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Abstract: 2H quadrupolar and one-borA@C—3C dipolar couplings have been measured at methyl sites in a
uniformly 13C and fractionally?H labeled sample of the N-termindrk SH3 domain, weakly aligned in a
dilute solution of Pf1 phage. An average ratio betweenfthguadrupolar and*C—13C dipolar couplings of
19.24 0.1 is measured. Assuming rapid rotation about the one-b@#Y'—13C axis and an angle of 109.5
between the unique principal axis of the electric field gradient tensor and the methyl averagingepasy-

13C bond), an average value of 1871 kHz is obtained for the quadrupolar coupling constafgQ/h. The
profile of 2H quadrupolar vs3C—13C dipolar couplings suggests that the use of a uniform value for the
quadrupolar coupling constant is a good approximation in the analydisrefaxation data measured at methyl
sites in proteins.

Introduction ments for measuringH relaxation times in uniformly'3C-
labeled, fractionally deuterated protefi’sThe attraction of this
approach is based on the fact that the relaxation of a deuteron
is completely dominated by the local quadrupolar interactin.

In the case of methylene and methyl groups this simplifies
interpretation of relaxation data relative to studies basetf@n
felaxation times where interference betwéeh-1°C dipoles

can complicate the analysi$ A number of?H-based methyl
dynamics studies have now been repofed® and insight into
dynamics in hydrophobic cores of proteins, as well as into
changes in dynamics of side chains upon ligand binding, has
emerged. Notably, much better agreement between amplitudes
of motion as monitored by backbone relaxation studies and Ala
°H methyl relaxation has been not¥dNevertheless, extraction

of accurate amplitudes and time constants describing motional
processes contributing 1 relaxation is predicated on knowl-
edge of theH quadrupole coupling constarfgQ/h. Addition-

ally, it is important to establish whether the quadrupolar coupling

In principle NMR spectroscopy is a powerful probe of
dynamic processes in molecufesHowever, accurate inter-
pretation of NMR derived relaxation times in terms of motion
requires knowledge of a number of parameters which may not
be known to high accuracy. For example, bond lengths or
quadrupolar coupling constants are needed in the analysis o
relaxation data derived from dipolar or quadrupolar interactions,
respectively. Additionally, in cases such as in the study of
methyl groups, the orientation of vectors relative to averaging
axes must also be knownln some situations the errors
introduced by uncertainties in these values may well be greater
than the precision of the experimental data, severely compro-
mising the accuracy of the extracted motional parameters. For
example, in the analysis dfC relaxation data large discrep-
ancies were noted in amplitudes of motion of #€*—1Hx
and3C*—13C# pond vectors of Ala residues in staphylococcal
nuclease, despite the fact that both vectors should monitor the > .
same dynamic processés. is, to a reasonable approximation, constant at all methyl sites

Recently Ottiger and Bax have described a liquid crystal IN the molecule or varies as a function of position.
NMR study reporting“C—"C andH-~*C dipolar couplings (6) Muhandiram, D. R.; Yamazaki, T.; Sykes, B. D.; Kay, L.EAmM
of me.thyl groups in ubiquitif.On the basis of these couplings  cnem. S0c1995 117, 1153611544, yKes, b. L., kay, L. :
effective methytH—1%C bond lengths and HC—C bond angles (7) Yang, D.; Mittermaier, A.; Mok, Y. K.; Kay, L. EJ. Mol. Biol.
of 1.106 A and 110.9°, respectively, were determined. These 19?88)’2870?1}2?%?71_%4'0 dfield, EBiochemistryl983,22, 20082913
valugs are different from those used in publisk&eldynamics (9) Vold. R. L ; Vold, R. R.Prog. Nucl. Magn. Reson. Spectros87s,
studied (1.09 A, 109.5°) and decrease somewhat, although not 12, 79-133.
completely, the differences between motional parameters ex- (10) Kay, L. E.; Bull, T. E.; Nicholson, L. K.; Griesinger, C.; Schwalbe,

o 1 ; ; ; H.; Bax, A.; Torchia, D. AJ. Magn. Reson1992,100, 538—558.
tracted from'3C® and13C# relaxation times of Ala spin systems. (11) Kay, L. E.: Muhandiram. D. R : Farrow, N. A.: Aubin, .- Forman-

The difficulties in interpretation of side chalAC relaxation Kay, J. D.Biochemistryl996,35, 361—368.

parameters stimulated the development of a series of experi- (12) Kay, L. E.; Muhandiram, D. R.; Wolf, G.; Shoelson, S. E.; Forman-
Kay, J. D.Nature Struct. Biol1998,5, 156—163.

(1) Kay, L. E.Nat. Struct. Biol. NMR Supplemerit998,5, 513—516. (13) Lee, A. L.; Flynn, P. F.; Wand, A. J. Am. Chem. S04999,121,
(2) Palmer, A. G.; Williams, J.; McDermott, Al. Phys. Chem1996, 2891-2902.

100, 13293—-13310. (14) Gagne, S. M.; Tsuda, S.; Spyracopoulos, L.; Kay, L. E.; Sykes, B.
(3) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young, D. J. Mol. Biol. 1998,278, 667—686.
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(4) Nicholson, L. K.; Kay, L. E.; Torchia, D. AProtein dynamics as C. H.; Parker, R. A.; Goldfarb, V.; Mueller, L.; Farmer, B.Biochemistry
studied by solution NMR techniqueSarkar, S. K., Ed.; Elsevier: New 1998,37, 7965—7980.
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Figure 1. Pulse schemes to measure the one-bdaae'—13C di-
polar coupling,'Dcc, (a) and the methylH quadrupolar couplingyq

(b). The pulse schemes are very similar to sequences published for

measuring the relaxation rates o€} (a) and JC,D, (b) in ¥*CH,D
spin systems (& H, C = 3C, D = 2H); details can be found in the
captions to Figures 1 and 6 in Muhandiram et Briefly, in (a) 7o =
1.7 ms,7, = 3.85 ms,Tc = 14.5 ms, and the value dF is varied

between experiments (see Materials and Methods). The phase cycle

employed is: ¢l = 4(x), 4(—X); 2 = (X, —X); $3 = 2(X), 2(—X); rec
= 2(X, —X), 2(=X, X). In (b) all delays are as in (a) andis set to~11
ms (1/4)cp). The phase cycle ispl = x, —X; ¢2 = 4(X), 4(—X); $3 =
2(y), 2(=x), 2(=Y), 2(x); ¢4 = 8(x), 8(—=X); ¢5 = 2(y), 2(-y); rec=
20X, =X, =X, X), 2(—X%, X, X, —X).

Values ofe?qQ/h for aliphatic deuterons ranging from 168
+ 2 to 174+ 2 kHz have been reported for a number of small
compounds, including methane, ethane, butane, hexane, an
cyclohexané? However, to our knowledge values for methyl

J. Am. Chem. Soc., Vol. 121, No. 45, 19899

times of 25 and 64 ms ity andt,, respectively, were employed;-F
quadrature was obtained with States-TPBF ¢1 (Figure 1a) orp4
(Figure 1b).

The values ofl used for measurintdcc were (ms): 1.0, 10.0, 15.0,
20.0, 25.0, 30.0, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 65.0, 70.0, While
values of 0.3, 3, 6, 9, 12, 15, 18, 21, 25, 30, 35, 40, 45, 50, 60, 70, 80,
90, 100, 120 were employed for measuring. All spectra were
processed using NMRPipe/NMRDraw softw&and analyzed with
the PIPP/CAPP suite of prograrfisValues of ‘Dcc and vg were
obtained by fitting the time dependence of signal intensities using
MATLAB.

As described below the evolution &iCme"™ magnetization in the
experiment of Figure la proceeds according to the relation

Acof 7("ec+ D) TH T co (*Iec+ Do) T'H exp(—T/T,)

whereT = 2T¢ + T, the product is over all nonzetéCmethyl-13Caliphatic
couplings that are two-bond or greater (ilez 2) that modulate the
signal, A is a constant]; is the effective transverse relaxation time
and“Jec*Dec are thek-bond'3Cmety-13C scalar and dipolar couplings,
respectively. The value ¢Dcc ~ 0 (k = 2), however2Jc values as
large as 34 Hz can be observed, depending on dihedral angle
values?? A number of different fitting functions derived from the above
equation have been employed includidgcodz(*Jcc + Dco)T'}
exp(—T’/Tz), A Coqn(l\]cc + 1Dcc)T'} Coq.ﬂ(k\]cc + chc)T’} X
expT/Tz) andA coq (*Jec + Dcc) '} exp(—BT?), where the decay
in signal caused by the long range—°C couplings k = 2) is
approximated by the Gaussian, exjT?).2% Identical results were
obtained in all cases.

One-bond®N—'HN dipolar couplings were measured for the T22G
drkN SH3 domain by the IPAP-HSQC meth#fe® A best fit of the
measured dipolar couplings to those predicted on the basis of the NMR
derived structure of the wild-type protein gave values of the axial and
rhombic components of the alignment ten¥oA, andR, of —7.1 x
10~*and 0.50, respectively, and Euler angles describing the transforma-
tion from the NMR coordinate frame to the alignment frame of

cg66°,88°,24°).

Results and Discussion

groups on a per-site basis in proteins have not been reported.

We demonstrate here for the first time that it is possible to
measure accurafel-methyl quadrupolar couplings in smafC-
labeled and fractionally deuterated proteins oriented in solution.
By comparing®H quadrupolar couplingsvg) with one-bond
13cmethyl_13C dipolar couplingsDcc) at each methyl site in a
13C-labeled, fractionally deuterated sample of an SH3 domain
and assuming an angle of 109Between the principal axis of
the (assumed axially symmetric) electric field gradient tensor
and the one-bon#CmMetL-13C axis (also referred to in the text
as the methyl averaging axis BCmeh-13C axis) an average
value fore?qQ/h of 167 £ 1.5 kHz is obtained. Moreover, the
linear relation betweemg and!Dcc suggests that assuming a
constant value foe2gQ/h in the analysis ofH methyl relaxation
data is a good approximation.

Materials and Methods

15N,13C, fractionally?H-labeled Thr22Gly mutant N-terminal SH3
domain from the proteimnlrk (T22G drkN SH3, 59 amino acids) was
prepared as described previoushith the exception that the growth
media was comprised of a mixture of 50%®50% D:O. A 1 mM
sample, 0.05 M sodium phosphate, 10%90% HO, pH 6.0, 25°C
was used for all experiments. In the case of partial alignment Pfl
phagé® was added to a final concentration 83 mg/mL (residual
D,0 splitting of 12.8 Hz). All spectra were recorded at 600 MHz on a

Theoretical Background. Parts a and b of Figure 1 illustrate
the pulse schemes that were employed to measure the one bond
13Cmethyl_13C  dipolar (a) and the2H™e™! quadrupolar (b)
couplings in a uniformly*3C, fractionally °H-labeled sample
of T22G drkN SH3. The schemes are very similar to sequences
published previously by our group for measurfitjrelaxation
times and will therefore be described only briefly. The flow
of magnetization in the experiment of Figure la can be
summarized by

1] 1]
H—="8C (T,CT4) — *H (t,) 1)
wherelJ; is the active coupling responsible for the transfer and
ti (i = 1,2) is an evolution time. Note that in the case where the
protein is partially aligned with the magnetic fiefd; = 3 +
Dj, where 13; and !Dj are scalar and dipolar couplings,

(19) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989
85, 393-399.

(20) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR1995 6, 277—293.

(21) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, GJMMagn.
Reson1991 95, 214-220.

(22) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C;
Tschudin, R.; Zhu, GMethods Enzymdl994 239, 79—-105.

(23) Ottiger, M.; Delaglio, F.; Marquardt, J. L.; Tjandra, N.; Bax,A.

Varian Inova spectrometer. Data matrices were acquired with (138,578) Magn. Reson1998 134, 365—3609.

complex {1,t2) points using the experiments of Figure 1. Acquisition

(17) Burnett, L. H.; Muller, B. HJ. Chem. Physl971 55, 5829-5831.
(18) Hansen, M. R.; Mueller, L.; Pardi, Aat. Struct. Biol.1998 5,
1065-1074.

(24) Yang, D.; Nagayama, Kl. Magn. Reson. Ser. 2996 118 117—
121

(25) Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Resorl998 131, 373~
378.
(26) Tjandra, N.; Bax, ASciencel997, 278 1111-1114.
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respectively. (In what follows couplings denoted by the italicized
character 3 ” will refer to sums of dipolar and scalar terms). A
series of experiments are recorded where the valyeis

incremented. Thus, a set of 2D planes are obtained with methyl

cross-peaks at13C,wH) modulated in intensity according to

Acog ("o + DT} [ 1T cod (M +
‘De)TH exp-T/T,) (2)
where k > 2, the product is over alf3Cmethyl_13Caliphatic

couplings,T' = 2T¢ + T, T, is the effective transverse relaxation
time of the!3C signal duringT’ and

1 [
DCC_

yPhl(47°R.) B cos 6§ —10 ©)
Note that in the case of Met residutlsc = IDcc = 0. In eq 3
yc is the gyromagnetic ratio of3C, Rec is the one-bond
13Ccmethyl13C distance, and is the angle between tAéCmethyl—

13C axis and the magnetic field. In the absence of media which 4o

induce alignment of the solut® co£f —10= 0 and!Dcc
vanishes. Hence, by measuridg.c for both oriented and
unoriented protein samples the value'Dtc can be extracted

in a straightforward manner, as described in Materials and

Mittermaier and Kay

R = C[6J(0) + 10J(wp) + 4J(2wp)] (7

and
R, = C[6J(0) + 2)(wp) + 4I(2wp)]

respectively, wher€ = (3 x 47%/160) €qQ/h)?, J(w) = &
[l + (wtc)] + (L — ) ©/[ 1 + (wr)? ], 7c is the overall
tumbling time of the proteinSis an order parameter describing
the spatial restriction of motion of théC—2H methyl vector

on the ns-ps time scal®andr; 1 = 7¢~1 + 7! with ze the
effective correlation time describing the internal motions of the
13C—2H bond vector. For the degree of alignment of solute
employed in the present study it is not necessarily the case that
exchange betweenJand{D,Dy + DyD,} components proceeds
rapidly compared toR — Ra) (i.e., 412vg? > (R — Ra)?).
Note that for the T22G drkNSH3 domaRR — Ra values are
predicted to vary between2 s~ and 30 s on the basis ofH
relaxation measurements of the unaligned molecule, wrilé

Hz < vg < 97 Hz. The evolution of P must therefore be
bed according to

D(T)=A2exd —0.5R + R)TH (1 —
A) exp(0.82T) + (1 + A) exp(—0.5QT)] (8)

Methods. Itis noteworthy that because the interchange betweenyhereQ = { (R — Ra)? — 472v02 }°5andA = (R — Ra)/Q.

inphase and antiphag#Cmety magnetization arising frorklec

In the limit that relaxation can be neglected(D) = A cos-

+ *Dcc couplings is sufficiently fast compared to the differences (,,,T), consistent with eq 5. The pulse scheme of Figure 1b
in relaxation of the inphase and antiphase components a singlegenerate$3C—H correlation spectra where the intensity of each

effective relaxation time-constant can be Weg@q 2). This
situation is to be contrasted with the evolutior’ef magnetiza-
tion, described below.

cross-peak is modulated according to eq 8. The valuegfis
thus readily extracted from a fit of peak intensities as a function
of T. Although the sign ofrg cannot be determined from the

The transfer of magnetization in the sequence of Figure 1b present set of experiments, it is possible to infer the sign for

proceeds as

1] N} N
I s D2y (m— B¢ (1JCD, CT+) — 1y () 4

where the active couplings involved in magnetization transfer
are indicated.

During the period of duratiof, 2H magnetization evolves
according t68

D, — Dy cosfrvyT) +{D,D,+ D,D;} sin@@vyT) (5)

each residue by noting the sign of the corresponéiing: value.
As shown below (see eq 10) and'Dcc are of the same sign,
assumingeqQ/h > 0 and that the angle between the methyl
averaging axis and the<D bond lies between 54 and 125.2.

It is worth noting that in the experiments of Figure 1 signal
derived from13CH,D methyl groups exclusively is selected.
Although it is not possible to produééC labeled proteins where
each methyl is labeled with only a single deuteron, it is very
straightforward to generate samples which are fractionally
deuterated by expressing protein in a medium containing both
D,0 and HO. In this way, protein samples are prepared where
13CDs, 13CHD,, 18CH,D, and 13CHz methyls are populated.

where the effects of relaxation have been neglected for the Selection of only a single isotopomer is crucial to ensure spectra

moment, Dis a spin operator denotifdgi = x,y,2) magnetiza-
tion andvg is the splitting (Hz) between the two lines in
deuterium spectra of an oriented deuteron. The value,df
given by

vo = 0.75 €qQ/h)3 cos a —10 (6)

wherea is the angle between the principal axis of the (assumed

axially symmetric) electric field gradient tensor and the magnetic
field. Note that in the absence of alignmei®,co$ o —10=
0 and thereforerg = 0 and there is no modulation of tffel
signal.

In practice the effects of relaxation during the evolution of

Dy cannot be neglected. It can be shown that the relaxation rate

of the operators Pand{D,Dy + DyD,} are given by

(27) Kuboniwa, H.; Grzesiek, S.; Delaglio, F.; Bax, A.Biomol. NMR
1994 4, 871-878.

(28) Sorensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;
Ernst, R. R.Prog. Nucl. Magn. Reson. Spectrod4©83 16, 163-192.

of high resolution, necessary for accurate quantitation of each
cross-peak intensity. We choose to select for,CHnethyls
since in this case the magnetization transfer pathway can be
manipulated in a straightforward manner to produce transverse
2H signal with high sensitivity. Selection of single-deutero
methyl groups occurs via the @0, H pulse pair in the
sequence in a manner described in detail previotiBigure 2
shows 2D 13C—!H correlation maps of T22G drkN SH3
recorded with the schemes of Figure 1, illustrating the level of
isotopomer suppression that has been achieved.

Data Analysis. The time evolution of3C and?H magnetiza-
tion from lle 5361 (a) and Leu 281 (b) methyl groups of
T22G drkN SH3 dissolved in buffer with 33 mg/mL Pfl phage
is shown in Figure 3. Values éDcc andvg have been measured

Sfor 20 and 19 residues, respectively. We have excluded data

from 2 Leu residues (Leu 17, Leu 41) where stréfg—13C”
coupling complicates analysis as well as from a number of

(29) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4559-4570.
(30) Lipari, G.; Szabo, AJ. Am. Chem. Sod 982 104, 4546-4559.
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Figure 2. 3C—H correlation maps ofN,'3C, ~50% fractionally’H-
labeled T22G drkN SH3 recorded at 600 MHH (frequency) using
the pulse schemes of Figure 1a (a) and 1b (b). Suppression of the CHD
and CH isotopomers occurs as described in detail previotidipe
appearance of CHsotopomers in the case of Met residult$ ¢hemical
shift of ~2 ppm) in (a) results from the larger than averagg coupling

for Met (139 Hz vs 126 Hz) and the fact that delays for purging were
optimized for atJcy of ~130 Hz. Negative peaks are drawn with a
single contour. Note that in (a) GHnd CH groups are purged, and
hence correlations involving methylene groups will be obtained. In (b)
an additional filter involving selection of carbons with at least one bound
2H spin ensures that the only correlations observed are those £y CH
groups.

residues (lle 41, lle 27 y2, Met 55 and Ala 13) where it is
difficult to extract accurateq values because the signal decayed
prior to the first zero crossing. The precision‘@fcc andvq
values was assessed by measuribgc twice andvq three
times; reproducibility plots of dipolar or quadrupolar couplings
have slopes deviating from 1 by less than 0.004 Bnalues
greater than 0.9997.

Figure 4 shows the correlation between measugahd'Dec
values. A best linear fit obg vs Dcc givesvg = (19.21+
0.07) xD¢c + (0.20+ 0.12), while a slope of 19.2@ 0.07 is
obtained if the y-intercept is fixed at 0. From egs 3 and 6

vo!/'Dec = — 0.75 €qQrh) B cod o — 111
{ycN(4n"R.) B cog 6 —103 (9)

Assuming that the methyl group rotates about tp@methyl—

J. Am. Chem. Soc., Vol. 121, No. 45, 19841
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Figure 3. Evolution of 3C and?H transverse magnetization as a
function of delayT (see schemes of Figure 1) for lle 53 (a) and

Leu 2861 (b) of T22G drkN SH3 partially oriented with Pf1 phage
(~33 mg/mL). Insets in the upper right-hand corners show the evolution
of 2H transverse magnetization in the absence of phage.
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Figure 4. Correlation of the?H quadrupolar splittingg) with the
one-bond3CmetY-13C dipolar coupling!Dcc, for the T22G drkN SH3
domain.

13C bond (or executes equaprobable 3-site jumps about this axis)
we can write[3 co$ o —10= 0.5 (3 co$ 8 —1) x [B cog 6

—10 wherej is the angle between the principal axis of the
electric field gradient and the"@"W'—C bond. Equation 9 can
therefore be simplified as

vo!'Dec = — 0.75 €qQIh)P,(cosp) y N (4n°Rec) }
(10)

whereP,(x) = (3x?> — 1)/2. Note that the ratio ofg /*Dcc is
independent of3 cog 6 —10 Thus, the details of both magnetic
alignment and of side chain motions, outside of rotation about
the C"e—C axis, are factored out by considering the ratio of
couplings in eq 10.

To evaluate the productigQ/h)P,(cos/3) an accurate value
for Rcc must be known. Engh and Huber report-C bond
lengths of 1.521 and 1.513 A for GHCH; and CH—CHa
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fragments’! respectively, and in what follows we use an average of (y1,x?) side chain rotamer exchangeThe effects of such

value of 1.517 A and assume an error-0.004 A. Using eq
10 and a slope of 19.2% 0.07 from Figure 4 it follows that
(e2qQ/h)Py(cos B) = (—5.55+ 0.05) x 10* Hz. Assuming a
value of 168 kHz foreqQ/h gives 109.8 < 8 < 109.9.
Alternatively, if a8 value of 109.5 is used, thereqQ/h =
166.84 1.5 kHz. A (3,2qQ¥/h) pair of (109.53,167 kHz) agrees
favorably with values of 109%and 165-168 kHz that we have
used in previous analyses &fl methyl dynamicg:1%121t is
noteworthy that the value gf we have obtained from this
analysis is approximately’ smaller than the FetyL—Cmetyl_C
angle (110.9) reported by Ottiger and BaxThis difference
could be due to the fact that GB methyls were considered in
the present study, while GHyroups were studied by the Bax

dynamics will not influence the results reported here since
contributions from motions distinct from rapid rotation about
the C"-C bond are factored out by taking the ratiovefto
Dcc (i.e., these additional motions affeeg and Dcc in the
same manner, see eq 9). As a check we have excluded Leu
residues from the analysis described above and found that this
changes the averagéqQ/h value by only a very small amount
(increase 0f<1%). Note also that the residues that deviate from
the best fit line of Figure 4 are not restricted to a particular
amino acid type.

Equation 10 shows that the ratio between quadrupolar and
dipolar couplings is a function of the angfe between the
principal axis of the electric field gradient and the rotation axis,

group. In addition, what is measured here is the angle betweenassumed in the present paper to be collinear with the one-bond
the unique axis of the assumed axially symmetric electric field 13Cmetwl-13C axis. The angular dependence is rather steep in

gradient tensor and the methyl rotation ayisand this could
well be slightly different than the Pthy—Cmethyl_C angle in
either CHD or CHz; methyl groups.

Correlation betweenvq and *Dcc. Figure 4 illustrates that
there is a strong linear correlation betweenand!Dcc, with

the vicinity of § ~ 109.5. For example, a 2increase inj
translates into an 11% decrease Ry(cos j3). Per-residue
variations ing by 2° or less can account for nearly all deviations
from the best-fit line in Figure 4.

In a recent paper Ottiger and Bax discussed how deviations

an rmsd between the experimental points and those predictedof the methyl rotation axis from tHéC™et-13C axis can affect

from the best fit line of 2.58 Hzi) and 0.13 Hz {Dcc). A

the ratio of one-bond methy*C—13C and 13C—'H dipolar

number of residues do, however, show deviations from the line couplings> On the basis of the deviations from linearity
that are in excess of the presumed errors based on theobserved in the correlation between these dipolar couplings they
reproducibility of the measurements (on average, 0.24 and 0.01concluded that these axes were at mosf @e8noved from

Hz for vq and Dcc, respectively). These deviations do not collinearity. In principle, differences in methyl rotation and
necessarily reflect nonuniform values for the electric field 1Cme"™l-13C axes could also introduce the discrepancies
gradient tensor; indeed they can be explained on the basis of ébetweenvq and 'Dcc observed in Figure 4, and we have

number of factors including noncollinearity of the methyl

rotation axis and the TWL-C bond?® departures from axial
symmetry of the electric field gradieftZ®variations in the angle

performed simulations to establish whether this is the case. It
is straightforward to show that residues witEmel-13C axes
at ~45° to the z-axis of the alignment frame will be most

S from one residue to the next, per-residue differences in the sensitive to this effect and in this case deviations dfcan

13cmetyl-13C hond length and nonequaprobable methyl rotamer
populations (resulting from the introduction of a deuteron).

Differences in expecteato/*Dcc ratios may also arise from

electrostatic contributions from the surrounding amino acids.

A number of these factors are discussed below.

For a deuteron in a methyl group undergoing fast reorienta-
tion, solid state spectra show, in general, axially symmetric
powder patterng! Of particular importance to the study here,
2H spectra of deutero-labeled methyl groups in polycrystalline
solids of Ala, Val, Thr, and Leu at low temperature are axially
symmetric, consistent with a dominant motion of rotation about

the methyl averaging axdand very small intrinsic asymmetry

parameters. Thus, for the methyl containing amino acids it

changevq values by as much as 11% (assuming an axially
symmetric alignment frame). Using the alignment tensor
parameters obtained frotFAN—1HN dipolar coupling data (see
Material and Methods) and the NMR structure of the wild-type
drkN SH3 domain simulations establish that for most of the
outlying residues in Figure 4 off-axis averaging can account
for some, but not all, of the discrepancy. For example, the
13Cmetyl_13C axis of Leu 2801 lies in thex—y plane of the
alignment frame andg for this residue is thus very insensitive
to small changes in the orientation of the averaging axis relative
to the 13C2—13Cr bond. In contrast, in the case of Ala 39 the
deviation from the line can be accounted for by a model which
assumes a‘ldifference between the averaging direction and

appears that the distribution of charge density within the amino the **C*—3C/ bond.

acids does not contribute to asymmetry of the electric field

Finally, we have explored the effects that neighboring charges

gradient. As the temperature of measurement is increased themake on values foe?qQ/h using density functional theory
quadrupolar line shape can be further narrowed by additional calculations’’ Values fore’qQ/h for a methyl deuteron of Ala
motion of the methyl group, leading in some cases to quite 11 were calculated assuming that the charges of the proximal
distinct axially asymmetric line shapes, as observed in studiesamino acids, Asp 14, Asp 15, and Glu 16 were all eithéror

of deutero-Leu in protein®:%6 For example, Torchia and co-
workers have measuréti spectra of deutero-Leu in collagen

0. Quadrupole coupling values varied by less than 1.5% between
the two sets of calculations, suggesting that the effects of

with large asymmetry parameters and interpreted this in terms electrostatics are small.
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Concluding Remarks

Measurement of methydH quadrupolar and3Cmethyl-13C
dipolar couplings on a per-residue basis inta,2C, fraction-
ally ?H labeled, partially aligned protein has allowed an eval-
uation of the product,e2qQ/h) x Px(cosp), wheree?qQ/h is

(37) Malkin, V. G.; Malkina, O. L.; Salahub, D. RModern density
functional theory: A tool for chemistSeminario, H. M., Politzer, P., Ed.;
Elsevier: Amsterdam, 1995; Vol. 2, p 273.
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