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Abstract: A small degree of protein alignment with an external magnetic field can be obtained in a dilute
aqueous liquid crystalline solution of dimyristoylphosphatidylcholine (DMPC) and dihexanoylphosphatidyl-
choline (DHPC). It is demonstrated that residual one-b&ad-13C and'®C—H dipolar couplings of methyl
groups in weakly aligned human ubiquitin can be measured with high accuracy. Experimentally, the ratio
between*C—1H and*C—'3C dipolar couplings is found to be3.17+ 0.03. Assuming a static conformation

of the methyl group, rapidly spinning about its 3-fold symmetry axis, this ratio corresponds to an average
C—C—H bond angle of 110.% 1°, which is larger than the ideal tetrahedral value of 109ata indicate

that the geometry of the various methyl groups is quite uniform, but that smat) deviations between the

C—C vector and the axis connecting the methyl carbon to the geometric center of the three methyl protons
may occur. The largest outlier is found for Afawhich has a positives backbone angle, causing its methyl
group to be within van der Waals contact of the preceding carbonyl oxygen.

Introduction The issue of methyl group geometry recently has regained
new interest 11 because'®C methyl group NMR relaxation
parameters present a potentially powerful probe for the study
of side-chain mobility in protein$10.12-17 Relaxation of such
13C signals is dominated by the dipolar interaction with the
methyl protons, but fast rotation about the methyl groupss
symmetry axis reduces the effective dipolar couplings by
P,(cosp), with Py(x) = (3x2 — 1)/2, andp being the G-C—H
angle. Similarly, when studying methyl group dynamics using
deuterium NMR, after averaging over the 3-fold rotation the
ffective quadrupole coupling scales wil(cos ). In the
icinity of f = 109.5, Py(cosp) is a particularly steep function

of 5, and accurate knowledge ¢f is therefore essential for
making quantitative interpretation of such relaxation measure-
ments. Substantial differences, on the order 6f80% between
the order parameters observed for Ala-E and F—H’3 in

the protein staphylococcal nucledstar example, potentially

Methyl groups commonly are assumed to adopt an ideal
tetrahedral geometry, with-HC—H and C-C—H bond angles
of 109.5. However, small deviations from such idealized
tetrahedral geometry previously were found on the basis of NMR
dipolar coupling measurements of small molecules dissolved
in nematic liquid crystal$;# and single-crystal neutron diffrac-
tion studies of alanine and valifé Neutron diffraction for these
two amino acids yielded €C—H angles of 110.0and 111.9,
respectively. Small molecule liquid crystal NMR cannot deter- e
mine the angle directly, unless an assumption about bond Iengthv
is made. However, the ratio of the one-boHdky and two-
bond 2Dy dipolar couplings is strongly correlated with this
angle. This ratio ranges from 0.68 in acetaldeRytde0.88 in
CHal.2 This is in qualitative agreement with results from gas-
phase rotational spectroscopy, which yields the ideaCEH
angle of 109.5 for the methyl group of acetaldehyde (but a
very short C-H bond length of 1.073 0.002 AY and 113.0 (9) Nicholson, L. K.; Kay, L. E.; Torchia, D. A. INMR Spectroscopy
for CHal (rcy = 1.085 A)g Thus, these results indicate that and its Application to Biomedical Researc®arkar, S. K., Ed.; Elsevier:

. T . New York, 1996; pp 24%279.
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could be explained by increasing the-C—H angle by only

3° from its ideal value. However, ab initio calculations on
individual amino acids or molecular dynamics calculations on
the intact protein yield rather uniform-€C—H angles of ca.
110.5,11 suggesting that other factors must play a role too.

J. Am. Chem. Soc., Vol. 121, No. 19, 1“3l

and cetyltrimethylammonium bromide (CTAB)Final sample condi-
tions were: 0.7 mM protein, 5% (w/w) DMPC/DHPC/CTAB in a molar
ratio of 30:10:1 in water, 10 mM phosphate buffer, pH 6.6, 7%D
NMR spectra were recorded on a Bruker DMX750 spectrometer
operating at &H resonance frequency of 750 MHz equipped with a
triple resonance, three-axis pulsed-field-gradient probehead. Data sets

Recently, it has become possible to measure dipolar couplingsiy the aligned state were recorded at 3; isotropic spectra were

in macromolecules aligned with the magnetic field in a dilute
lyotropic liquid crystalline phase of phospholipid particlés,
known as bicelle$? Alternatively, such alignment now can also
be obtained in media containing filamentous pha§esjrple
membrane fragmen#3,or a dilute lamellar phase of nonlipid
molecules? In such media, it is possible to accurately measure
one- and two-bond dipolar interactions in isotopically enriched
proteinst®20-22\We have shown that comparison of the one bond
13C—1H, 13C—15N, 15N—1HN, and¥C—13C dipolar interactions

in the protein ubiquitin yields information on the ratios of the
effective bond lengths, corrected for rapid angular fluctuatféns.
The ratio for thercy andrcc bond lengths was found to be in
excellent agreement with results from a high-resolution crystal
structure databagé but the effective'cy andryy bond lengths
were about 3% larger than their equilibrium values, when using
ren andrec as a reference. This latter result is not unexpected
because it is known thaty andrcy undergo larger angular
librations tharnrcy andrcc,?® resulting in a decrease in dipolar

coupling and thereby in the increased effective bond lengths of

1.041 ¢nm) and 1.117 A fcn). 2

recorded at 22C. Spectra were processed using the NMRPipe software
package?

Residual*Dcy dipolar couplings were derived from the difference
of the modulation frequencies in the aligned and the isotropic states of
3D J-modulated constant-timé3C,'H] HSQC spectr® which were
recorded as data matrices of 224*16 x 1024* points (* denotesn
complex points), with acquisition times of 28,(*3C), 28 ., *Jcn),
and 57 mstg, *H). The modulation frequencies were obtained by time-
domain fitting in thet, constant-time dimension, as described previ-
ously

1Dcc values were derived from the difference in one-bét@H-1C
J splittings in the aligned and the isotropic states measured for the
methyl group resonances in the 2B8Q,H] HSQC spectra. These
spectra were recorded as data matrices of 46Q924* complex points,
with acquisition times of 92t{, 13C), and 57.0 mst{, *H). Acquired
data were apodized with a squared sine bell in the directly and a sine
bell in the indirectly detected dimension, both shifted by 2ad
truncated at 176 Data were extensively zero-filled prior to Fourier
transformation to yield high digital resolution. Peak positions were
determined by contour averaging using the program PiB® described
previously3? In both the aligned and the isotropic state two 28[H]
HSQC spectra were recorded, one right before theJ3bBodulated

Here, we demonstrate that it is possible to accurately measureconstant-time fCH] HSQC and one immediately after it. For all

both thel3C—!H and3C—13C one-bond dipolar couplings for
most methyl groups in ubiquitin. Assuming thrat; is uniform,
our results indicate that there is very little variation in the
C—C—H angle. If a librationally corrected effective bond length
of 1.117 A is used, the average-C—H angle is found to be
110.94 0.2°. There is some indication that either tig axis
can make a small angle with the-© bond or that the three
methyl protons do not span an exactly equilateral triangle. This
latter finding is consistent with small deviations from axial
symmetry observed fotH powder patterns of certain methyl
groups in solid2®

Experimental Section

An aqueous liquid crystalline sample containing unifori#g/>N-

further analysis, averaged values were used.

The effect of temperature changes on the magnitude of the molecular
alignment tensor is small (about 0.3% (€)% Nevertheless, special
care was taken to keep the temperature and sample conditions constant
during acquisition of the experiments: (a) by recording all spectra in
the aligned and the isotropic state, respectively, in one series without
interruption, (b) by applying equal decoupling power within and
between the experiments, requiring the insertion of dummy decoupling
periods prior to the relaxation del&$(c) by keeping the recycling
periods long and constant (about 1.6 s), (d) by inclusion of an initial 5
min of dummy scans at the start of each experiment, and (e) by
enclosing the 3DJ-modulated CT-HSQC in between two 2D HSQC
spectra which serve to simultaneously assess stability of the liquid
crystal and to obtain an estimate for the random error in the
measurement oflcc values.

enriched ubiquitin (VLI Research, Southeastern, PA) was prepared asResults and Discussion

described previousl¥. Bicelles consisted of a mixture of dimyris-
toylphosphatidylcholine (DMPC), dihexanoylphosphatidylcholine (DHPC),
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Am. Chem. Sod 998 120, 7385-7386. Bewley, C. A.; Gustafson, K. R;
Boyd, M. R.; Covell, D. G.; Bax, A.; Clore, G. M.; Gronenborn, A. M.
Nat. Struct. Biol.1998 5, 571-578. Cornilescu, G.; Marquardt, J. L.;
Ottiger, M.; Bax, A.J. Am. Chem. S0d.998 120, 6836-6837.
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Theoretical Background. The dipolar coupling between two
nuclei, A and B, in a solute macromolecule of fixed shape is
described by

D,s(0,¢) = D*5 {(3 cog 6 —1) + */, R (sir’ 6 cos )}
(1a)
with
D%g = _Wohllaﬂs) YaVB rAB_3 A, (1b)

whereR is the rhombicity defined bip'as/Dg; D3g andD'ag
(in units of hertz) are the axial and rhombic components of the

(28) Losonczi, J. A.; Prestegard, J. H.Biomol. NMR1998 12, 447—
451.

(29) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR1995 6, 277—293.
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Magn. Reson1998 134, 365-369.

(31) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, GIMagn.
Reson.1991, 95, 214-220.
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traceless second rank diagonal tenBogiven by Y/3[D?xg —
(DXXAB + DyyAB)/Z] andllg[DXXAB - DyyAB], respectively, with
D% > |DYYag| = |D*agl; 0 is the angle between the-AB
interatomic vector and the axis of the tensor; ang is the
angle which describes the position of the projection of theBA
interatomic vector on the—y plane, relative to the axis3*
D2,g subsumes various constants, including the gyromagnetic
ratios of the two nucleiya and yg, the inverse cube of the
distance between the two nucleis 23, and the unitless axial
componentA,, of the molecular alignment tensar The tensor
A corresponds to the diagonalized Saupe mé&briwhich
describes the alignment of the protein relative to the magnetic B
field. The symbolA is used here because the symis)l
commonly used for the (undiagonalized) Saupe matrix, is
already used for the generalized order parameter in protein
structural studiegt Note that, barring deformation of th€s, symmetry of the

In contrast to small molecule studies in the liquid crystalline methyl group, eq 4a is valid independent of the degree of
phase, where the alignment tensor is rapidly modulated by mobility of the methyl group as a whole or of its orientation
internal dynamics of the molecule, the overall shape of a protein, relative to the alignment tensor.
and thereby its alignment tensor, is not significantly affected  Errors in the measuré®cy and’Dcc values and nonidealities
by small amplitude structural fluctuations such as bond angle in the methyl group geometry have the largest effecdor
bending or stretching motions, methyl group rotations or angular small values of the denominatotDcc in eq 4b. Thus, the
oscillations of backbone, or side-chain bonds. Moreover, such average'Dcy /*Dcc ratio, which determines the average value
fluctuations typically occur on time scales much faster than the of 8 if Ty 3icc® Ois known, is best obtained by linear
rotational correlation time of the macromolecule. This greatly regression of plots 0fDcy versus'Dcc. Ab initio calculations
simplifies the analysis of the effect of such dynamic processes of *3C chemical shifts anéJcy coupling constants are known
on the observed dipolar couplings, and allows eq 1 to be to be highly sensitive to thé3C—H internuclear distance.

For a rapidly rotatingCs, symmetric methyl group, the average
13C—1H vector is that of theCs, axis, which ideally coincides
with the C-C axis. This rapid rotation scales tH2c coupling
by Sot = P2(cosp), wherep is the G-C—H angle. Other internal
motions of the G-CHjs fragment affectDcy and*Dcc equally,
and the ratio ofDcy andDcc is therefore given by

"Dey/Dec = PAc0SP) (yulye) Ty “Miee 0 (4a)
which can be rewritten as

=cos [ 2/3 (rc!vn) (Dcy/Deo) (mcc_smmCH_SU + 1/311/2
(4b)

replaced by either the time or ensemble avetage
Dg(6,¢) = D% {[(3 co$ 0 —1)[H ¥, R[{sin’ 6 cosap)[}
2)

where the [0 brackets indicate motional averaging. It is
convenient to separate the effects of very fast internal motions
which occur for all atoms, including the well ordered polypep-
tide backbone, from other motions such as side-chain rearrange
ments, larger amplitude backbone motions, and methyl group
rotation. To a good approximation, averaging over the angular
terms associated with the fast motions scales all dipolar
interactions of a given type by the same facfoand this effect
can therefore be conveniently incorporated®mg, by redefin-

ing it according to

DaAB = _(/"oh/16753) YaYB |]AE;s':]'A‘a 3

where [iag ~3Cequals the inverse cube of tledfectie bond
length, rage™, which includes the effects of fast librational
motionsZ3 The angular averaging remaining in eq 2 now only

concerns motions such as side-chain rearrangements, large

amplitude backbone motions, and methyl group rotation. Note
that domain motions, if present, cannot be treated in the simple
manner of eq 2 as they will modulate the alignment tensor. The
angular terms in eq 2 can be rewritten#& cog 6 —1)0= S

(3 co2 Oy — 1) and[{sir? 6 cos 2p)[I= S (Sir? O, COS 2ba),
where6,, and ¢,y are the spherical coordinates describing the
average orientation of the AB bond vector in the frame of
the alignment tensor, arglis the generalized order parameter.

(34) Clore, G. M.; Gronenborn, A. M.; Bax, Al. Magn. Reson1998
133 216-221.

(35) Saupe, A.; Englert, Ghys. Re. Lett. 1963 11, 462-465. Emsley,
J. W.; Lindon, J. C.NMR Spectroscopy using liquid crystal sehts
Pergamon Press: New York, 1975.

(36) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.

(37) Tjandra, N.; Grzesiek, S.; Bax, A. Am. Chem. Sod.996 118
6264-6272. Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard,
J. H.Nat. Struct. Biol.1997, 4, 292-297.

Considering the narrow range &C shifts andJcy values
observed experimentally for methyl groups, it is safe to assume
that variations irficyCandficcCamong different methyl groups
are negligible. Experimentally, we previously determined
Mey 3013 = 1.117 +£ 0.007 A for &—H%, when using
Mond 8 = 1.329 A andiic,c 303 = 1.525 A as reference
distance$? This value of 1.117 A includes the effect of very
high-frequency librations, which are of larger amplitude fér-C

H< than for the C-N and C—C' bonds and lead to smaller

dipolar interactions and thereby larger values of the effective
C*—H¢®* distance. This lengthening is equivalent to ascribing an
order paramete®;, = 0.94 to the effect of fast librations on
the C*—H® dipolar coupling. For methyl groups, only librations
orthogonal to the direction of rotation contribute to a decrease
in the dipolar coupling? the effect of librations tangential to
the direction of methyl group rotation is incorporated in the
P,(cos ) factor in eq 4. Therefore, for methyl groufs, =
0.97. Assuming that in the absence of librations (i.e., only
stretching vibrations)icy =3T3 for methyl groups and &-

He have the same value of 1.095 A, the effectivg for methyl
groups equals 1.106 A. Carbenarbon bond lengths for GH
fHs and CH—CHs moieties reported by Engh and Huber are
1.521 and 1.513 A, respectivelyHere, we use an average value
of 1.517 A.

Analysis of the Data. Measurements were carried out on
ubiquitin, a small protein of 76 residues which yields very well-
resolved spectra with narrow line widths. Figure 1 shows a small
region of the }3C,'H] HSQC correlation map, containing about
half of the methyl correlations, both in the aligned and in the
isotropic states. As can be seen, e splittings (Figure 1B)
and thellec + Dcc splittings (Figure 1A) are well resolved
and can be measured at high accuracy. BecauséHhéH
dipolar couplings within the methyl group do not average to
zero, the spectrum measured in the liquid-crystalline phase
shows considerably larger line widths in the¢ dimension than
does the isotropic sample. For AtaC#Hs, which has it$3C*—
13CF vector nearly orthogonal to the axis of the alignment
tensor, théH—H dipolar couplings result in a resolved triplet.
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18¢ van der Waals distance of the Phearbonyl oxygen. This
presumably is responsible for the large changdda. The four
leucine € methyl groups with very smallcsc, values confirm

- 12 thatJcc is sensitive to steric effects: All four Leu’€methyl

groups that are gauche with respect¥0®, as determined from

> P - 3Jcacs couplings (Supporting Information), havécsc, values

g @368 in the 33.0-33.6 Hz range. AllJcsc, for Leu C methyl carbons

- 13 that are locked in a trans conformation or which undergo

rotameric averaging about thé-€C» bond (as determined from

: ol 3Jcacs), haveldcsc, values in the 34.435.3 Hz range, close to

1331 6151 the values of 34.8 and 35.0 Hz observed in the free amino acid

- 14 (Supporting Information). A more detailed analysis of the

s 051 correlation betweehlcc and local geometry will be presented

° elsewhere.

Figure 3 shows typical interferograms through thiey-
-15 modulated CT-HSQC spectrum, together with the best-fit
obtained using a constrained nonlinear least-squares fitting
°@sc © 9B L procedure? The value oftJcy + Dcy is actually derived from
cee ° the separation of the outer components of ¥@H; quartet,
oq2 L 16 which are separated by 3¢y + 'Dcy), and which have the
highest intensity in experiments which use INEPT-type polar-
3672 oy ° L ization transfef%4°0On the basis of reproducibility in duplicate
measurements, estimated errors in the measutégh3t Dcp)

L 17 splittings are less than 0.2 Hz, resulting in errorstiy of
°2372 ~0.1 Hz.
— —— Figure 4 shows the correlation between g andDcc

05 1.0 05 ppm couplings. Linear regression yields a slope-€3.17 + 0.03

1 with a correlation factoR of —0.999. Using eq 4b then yields
H B = 110.91+ 0.17, or S = 0.308.

Figure 1. Sr_nal_l _region of the_ 750 MH2H—13C HSQC spectrum of Systematic Errors in B. The above derived value g8
U-TC/N ubiquitin, recorded in 93:7 J0:D;0, pH 6.5, 50 mg/mL of o eqents our best estimate for the averag€€H angle, but
a 30:10:1 molar ratio mixture of DMPC/DHPC/CTAB, (A) in the the standard deviation does not take into account the effect of

aligned state at 37C, and (B) in the isotropic state at 2Z. A . - . -
phospholipid natural abundant€ signal, only visible in the isotropic possible systematic errors caused by the uncertairiey=[1

phase, is marked with an asterisk. cH
Although methyl group vibrational corrections and equilib-

Previously, the ratio of thi8H—H dipolar coupling over the  rium bond lengths are likely to be very similar from one methyl
1Dey coupling has been used for studying methyl group group to another, they differ to some extent from those observed
geometryt34 but for the very weak alignments used in the for the polypeptide backbone. As mentioned above, librations
present study thi$H—1H dipolar splitting remains unresolved tangential to the rotation direction are included in gcos
for most methyl groups. p) factor in eq 4 and the magnitude of the effect ofi& bond

Figure 2 shows the reproducibility of tA&C—13C splittings, vector librations on the €H dipolar coupling in methyl groups
measured in two separate experiments, which sandwiched thdS therefore 2-fold smaller compared to backborfe sites.
one-day experiment for measurement3@—H splitings. The Libration of the three methyl protons will be correlated,
pairwise rmsd between the two measurements in the alignednowever, and this is likely to alter the magnitude of the observed
state equals 0.075 Hz, indicating a random error of 0.04 Hz in dipolar coupling somewhat relative to the case of independent
their averaged value. With a pairwise rmsd of 0.064 Hz, the librations. Considering the relatively large value of the uncer-
reproducibility is even slightly better in the isotropic state talr;tsy reported for the effective €-H* bond length £0.007
(Figure 2B). The carbons with the most extrefec couplings ~ A),** @nd that only librations affecting the @—H angle
in the isotropic sample are labeled in Figure 2B. These data influence methylrci, the effect of correlated libration is
show a much larger spread than expected on the basis oféXPected to be much smaller thai©.007 A and is neglected
literature datallec couplings for methyl groups measured in N our analysis. The effect of stretching vibrations of therC
free amino acids cover a very small range of-3% Hz for all bond are very similar for different types of carbons, and result
amino acids except Thr, which hadcc = 38.0 Hz3® For in a small increase imcy" (by ~0.01 A) compared to the
extracting reliable!Dcc values, it therefore is essential to _equmbnum bond Ien_gtﬁ.5 This vibrational stretching effect is
measure th&C—13C splittings both in the aligneandisotropic ~ ncluded in the previously reporteda°" value of 1.117 A,
states. and again ignoring the effect of correlated stretching modes, it

The largest deviation from the literature value is observed does not significantl_y_increase the uncertainty in the ”_‘e.t_hy'
for Ala®, which showsteacs = 39.0 Hz, 5 Hz larger than the rcqe. However, ab initio calculations suggest the possibility

value of 34.0 Hz reported for free alaniffeAla*® adopts a of a small (up to 0.005 A) increase for the methyl grawp

- 39\ L s compared to €&-H (D. Case, unpublished results). Combined,
positives angle?® which positions its €z methyl group within these factors lead to a rather wide range from 1.099 to 1.118 A

A g B 24451

00
00 ©
4
B
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531-544. 762.



4694 J. Am. Chem. Soc., Vol. 121, No. 19, 1999

45

eo

+
Do
40

A 3

35+

Hz

40

384 .

ee
36+ [ ]

34+ L5602

@ 4352

o
L15% | 5082

v T

36 38

34 )
Joo

Hz 40

Figure 2. Reproducibility plot of pairs of3C—3C splittings, measured
for the nonoverlapping methyl groups in the 750 MPC[*H] HSQC
spectrum of ubiquitin, (A) in the aligned state at 37, and (B) in the
isotropic state at 22C. The Euler angles relating the alignment tensor
orientation to that of the X-ray structure coordinate frame @re
34°; = 32°; y = 21°; with D]N" = 15.8 Hz, ancdR = 0.48, assuming
S=1
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Figure 3. Interferogram showing the intensity modulation of the“Ala
1HA—13CP correlation in theJ-modulated HSQC experiment and the
best fit function: { A cospr(*Jcr + Dem)tz] + B cos[3r(Xcn + Deh)-
t2]}exp(—Ct?), (A) in the aligned state, yieldinglcy + *Dcy = 144.3
Hz, and (B) in the isotropic state, yieldifgcn = 130.0 Hz.

Although vibrational corrections for the €C bonds are
negligible, there is considerable uncertainty in its equilibrium
value. For example, Engh and Huber report@©bond lengths
for CH—CHz and CH—CHs which differ by 0.008 A24 Here,
we use their averaged value and estimate the uncertainggin

Ottiger and Bax
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Figure 4. Plot of IDcy versus'Dec residual dipolar couplings of methyl
groups in the protein ubiquitin, dissolved in a dilute liquid crystalline
medium. The solid line represents the best fit of the data by linear
regression, with a slope 6f3.17+ 0.03 and a correlation factét of
—0.999. See text for further details.

above-discussed equilibriumey and ree values and their
librational correction, ranges from a possible decrease by up to
4.1% in thellcy—3cc3Cratio, to an increase of up to 2.7%.

A 1% increase ificy 3UHcc3Cincreasey by 0.18, and the
uncertainty ing introduced by these systematic errors, in
addition to the standard error in the fit, extends the possible
range forp from 110.2 to 111.8

It is important to note, however, that for relaxation studies
only the Dy magnitude of a rapidly spinning methyl group is
of interest, and it is the ratio dDcy™eMYDccmet! which is
determined at very high accuracy in the present study, thereby
indirectly relatingDcy™e™ andDcxC*He. If effective C—H bond
lengths are different for €and methyl sites, this affects tifie
value but not thdcymet/DcpCeHe ratio. For a rapidly spinning
methyl group, the effect of different effective-E bond lengths
is therefore indistinguishable from a changednand any
difference in the effective bond length is included implicitly in
the value we report foB..

Variations in . As mentioned above, random errors in the
measurement of the one bok€-13C and!3C-1H splittings are
extremely small (0.03 and 0.07 Hz in the isotropic phase; 0.04
and 0.1 Hz in the liquid crystalline phase, respectively). As the
dipolar contribution to the splitting is obtained from the
difference in splitting between the liquid crystalline and isotropic
phases, which are measured with exactly the same experimental
protocol, it is unlikely that the difference contains a significant
systematic error in the measurement, and the errors in the
experimentalDcc and D¢y values are therefore estimated at
0.05 and 0.12 Hz, respectively.

These errors are considerably smaller than the size of the
dots marking the individual pairs 8Dcy and'Dcc couplings
in Figure 4. Therefore, it is interesting to consider the range of
B values obtained when using eq 4 for individéaky andDec
pairs. As discussed below, tH®cH/'Dcc ratios for methyl
groups which yield the smallest absolut®cy and Dcc
couplings are very sensitive to minor distortions from ideal
geometry and therefore cannot be used in such an analysis.
Limiting the calculation of3 to methyl groups with D¢ value
larger than 7 HzS values obtained using eq 4b range from
112.8 for lle36—Cr2H3 to 109.5 for Ala%®—CPHs. Clearly, this
range presents an upper limit for the true range of variation in
B values, since experimental errors in fie/!Dcc ratios and
distortions fromCs, symmetry of the methyl groups can cause
random changes in these ratios and thereby in the defived

to be 0.004 A. The total aggregate of the uncertainties in the values.
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Distorted Geometry? Methyl groups with near-zer#Dcc rotation, the effective €H bond length is 1.106 A. The dipolar
dipolar couplings have the strongé&lcc-dependence on the  couplings measured in the present study then result in an average
orientation of the &C bond vector. Therefore, if the-€&C methyl group CG-C—H angle of 110.9+ 0.2°. If a shorter
vector orientation deviates from ti@s, symmetry axis of the effective methyl G-H bond length of 1.095 A is used, this angle
CHs group (i.e., assuming that the three protons neverthelessincreases to 111°5Conversely, for an effective methyl-¢H
form an equilateral triangle with equa-@ distances for the  bond length of 1.135 A3 = 109.5.
three protons), this can result in a considerable deviation from  Our data suggest that if deviations between the average
the IDcc value expected on the basis of #8cy value. With orientations of the methyl grou@s, axis and its G-C bond
the exception of Al¢, Figure 4 shows that th&Dcy versus vector occur in proteins, the magnitude of such distortions is
1D¢c correlation indeed is better for methyl groups with large limited to less than L The most outlying pair ofDcy and!Dec
1Dcy and!Dcc values than for those with smaller values. This values is observed for At& CPH; which, as a result of the
suggests that deviations between the@vector orientation unusual positivep angle of this residue, clashes with the
and theCs, symmetry axis may indeed occur. Simulations carbonyl oxygen of the preceding one. A dramatic increase of
carried out in which th&;, axis of the methyl group is rotated 5 Hz in the isotropidJcacs coupling of this residue is observed
by a random angle away from the—C axis show that the over that of the free amino acid. Again, assuming a symmetric
spread for the correlation between the calculdfgh and'Dcc methyl group with a 1.106 A €H bond length, it$Dcp/*Dec
values for small €7 Hz) values ofiDcy increases to the same  ratio yields an unusually small -@C—H angle of 109.5
value as observed in Figure 4 for a root-mean-square (rms) angleHowever, our data do not allow us to distinguish whether the
of 0.8. If this type of methyl group distortion were the sole exceptionally large'Dcn/*Dcc ratio results from a geometric
source of the scatter in Figure 4, this rms angle of &8uld distortion of the methyl group, or whether it is an intrinsic
represent the rms difference between the@bond and the property of Ala residues. High-resolution single-crystal neutron
Cs, axis. This rms value therefore must be regarded as an upperiffraction data available on free amino acids suggest a4 1.5
limit. smaller G-C—H angle for Ala relative to Val methyl grougs,

Other distortions from ideal geometry are also likely to occur. and although unlikely, this could also explain the unusually large
For example, if the methyl group is considered to undergo 'Dcy/'Dcc ratio. Ala?® is the only other alanine in ubiquitin,
discrete hops about the-<C axis but the proton in one of the  but its resonance overlaps with the M&Hs resonance, and
three positions is pushed away from its ideal position by a steric no reliable CG-C—H angle could be derived for its methyl group.
effect, this can also change thBcp/'Dcc ratio. In this case, Overall, our data confirm that methyl group geometries in
the effect is largest if the proton whose position is distorted proteins are highly uniform. Rapid rotation of the methyl group,
has a near-zero instantanedixy value, and for such cases together with G-H bond vector librations orthogonal to the

no correlation between the changelidcy from ideality with direction of rotation, scale the observédC—'H dipolar
the magnitude oflDcc is expected. For the experimentally interaction by a factoB, = —0.299 relative to thd®cy for a
observed alignment tensor of ubiquitin, a change byrém hypothetical proton on the-€C bond vector, at the commonly

the idealized G&H orientation of one of the three occupied usedrcy = 1.095 A. This is equivalent, however, B =
positions of a rapidly hopping methyl group proton can result —0.308 forrcy = 1.106 A. TheseS, values contain a 0.8%
in a change in'Dcy by up to 0.5 Hz. Significant asymmetry  uncertainty resulting from the error in the-€ bond length
parameters for théH quadrupole pattern of the methyl groups and 1% from the standard error in the measubed/Dcc ratio.

in methyl deuterated thymine and hexamethylbenzene suggesiThus, usingcy = 1.095 A yieldsS,,Z = 0.090+ 0.003, but it
that such distortions may indeed occur in a variety of sys®ms. is important to realize that this low&,Z value also includes
Ala“® in ubiquitin is a prime candidate for such distortions the effect of rapid G-H librations. Instead, if the effect of
because this residue has a “forbidden” positivangle which librations is included in the bond length (i.@g4e = 1.106
causes its €Hs to clash with the carbonyl oxygen of Pfe A), S increases to 0.956. These values are 28% smaller
Indeed, the AI& CPH3 is the methyl group with the largest than theS,? = 0.111 order parameter, typically assumed for
deviation (0.8 Hz in'Dcp) from the experimental correlation ideal methyl groups id*C relaxation studies. This smallg¢

in Figure 4. Other possible support for a distortion of this methyl value considerably reduces the discrepancy between previous
group may be found in the very large increase (5.0 Hz) in the relaxation measurements &C* and methyl*3C# in alanyl
Lcacp coupling relative to that of the free amino acid. However, residues, although it does not resolve it entirely.

in this context it must also be pointed out that tigss value
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relaxation properties of methyl groups relative to other sites in
macromolecules, methyl grodPcH and!Dcc dipolar couplings

can be measured with exceptional accuracy. The uniformity of
the observedDc/'Dcc ratios provides strong support for the
absence of large deviations from ideal tetrahedral geometry of
the methyl groups in ubiquitin. If we assume that the amplitude
of very rapid librations of the methyl group-€H vectors are

of the same magnitude as those for the backbofie H*
vectors, and exclude librations in the direction of methyl group JA984484z
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