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Protein Side-Chain Rotamers from Dipolar
Couplings in a Liquid Crystalline Phase
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Revised Manuscript Receg¢d March 15, 2001 Figure 1. Pulse scheme of the 3D CB(CA)CONH quantitatidg,

. . . experiment. Narrow and wide pulses correspond to flip angles df 90
One-bond backbone dipolar couplings can readily be measuredang 180 respectively. All pulse phases ateunless specified otherwise.
for proteins dissolved in a dilute liquid crystalline phaséThey The first three'3C' 18C° pulse has the shape of the center lobe of a sin

can be used to refine NMR structures determined by conventionaly/x function, and a duration of 15s (at 150 MHZ3C frequency). Al
methods or, in favorable cases, be sufficient to determine a other shape#C' and3C¥# pulses (46 ppm) are of the hyperbolic secant
structure de nové® They also provide an invaluable tool for  adiabatic inversion type (5Q@s), with a squareness levgl, of 317 The
quality evaluatiorf:” Nearly all focus thus far has been on the open!H pulses, applied at time poir, b, or ¢, is composite (99—
measurement of backbone dipolar couplings. However, side-chain18¢°,—90°,). Delay durations:e = 1.3 ms;A; = 0.77, 1.67 and 3.42 ms
conformations determine the critical details of the protein surface, in the three interleaved experimentsi=T3.4 ms;6 = 3.4 ms;y = 11.0
and their characterization is therefore of the utmost importance. ms;y = 6.8 ms;x = 5.4 ms;t = 2.7 ms. For the reference spectrum, the
Here, we demonstrate a simple and sensitive method for first 180° *H pulse (open shape) is applied at positmwhich gives a
measuring ¢&-H? dipolar couplings. Because for staggered total Jew-modulation duration of &; + Aer = 1.93 ms, whereAer
rotamers the &-H? bonds are parallel to either*€H?, C*—N, accounts for the effect dkn dephasing during the adiabati€ inversion
or C*—C' bonds, comparison of the dipolar couplings frequently pulse, during thé3C 90° pul_ses, an_d during short switf:hing delays. The
can identify the side chain rotamer directly, even in the absence 2V€rage rate odcu dephasing during th&C hyperbolic secant pulse,
of a backbone structure. As shown below, tHe-8 coupling when the'H 180 pulse is applied at its center, equals &/1.25. Phase

. . . . cycling: ¢1 = y,—y; ¢2 = XXYy,y; Receiver= x,—x,—x,x. Rance-Kayt,
I.I‘f'hoebtgiild ;rior(;]latrhecossnlliﬁ E)i(ser:g?een;s?ls trhie(;aﬂzu(rzggp[al?gﬁi h quadrature detection is us&talternating the phase of the firSiN 90°
accuracy? but F:o a goodpap%roximation th)i/s bond is parallel%o pulse after gradient £betweerx and—Xx, in concert with the polarity of

: . - - gradient G. States-TPPI quadrature selection is used iritdémension.
the C*—C’ bond of the preceding residue (rmsd.5’, as derived Pulsed field gradients {3 4 sare sine-bell shaped (18 G/cm foi £ 28

from high-resolution crystal structures). For residues wita C - g/cm for Gyg), and G 7are rectangular (30 G/cm). Durations: 4567

methylene site, our method measures the sum of the tivdHC =2, 1.4, 2.705, 0.4, 0.4, 0.2, 0.074 ms, with respective gradient axes:

couplings. For a staggered rotamer this sum must be equal to thexy, vy, z x, v, z z

normalized sum of &-H* and C—N (y; = —60°), C*—H* and

Ce—C' (y1 = 180) or C*—N and C¢—C' couplings §; = +60°).
The C—H* and @—H? couplings are measured with the CB-

(CA)CONH pulse schenfeof Figure 1. It has been slightly  dipolar coupling(s).

modified from its original implementation by the use of adiabatic =~ With two unknowns and intensities measured for three values

pulses, which decrease effects of RF inhomogeneity and offset,of A, the best-fitted value of Jey is derived using a SIMPLEX

thereby significantly increasing sensitivity The experiment is minimization routiné'! Noise with an amplitude equal to the

the sum of théJcy scalar coupling(s) and the residual one-bond

performed three times, in an interleaved manner, witiith&80
pulse during; evolution switched between positioash, andc.

The Jcy rephasing of3C# (and3C*) at the end of the constant-

time t; evolution period depends on the durationAqf Ignoring

spectral noise is added to estimate the random error in the derived
values of Jcu. The first experiment utilizes/2; + Ae = 1.93

ms and is essentially the same as the regular CB(CA)CONH. If
the S/N in this “reference” spectrum for a given peak eq@als

cross-correlated relaxation during the short constant-time evolutionthe error in the coupling (or the sum of the couplings féHE

period, theA;-dependence of the methine and methylefeadd
C? signal intensities is given by

SA)) = Asinfz 3 I (241 + Agg)] 1)

where A is a constantAes accounts for dephasing during the

various pulses as defined in the legend to Figure 1, &Rk, is

(1) Tjandra, N.; Bax, ASciencel997 278 1111-1114.

(2) Clore, G. M.; Starich, M. R.; Gronenborn, A. . Am. Chem. Soc.

199§ 120, 10571+10572.

(3) Fleming, K.; Gray, D.; Prasannan, S.; Matthews]).SAm. Chem. Soc.

200Q 122 5224-5225.
(4) Delaglio, F.; Kontaxis, G.; Bax, Al. Am. Chem. So200Q 122, 2142~
2143.

(5) Hus, J. C.; Marion, D.; Blackledge, M. Mol. Biol. 200Q 298 927—
936

(6) Cornilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax, &. Am. Chem.
Soc.1998 120 6836-6837.

(7) Clore, G. M.; Garrett, D. SI. Am. Chem. S04999 121, 9008-9012.

(8) Permi, P.; Rosevear, P. R.; Annila, A.Biomol. NMR200Q 17, 43—
54

'(9) Grzesiek, S.; Bax, AJ. Am. Chem. S0d.992 114 6291-6293.
(10) Zweckstetter, M.; Holak, T. Al. Biomol. NMR1999 15, 331-334.

10.1021/ja015660y This article not subject to U.S. Copyright.

or Gly C*H,) derived from the intensities in the three interleaved
spectra equals approximately g0Hz.

Figure 2 shows an example of strips taken through the 3D
spectra of C#-calmodulin. Strips A-C are taken for the isotropic
sample, for A; + Agk values of 1.93, 3.73, and 7.22 ms. Strips
D—F are the corresponding traces for the sample in liquid
crystalline Pf1 (18 mg/mLJ? The strips are taken at th&N|,'H)
coordinates of As{3, and show the correlations td’@nd C of
Phé2. Methine carbons show highest intensity in strip B and near
zero intensity in strip C, whereA + Aer ~ 1/Jcp. The small
negative residual €intensity in strip C indicates thdtqnq (150
Hz) is larger than 1/(7.22 msy 138.5 Hz. Non-Gly residues
with positive¢ angles (none in calmodulin, but clearly identifiable
in several other proteins) are the only ones with negative intensity,
caused by the characteristically smadl, in such residues
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Figure 2. 13C%# strips of the interleaved 3D CB(CA)CONH spectra of
mammalian C&-calmodulin, taken at thel{N,'H) shifts of Asp?
recorded for differenicy dephasing delays of (A,D) 1.93 ms, (B,E) (3.73
ms), and (C,F) 7.22 ms. Spectra-& and D-F correspond to isotropic
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that the two approaches are complementary and fail in different
cases. For example, the conventional analysis usually fails if the
two H protons overlap; the dipolar coupling method fails if for
a given C the three normalized backbone couplings coincidentally
are similar to one another.

Examples shown in Table 1 are selected to illustrate the
different cases encountered. For thé Geoordinating side chain
of Asp™, Dcgupz + Deprgs is closest tdecq + Dean (indicating
y1 ~ 180°), in agreement with X-ray structurés!® For Set®,
Decon + Deco matchesDcﬁHﬁz + DcﬁH[g;:,, indicatingxl = +60°,
but Dccy & Deana @and the possibility of g3 ~ —60° rotamer
therefore cannot be excluded without additional data. Fof%al
Dcotia = Dcpnp, indicatingys = 180°. For Lys'S, Dean + Degta
= Degrip2 + Deprga, indicatingy; ~ —60°. However, the reference
spectral intensity (for &; + Ae¢ = 1.93 ms) is much higher than
average, indicative of substantial internal backbone motion of this
loop residue. Although thBgss data suggest that the ~ —60°
rotamer is prevalent, absolute values of the couplings are too small
to exclude small populations of the other rotamers. For'&Glu

and Pfl-aligned (18 mg/mL) sample, respectively. Dashed contours denoteDcﬁHﬁ2 + Dcpups is intermediate betweeBcan + Dearo (X1 ~

negative intensity. Spectra were recorded at 600 NMtiZrequency for
0.4 mM C&*-calmodulin, pH 6.8, 100 mM KCI, 28C. Each spectrum
originates from a 61* 45* x 512* data matrix with acquisition times
of 6.8 (1), 27 (t2), and 60 {3) ms, 4 scans per FID, and a total measuring
time of 40 h for the three interleaved spectra.

Table 1. Normalized One-Bond Dipolar Couplings in Calmodulin
residue Dcan®P? (Hz) Dcca® (HZ) Dearo® (HZ) 3 Deprp(Hz) xad (deg)

Asp? —4 39 —48 -5 180
Sefot —52 8 15 —44 69
Valto8 —23 18 2 3 179
Lystts —20 -5 9 -9 —56
Glut?” 13 —23 17 7 —76
Tyrlss —26 39 14 54 176

2 Obtained fronDcc, Of the preceding residué Values normalized
to Dcono. by multiplication by 10. Random errors in the normalized
values aret3 Hz for Doy andDecq. ¢ Average estimated random error
+3 Hz. 4 Averaged over two X-ray structurés’®

As expected on the basis of eq 1, th&i@ensity in strips B and
C is near zero, and corresponds)igus. + Jegrps = 263 Hz. In
the aligned state (strips-EF) the intensities yield splittings of
YJcana = 157 Hz, andy Jesrp = 230 Hz.

—60°) andDc¢cq + Deana (¥1 =~ 18C°), suggestive of rotameric
averaging but not excluding the possibility of a skewed rotamer.
Finally, for Tyr*®® Dcgpge + Degugs = 54 Hz has a larger value
than the maximum allowed value of 44 Hz for an ideal tetrahedral
carbon and an alignment tensor magnitlge” = 22 Hz. Small
distortions from idealized geometry and random error in the
measurement are likely causes of this discrepancy. yihe
+18C rotamer is the only one compatible with the large observed
value of Deghgo + Dcegrps. The other rotamers predict much
smaller values of-12 (y; = —60°) or +13 Hz (1 = +60°).

Calculations show that the amplitude of dipolar couplings is
little affected by harmonic oscillations about the average rotamer
orientation. Using a Gaussian distribution of rotamers with rmsd
of 15° relative to the average position causes a rms change in
dipolar coupling that is less than 3 Hz (averaged over all residues
in calmodulin, usingDH = —22 Hz, andR = 0.47). This
confirms that dipolar couplings are rather insensitive to small
amplitude motions. In contrast, rotameric averaging involves large
reorientations and usually has a pronounced effect on the dipolar
coupling. Details regarding the effect of motional averaging on
dipolar couplings will be presented elsewhere.

The CB(CA)CONH experiment presented here is a sensitive
method for simultaneous measurement ofHEC and CHF

Table 1 presents measured dipolar couplings for a selectedcqplings. Together with ‘C* couplings derived from &3Ce-
subset of residues. For the complete set, the dipolar COUP"”gscoupled HNCO experiment, these provjdaotamer information

are compatible with ideal staggered rotamers for about 50% of
the non-Gly/Ala residues. These only include residues for which
the sum of the two normalize#¥C*—X (X = H¢, 13C', 15N)
dipolar couplings differs by less than 6 Hz frddagws. + Dcghgs,

or for Val, Thr, and lle residue$C®—X differs less than 6 Hz
from Degrp. The total range of experimental normalized couplings
spans from—52 to +45 Hz. The 6 Hz threshold corresponds to
the rms change iMDcgrp2 + Degrps and Degrp for simulated
calmodulin data, where the rotamers are twistee-i° or —10°

from ideal staggered positions, using an alignment tensor
magnitude ofD, " = —22 Hz, and rhombicityR = 0.47, as
applies for calmodulin. The vast majority of the 50% of residues
for which the dipolar couplings identify near-ideal staggered
rotamers are located in regular secondary structure, or are
relatively shielded from solvent. Stereospecifié &hd rotamer
assignments using a grid search and homonudleaupling and
NOE data yields comparable resuitqut it is important to note

for a significant fraction of residues in a protein, even in the
absence of backbone structure. CB(CA)CONH and HNCO are
among the most sensitive triple resonance experiments and can
be applied to proteins of substantial size. This indicates that the
approach will be applicable to a wide range of proteins.

Software available: For pulse sequence code and analysis
software, see http://spin.niddk.nih.gov/bax/pp.
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