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Abstract: A novel method is presented for the measurement of relaxation properties of methyl group deuterons in 
proteins uniformly 13C labeled and fractionally deuterated. The experiments select for 13CH2D methyl groups and 
make use of the excellent resolution provided by constant time 13C-1H correlation spectroscopy to measure the 2H 
relaxation rates, \IT\ and \IT\P, at all methyl positions in the protein. Since the relaxation of a deuteron is completely 
dominated by the quadrupolar interaction, interpretation of the relaxation data is more straightforward than is the 
case for relaxation data from other nuclei, where the relaxation rates often contain contributions from a number of 
interactions. The experiments are applied to study the sidechain dynamics of the C-terminal SH2 domain from 
phospholipase CY\. 

Introduction 

Recently it has been demonstrated that the use of fractional 
deuteration in concert with uniform 15N and 13C labeling of 
proteins is an important strategy in extending the molecular 
weight limitations of present NMR methods.1-3 In contrast to 
the relatively recent resurgence" of interest in the use of 
deuteration for high-resolution macromolecular NMR studies,1-8 

2H NMR spectroscopy has enjoyed a rich history in the study 
of molecular dynamics through measurements of 2H relaxation 
and/or line shape parameters.9 Efforts in this regard have 
principally focused on the use of liquid crystalline samples or 
samples in the solid state. Herein we report, for the first time, 
methods for measuring 2H relaxation properties of methyl group 
deuterons in proteins dissolved in solution and labeled uniformly 
with 13C and fractionally with deuterium. Relaxation studies 
of proteins, to date, have concentrated primarily on backbone 
dynamics.10 However, an understanding of sidechain motions 
in proteins is of potentially greater interest. Methyl groups are 
a particularly good target for dynamics studies because of their 
high frequency of occurrence in proteins coupled with their 
distribution at various positions in relation to the protein 
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backbone. The experiments proposed select specifically for 
13CHjD methyl groups and make use of the high resolution 
provided by constant-time 13C-1H correlation spectroscopy1112 

to measure the deuterium relaxation rates at all methyl positions 
in the protein. Because the relaxation of a deuteron is dominated 
by the quadrupolar interaction, the interpretation of the relaxation 
data is more straightforward than is the case for relaxation data 
from many other nuclei. 

The methods developed are applied to study the sidechain 
dynamics of the C-terminal SH2 domain from phospholipase 
Cyi (PLCC SH2). A recent 15N backbone dynamics study by 
Farrow et al.n noted that upon binding phosphorylated peptide 
few changes in order parameters were observed, indicating that 
nanosecond/picosecond motion along the protein backbone 
remains relatively unchanged. However, based on the refined 
structure of the complex,14 it is clear that a large number of 
sidechains participate in crucial interactions with the peptide. 
It is of interest to examine how sidechain mobility might be 
altered upon binding and whether residues that are key to the 
binding process are unusually flexible in the free state to 
accommodate the large number of phosphorylated peptide 
sequences that can bind to this particular SH2 domain.15 In 
the present paper, we describe the methodology that has been 
developed and establish that the approach for obtaining the 
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Figure 1. (a) Pulse schemes to measure T\P(IZCZD?) or T](IZCZDZ) values in ,3CH2D spin systems. All narrow (wide) rectangular pulses are applied 
with a flip angle of 90° (180°). The carriers are centered at 4.7, 20.0, and 0.8 ppm for 1H, 13C, and 2H, respectively. All 1H pulses are applied using 
a 23.8-kHz field while the 13C rectangular pulses are applied with a 19.2-kHz field. The two shaped 13C 180° pulses, applied in the middle of 
periods b—e and f—g, are 360-fis RE-BURP28 pulses (17.3-kHz field at maximum intensity) with the excitation maximum centered at 35 ppm via 
phase modulation of the if.29-30 The , 3C a selective 90° pulse at point d is applied as a 690-fis pulse having the SEDUCE-I31 profile with an excitation 
maximum centered at 57.5 ppm. Carbon decoupling during acquisition is achieved using a 2.1-kHz WALTZ-16 field;32 carbonyl decoupling is 
performed using a 158-ppm cosine-modulated WALTZ-16 sequence33 employing pulses having the SEDUCE-I shape (345 /is 90° pulse width). A 
790-Hz WALTZ-16 field was applied for 2H decoupling, a 1.05-kHz 2H spin-lock field (SLV) was employed in the Tx1, experiment, and a 2.3-kHz 
field was used for 2H 90° pulses. The delays employed are as follows: ra = 1.7 ms, rb = 3.85 ms, rc = 11.0 ms, Tc = 14.5 ms. Repetition delays 
of 1.8 s in the T\ experiment and 2.0 s in the Tp experiment were employed. The phase cycling used is as follows: 01 = S(x), 8(-JC); 02 = (x,-x); 
03 = 2(jc), 2(-x); 04 = 16(JC), 16(-JC); 05 = 4(jt), 4(-Jt); acq = 2(x,-x), A(-xjc), 2(x,-x). Quadrature in F, is achieved via States-TPPI16 of 01. 
The durations and strengths of the gradients are as follows: gl = (0.5 ms, 5 G/cm), g2 = (0.3 ms, 3 G/cm), g3 = (1.5 ms, 15 G/cm), g4 = (0.3 
ms, 25 G/cm), g5 = (0.4 ms, -lOG/cm), g6 = (0.2 ms, - 1 0 G/cm), g7 = (1.0 ms, - 1 5 G/cm), g8 = (0.3 ms, 2 G/cm). All experiments can be 
performed in H2O with excellent solvent suppression. In order to ensure that the effects of the gradients g3, g4, g5, g6, and gl are additive with 
respect to dephasing of water (and artifacts), the sign of the gradients g4, g5, g6, and g7 is changed in concert with alternation of the rf phase 02. 
The values of the gradients indicated correspond to the 02 = x case. A delay of 10 ms is inserted after the application of the final '3C 90° pulse 
(phase y) to allow the lock to stabilize. The strong gradient g7 applied during this time ensures that all 2H magnetization (from D2O) in the 
transverse plane is completely dephased when the lock is resampled, thus improving the stability further. Decoupling is interrupted during application 
of the gradient pulses, (b) Pulse scheme for measuring T(LCZ). Details of the experiment are the same as described in (a) with the exception that 
the phase cycling is 01 = 4(x), 4(-x) ; 02 = (x,-x); 03 = 2(JC), 2(-JC); acq = 2(Jt,-X), 2(-xj). 

deuterium T\ and T\p values, Ti(D) and T\P(D), is theoretically 
sound. Of necessity this requires a mathematical treatment; 
however, as demonstrated below the method is very simple to 
use and the interpretation of the resultant relaxation data 
straightforward. Finally, T\ and T\p results from a relaxation 
study of the PLCC SH2 domain are presented. 

Experimental Section 
l5N,13C fractionally deuterated PLCC SH2 was expressed in E. coli 

BL21 cells grown at 30 °C in M9 minimal media, 65% D2O, 35% 
H2O, with 15NH4Cl (1 g per L of culture) and 13C6-glucose (3 g per L 
of culture) as the sole nitrogen and carbon sources. The details of the 
purification are as described previously.13-14 Editing experiments which 
select for nonprotonated (i.e., CD or CD2) carbons adjacent to methyl 
groups have established levels of deuteration of approximately 55% at 
the Ca position of Ala residues and 45—55% for sidechain carbons. 

NMR experiments were performed on a 1.5 mM sample, pH 6.4, 
90% H2O, 10% D2O, 30 °C. The 2H T and Tip relaxation experiments 
were implemented on both Varian UNITY+ 600 and 500 MHz 
spectrometers equipped with pulsed field gradient units and actively 
shielded probeheads. The 2H lock receiver was disabled immediately 
prior to the application of the first pulse and activated prior to 
acquisition in the pulse schemes described in Figures 1 and 6. 

T](IZCZDZ) values were measured from nine 2D spectra recorded with 
T delays of 0.05, 4.5, 9.5, 15, 21, 28, 36, 45, and 57.7 ms. Values of 
Ti(Z1C;) were obtained using identical r delays. T\(IZCZD>) values were 
based on eight 2D spectra recorded using a 1.05 kHz spin lock field 
with delays of 0.20, 1.3, 2.8, 4.4, 6.2, 8.4, 10.9, and 15.1 ms. All data 
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sets were recorded as 76 x 576 complex matrices using the pulse 
schemes of Figure 1. Quadrature was obtained in ti using States-TPPI.16 

All spectra were processed and analyzed using routines in nmrPipe.17 

Cross peak intensities were fit to a function of the form 1(T) = 1(0) 
exp(-TlT1), where 1/7", is the relevant relaxation rate and 1(T) is the 
intensity of a given cross peak at time T. No evidence of multiexpo-
nential decay of the data was observed. Errors in measured relaxation 
rates were estimated using Monte Carlo procedures discussed in detail 
elsewhere13 and were, on average, 4% of the measured values. Motional 
parameters were extracted using a form of the spectral density function 
described in detail below, by minimizing the function 

X2 = Zl(Tf - Tf)2Io7* + (T1; - T1P
2Ia7J] (1) 

where the superscripts c and e refer to calculated and experimentally 
determined relaxation parameters, respectively, oTi is the estimate of 
the standard deviation of the experimentally determined parameter, T, 
and the summation is over data obtained at both 500 and 600 MHz. 

Results and Discussion 

Figures la,b illustrate the pulse schemes that were developed 
to measure 2H T\ p and T\ relaxation times. The methods build 
upon constant-time 1 H- 1 3 C HSQC sequences that have been 
proposed to measure (13C1

1H) correlations and therefore only a 
brief description of the magnetization transfer pathway is 
provided. In what follows the sequence of Figure la is 
described. Magnetization originating on protons at point a in 
the pulse scheme is transferred via INEPT18 to the attached 13C 
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(17) Delaglio, F. nmrPipe System of Software; National Institutes of 
Health; Bethesda, MD, 1993. 

(18) Morris, G. A.; Freeman, R. J. Am. Chem. Soc. 1979, 101, 760. 



11538 J. Am. Chem. Soc, Vol. 117, No. 46, 1995 Muhandiram et al. 

spin. Subsequently 13C magnetization is allowed to evolve for 
a period tb = 1/(27CH). At this point the magnetization 
associated with l3CH3, 13CHD2, and 13CH2D groups is given 
by operator terms of the form CTRIJIJ (i ^ ;'), CTR, CTR/Z, 
respectively, where CTR denotes transverse carbon magnetiza­
tion, Ij, IJ represent the z components of magnetization 
associated with methyl proton spins i and j respectively, and Iz 

= IJ + Ij. Application of the 1H 90*90̂ ,2 pulse pair at point c 
in the sequence, with the phase 02 inverted on alternate scans, 
changes the sign of the signal originating from ,3CH2D methyl 
groups every second scan, while magnetization associated with 
either 13CH3 or 13CHD2 methyls remains unchanged. Selection 
for signals from 13CH2D groups exclusively is achieved, 
therefore, by inverting the phase 02 and the phase of the receiver 
in concert. 

The 13C chemical shift is recorded in a constant-time manner 
during the delay 27c — l/Zcc (7cc is the one bond carbon carbon 
coupling constant), from points b to e in Figure la. At Tx ~ 
1/(47CD) prior to point e, where 7CD is the value of the one-
bond '3C-2H scalar coupling, 2H decoupling is terminated and 
evolution of 13C magnetization due to 13C-2H scalar coupling 
allowed to occur. Immediately after the 13C 90y pulse at point 
e the magnetization of interest is given by IZCZDZ, where Iz, Cz, 
and Dz denote the z components of proton, carbon, and 
deuterium magnetization from the 13CH2D group, respectively. 
In the case of T] measurements, relaxation of the triple spin 
term, IZCZDZ, occurs during the subsequent T delay. The 90^90 
2H pulse pair preceding T, with the phase 05 alternated in sign 
in concert with the receiver phase, is employed to ensure that 
magnetization present during the T delay is proportional to Dz. 
In contrast, for measurement of 2H T\p values, the 2H 90̂ 5 pulse 
establishes magnetization of the form LCzDy which is subse­
quently spin locked by the application of the SLV pulse for time 
T. After the relaxation period T, magnetization is returned to 
1H for detection by reversing the pathway described above. 

The pulse scheme of Figure la is quite similar to experiments 
developed by Bax and co-workers for the measurement of long-
range 13C-13C scalar couplings.19 In the present case two- and 
three-bond 13C-13C scalar couplings (0—4 Hz) can give rise to 
additional terms of the form IzCyC}Dz (T]) or IzCyCjDy (T]P) 
during T, where C, and C} are the y and x components of 
magnetization from the methyl carbon (C) and the long-range 
coupled carbon (C1), respectively. Application of gradient g5 
eliminates the double quantum contributions to these terms but 
the zero quantum components are refocused into observable 
magnetization; these terms are undesirable since their relaxation 
properties may well be different from either IZCZDZ (T\) or IzCzDy 

(Tip). The application of the selective 13Ca 90° carbon pulse at 
point d (phase 04) ensures that terms arising from the three-
bond methyl-Ca couplings in He or Leu residues do not refocus. 
To within experimental error, identical T\p and T] values were 
measured using experiments with and without this purging pulse 
indicating that the contributions from long-range couplings are 
small. 

During the T period, relaxation of terms of the form IzCzDy 

(T]p) or IZCZDZ (T]) is measured. As will be shown below, the 
relaxation of both terms is dominated by the deuterium 
quadrupolar interaction. However, in the case of the decay of 
the IZCZDZ term, in particular, there is a small but measurable 
contribution to the relaxation from proton spin flips involving 
spin / and neighboring proton spins. Fortunately, such effects 
are easily taken into account by measurement of the relaxation 
rate of IZCZ, as described in detail below, and it is possible to 

(19) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C; 
Tschudin, R.; Zhu, G. Meth. Enzymol. 1994, 239, 79. 

extract the relaxation rates of the deuteron, 1/Ti(D) and l/rip(D), 
in an accurate manner. The Hamiltonian which gives rise to 
the relaxation of the terms IjCzDz or IjCzDy (where the 
superscript i has been added to distinguish the two proton spins 
i and; of the 13CH2D methyl) can be written as: 

ST= Sf(D) + Sf(CD) + SfXtD) + Sf(JD) + Sf(J C) + 
Sf(JQ + Sf(CC1) + Sf(JJ) + ]T Sf(Jf) (2) 

where SP(D) is the quadrupolar Hamiltonian for spin D and 
SP(AB) is the dipolar Hamiltonian describing the interaction 
between dipolar coupled spins A and B. In eq 2, D, C, J, and 
P are the 13CH2D methyl deuterium (D), carbon (Q, and proton 
(J, P) spins, respectively, while C1 is the carbon spin one-bond 
coupled to C. A similar Hamiltonian holds for IjCzDz and 
IjCzDy, as well, and is obtained by interchanging the i and j 
superscripts in eq 2. Note that the last term in eq 2 includes a 
summation over all of the proton spins, Ik (k ^ i, j), which are 
dipolar coupled to spin J. A calculation shows that the 
relaxation of IjCzDz can be described by 

d/dTIjCpz = -p , L IjCp1 - oa IjCpz - X olk Iz
kCpz 

(3) 

which includes an autorelaxation term (p,L) as well as terms 
arising from cross relaxation between dipolar coupled proton 
spins. Note that other terms in the Hamiltonian SP can also 
contribute to cross relaxation; however, the cross relaxation 
terms that arise from these interactions are much smaller than 
O0 and Oik (see discussion below) and have therefore been 
neglected. 

The relative contribution of each term of eq 2 to the 
autorelaxation (p,L) of 1jCzDz has been calculated and the results 
summarized as follows: 

Sf(D): 3/l6(e
2qQfti)2[J(a>D) + 4J(2coD)] 

Sf(CD): yc
2yD

2K2«4rCD
6)[3J(coD) + \2J(coc) + 

6J(a>c + coD) + J(coc — coD)] 

Sf(JD): n2YD^/(4rm
6)[3J(coD)+ 12J(W1) + 

6J(Co1 + COn) + J(Co1 - CO0)] 

Sf(JD): yI
2yD

2ft2/(4rID
6)[7(a>I - coD) + 3J(coD) + 

6J(Co1 + CO0)] 

Sf(JO: Y^c1K21(Ar1^)[ZJ(CO1) + 3J(coc)] 

Sf(JQ: YiY^fI1I(ArJ)[J(O)1 - coc) + 3J(coc) + 

6J(Co1 + coc)] 

Sf(CC1): yc
4h2/(4rcc

6)[7(0) + 3J(coc) + 6J(2coc)] 

Sf(JJ): y,4ft2/(4rn
6)[./(0) + 37(OJ1) + 6J(2co{)] 

Sf(Jt): yI
4h2/(4<rII

3)2)[/(0) + 3/(CO1) + 
6/(2CO 1)L^U (4.1) 

where p,L is given by the sum of all of the terms on the right-
hand side of eq 4.1. In addition, SP(PP) and 9P(Pt1) establish 
cross terms, a,) and Oik, respectively, which couple IjCzDz to 
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IjC1D1 and I-kCzDz. The cross relaxation terms indicated in eq 
3 are given by 

o,j = yi
4h2/(4rn

6)[-J(0) + 6J(Ia)1)] (4.2) 

oik = yI%
2/(4<rI1

3)2)[-/(0) + 67(2^1)] 

In eq 4 e2qQ/h is the quadrupolar coupling constant, yq is the 
gyromagnetic ratio of spin q, h is Planck's constant (h = h/(2ji)), 
Tij is the distance between spins;' and j , (r) is the time average 
of r and J(co) is a spectral density function, defined below. It is 
understood that for each k in SP(PIk), m and the values of J(co) 
in the final expressions in eqs 4.1 and 4.2 will change 
accordingly. 

Noting that proton spins ;' and j are equivalent, it is 
straightforward to write analogous expressions for the decay 
of IjC1D1 simply by interchanging i and/ in the equations above. 
It is easily shown that 

MTl1Cp1 = -[MT1(IfP^I1Cp1 -

^(aik + ajk)Iz
kCpz(5) 

where I1 = Ij + Ij, \ITX(IZCZDZ) = pL + a, pL = p,L = Pj
L, a 

= a,). The rapid rotation of the methyl group about its symmetry 
axis ensures that o& = a^. 

The discussion above has focused on the relaxation of IZCZDZ. 
It is possible to derive similar equations for the relaxation of 
I7C7Dy. The evolution of IjC7Dy is described according to eq 
6, 

d/dTI'Cpy = -p , T I1
1CPy ~ atj I>cpy - X °ik hkCPy 

(6) 

where, as before, only the dominant cross relaxation terms due 
to 1H-1H dipolar interactions have been included. The 
contributions to p,T from the terms in eq 2 are given by 

SP(D): ]/n(e
2qQ/h)2[9J(0) + l5J(coD) + 6J(2OJD)] 

Sf(CD): yc
2yD

2h2/(Srcu
6)[4J(0) + 5J(coc - OJD) + 

3J(coD) + 6J(coc) + 30J(coc + coD)] 

Sf(TD): y2YD
2h2/(8rin

6)[4J(0) + 5J(CO1 - cov) + 

3J(coD) + 6J(Co1) + 30J(CO1 + coD)] 

Sf(ID): y,2yD
2ft2/(8rID

6)[4/(0) + J(CO1 - coD) + 

3J(coD) + 6J(CO1) + 6J(Co1 + CU0)] 

&(*C): yhirtl(4rxc\3J(co,) + 3J(coc)] 

Sf (f Q: y1
2yc

2ft2/(4ric
6)[/(cwi - *»c) +

 3 /(«c) + 

6/(CWJ + COc)] 

Sf(CC1): yc
4h2/(4rcc

6)[J(0) + 3J(coc) + 6J(2coc)] 

Sf(Tt): y>2/(4rn
6)[7(0) + 3J(W1) + 67(2o>,)] 

Sf(Tt): y>2/(4<rn
3>2)[7(0) + 3J(CO1) + 

6J(IcO1)Ik^iJ (7) 

The values for the cross relaxation rates, ay and CT,*, in eq 6 are 
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indicated in eq 4.2. Because proton spins i and; are equivalent, 
it is convenient to recast eq 6 as 

dJdTIzCPy = -{l/Tlp(IzCpy)}IzCpy -

Z(oik + ojk)Iz
kCpy(8) 

k*ij 

where Iz = Ij + Ij, l/T\p(IzCzDy) = pT + a, pT = p,T = p / , a 
= Oij. 

A number of different spectral density functions have been 
developed to interpret methyl relaxation data in the context of 
particular models of motion. In the discussion that follows, 
including the analysis of the relaxation data on PLCC SH2, we 
have chosen a particularly simple form of the spectral density 
function, J(co), developed by Lapari and Szabo20 

J(CO) = 2/5[S2Tj(I + (coxj) + (1 - 52)T/(1 + (cot)2)] (9) 

where rm is the overall correlation time for isotropic rotation, 
r_1 = Tm

_1 + Te-1 where re is the effective correlation time 
describing the internal motions, and the order parameter, 5, is 
given by S = 5axis[(3 cos2 Ox - l)/2]. The factor (3 cos2 Ox -
l)/2 takes into account the rapid rotation of the methyl group 
about its averaging axis. In the case of dipolar interactions, 6\ 
is the angle between the dipole vector and the averaging axis, 
while for the quadrupolar terms 6\ is the angle between the 
C-D bond and the averaging axis. For example, 6\ = 109.5°, 
90°, and 0° in the expressions for relaxation originating from 
the Hamiltonians S$(D), SP(PD), and Sf(CC1), respectively. 
Finally, Saxis is t n e order parameter describing the motion of 
the averaging axis, assumed to be the bond vector connecting 
the methyl carbon and its adjacent carbon. More complex forms 
for the spectral density function can be assumed (see for example 
eq 6 of ref 21). However the values of 5axis are relatively 
insensitive to the form of J(co) employed and we have used eq 
9 in what follows; none of the conclusions in the present paper 
are affected by the specific choice of J(co). 

The contributions of each of the terms in eq 2 can be 
evaluated using eqs 4, 7, and 9 assuming explicit values for the 
various correlation times and order parameters. Of course, the 
contributions from SP(PIk), k ^ i,j, will depend on the number 
of proton spins 7*, the distance between spins T and Ik, as well 
as the exact details of the motion of the I'— Ik internuclear 
vectors. In what follows we consider the contribution from a 
single spin /*, positioned along the 3-fold averaging axis of the 
methyl group at a distance of 2 A from the methyl carbon. Our 
choice of a 2-A distance is based on calculations of the effective 
distance, reff (l/reff = Gl/r6]"6), between a methyl carbon and 
a proton (not part of the methyl group in question) in a 50% 
random deuterated sample of the PLCC SH2—peptide complex. 
Preliminary results based on the present study involving the 
PLCC SH2 domain and a study of the dynamics of leucine 
methyl groups in the protein staphylococcal nuclease21 suggest 
that Saxis2 = 0.5 and re = 35 ps are reasonable values describing 
methyl dynamics in proteins. Assuming rm = 10 ns, S3xJs

2 = 

0.5 and re = 35 ps, the contributions to the autorelaxation rate 
of IZCZDZ (1 IT\(I1C1D1), eq 5) from the quadrupolar interaction, 
the proton-carbon dipolar {9P(IQ, I = P + P}, and the 
proton-proton dipolar interactions [SP(PP) + SP(IIk), I = P 
+ P} are in the ratio 1.0:0.07:0.19, respectively. The other 
interactions described above make smaller contributions. Clearly, 
the largest contribution to the autorelaxation of the 3-spin order 

(20) (a) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546. (b) 
Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4559. 

(21) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young, 
P. E.; Bax, A.; Torchia, D. A. Biochemistry 1992, 31, 5253. 
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term, other than the dominant quadrupolar term, arises from 
1H-1H relaxation and such contributions must be measured 
accurately in order to obtain the correct value of 1/Ti(D). In a 
similar fashion, the contributions to the autorelaxation of IzCzDy 

(MT\p(IzCzDy), eq 8) can be evaluated and the same interactions 
described above dominate the relaxation rate. The ratio of the 
contributions to the autodecay rate are 1.0:0.01:0.04 for the 
quadrupolar, the proton—carbon dipolar, and the proton—proton 
dipolar interactions, respectively. The effects of the cross 
relaxation terms in eqs 5 and 8 have also been investigated for 
the case of rm = 10 ns, Saxis2 = 0.5 and re = 35 ps assuming 
a single proton, /*, at a distance of 2 A along the methyl 
averaging axis as before. It has also been assumed that the 
autorelaxation rates of the terms FzCzD1 and fzCzDy differ from 
the autorelaxation rates of IZDZDZ and I1C7Dy {Iz = Iz' +11

 j) only 
in that an additional methyl proton Ik dipolar contribution is 
included in the description of the relaxation of PZCZDZ and 
Ik

zCzDy. (Note that proton 7* is relaxated by both methyl proton 
spins .of the 13CH2D group, while the methyl protons are relaxed 
by only single proton, /*.) For relaxation times measured from 
decay curves extending to 1.5 x the autodecay time, simulations 
establish that neglect of the second term in eq 5 (i.e., the term 
proportional to a,* + a,*) changes the calculated decay rate of 
I1C1D1 by less than 1% while a change in the decay of IzCzDy 

of less than 0.1% is calculated when this term is neglected in 
eq 8. In fact, even for rm = 20 ns (5axiS

2 = 0.5 and re = 35 ps) 
neglect of these terms changes the decay rates of IZCZDZ and 
IzCzDy by less than 4% and by less than 0.1%, respectively. 

The contributions from the 1H-1H dipolar interactions can 
be measured in a very straightforward manner from the decay 
rate of the 2-spin order term,22 IZCZ. In addition, the decay of 
IZCZ also includes contributions from many of the other 
interactions which influence the relaxation of either IZCZDZ or 
I1C1Dy. It is straightforward to show that, in the absence of 
cross correlation, 

HT1(I1Cp1) - 1/T1(I1C2) = VT1(D) + (51 

\ITlp(Ifpy) - 1/T1HJC1) = MTlp(D) + <52 (10.1) 

where 

MTx(D) = 3/l6(e
2qQ/h)2[J(a>D) + 4J(2coD)] (10.2) 

l/Tlp(D) = %2(e
2qQ/h)2[9J(0) + 15/(<»D) + 6J(2coD)} 

Simulations have established -that for the spin lock fields 
employed in the present study (~1 kHz) and for the chemical 
shift range of methyl deuterons, l/Tip(D) = MT2(D). Note that 
for all values of rm, 5axis

2, and re examined (3 < rm < 25 ns, 
0.1 < Saws2 ̂  1, 0 < re < 150 ps) (51 and (52 make contributions 
of less than 2.5% to either 1/Ti(D) or l/Tip(D), respectively, 
and can therefore be neglected.23 

Figure lb illustrates one of several pulse schemes that can 
be employed to measure the decay of IZCZ. Note that for this 
experiment it is not necessary to apply a 13Ca selective pulse 
(shaped pulse at point d in the sequence of Figure la) since in 
this case magnetization arising from long-range methyl—carbon 
homonuclear couplings is not refocused into observable signal 
by the remaining portion of the pulse scheme. 

To this point in the discussion of the relaxation of IZCZDZ 

and IzCzDy, the effects of cross correlation between the various 
relaxation mechanisms listed in eq 2 have not been considered. 

(22) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A. 
/. Magn. Resort. 1992, 97. 359. 

In the discussion that follows we focus on correlations between 
the quadrupolar interaction and the C-D, P-D, and P-D 
dipolar interactions. A subsequent paper describes cross cor­
relation and cross relaxation effects in greater detail and 
establishes rigorously that eq 10 with (51 = (52 = 0 is accurate.23 

The relative magnitudes of the contributions to relaxation from 
the deuterium quadrupolar interaction and the C-D and I—D 
dipolar interactions suggest that cross correlation effects should 
be very small. For example, for 3 ns < rm < 30 ns, 5axiS

2 = 
0.5, and re = 0 the contribution to the 1/Ti or 1/Tip relaxation 
rate of a deuteron from the quadrupolar interaction is > 500-
fold higher than the contribution to the rate from a given C-D 
or I—D dipolar interaction. As the value of re increases from 
zero the quadrupolar term dominates to an even greater extent. 
Consider the transverse relaxation of a deuteron (undergoing 
free precession) coupled to two protons, as is the case in a CH2D 
group. The dominant terms in the quadrupolar and dipolar 
Hamiltonians contributing to the relaxation of DTR are24 

S^(D) = A(e2qQ/4h)[(3 cos2 0, - 1)/2]3(DZ
2 - D-D/3) = 

3Kq(D
2 - D-D/3) 

9?(ID) = -A(hyl7D//-ID
3)[(3 cos2 O2 - l)/2]2ipz = 

-2Kdipz (11) 

where all constants are defined as above, DTR is transverse 
deuterium magnetization, A = [(3 cos2 9 — l)/2], where 6 is 
the angle between the averaging axis and the external magnetic 
field, 6] and B2 are the angles between the averaging axis and 
the C-D bond and the ID dipole vector, respectively (B\ = 
109.5°; B2 = 90°), and Iz, and D1 are proton and deuterium spin 
operators, respectively. In eq 11 it has been assumed that the 
methyl group rotates much more rapidly about its symmetry 
axis than the rate of molecular tumbling. For clarity, we focus 
on the transitions |0 a a) — 11 a a) and |0 /3 /3) — 11 j3 /?) and 
we note that in |A B C), A is the spin state of the deuteron, 
while B and C denote the spin states of the two methyl protons. 
The transitions described above contribute to the outer (down-
field) and inner (upfield) lines of the deuterium multiplet. The 
effect of 5T= $@(D) + 9P(ID) is to change the energies of 
the transitions |0 a a) — 11 a a) and |0 /3 /3> — 11 /3 /3), by the 
amounts 3ATq - IKi and 3Kq + 2Kd, respectively. Since the 
contributions to the transverse relaxation rates of the multiplet 
components are proportional to the square of the energy shift,22 

a straightforward calculation shows that the relaxation rates of 
transverse magnetization corresponding to these two transitions 
differ by a factor of 1.4. Simulations for relaxation measure­
ments extending in time T (see Figure 1) to a factor of 1.5 x 
the relaxation time establish that this difference translates into 
errors in measured relaxation rates of less than 2%. The errors 
associated with cross correlation effects arising from interference 
between the quadrupolar and the C-D dipolar interactions are 
even smaller. Correspondingly small errors (<2.5%) are 
calculated for the effects of cross correlation on measured Ti 
values. In principle, these small effects can be attenuated by 
the introduction of 1H and 13C 180° pulses during the period T. 
This is similar to what has previously been suggested for the 
elimination of cross correlation effects between the 1SN—1H 
dipolar and the '5N chemical shift anisotropy interactions in 
15N relaxation experiments.2225 In practice, however, imperfec­
tions in the pulses will lead to attenuation of the signal since in 
this case it is the decay of the 3-spin terms, IzCzDz and IzCzDy, 

(23) Yang, D.; Kay, L. E. J. Magn. Reson. Submitted for publication. 
(24) Abragam, A. Principles of Nuclear Magnetism; Clarendon Press, 

Oxford, 1961; Chapter VIII, p 289. 
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Figure 2. 2D contour plot of the constant time (13C1

1H) spectrum of 
the C-terminal SH2 domain from phospholipase Cyi recorded at 600 
MHz. Only signals from CH2D groups are observed. 76 complex u 
points were acquired, with acquisition times of 13.8 and 64.0 ms in t\ 
and ?2, respectively. The pulse scheme of Figure la was employed with 
a value of T = 50 ^s. The stereospecific assignments of the methyl 
groups are listed and were obtained using the method of Neri et al.u 

A small amount of sample degradation has occurred giving rise to a 
number of extra weak peaks. 

rather than D1 or Dy that is measured during T in the experiments 
of Figure la. Finally it should be noted that in the case of 
relaxation measurements involving IzCzDy described herein, a 
spin lock field is employed. Providing that the spin lock field 
is sufficiently strong so that the deuterium magnetization is 
locked in the transverse plane, it can be shown that the terms 
which give rise to quadrupolar—dipolar cross correlation become 
non-secular and the effect is, therefore, removed in T\p experi­
ments.23 Cross correlation effects between the various dipolar 
terms in eq 2 have also been calculated and contribute 
insignificantly to the measured decay rates of I1C-D1 and 

I1C1Dy.23 

Finally, it has not escaped our attention that it may be possible 
to obtain similar dynamics information from 13C relaxation 
studies. This is particularly the case for fractionally deuterated, 
uniformly 13C-labeled samples since the substitution of deuterons 
for protons can eliminate cross correlation effects between 1 H-
13C dipolar interactions which has proved to be a major problem 
in the analysis of carbon relaxation data from methyl groups.26 

Our laboratory has spent considerable effort in measuring carbon 
relaxation of methyls labeled as 13CHD2, since in this case the 
carbon—proton spin pair can be treated effectively as an AX 
spin system. A number of serious problems have emerged with 
this method, however. First, reasonably strong scalar coupling 
between the C and C5 carbons of leucine residues complicates 
measurement of Cd T\p values. In addition, (i) the elimination 
of two of the three methyl protons and (ii) the rapid rotation 

about the methyl symmetry axis which reduces the remaining 
1H-13C dipolar interaction by a factor of 9 means that the 
relaxation of the methyl carbon can no longer be completely 
accounted for by including only contributions from directly 
bound spins. Simulations establish that for PLCC SH2, 
contributions to measured 13C T\ and T\p values from neighbor­
ing, nonbonded protons can be as large as 15—20%. Clearly it 
is difficult to account for such interactions in a completely 
quantitative fashion without both a very high resolution structure 
and knowledge of the relative motional properties of the spins 
involved. Finally, because the carbon relaxation properties 
depend on neighboring proton spins which may or may not be 
present from molecule to molecule as a result of the fractional 
deuteration scheme used to prepare the protein sample, the 
relaxation at a particular carbon site will be nonexponential. 
T\p experiments which select for methyls which are coupled to 
neighboring CD as opposed to CH groups show, on average, 
differences in relaxation times of approximately 5% relative to 
experiments which do not make such a selection. As an 
alternative to uniform 13C labeling, fractional carbon labeling 
ensures that the effects of carbon coupling in carbon relaxation 
experiments are significantly attenuated.27 However, this does 
not remove cross correlation between 1H-13C dipolar fields, 
and the sensitivity of experiments on such samples relative to 
those making use of full carbon labeling is reduced considerably. 

The 2H relaxation methods described above have been applied 
to study sidechain dynamics of PLCC SH2. Figure 2 shows a 
two-dimensional spectrum recorded at 600 MHz using the 
sequence of Figure la (Ti sequence) with T = 50 /is. Well-
resolved spectra displaying high sensitivity were obtained for 
both Ti and T\9 measurements. Ti(I1CZDZ), Tip(IzCzDy), and 
Ti(I1C7) decay curves obtained for a number of the methyl 
groups in the protein are illustrated in Figure 3, demonstrating 
significant variations in dynamics at the different sites. The 
results of the present study are summarized in Figure 4 where 
Ti(D), 71Ip(D), and T\(IZCZ) values are plotted as a function of 
residue. The values of Ti(D) and Tip(D) are obtained from 
measured relaxation rates using eq 10 with <51 = 62 = 0. With 
the exceptions of Leu 16<52 and Leu 25(51 which overlap 
completely, it is possible to measure rates for all of the methyl 
groups in the protein. In total relaxation properties for 45 of 
the 47 methyl groups have been measured. It is of particular 
interest to note that the T]P(D) values for Leu 69 and 77 are 
both significantly higher than for all of the other Leu residues 
suggesting increased mobility in this region. Note that Saxis

2 

values of 0.20 are obtained for both Leu 6961 and 62, and values 
of 0.28 and 0.25 are measured for Leu 77<51 and (52, respec­
tively. In this context it is interesting to note that Leu 69 
participates strongly in the binding of peptide, and shows a large 
number of NOE interactions with the proline three residues 
C-terminal to the phosphotyrosine of the peptide.14 Also of 
interest is that Leu 69 and 77 have very low surface acces­
sibilities in the complex of the PLCC SH2 domain with peptide. 
The variations in mobility as a function of residue are best 
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Figure 3. Ti(IzCzD.) (a), 7"ip(/.CzZ)v) (b), and JTi(Z2C.) (c) decay curves for methyl groups of residues Ala 14 (O), lie 99(5 (*), VaI 67y2 (x), and 
Met 26 (+) obtained from the intensities of cross peaks in 2D spectra recorded at 600 MHz as a function of the delay time T. Several of the curves 
have been multiplied by different factors to aid in visualization. 
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165 kHz for the 2H quadrupole coupling constant e2qQlh.K The equation relating MTi11(D) to spectral densities. J(w), is a complicated function of 
0 = tan"' (<ui/Ao>) where v>i is the spin lock field and Aai is the offset from the carrier. The exact expression is given by eq 12 of ref 36 with K 
= (V\6)(e2qQ/h)2 and J(ui) defined by eq 9 of the present paper. Simulations show that for the spin lock fields employed in this study and the 
chemical shift range of methyl deuterons. the assumption l/7"i„(D) = 1/7"?(D) is valid (i.e.. 1/7",,,(D) = '/,2(e

2qQ/h)2[ 97(0) + 15y(<oD) + 67(2<uD)]; 
MTi(D) = V,b(e

2qQ/h)2[J(aiD) + 4J(2OJD)]. A value of rm = 7.7 ns has been employed, based on 15N T1. T2. and 1H-15N relaxation measurements 
performed on the same sample used for :H relaxation studies. 

illustrated in Figure 5 which shows the values of SMIS
2 calculated 

from Ti(D) and Ti9(D) values measured at both 500 and 600 
MHz. Because our sample is also labeled with 15N, the overall 

(25) (a) Boyd. J.: Hommel. U.: Campbell, 1. D. Chem. Pins. Uu. 1990. 
175. 477. (b) Palmer. A. C ; Skelton. N. J.; Chazin. W. J.; Wright. P. E.: 
Ranee. M. MoI. Phys. 1991. 75. 699. 

(26) (a) Werbelow, L. G.: Grant. D. M. In Advances in Magnetic 
Resonance; Waugh. J. S.. Ed.: Academic Press: San Diego. 1977: Vol. 9. 
p 189. (b) Kay. L. E.; Torchia. D. A. J. Mann. Reson. 1991. 95. 536. 

(27) Wand, A. J.; Bieber. R. J.; Urbauer. J. L.; Mcevoy. R. P.; Zhehong. 
G. J. Magn. Reson. Ser. B 1995. 108. 173. 

(28)Geen. H.: Freeman. R. J. Magn. Reson. 1991. 93. 93. 
(29) Boyd. J.; Scoffe. N. J. Magn. Reson. 1989. S5. 406. 

correlation time, xm, is estimated from 15N Tu Tz. and NOE 
measurements. The measured 2H T\ and T\p rates are sufficient, 
therefore, to allow extraction of SaXjs2 and re values. Analysis 
of the values of Sax.*2 for methyl groups from different residues 

(30) Patt. S. J. Magn. Reson. 1992. 96. 94. 
(3D McCoy. M.: Mueller. L. J. Am. Chem. Soc. 1992. 114. 2108. 
(32) Shaka. A. J.: Keeler. J.; Frenkiel. T.: Freeman, R. / Magn. Reson. 

1983. 52. 335. 
(33) McCoy. M.: Mueller. L. J. Magn. Reson. 1992, 98. 674. 
(34)Neri. D.: Szyperski. T.; Olting. G.; Senn. H.; Wuthrich. K. 

Biochemistry 1988. 28. 7510. 
(35) Burnett. L. H.: Muller. B. H. J. Chem. Pins. 1971. 55. 5829. 
(36) Jones, G. P. Pins. Ret: 1966. 148. 332. 
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indicates that while, on average, alanine residues have the largest 
Saxis2 values and methionine methyls have the lowest order 
parameters, a lack of any appreciable correlation between 
mobility and sidechain length is observed for the other amino 
acids. In this regard it is clear that differential sidechain 
dynamics are significant. For example, for Leu 95(51 and 62 
methyl groups, S^2 values of 0.83 and 0.81 are obtained. In 
contrast, significantly lower values of 0.31 and 0.33 are 
measured for VaI 67 yl and y2, respectively, despite the fact 
that the sidechain length is somewhat smaller for valine relative 
to leucine residues. A correlation between surface accessibility 
and sidechain dynamics has not been observed in the present 
study. We are currently in the process of recording data on the 
complex to investigate how the dynamics change upon peptide 
binding. A more detailed analysis of the relaxation data and 
motional parameters will follow. 

In summary, we have presented experiments for measuring 
dynamics of methyl groups via measurement of 2H T\ and T\p 

relaxation times in proteins which are uniformly 13C labeled 
and fractionally deuterated. A detailed description of the 
relaxation properties of CH2D methyl groups has been presented 
to establish that accurate values of deuterium relaxation rates, 
1/T](D) and l/T\p(D), can be measured. The experiments are 
of high sensitivity and straightforward to use, and because the 
quadrupolar interaction dominates the relaxation of the deuteron, 
interpretation of the relaxation data is more straightforward than 
is the case for relaxation data from other nuclei, where the 
relaxation rates often contain contributions from several interac­
tions. We are applying the methodology described to study 
sidechain dynamics in both the free and bound states of the 
SH2 domain of PLCC, where the measured relaxation times 
demonstrate significant variability in motion at different sidechain 
positions in the molecule. 
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Note Added in Proof: We have noted that in all experiments 
that employ 2H decoupling improved lock stability can be 
achieved by ensuring that saturation and dephasing of 2H spins 
during the pulse scheme is minimized and that 2H magnetization 
is restored to the +Z axis prior to enabling the lock receiver. 
Therefore, where 2H decoupling is applied (WALTZ-16 se­
quence with pulses of phase ±x), the decoupling element is 
sandwiched between a 2H 90v, 90-v pulse pair (i.e., 90,— 
WALTZ^-90-y) in a manner completely analogous to the 
procedure employed for minimizing water saturation and 
dephasing when 1H decoupling is applied during an experiment 
recorded on an H2O sample.37 In the sequences of Figures 1 
and 6, where 2H pulses are phase cycled (05 and <p4 in Figures 
1 and 6, respectively), the 2H pulses sandwiching one of the 
decoupling elements must be cycled to ensure that deuterium 
magnetization is placed along +Z prior to enabling of the lock. 
Farmer and Venters have also made use of such a scheme for 
2H decoupling.3 

(37) Kay, L. E.; Xu, G. Y.; Yamazaki, T. J. Magn. Reson. 1994, A109, 
129. 

Appendix I: Choice of 13CH2D Methyl Groups for 
Dynamics Studies 

The use of a (semi-) random deuteration approach (see 
Experimental Section) to generate a fractionally labeled sample 
provides methyl groups at all levels of deuteration (i.e.: CH3, 
CH2D, CHD2, and CD3). It may appear, at first glance, that 
the methodology developed would work equally well for both 
13CHD2 and 13CFbD groups. In fact, we prefer to measure the 
relaxation properties of 13CFhD methyls. Our choice can be 
understood by considering the evolution of carbon magnetization 
during the rc delay indicated in Figures la,b. Recognizing that 
in a CD spin system the three lines of the carbon triplet can be 
represented as 

Cx(I-D1
2), center line 

0.5C1(Z)/ + Dz), outer line 

Q.5CX(DZ
2 - Dz), inner line (12) 

allows one to write the evolution of Cx due to C-D scalar 
coupling as 

Cx - Cx(X - Z)/) + CxD
2 cos (2JTJCDTQ) + 

CyDzsm(2jiJCDTc) (13) 

Note that the sum of the inner and outer lines of the triplet is 
given by CxD1

2 and that only these two lines evolve due to scalar 
coupling. For TC = 1/(47CD). two-thirds of the carbon mag­
netization in a C-D spin system can be transferred to the 
deuteron in the absence of relaxation. 

For the case of a C—D2 spin system the evolution is more 
complex since the carbon multiplet is now a 1:2:3:2:1 pentet. 
It can be shown that Cx — Al + A2 + A3 + A4 where 

A l = Cx(I- Dj)(I -Dz
2) + 

0.25Cx(Dj+ DzA)(Dj-Dj) + 

0.25Cx(D J - Dj)(D J + Dj) 

A2 = Cx(I- D J)D J cos (2jtJCDtc) + 

C,(l - D J)Dj sin (2jrJCDrc) 

A3 = CxDj(I - D J) cos (2JTJCDTC) + 

CyZ^1(I - Dj) sin (2jr/CDrc) 

A4 = [0.25Cx(Dj + Dtil)(D J + Dz2) + 

0.25Cx(Dj - D1J(D J - DJ)] cos (4jtJCDvc) + 

[0.25Cy(Dj + DzA)(Dj + Dza)~ 

0.25Cy(Dj - Dj)(Dj - Dz2)] sin (4^/CDrc) (14) 

In eq 14 Dj and Dj denote the z components of D magnetiza­
tion associated with deuterons 1 and 2, respectively. The three 
terms in Al correspond to carbon magnetization coupled to 
deuterons 1 and 2 with magnetic quantum number, (mi), values 
of (0,0), (1,-1), and (—1,1), respectively. In direct analogy to 
the first term in eq 13 none of these terms evolve under scalar 
coupling. Terms A2 and A3 describe the evolution of Cx 

coupled to deuterons with mi values of (0,±1) or (±1,0), 
respectively. Note that these terms evolve in an analogous 
fashion to the second and third terms in eq 13. Finally, A4 
corresponds to the evolution of transverse x carbon magnetiza­
tion due to coupling with deuterons having mi values of 
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Figure 6. (a) Pulse schemes to measure T\p(l.CzDy) or T]{lzCzDz) values in l3CH2D spin systems with improved resolution. Experimental details 
are described in Figure 1. The phase cycling used is as follows: 01 = 8(x), &(—x); 02 = (x,-x); 03 = 8(jr), 8(-*); 04 = 2(x), 2(-x); 05 = 4W, 
A(-x); acq = x, 2(-x), x, —x, 2(x), 2(-x), 2(x), —x, x, 2(-*),x. Quadrature in Fi is achieved via States-TPPI16 of 05. The gradients employed are 
as follows (02 = x): gl = (0.5 ms, 5 G/cm), g2 = (0.3 ms, 3 G/cm), g3 = (1.5 ms, 15 G/cm), g4 = (0.3 ms, - 2 5 G/cm), g5 = (0.4 ms, - 1 0 G/cm), 
g6 = (0.2 ms, 10 G/cm), g7 = (1.0 ms, 15 G/cm), g8 = (0.3 ms, 2G/cm). Gradients g4, g5, g6, and g7 are phase cycled with 02. (b) Pulse scheme 
to measure T\(IZCZ) with improved resolution. Details of the experiment are described in the legend to Figure lb with the exception that for 02 = 
x all of the gradients are of the same sign and the signs of gradients g6 and g7 are phase cycled with 02. 

( ± 1 , ± 1 ) . Selecting for the component of magnetization pro­
portional to Cy preserves the following terms during T(1 3CHD2 
methyl group) 

Cz(Dzl + DJ) sin (2JIJCDTQ) + 

[CpjDz<2 + CpZ:lDJ][sin (2JIJCDTC) + 

0.5 sin (4^7 C D r c ) ] (15.1) 

for the T\ experiment and terms obtained by substituting Dy for 
D1 in the case of the T\p experiment. In contrast a term of the 
form 

Cpz sin (2 j r / C D r c ) (15.2) 

is obtained for a 13CH2D methyl. It is clear that the relaxation 
of the expression given by eq 15.1 is complex since terms 
proportional to both Dz and Dz/Dzj are present for all values 
of Tc and the relaxation properties of such terms may be quite 
different. In contrast to the case of 13CHE>2 methyls, the 
relaxation of magnetization originating from 13CH2D groups is 
much more straightforward since only terms proportional to Dz 

are present during the relaxation time, T. It is possible to select 
preferentially for the first term in eq 15.1 through the choice of 

a short value of TC, however this results in a compromise in the 
sensitivity of the experiments. 

Appendix II: Pulse Schemes for Measurement of 2H 
Relaxation Properties in 13CH2D Methyl Groups with 
Improved Resolution 

In the pulse scheme of Figure l a carbon chemical shift 
evolution occurs during the interval in which the selection of 
CH2D methyl groups proceeds (i.e., during the first 2Tc period, 
between points b and e). This limits the acquisition time in t\ 
to 2(TC — Tb) ~ 14 ms. It is possible to improve the resolution 
by recording the carbon chemical shift evolution during the 
second 27c interval, as illustrated in Figure 6a. Note that the 
selection of CH2D methyls proceeds during the first 2Tc period, 
as before. Figure 6b illustrates a pulse sequence which measures 
the decay of IZCZ magnetization, while providing improved 
resolution in the carbon dimension. For samples which are 
randomly and fractionally deuterated, resolution in the carbon 
dimension is limited by two- and three-bond 2H isotope shifts; 
for this reason fimax values of somewhat less than 2Tc are 
typically employed. 
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