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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
adoubly 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 *C 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 t; 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 ¢ and v backbone dihedral
angles, determines the t;-dependence of spinning sideband intensi-
ties in the DQ-filtered 3C 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.

13C NMR measurements on carbonyl-labeled polypeptides a
particularly attractive fog andy determinations because the
carbonyl chemical shift anisotropy (CSA) is large and its tens
orientation is well characterize®§-42). The relative orien-
tation of the CSA tensors of two carbonyiC nuclei at con-
secutive residues depends on the dihedral angles of the sec
residue, as illustrated in Fig. 1. We have previously develope
two solid state NMR techniques for the determination of back
bone dihedral angles in doubly carbonyl-labeled polypeptide
namely two-dimensional magic angle spinning (2D MAS) ex
change spectroscop§-7) and constant-time double-quantum-
filtered dipolar recoupling (CTDQFD) (8), and have appliec
these techniques to several structural probletis45). Related
techniques have been described by other gro®g6j. In this
Communication, we describe and demonstrate a new approa
called double quantum CSA (DQCSA) spectroscopy, that pr
vides complementary information and has practical advantag
as described below.

DQCSA pulse sequences are shown in Fig. 2. After rampe
amplitude cross-polarizationt§) from protons to carbons, a
block of radiofrequency-driven recoupling (RFDR37£49)
generates a nonzero average homonuclear dipole—dipole ¢

Solid state NMR spectroscopy allows the measurement gfng under MAS. RFDR has the advantageous features of bei

structural parameters in insoluble and noncrystalline biologiceffective when the CSA is large, insensitive to inhomogeneot
polymers at specific isotopically labeled sites. For unorientédoadening of the NMR lines, and extremely sparse (only or
solid samples, the measurement of dihedral angles (or more g€ pulse per two MAS rotation periods in our DQCSA exper
erally the relative orientation of two chemical functional groupisnents), so that effects of pulse imperfections and signal loss
that are close in space) has received considerable attentiowlue to insufficient proton decoupling are minimized. In a dou
recent years126). Dihedral angles define the relative orienbly 13C-labeled sample}*C DQ coherences are present afte
tation of rigid structural elements and can be determined fraapplication of ar/2 pulse at the end of the first RFDR block
measurements of correlations between two spin interaction tamd are selected by cycling of an overall RF phase ghiQ
sors on two adjacent structural elements, provided that the tensoinerences are converted to observable magnetization by
orientations relative to the molecular frame are kno@-84).  plication of a secondr/2 pulse and a second RFDR block of
In a polypeptide, the dihedral angl¢sndy define the relative equal length. Before signal acquisitionzdilter is applied to
orientation of two adjacent peptide planes. Thid 2(1) dihedral discard undesired magnetization components (50). DQ coh
angles corresponding to tiamino acids in the sequence of &nces evolve under the sum of the two anisotropic, time
peptide or protein unambiguously specify its backbone structutependent®C chemical shifts during a constant-time period be
(35). A number of techniques for experimentally constrainintyveen the two RFDR blocks. In Fig. 2a, this period is one MA
the¢ andyr angles in polypeptides through tensor correlationrstation periodrr, and a singler pulse of length,, centered at
have been demonstrated, 10, 1214, 16-19, 2123, 2§. timet;+t,/2 prevents refocusing of the anisotropic shifts unde
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FIG. 1. Segment of a polypeptide chain betweenarbons of residues— 1 andi + 1. Gray rectangles indicate peptide planes whose relative orientation
defined by the dihedral anglgsandy of residuei. The principal axes of the carborfAC CSA tensor are approximately perpendicular to the peptide piage (
axis, not shown), in the peptide plane at an angle of approximatélyo4bie CO-N bondd;; axis), and in the peptide plane at an angle of approximatelyd.0
the C-O double bonar g, axis).

MAS. In Fig. 2b, this period is &, and threer pulses centered spectra are recorded as a functiontpfFor doubly carbonyl-
at timest; + t,/2, g, and 2gr — t; — t;/2 prevent refocus- labeled polypeptides, the dependence of the MAS sidebant
ing of the anisotropic shifts and additionally refocus isotropiand centerband intensities gincan be simulated for any and
shifts (.e., resonance offsets). In both cases, DQ-filtered MA% values, using previously derived expressions for the time
dependent shifts and dipole—dipole couplings (6). Because ¢
the large carbonyl CSA, the signal intensities depend strong!
a on the¢ andy angles, as shown in Fig. 3.
Experimental demonstrations were carried out on a polycrys
‘ talline powder sample of the tripeptidealanylglycylglycine
x (AGG), doubly *C-labeled at the carbonyls of Alal and
Gly2, and on a lyophilized powder sample of MB{
il 4)EK, a 17-residue peptide with sequencl-acetyl-
—V AEAAAKEAAAKEAAAKA-NH , designed to be highly he-
b lical (44, 51), 13C-labeled at the carbonyls of Ala4, Ala5, Ala8,
y Ala9, Alal0, and Alal3. Labeled AGG was diluted to 3% in
’ unlabeled AGG by recrystallizatio®), Labeled MB{ + 4)EK

RFDR, n1g

4
o
=
sl
M
lw)
T
=
a
o
ad
—
1
7_‘
I

was not diluted.
xx X oy X X x The one-dimensional MA$®C spectrum of polycrystalline
B¢ RFDR, nt, L Ll | E— s k t, AGG consists of two sets of spinning sidebands with isotropic
\/\ chemical shifts of 173 (Alal) and 171 ppm (Gly2) plus nat-
g 21, Mty ural abundance signals that are efficiently supressed by do
o ~ ble quantum filtering §). Figures 4a and 4b show experimen-
FIG.2. DQCSA pulse sequences/2 andz pulses are indicated by thin 15| and simulated intensities of the centerband and first-orde
and thick open rectangles, respectivé magnetization is created by ramped_. . . .
CP. RFDR sequences for DQ preparation and mixing, consisting of a s&ngIeSI(:I(aban_dS as. f,unCtlon_S of over a full rotor period. EXp_e”_
pulse at the end of each odd-numbered MAS rotor period with XY-32 pha8€ntal intensities are integrated over the two labeled sites ar
cycling, are applied fon rotor periods. During RFDR blocks, TPPM protonobtained with the DQCSA pulse sequences in Fig. 2a (data |
decoupling is applied between th&C = pulses and continuous wave decouig. 4a) and Fig. 2b (data in Fig. 4b). Simulated intensities wer
pling during the pulses. DQ filtering is accomplished by application of overa&btained by numerical calculations of the quantum dynamic
RF phase shiftg to thel3C CP pulse, the first RFDR block, and the fit3€ . . . e .
/2 pulse and multiplication 0fC FID signals by & before coaddition, with of the two spin system, m_cludlr_]g finite pUIse a_mplltu_des,
¢ = 0,7/2,7,3r/2. Probe ringdown and dc offset artifacts are removed bjummed over molecular orientations. For these simulations, tt
phase alternation of the fir$C /2 pulse and alternate addition and subtracCSA principal values and orientation with respect to the molec
tion of FID signals. CYCLOPS phase cycling of the fidtdC =/2 pulse and ylar frame were as previously describeg) and the dihedral
receiver is also applied. (a) DQ evolution period is one rotor period.Asingleang|es¢ = —83,y = 170 for Gly2 were taken from the

pulse prevents refocusing of anisotropic chemical shifts, leadingdependent
DQCSA signals. (b) The DQ evolution period is two rotor periods. Three AGG CryStaI structure32, 53' Good agreement between ex-

pulses prevent refocusing of anisotropic chemical shifts and refocus isotropgfiments and simulations is obtained, as indicatec byal-
shifts. ues of 285 (Fig. 4a) and 416 (Fig. 4b), using the definitior
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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 conditions
Simulated intensities of DQ-filtered MAS centerband (solid lines), upfield first-order sideband (dashed lines), and downfield first-order sidieldivb&) are
shown for dihedral angles that are characteristic of idealized secondary structures found in proteins.

X v) =% SN [Ei — A(¢. ¥)S(¢. ¥)]? whereo is the determine both dihedral angles, provided that the experimen
root-mean-squared noise in the experimental speblrig, the signal-to-noise ratio is sufficiently high.

number of intensities analyzetl(= 192 in Fig. 4a;N = 384 Although the two labeled carbonyl sites in AGG have resolve
in Fig. 4b),{E; } are the experimental intensitig§ (¢, ¥)} are NMR signals, the sum of the two signals is analyzed in Figs. -
the simulated intensities for the assumed valugsarfidy,, and and 5. This demonstrates the applicability of the DQCSA tecl
(¢, ¥) is an overall scaling factor adjusted to minimig&(6). nique to systems with poorly resolved carbonyl lines, a mo
For a good fit, one expecjg’ to be approximatel\N — 1, with  common case in experiments on noncrystalline samples.

a variance of approximateliz/2(N — 1). The DQCSA pulse sequence in Fig. 2a does not refoci
Figures 4c and 4d are contour plots pf(¢, v) for the isotropic shifts in the; period except ay = tr/2. The data are
data in Figs. 4a and 4b, calculated using simulations ovetth&n strongly dependent on the RF carrier frequency, which w
grid of ¢, ¢ values with 10 increments. In both contour plots,set to the average of the isotropic shifts of the labeled carbony
the crystallographie, ¢ values for AGG lie within the global for the experimentin Fig. 4a. Large inhomogeneous broadenil
minimum regions of the(?(¢, ) surfaces. These regions aref the carbonyl NMR lines also affects the data, reducing tr
roughly circular with widths of approximately 20indicating signal intensities by &;-dependent function, which is equal
that DQCSA measurements place strong constraints on bothtdi-exp[-W?72(tr — 2t1)?/(4 1n 2)] in the particular case of

hedral angles. The contour plots also display “false” minim@aussian lineshapes with full-width-at-half-maximikh(Hz)
(i.e., deep local minima iry?(¢, ¥) at incorrectp, ¥ values) anduncorrelatedinhomogeneous broadening atthe two carbo
near¢, v = —110¢°, —120 and¢, v = —170, 90, but the sites. The pulse sequence in Fig. 2b, which refocuses isotro
x? values at these false minima are significantly greater thahifts at allt; values, eliminates the dependence on the RF cz
at the global minima. Only negative valuesdgfare displayed rier frequency (to the extent that resonance offsets do not affe
because DQCSA measurements (like all solid state NMR mdhe RFDR sequences and thepulses in the evolution period)
surements that depend only on carboF@ nuclei at sequen- and obviates the need for characterization of the inhomogenec
tial sites, given that the carbonyl CSA tensor has one princigaloadening. Figure 5 demonstrates the insensitivity of DQCS
axis perpendicular to the plane of the peptide bd))l &re in- data to resonance offsets with the pulse sequence in Fig. 2b.
variant to the substitutiog, v — —¢, —y. Apart from this In both DQCSA sequences in Fig. 2, DQ coherence is cr
unavoidable symmetry, a single DQCSA data set is sufficientated from transvers€C magnetization by an RFDR sequence
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FIG.4. (a, b) Experimental and simulated DQCSA data for the tripeptide AGG dddBiyabeled at the carbonyls of Alal and Gly2 (see conditions below).
The sample contained 3% doubly labeled molecules diluted in unlabeled AGG (approximatatyoltabeled AGG). Integrated experimental intensities (Alal
plus Gly2) of the centerband (circles), and first-order spinning sidebands (up and down triangles for the upfield and downfield sidebandsyyesmeictvrits
of the root-mean-squared spectral noise, with upfield and downfield first-order sideband intensities shifted vertically for etdftamg—10 units, respectively.
Solid lines are simulated data fpr= —83°, v = 170, the crystallographic dihedral angles of Gly2. Simulated intensities are scaled to minimizettieiriation
from the experimental intensities. (c, d) Contour plotgéf illustrating the strong sensitivity of the quality of agreement between experiments and simulatic
on theg, v values assumed in the simulations. Contour levels increase in increments of 50, with the lowest level enclosing the black regjghs=s&7to
(c) and 670 (d). MAS centerbands, first-order sidebands, and second-order sidebands were analyzed for these plots. White crosses indidiaigrépicryste
¢ andy values. [Conditions: Experimental data were obtained ‘@CaNMR frequency of 100.8 MHz, with the RF carrier frequency set to the average of th
two carbonyl isotropic shifts, using a Varian/Chemagnetics Infinity-400 spectrometer and a Varian/Chemagnetics 6-mm MAS probe. Experimarittiand si
were performed with the pulse sequences in Figs. 2a (a,c) and 2b (b,d) with (12-ms recoupling time}r = 250us,3C 7 pulse lengths of 13.%s during
RFDR blocks and 10.@s in thet; period, and3C /2 pulse lengths of 5.@s. 13C pulses were actively synchronized with a MAS tachometer sighaRF
fields were 50 kHz during CP, 85 kHz during RFDR blocks andttheriod, and 60 kHz during FID acquisition. CP time was 1.2 ms. Recycle delay was 1.8
The number of; points was 64 (a,c) and 128 (b,d). Total acquisition time for each data set was 4.5 h.]

with oner pulse per 2R, followed by ax/2 pulse at the end DQCSA measurements have distinct advantages over relat
of the RFDR period. We have found this version of RFDR to ltechniques for determining, ¥ values in doubly carbonyl-
an efficient DQ excitation sequence for doubly carbonyl-labeldabeled polypeptides. As compared to the CTDQFD techniqu
polypeptides, both experimentally and in simulations. The ef8), evolution of the DQ coherences under the CSA makes th
perimental DQ filtering efficiency in polycrystalline AGG hadDQCSA technique much more sensitiveyto significantly im-
previously been reported to be 29% with a 16.256-ms DQ eproving the structural resolution. The CTDQFD techniq8ke (
citation period 8). The distance between labeled carbonyl siteseasures the dependences of DQ-filtered signals on the C
in our AGG sample is 3.1 (52, 53. Simulations show that excitation periods, while the DQCSA technique measures th
an RFDR sequence with omepulse pery is less efficient for evolution of DQ-filtered signals under the sum of the two car-
DQ excitation in doubly carbonyl-labeled polypeptides than thenyl CSA tensors during. Compared with the 2D MAS ex-
sequence used in our experiments. Other recoupling sequeratemnge techniques£7), the dependence of DQCSA data on
could be employed. The chief virtue of RFDR in this applicatioRFDR recoupling leads to fewer false minima in th&¢, )

is simplicity. surfaces and different locations for these minima. The addition:
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FIG. 5. Same as Fig. 4b, but with the indicated resonance offsets from the RF carrier frequency to the average carbonyl isotropic shift. These
simulations illustrate the insensitivity to resonance offsets produced by the DQCSA pulse sequence in Fig. 2b.

fitting parameter required in 2D MAS exchange measuremestsows experimental data for sextuply labeled MB@)EK ob-
to account for intrasite crosspeaks dué4d relaxation when tained withn=8 (4-ms RFDR periods). MB(+ 4)EK has
the two carbonyl lines are not resolvetl) is not required in been shown to be highly helical by circular dichroisd¥ (
DQCSA measurements. On the other hand, a combination5d) and solid state NMR measurements (helix content appro
DQCSA, CTDQFD, and 2D MAS exchange measurements, athately 85% in lyophilized form44)). The data are analyzed
of which can be performed on a single sample, provides multigdg comparison with simulations for fzair of consecutive car-
independent structural constraints that can eliminate ambighenyl labels, although the labels are actually at two consec
ties in dihedral angles due to falgé minima @3, 45 and may tive residues (Ala4 and Ala5), three consecutive residues (Ala
permit the characterization ¢f ¢ distributions in partially dis- Ala9, and Alal0), and one isolated residue (Alal3). A sin
ordered polypeptidegid). gle set of CSA principal values (= 8§11 — 833 = 155 ppm;
Because most amino acids in proteins are present in Mulfi= (51, — 8,5)/(Siso — 833) = 0.584) determined from spinning
ple copies, labeling of a consecutive pair of carbonyl sites Bytleband intensities was assumed for all labeled carbony! sit
biosynthetic methods usually introduces labels at several gthe global minimum ing?(¢, v) for MB(i +4)EK occurs in the
ditional, nonconsecutive carbonyl sites. Possible contributionglical region of the, v plane, as expected. Although the value
of these nonconsecutive labels to the NMR data must then dfg 2(¢, v) at the minimum g2 = 1210 aip, = —60°, —50°
considered. In such cases, DQCSA measurements have the@gtig. 6b) is significantly greater than in the analyses of AG(
vantage that the DQ excitation period can be kept short (at itigta (see above), indicating a poorer fit relative to the experime
cost of reduced signals), so that the observed DQ-filtered sign@lsnoise level, this observation may be explained by conform
must arise predominantly from consecutive carbdf@ pairs. tional disorder in the noncrystalline, lyophilized MB{ 4)EK
In contrast, CTDQFD measurements require longer excitatigample and by the comparatively high signal-to-noise ratio
periods and 2D MAS exchange measurements require longergx MB( +4)EK data, which increases the impact of systemat
change periods. When there are many nonconsecutive carb@iybrs on thec?(¢, ) values.
labels, strong intrasite crosspeaks §) from these labels can A technique similar to DQCSA, called DQDRAWS, has
also compromise the analysis of 2D MAS exchange data. been developed and applied to dihedral angle determinatic
The applicability of DQCSA measurements to multiplyn doubly carbonyl-labeled peptides by Drobny and co-workel
carbonyl-labeled polypeptides is demonstrated in Fig. 6, whi¢B5, 2§. The DQCSA technique differs from DQDRAWS in
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lection by restricting the experimentalvalues to ranges where

the DQCSA signals are most sensitive to peptide conformatior
The DQCSA technique described above may also be viewed
a MAS version of the static DOQSY technique of Schmidt-Roht
(22-24, 5. When sample quantities are limited, as is usually
the case in biological systems, the higher signal-to-noise rati
of MAS measurements is advantageous. The higher resolutic
of MAS measurements may also be important, even with dou
ble quantum filtering, in systems with multiple labeled sites ol
0 80 100 150 200 250 in high-molecular-weight systems where natural-abundie

t, (us) nuclei outnumber th&C labels.
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