from high spinning frequencies. At spinning
frequencies >12 kHz, we obtain a simple mathematical expres-
sion for the signal which facilitates analysis of the experimental
data.
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