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Determination of Polypeptide Backbone Dihedral Angles in Solid State
NMR by Double Quantum 13C Chemical Shift Anisotropy Measurements
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A solid state NMR technique for the determination of peptide
backbone conformations at specific sites in unoriented samples un-
der magic angle spinning (MAS) is described and demonstrated on
a doubly labeled polycrystalline sample of the tripeptide AlaGlyGly
and a sextuply labeled lyophilized sample of the 17-residue peptide
MB(i + 4)EK. The technique is applicable to peptides and proteins
that are labeled with 13C at two (or more) consecutive backbone
carbonyl sites. Double quantum (DQ) coherences are excited with
a radiofrequency-driven recoupling sequence and evolve during a
constant-time t1 period at the sum of the two anisotropic chemical
shifts. The relative orientation of the two chemical shift anisotropy
(CSA) tensors, which depends on the φ and ψ backbone dihedral
angles, determines the t1-dependence of spinning sideband intensi-
ties in the DQ-filtered 13C MAS spectrum. Experiments and sim-
ulations show that both dihedral angles can be extracted from a
single data set. This technique, called DQCSA spectroscopy, may
be especially useful when analyzing the backbone conformation of
a polypeptide at a particular doubly labeled site in the presence of
additional labeled carbons along the sequence.

Key Words: peptide; backbone structure; solid state NMR;
carbon-13 NMR; double quantum filtered spectroscopy; magic an-
gle spinning.
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Solid state NMR spectroscopy allows the measuremen
structural parameters in insoluble and noncrystalline biolog
polymers at specific isotopically labeled sites. For unorien
solid samples, the measurement of dihedral angles (or more
erally the relative orientation of two chemical functional grou
that are close in space) has received considerable attenti
recent years (1–26). Dihedral angles define the relative orie
tation of rigid structural elements and can be determined f
measurements of correlations between two spin interaction
sors on two adjacent structural elements, provided that the te
orientations relative to the molecular frame are known (27–34).
In a polypeptide, the dihedral anglesφ andψ define the relative
orientation of two adjacent peptide planes. The 2(N−1) dihedral
angles corresponding to theN amino acids in the sequence of
peptide or protein unambiguously specify its backbone struc
(35). A number of techniques for experimentally constrain
theφ andψ angles in polypeptides through tensor correlatio
have been demonstrated (5–7, 10, 12–14, 16–19, 21–23, 26).
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13C NMR measurements on carbonyl-labeled polypeptides
particularly attractive forφ andψ determinations because th
carbonyl chemical shift anisotropy (CSA) is large and its ten
orientation is well characterized (36–42). The relative orien-
tation of the CSA tensors of two carbonyl13C nuclei at con-
secutive residues depends on the dihedral angles of the se
residue, as illustrated in Fig. 1. We have previously develo
two solid state NMR techniques for the determination of ba
bone dihedral angles in doubly carbonyl-labeled polypeptid
namely two-dimensional magic angle spinning (2D MAS) e
change spectroscopy (5–7) and constant-time double-quantum
filtered dipolar recoupling (CTDQFD) (8), and have appli
these techniques to several structural problems (43–45). Related
techniques have been described by other groups (9–26). In this
Communication, we describe and demonstrate a new appro
called double quantum CSA (DQCSA) spectroscopy, that p
vides complementary information and has practical advanta
as described below.

DQCSA pulse sequences are shown in Fig. 2. After ramp
amplitude cross-polarization (46) from protons to carbons,
block of radiofrequency-driven recoupling (RFDR) (47–49)
generates a nonzero average homonuclear dipole–dipole
pling under MAS. RFDR has the advantageous features of b
effective when the CSA is large, insensitive to inhomogene
broadening of the NMR lines, and extremely sparse (only
13Cπ pulse per two MAS rotation periods in our DQCSA exp
iments), so that effects of pulse imperfections and signal lo
due to insufficient proton decoupling are minimized. In a d
bly 13C-labeled sample,13C DQ coherences are present af
application of aπ/2 pulse at the end of the first RFDR bloc
and are selected by cycling of an overall RF phase shiftζ . DQ
coherences are converted to observable magnetization b
plication of a secondπ/2 pulse and a second RFDR block
equal length. Before signal acquisition, az-filter is applied to
discard undesired magnetization components (50). DQ co
ences evolve under the sum of the two anisotropic, tim
dependent13C chemical shifts during a constant-time period b
tween the two RFDR blocks. In Fig. 2a, this period is one M
rotation periodτR, and a singleπ pulse of lengthtπ centered at
timet1+ tπ/2 prevents refocusing of the anisotropic shifts un
1 1090-7807/01
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FIG. 1. Segment of a polypeptide chain betweenα carbons of residuesi − 1 andi + 1. Gray rectangles indicate peptide planes whose relative orientatio
13
defined by the dihedral anglesφ andψ of residuei . The principal axes of the carbonylC CSA tensor are approximately perpendicular to the peptide plane (σ33
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axis, not shown), in the peptide plane at an angle of approximately 40◦ to the CO
the C–O double bond (σ22 axis).

MAS. In Fig. 2b, this period is 2τR, and threeπ pulses centered
at timest1 + tπ/2, τR, and 2τR − t1 − tπ/2 prevent refocus-
ing of the anisotropic shifts and additionally refocus isotrop
shifts (i.e., resonance offsets). In both cases, DQ-filtered M

FIG. 2. DQCSA pulse sequences.π/2 andπ pulses are indicated by thin
and thick open rectangles, respectively.13C magnetization is created by rampe
CP. RFDR sequences for DQ preparation and mixing, consisting of a singπ

pulse at the end of each odd-numbered MAS rotor period with XY-32 ph
cycling, are applied forn rotor periods. During RFDR blocks, TPPM proto
decoupling is applied between the13C π pulses and continuous wave deco
pling during the pulses. DQ filtering is accomplished by application of ove
RF phase shiftsζ to the13C CP pulse, the first RFDR block, and the first13C
π/2 pulse and multiplication of13C FID signals by e2iζ before coaddition, with
ζ = 0, π/2, π,3π/2. Probe ringdown and dc offset artifacts are removed
phase alternation of the first13C π/2 pulse and alternate addition and subtra
tion of FID signals. CYCLOPS phase cycling of the final13C π/2 pulse and
receiver is also applied. (a) DQ evolution period is one rotor period. A singlπ

pulse prevents refocusing of anisotropic chemical shifts, leading tot1-dependent
DQCSA signals. (b) The DQ evolution period is two rotor periods. Threeπ
pulses prevent refocusing of anisotropic chemical shifts and refocus isotro
shifts.
–N bond (σ11 axis), and in the peptide plane at an angle of approximately 10◦ to
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spectra are recorded as a function oft1. For doubly carbonyl-
labeled polypeptides, the dependence of the MAS sideb
and centerband intensities ont1 can be simulated for anyφ and
ψ values, using previously derived expressions for the tim
dependent shifts and dipole–dipole couplings (6). Becaus
the large carbonyl CSA, the signal intensities depend stro
on theφ andψ angles, as shown in Fig. 3.

Experimental demonstrations were carried out on a polyc
talline powder sample of the tripeptideL-alanylglycylglycine
(AGG), doubly 13C-labeled at the carbonyls of Ala1 an
Gly2, and on a lyophilized powder sample of MB(i +
4)EK, a 17-residue peptide with sequenceN-acetyl-
AEAAAKEAAAKEAAAKA-NH 2 designed to be highly he
lical (44, 51), 13C-labeled at the carbonyls of Ala4, Ala5, Ala
Ala9, Ala10, and Ala13. Labeled AGG was diluted to 3%
unlabeled AGG by recrystallization (6). Labeled MB(i + 4)EK
was not diluted.

The one-dimensional MAS13C spectrum of polycrystalline
AGG consists of two sets of spinning sidebands with isotro
chemical shifts of 173 (Ala1) and 171 ppm (Gly2) plus n
ural abundance signals that are efficiently supressed by
ble quantum filtering (8). Figures 4a and 4b show experime
tal and simulated intensities of the centerband and first-o
sidebands as functions oft1 over a full rotor period. Experi-
mental intensities are integrated over the two labeled sites
obtained with the DQCSA pulse sequences in Fig. 2a (dat
Fig. 4a) and Fig. 2b (data in Fig. 4b). Simulated intensities w
obtained by numerical calculations of the quantum dynam
of the two spin system, including finiteπ pulse amplitudes
summed over molecular orientations. For these simulations
CSA principal values and orientation with respect to the mo
ular frame were as previously described (6) and the dihedra
anglesφ = −83◦, ψ = 170◦ for Gly2 were taken from the
AGG crystal structure (52, 53). Good agreement between e
picperiments and simulations is obtained, as indicated byχ2 val-
ues of 285 (Fig. 4a) and 416 (Fig. 4b), using the definition
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FIG. 3. Numerical simulations of DQCSA data, based on the pulse sequence in Fig. 2a and assuming CSA parameters and experimental condition

Simulated intensities of DQ-filtered MAS centerband (solid lines), upfield first-order sideband (dashed lines), and downfield first-order sideband (dotted lines) are
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shown for dihedral angles that are characteristic of idealized secondary st

χ2(φ,ψ) = 1
σ 2

∑N
i=1[Ei − λ(φ,ψ)Si (φ,ψ)]2 whereσ is the

root-mean-squared noise in the experimental spectra,N is the
number of intensities analyzed (N = 192 in Fig. 4a;N = 384
in Fig. 4b),{Ei } are the experimental intensities,{Si (φ,ψ)} are
the simulated intensities for the assumed values ofφ andψ , and
λ(φ,ψ) is an overall scaling factor adjusted to minimizeχ2 (6).
For a good fit, one expectsχ2 to be approximatelyN − 1, with
a variance of approximately±√2(N − 1).

Figures 4c and 4d are contour plots ofχ2(φ,ψ) for the
data in Figs. 4a and 4b, calculated using simulations ov
grid of φ,ψ values with 10◦ increments. In both contour plots
the crystallographicφ,ψ values for AGG lie within the globa
minimum regions of theχ2(φ,ψ) surfaces. These regions a
roughly circular with widths of approximately 20◦, indicating
that DQCSA measurements place strong constraints on bot
hedral angles. The contour plots also display “false” mini
(i.e., deep local minima inχ2(φ,ψ) at incorrectφ,ψ values)
nearφ,ψ = −110◦,−120◦ andφ,ψ = −170◦, 90◦, but the
χ2 values at these false minima are significantly greater t
at the global minima. Only negative values ofφ are displayed
because DQCSA measurements (like all solid state NMR m
surements that depend only on carbonyl13C nuclei at sequen
tial sites, given that the carbonyl CSA tensor has one princ
axis perpendicular to the plane of the peptide bond (6)) are in-

variant to the substitutionφ,ψ → −φ,−ψ . Apart from this
unavoidable symmetry, a single DQCSA data set is sufficien
uctures found in proteins.
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determine both dihedral angles, provided that the experime
signal-to-noise ratio is sufficiently high.

Although the two labeled carbonyl sites in AGG have resol
NMR signals, the sum of the two signals is analyzed in Figs
and 5. This demonstrates the applicability of the DQCSA te
nique to systems with poorly resolved carbonyl lines, a m
common case in experiments on noncrystalline samples.

The DQCSA pulse sequence in Fig. 2a does not refo
isotropic shifts in thet1 period except att1 = τR/2. The data are
then strongly dependent on the RF carrier frequency, which
set to the average of the isotropic shifts of the labeled carbo
for the experiment in Fig. 4a. Large inhomogeneous broade
of the carbonyl NMR lines also affects the data, reducing
signal intensities by at1-dependent function, which is equ
to exp[−W2π2(τR − 2t1)2/(4 1n 2)] in the particular case o
Gaussian lineshapes with full-width-at-half-maximumW (Hz)
and uncorrelated inhomogeneous broadening at the two carb
sites. The pulse sequence in Fig. 2b, which refocuses isot
shifts at allt1 values, eliminates the dependence on the RF
rier frequency (to the extent that resonance offsets do not a
the RFDR sequences and theπ pulses in the evolution period
and obviates the need for characterization of the inhomogen
broadening. Figure 5 demonstrates the insensitivity of DQC
data to resonance offsets with the pulse sequence in Fig. 2
t to
In both DQCSA sequences in Fig. 2, DQ coherence is cre-

ated from transverse13C magnetization by an RFDR sequence
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FIG. 4. (a, b) Experimental and simulated DQCSA data for the tripeptide AGG doubly13C-labeled at the carbonyls of Ala1 and Gly2 (see conditions belo
The sample contained 3% doubly labeled molecules diluted in unlabeled AGG (approximately 10µmol labeled AGG). Integrated experimental intensities (Ala
plus Gly2) of the centerband (circles), and first-order spinning sidebands (up and down triangles for the upfield and downfield sidebands, respectively), are in units
of the root-mean-squared spectral noise, with upfield and downfield first-order sideband intensities shifted vertically for clarity by+10 and−10 units, respectively.
Solid lines are simulated data forφ = −83◦, ψ = 170◦, the crystallographic dihedral angles of Gly2. Simulated intensities are scaled to minimize theirχ2 deviation
from the experimental intensities. (c, d) Contour plots ofχ2, illustrating the strong sensitivity of the quality of agreement between experiments and simula
on theφ,ψ values assumed in the simulations. Contour levels increase in increments of 50, with the lowest level enclosing the black regions set toχ2 = 370
(c) and 670 (d). MAS centerbands, first-order sidebands, and second-order sidebands were analyzed for these plots. White crosses indicate the cryllographic
φ andψ values. [Conditions: Experimental data were obtained at a13C NMR frequency of 100.8 MHz, with the RF carrier frequency set to the average of
two carbonyl isotropic shifts, using a Varian/Chemagnetics Infinity-400 spectrometer and a Varian/Chemagnetics 6-mm MAS probe. Experiments and smulations
were performed with the pulse sequences in Figs. 2a (a,c) and 2b (b,d) withn = 24 (12-ms recoupling time),τR = 250µs,13C π pulse lengths of 13.7µs during

13 13 1
RFDR blocks and 10.0µs in thet1 period, and C π/2 pulse lengths of 5.0µs. C pulses were actively synchronized with a MAS tachometer signal.H RF
fields were 50 kHz during CP, 85 kHz during RFDR blocks and thet1 period, and 60 kHz during FID acquisition. CP time was 1.2 ms. Recycle delay was 1.8 s.
The number oft1 points was 64 (a,c) and 128 (b,d). Total acquisition time for each data set was 4.5 h.]
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with oneπ pulse per 2τR, followed by aπ/2 pulse at the end
of the RFDR period. We have found this version of RFDR to
an efficient DQ excitation sequence for doubly carbonyl-labe
polypeptides, both experimentally and in simulations. The
perimental DQ filtering efficiency in polycrystalline AGG ha
previously been reported to be 29% with a 16.256-ms DQ
citation period (8). The distance between labeled carbonyl si
in our AGG sample is 3.19̊A (52, 53). Simulations show that
an RFDR sequence with oneπ pulse perτR is less efficient for
DQ excitation in doubly carbonyl-labeled polypeptides than t
sequence used in our experiments. Other recoupling seque

could be employed. The chief virtue of RFDR in this applicatio
is simplicity.
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DQCSA measurements have distinct advantages over re
techniques for determiningφ,ψ values in doubly carbonyl
labeled polypeptides. As compared to the CTDQFD techni
(8), evolution of the DQ coherences under the CSA makes
DQCSA technique much more sensitive toψ , significantly im-
proving the structural resolution. The CTDQFD technique8)
measures the dependences of DQ-filtered signals on the
excitation periods, while the DQCSA technique measures
evolution of DQ-filtered signals under the sum of the two c
bonyl CSA tensors duringt1. Compared with the 2D MAS ex
change technique (5–7), the dependence of DQCSA data

nRFDR recoupling leads to fewer false minima in theχ2(φ,ψ)
surfaces and different locations for these minima. The additional
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FIG. 5. Same as Fig. 4b, but with the indicated resonance offsets f
simulations illustrate the insensitivity to resonance offsets produced by th

fitting parameter required in 2D MAS exchange measurem
to account for intrasite crosspeaks due to14N relaxation when
the two carbonyl lines are not resolved (44) is not required in
DQCSA measurements. On the other hand, a combinatio
DQCSA, CTDQFD, and 2D MAS exchange measurements
of which can be performed on a single sample, provides mul
independent structural constraints that can eliminate amb
ties in dihedral angles due to falseχ2 minima (43, 45) and may
permit the characterization ofφ,ψ distributions in partially dis-
ordered polypeptides (44).

Because most amino acids in proteins are present in m
ple copies, labeling of a consecutive pair of carbonyl sites
biosynthetic methods usually introduces labels at severa
ditional, nonconsecutive carbonyl sites. Possible contribut
of these nonconsecutive labels to the NMR data must the
considered. In such cases, DQCSA measurements have th
vantage that the DQ excitation period can be kept short (a
cost of reduced signals), so that the observed DQ-filtered sig
must arise predominantly from consecutive carbonyl13C pairs.
In contrast, CTDQFD measurements require longer excita
periods and 2D MAS exchange measurements require longe
change periods. When there are many nonconsecutive car
labels, strong intrasite crosspeaks (5, 6) from these labels ca
also compromise the analysis of 2D MAS exchange data.
The applicability of DQCSA measurements to multip
carbonyl-labeled polypeptides is demonstrated in Fig. 6, wh
m the RF carrier frequency to the average carbonyl isotropic shift. These
DQCSA pulse sequence in Fig. 2b.
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shows experimental data for sextuply labeled MB(i + 4)EK ob-
tained with n= 8 (4-ms RFDR periods). MB(i + 4)EK has
been shown to be highly helical by circular dichroism (44,
51) and solid state NMR measurements (helix content appr
imately 85% in lyophilized form (44)). The data are analyzed
by comparison with simulations for apair of consecutive car-
bonyl labels, although the labels are actually at two conse
tive residues (Ala4 and Ala5), three consecutive residues (A
Ala9, and Ala10), and one isolated residue (Ala13). A s
gle set of CSA principal values (δ ≡ δ11 − δ33 = 155 ppm;
η ≡ (δ11− δ22)/(δiso− δ33) = 0.584) determined from spinning
sideband intensities was assumed for all labeled carbonyl s
The global minimum inχ2(φ,ψ) for MB(i +4)EK occurs in the
helical region of theφ,ψ plane, as expected. Although the valu
ofχ2(φ,ψ) at the minimum (χ2 = 1210 atφ,ψ = −60◦,−50◦

in Fig. 6b) is significantly greater than in the analyses of AG
data (see above), indicating a poorer fit relative to the experim
tal noise level, this observation may be explained by conform
tional disorder in the noncrystalline, lyophilized MB(i + 4)EK
sample and by the comparatively high signal-to-noise ratio
the MB(i +4)EK data, which increases the impact of systema
errors on theχ2(φ,ψ) values.

A technique similar to DQCSA, called DQDRAWS, ha
been developed and applied to dihedral angle determinat
ly
ich
in doubly carbonyl-labeled peptides by Drobny and co-workers
(25, 26). The DQCSA technique differs from DQDRAWS in
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FIG. 6. (a) Experimental and simulated DQCSA data for the 17-resid
elical peptide MB(i + 4)EK in lyophilized form, with13C labels at six carbonyl
ites (approximately 30µmol). Data were obtained with the pulse sequence
ig. 2b and with conditions identical to Fig. 4b, except thatn = 8 and the total
cquisition time was 15.5 h. The smaller value ofn was chosen to minimize
ignal contributions from nonconsecutive carbonyl pairs. Symbols and ver
ffsets are the same as in Fig. 4b. Simulations assumeα-helical dihedral angles
φ = −60◦, ψ = −50◦) for all carbonyl pairs that contribute to the DQCS
ignals, because all residues in anα-helix are expected to have approximately th
ame backbone dihedral angles. (b) Contour plot of theχ2 deviation between
imulated and experimental data, with contour levels incremented in step
000 and with the lowest level atχ2 = 4000.

everal respects. First, we use the RFDR, rather than the DRA
54), recoupling sequence to excite DQ coherences. Dema
n spectrometer and probe performance, in particular pro
ecoupling field strengths and RF inhomogeneity, are ther
educed. Second, we use a constant-time DQ evolution pe
o that both RFDR blocks maintain the same relation to the M
otor phase at allt1 values. The dependence of the DQ-filter
ignals ont1 then arises solely from evolution under the CS
ather than from a combination of CSA evolution and mod
ation of the relative phases of DQ preparation and DQ mix
ropagators (55). The constant-time evolution period also mak
haracterization or estimation of DQ linewidths and linesha
nnecessary (particularly for the DQCSA sequence in Fig. 2
inally, we analyze and simulate thet1 dependence of DQCSA
ata in the time domain, rather than the frequency domain.

dvantage of time-domain analysis, especially when signals
eak, is that it allows us to optimize the efficiency of data co
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ne

lection by restricting the experimentalt1 values to ranges wher
the DQCSA signals are most sensitive to peptide conforma
The DQCSA technique described above may also be viewe
a MAS version of the static DOQSY technique of Schmidt-Ro
(22–24, 56). When sample quantities are limited, as is usua
the case in biological systems, the higher signal-to-noise r
of MAS measurements is advantageous. The higher resolu
of MAS measurements may also be important, even with d
ble quantum filtering, in systems with multiple labeled sites
in high-molecular-weight systems where natural-abundance13C
nuclei outnumber the13C labels.
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