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In recent years, there has been a renewed interest in the
relation between protein structure and chemical shift.1-8 Most
clear-cut has been the correlation between the deviation of13CR

chemical shifts from their random coil values (so-called second-
ary shifts) and the polypeptide backbone angles,φ and ψ.3
Characteristic downfield secondary shifts of∼3 ppm in
R-helices and small (∼1 ppm) upfield shifts inâ-sheet have
greatly facilitated the identification of secondary structure.3,4

The root-mean-square agreement between13CR chemical shifts
in the 213-residue protein cutinase and values predicted on the
basis of its 1.25-Å crystal structure was only 0.95 ppm.9

Isotropic shifts only report on the average shielding along three
orthogonal axis, and frequently small changes in isotropic shift
correspond to much larger changes in chemical shift anisotro-
py.10,11 In this case,ab initio calculations are expected to be
particularly useful at correlating changes in the shielding tensor
with structure. Here, we show that quantitative information on
the13CR CSA is readily obtained from relatively simple 2D and
3D triple resonance solution state NMR experiments. Results
confirm that also for13CR, small variations in isotropic chemical
shift are accompanied by much larger changes in the CSA
tensor.
Relaxation interference (cross correlation)12 between the13C-

1HR and 13CR CSA interactions results in different transverse
relaxation rates,λ ( η, of the two 13CR-{1HR} doublet
components.13 The cross-correlation component,η, is given
by10,11,13

where J(ω) is the spectral density for dipolar-CSA cross
correlation;d ) γH2γC2h2/(80π2rHN6), R ) -4π/3Bo(σpar -
σorth)rCH3/(hγH), and rCH is the 13C-1H internuclear distance,
assumed to be 1.09 Å;σpar is the shielding in the direction

parallel to the C-H bond, andσorth is the average shielding
orthogonal to this bond. Note thatσpar - σorth ) 3/2(σpar -
σiso), whereσiso is the isotropic shielding. Fully analogous to
experiments recently described for measurement of amide proton
CSA,11 η can be measured directly from the ratio, e-2ηT, of the
intensities of the two13C-{1HR} doublet components after a
constant-time evolution period of durationT. Alternatively, the
differential relaxation of the two13C-{1HR} doublet components
partially converts antiphase CyHz into in-phase Cy magnetiza-
tion.10 The value ofη can then be derived from the relative
ratio of CyHzand Cy.10 The two methods are clearly very similar
to one another and can be performed with nearly identical pulse
schemes (Figure 1).
The relative intensities of the two13CR-{1HR} doublet

componets are measured with the 3D (HA)CA(CO)NH experi-
ment of Figure 1. Magnetization is transferred from1HR to 13CR

(time point a) and subsequently evolves for a constant-time
evolution period of length 2TC≈ 1/JCRCâ ≈ 28 ms. The shaded
180° 1H decoupling pulse (timeb) is not applied, and the
spectrum will result in an antiphase13CR-{1HR} doublet in the
F1 dimension of the 3D spectrum. The relative intensity of two
doublet components equals e-4ηTC. The spectral density,J(0),
is approximated most easily on the basis of15N relaxation
measurements,11,14assuming that internal motions for the13CR-
1HR vector are of similar rate and magnitude as those for the
backbone N-H. As J(0) . J(ωC), even errors by as much as
50% in J(ωC) would have little effect on derivingσpar - σorth
from η.
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η ) 2Rd{4J(0)+ 3J(ωC)} (1)

Figure 1. Pulse schemes for quantitative measurement of cross
correlation between13CR CSA and13CR-1HR dipolar coupling. The
experiment is carried out as either a 2D or a 3D experiment. For the
2D case, one spectrum is recorded with the shaded1H 180° pulse (A)
and one without (B). All resonances observed with scheme B result
from cross-correlation during the period 2TC; signals observed in scheme
A result from regular, INEPT-type magnetization transfer. Narrow and
wide pulses correspond to flip angles of 90 and 180°, respectively.
Pulses following the WALTZ1H decoupling yield gradient-enhanced
15N f 1HN magnetization transfer.17 Shaped13CR pulses are of the
hyperbolic secant type, with a squareness level of 3, and durations of
500 µs at 151 MHz13C frequency. The first shaped13CR pulse (time
a) compensates for phase errors introduced by the second shaped13CR

180° pulse.18 13C′ pulses have the shape of the center lobe of a (sin
x)/x function, and durations of 180µs. The radio-frequency phase of
all pulses isx, unless indicated. Delay durations:τ ≈ 1.4 ms;ú )
2.67 ms;TC ) 14 ms;TN ) 15 ms;δ ) 5.5 ms;∆ ) 13 ms;κ ) 4.6
ms;µ ) 5.35 ms. Phase cycling:φ1 ) y,-y; φ2 ) y (scheme A);φ2
) x (scheme B);φ3 ) 2(x),2(y); φ4 )4(x),4(-x); Rec.) x,2(-x),x,-
x,2(x),-x. For the 2D experiment,t1 is kept at zero and Rance-Kayt2
quadrature detection is used, alternatingφ5 betweenx andy in concert
with the polarity of gradient G5.17 For the 3D experiment, the shaded
1H 180° pulse is not applied, the phase cycling of scheme A is used,
and t1 quadrature is obtained by States-TPPI onφ2. All gradients are
sine-bell shaped, with 25 G/cm (10 G/cm forG5,8,9) at their center.
Durations:G1,2,3,4,5,6,7,8,9) 4, 2, 1, 2.1, 2.705, 1.2, 1.1, 0.2, 0.075 ms,
with respective gradient axes:xy, xy, xz, yz, z, x, y, z, z.
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An alternative, 2D experiment uses the same pulse scheme
of Figure 1, butt1 is kept at zero, and onlyt2 is incremented in
the usual fashion. Magnetization again originates on HR and is
transferred to13CR at timea. In a reference experiment (A),
the dashed 180° 1HR pulse is applied a timeε ) 1/(41JCRHR)
later, causing CRxHR

z terms to refocus at timec (and dephase
with respect to13C′), resulting in CRxC′z. In a second experiment
(B), the 180° 1HR pulse is not applied (andφ2 is changed by
90°), and only the term resulting from cross correlation (CR

yHR
z

f CR
y f CR

xC′z) can be transferred to13C′, and subsequently
to the amide of the next residue.15 The relative intensity
observed in spectra B and A equals10

Both experiments have been applied to samples of 1.5 mM
U-13C/15N ubiquitin, pH 4.3, 13.6°C, and to a 1.5 mM complex
of U-13C/15N calmodulin (CaM) and a 26-residue unlabeled
peptide fragment (M13) of skeletal muscle myosin light chain
kinase, pH 6.8, 100 mM KCl, 35°C.
Figure 2 shows a small region of the calmodulin reference

spectrum and the corresponding region of the cross-correlation
(HACACO)NH spectrum. The cross-correlation spectrum is
plotted at a 3.6-fold lower contour level (after correcting for
the difference in the number of scans used for recording the
two spectra). Intensities in the cross correlation spectrum for
residues inR-helices are very weak, or negative (dashed
contours) for Thr and Ser residues, reflecting small or negative
values ofσorth - σpar. Residues Asp20 and Val55, which follow
helices I and III, respectively, haveφ andψ angles well outside

theR-helical range and exhibit intense resonances in the cross-
correlation spectrum, reflecting large, positive values ofσorth
- σpar.
Analysis of the complete set ofσorth - σpar values (172

residues, Supporting Information) obained for ubiquitin and for
the CaM/M13 complex confirms thatσorth - σpar is strongly
correlated with secondary structure (Figure 3). InR-helices,
σorth - σpar ) 6.1( 4.9 ppm, whereas in aâ-sheetσorth - σpar
) 27.1 ( 4.3 ppm. FiveR-helical residues with small or
negative secondary13CR chemical shifts (<2 ppm), haveσorth
- σpar values intermediate betweenR-helix andâ-sheet (shaded
in Figure 3). All five residues are located at the C-termini of
R-helices.
Figure 3 does not include Ser and Thr residues, which have

σorth- σparvalues similar to those of other residues when located
in a â-sheet, but significantly negative values inR-helices
(Supporting information). Clearly, theσorth - σpar values are
influenced by the nature of the amino acid side chain and, to a
lesser extent, also by the conformation of the side chain.
Our results indicate that large variations in the13CR CSA are

correlated with backbone conformation. This opens exciting
new opportunities for determining the exquisitely sensitive
relation between chemical shift and protein structure and,
ultimately, to increase the accuracy of protein structures
determined by NMR.
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Figure 2. Small sections of (A) the reference and (B) the13CR CSA/
13CR-1HR dipolar coupling cross correlation (HCACO)NH spectra of
the calmodulin/M13 complex. Labels correspond to the13CR preceding
the amide whose resonances are observed in the spectrum. The total
measuring time was 1.4 h for part A and 8.5 h for part B.

IB/IA ) tanh(4TCη) (2)

Figure 3. Histogram of 13CR σorth - σpar values measured for
calmodulin and ubiquitin residues inR-helical (solid) andâ-sheet (open)
secondary structure, as determined by the programMOLMOL.16Hashed
bars correspond to five residues identified by MOLMOL asR-helical,
but with backbone dihedral angles19,20well outside theR-helical range.
Thr and Ser residues are not included.
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