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a dynamic model of oxytocin-receptor interaction and trans-
duction.*s4%48  Studies are in progress to test these models by
use of additional conformational restrictions’!* and by molecular
dynamics simulations, coupled with NMR constraints.*’
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Studied by Deuterium NMR Spectroscopy
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Abstract: In order to better understand the dynamics of the side chain of methionine, we have measured and analyzed *H
nuclear magnetic resonance line shapes and spin—lattice relaxation times in polycrystalline L-[3,3-H,]methionine from -35
to +106 °C. At -35 °C, the C°~?H bond axes are nearly rigid and execute only small amplitude librations. However, at
temperatures above 0 °C, two dynamically distinct types of methionine side chains, designated A and B, are observed and
are assigned to the two crystallographically different methionine side chains found in the unit cell. The values of the generalized
order parameters of the A and B side chains decrease from unity at =35 °C to 0.69 and 0.25, respectively, at 106 °C. At
38.45 MHz, we are able to analyze all the data obtained for both types of side chains using a two-site jump model. Using
this model we find the respective A side chain and B side chain correlation times decrease from 0.45 to 0.019 ns and from
4.2 t0 0.049 ns in the —19 to 77 °C temperature range. The apparent activation energy for the A side chain is 21.6 % 8.3
kJ/mol, whereas the apparent activation energy of the B side chain is 30.9 & 1.6 kJ/mol below 31 °C and 30.9 % 4.9 kJ/mol
above 50 °C. The Arrhenius plot of the B side chain correlation times is nonlinear in the 30-50 °C range, where crystalline
methionine undergoes a phase transition. At temperatures above 50 °C, the analysis of the 2H line shapes shows that the
populations of the two sites are nearly equal and that the jump angle is ca. 90°. Using a modified two-site jump equation
and a six-site computer calculation to analyze the field (at 38.45'and 76.77 MHz) and orientation dependence of T} at low
temperature, we find that the jump angle remains fixed at ca. 90° but that the difference in relative populations of the two
sites approaches unity as the temperature decreases from 24 to—35 °C. Because the 90° jump angle corresponds approximately
to jumps on a tetrahedral lattice, we conclude (a) that the C*~C? bond of the B side chain undergoes rapid trans-gauche
isomerization and (b) that the trans isomer is the predominate species below 0 °C, while the isomer populations are nearly

equal above 50 °C.

The recent interest in understanding the internal dynamics of
proteins!~ has stimulated studies of amino acid side chain dynamics
in crystalline amino acids*® and peptides.»1° At first sight, the
stable crystals formed by these compounds would appear to offer
unfavorable habitats for molecular motion. However, significant
motions have been observed for a number of side chains of hy-
drophobic amino acids (e.g., Phe, Tyr, Pro, and Met) in the
crystalline state. Motions of side chains of hydrophobic residues
are of particular interest, because these residues are often buried
within proteins. Therefore, studies of motions of hydrophobic side
chains of amino acids in the crystalline state can provide infor-
mation about possible internal motions within proteins.

Among the side chain motions studied so far, the motions of
the side chain of L-methionine are the most complex and poten-
tially interesting. Large changes in the line shapes of the methyl
deuterons are observed in 2H NMR spectra of crystalline L-
[methyl-*H;)methionine in the 10-80 °C temperature range.* It
has been shown*!! that these changes in line shape are not due
to either rotation about the S-C* bond (the changes in line shape

* Nationa! Institutes of Health.
*York College.

caused by methyl rotation occur at temperatures below -130 °C)
or motions involving reorientation of the C*~H bond. Therefore
motions about the C*-C#, CA~C, and/or C”-S bonds are re-
sponsible for the observed changes in methyl deuteron line shapes.
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Motions of the methionine side chain are probably closely related
to reported structural changes in the L-methionine crystals. L-
Methionine crystals undergo a solid-state phase transition at ca.
32-33 °C,!2 and the volume of the crystal lattice gradually in-
creases as the temperature increases from -20 to 95 °C.1*

In order to better understand the complex dynamics of the
methionine side chain, we have used solid-state 2H NMR spec-
troscopy to study the crystalline amino acid specifically enriched
with 2H at the § carbon. We report herein 8-deuteron NMR
equilibrium line shapes and inversion-recovery line shapes obtained
from =35 to 106 °C. Using a two-site jump model to analyze the
data, we derive order parameters and correlation times for motions
of the C°-?H bond axes of the two inequivalent molecules in the
unit cell.

Although the two-site jump model accounts for all of the line
shape data and for the relaxation measurements when (wr)? <<
1 (w is the Larmor precession frequency and r is the correlation
time) the model fails to provide a self-consistent analysis of the
relaxation data when wr =~ 1. We show that this occurs because
this simple model slightly overestimates 1/7T;. We further show
that this deficiency in the model can be remedied by a simple
modification of the two-site jump equation for 1/7,. Using this
modified equation, we can account for the observed field depen-
dence and angular dependence (7 anisotropy) of T,. This enables
us to determine the relative populations of the two sites as well
as the angle, 26, made by the C°~2H bond axes in the two sites.

Experimental Section

DL-[3,3-H;]Methionine was prepared from commercial methionine
by the method of Billington et al.'* The racemic mixture was enzy-
matically resolved according to the procedure in Greenstein and Winitz!®
as follows:

Acetyl-DL-[3,3-H,Jmethionine. The synthetic pL-[3,3-?H,] methionine
(2.0 g, 0.013 mol) was dissolved in glacial acetic acid (27 mL) with
heating. The solution was cooled and acetic anhydride (2.0 g, 0.02 mol)
was added in portions. The mixture was boiled for several minutes and
the solvent removed in vacuo at 40 °C. The syrupy residue was washed
three times with small portions of water and benzene and then dissolved
in anhydrous ether (10 mL) and stored overnight at 0 °C. Crystals of
acetyl-DL-[3,3-2H,]methionine were collected (2.50 g, 0.013 mol, 98%).

L-{3,3-2H,]Methionine. Acetyl-DL-[3,3-?H,]methionine (2.49 g, 0.013
mol) was dissolved in doubly distilled water (138 mL) and the pH ad-.
justed to 7.16 with 25% NH,OH. Porcine kidney acylase I (3.0 mg,
grade II, Sigma Chemical Co.) powder was added and the digest placed
in a 37 °C water bath for 24 h. The mixture was then shaken with
glacial acetic acid (1.35 mL) and was filtered by vacuum with the aid
of decolorizing carbon. The resulting solution was evaporated to 10 mL
in vacuo and absolute ethanol (36 mL) was added. The resulting white
crystals (0.32 g, 0.002! mol, 33%) were collected [a]?? +23.6 (¢ = 6.33
g/100 mL, 6 N HCI). Labeling selectivity was determined by 'H NMR
to be greater than 99.5%.

Optical purity was determined by HPLC of the derivitized amino acid.
With use of the procedure of Marfey,' 5 umol of sample were reacted
with 1-fluoro-2,4-dinitrophenyl.5-L-alanine amide (FDAA). The re-
sulting product was dried, dissolved in DMSO, and separated by re-
verse-phase HPLC. Elution was accomplished in 30 min with a 10~50%
gradient of aqueous 50 mM triethylamine phosphate, pH 3.0, in aceto-
nitrile with use of a Waters Cg column. Optical purity, determined from
integrated peak area and peak heights at 340, 280, and 254 nm, is better
than 98%.

Before use, the amino acid was recrystallized from distilled water.
Crystals were selected from the mother liquor, air dried, and ground to
a powder. Approximately 40 mg of powder was packed into a 5-mm
glass NMR tube and used for all further NMR measurements.

Solid-state 2H NMR spectra were obtained at 6 T (38.45 MHz) on
a home-built spectrometer described previously.!” Spectra at 12 T (76.77
MH?z) were obtained on a NIC-500 spectrometer modified for solid-state
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Figure 1. Calculated 2H NMR line shapes for polycrystalline materials:
(a) axially symmetric, n = 0, Pake pattern corresponding to immobile
C-?H bonds with principal frequencies », = », = 60 kHz, », = 120 kHz;
(b) axially asymmetric pattern resulting from fast exchange of C—*H
bonds between two orientations. Motionally averaged principal fre-
quencies are 7, = —60, », = 20, and 7, = 80 kHz with quadrupolar
splitting 7, = 40 kHz. The two bond orientations, equally populated, are
separated by jump angle 26, = 56.25°. Both calculations assume an
axially symmetric electric field gradient tensor with unique axis parallel
to the C—?H internuclear vector and a quadrupole coupling constant,
€gQ/h = 4v,/3, of 160 kHz.

work.” Deuterium line shapes were acquired with the quadrupole echo
pulse sequence!® and spin—lattice relaxation times determined by the
inversion-recovery method with a quadrupole echo detection sequence.

Nominal acquisition conditions and parameters were as follows: tem-
perature range, —35 to +106 °C; number of acquisitions, 512-4096; = /2
pulse, 2.0~2.5 us; acquisition recycle time, 60 ms to 3 s. All free in-
duction decays were acquired with 2048 points per channel at a 2-MHz
sampling rate and transformed with {-2 kHz of line broadening.

Simulations of deuterium powder line shapes were calculated on a
VAX 750 computer. The principal frequencies of the experimental
spectra were measured directly and fast limit powder line shapes calcu-
lated with the standard formulas.!” Inversion-recovery spectra were
simulated by calculating the partially relaxed signal intensity for each
orientation of B,. The reorientation correlation time was varied until
agreement was found with experimental spectra. All calculated line
shapes included corrections for finite pulse power using the formulas from
Hiyama et al.” and Bloom et al.2®

Theory

The deuteron is a spin I = 1 nucleus possessing a magnetic
dipole and electric quadrupole. In the absence of an electric field
gradient, the interaction of the nuclear dipole moment with an
external magnetic field, B,, determines the resonance frequency
of the two degenerate transitions.

When deuterium is chemically bound to another atom, such
as carbon, the electric field gradient (EFG) of the bond interacts
with the electric quadrupole of the deuteron to produce a shift
in resonance frequency. The shift in frequency, which depends
on the relative orientation of By and the EFG tensor, is expressed
as

v = yy(3 cos? 6y — 1 - n sin? 6 cos 2¢) /2 )

where 4y, /3 is the quadrupole coupling constant, e2gQ/h, n is the
asymmetry parameter of the EFG tensor, and 6, and ¢, are the
spherical polar angles defining the orientation of B, in the EFG
tensor principal axis system. When the bond is predominantly
o in character, as with carbon, the asymmetry parameter is small,
n < 0.05, with the unique tensor axis lying parallel to the inter-

(18) Davis, J. H.; Jeffery, K. R.; Bloom, M,; Valic, M. L; Higgs, T. P.
Chem. Phys. Lett. 1976, 42, 390-394.

(19) Spiess, H. W. NMR Basic Principles and Progress; Springer-Verlag:
Berlin, 1978; Vol. 15.

(20) Bloom, M.; Davis, J. H.; Valic, M. . Can. J. Phys. 1980, 58,
1510-1517.
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nuclear vector, and with very good approximation
v = yy(3 cos? fp - 1)/2 2)

For the polycrystalline samples used in this study, all crystallite
orientations occur with equal probability and each C-?H bond
orientation is equally represented. The 2H NMR spectrum, a
superposition of signals from each crystallite, is a Pake pattern
(Figure 1a).' The spectrum is symmetric with respect to the
center frequency because the quadrupole interaction raises the
frequency of one transition while lowering the frequency of the
other. Spectrum discontinuities appear when the B; field direction
lies parallel to one of the EFG tensor axes. The coupling constant,
e*qQ/h, is typically 170 kHz for C-2H bonds, resulting in dis-
continuities at », = »y = 64 kHz and », = 128 kHz. For this case
of n = 0 and a fixed orientation for each C-?H bond in the
polycrystalline sample, the separation of spectrum maxima, »;,
equals »,.

If the C-?H bonds reorient, the quadrupole interaction is
modulated, causing both spin—lattice relaxation and modification
of the static deuterium line shape.!>?' The shape of the motionally
averaged deuterium powder pattern is easily calculated if the
exchange rate between bond orientations is much greater than
the quadrupole coupling constant. In this fast motion limit, the
observed deuterium frequency is the average of the deuterium
frequency in each orientation weighted by the relative equilibrium
population of that orientation. The averaged frequency can be
written

7= ﬁq(3 cos?f-1- ] sin 6 cos 2¢)/2 3

where 8 and ¢ define the orientation of B, in the motionally
averaged EFG tensor principal axis system, and where »; and #
are the motionally averaged values of »; and 7.

As a consequence of eq 3, the fast limit line shape is specified
by the three motionally averaged principal frequencies 7,, 5,, 7,.
In the motionally averaged H powder pattern, a discontinuity
is observed at each principal frequency, corresponding to B, or-
iented along one of the principal axes of the averaged EFG tensor.
Because the trace of the motionally averaged EFG tensor is zero,

5, +7,+7,=0 (4)

In addition, the squares of the averaged principal frequencies are
related to S?, the square of the generalized order parameter,?%
according to

202 + 9,2+ 5, /(3p2) = S (5)

When rapid exchange takes place between two bond orienta-
tions, f1, and {i, depicted in Figure 2, the following condition also
applies

7l = vq/2 (6)

where i = x if |p,| 2 » /2, otherwise i = z.

Equations 46 show that the information content of a fast-limit
two-site powder pattern is S2. The order parameter is related to
the equilibrium relative populations of the two sites, P; and P,,
and to the angle between the two bond orientations, 26,, according
toeq 7. Equation 7 shows that a line shape analysis provides

§* = | - 3P,P, sin® (26,) (7

information about the amplitude of molecular motion. This in-
formation is supplemented by 2H spin-lattice relaxation mea-
surements. The 2H relaxation time in the case of two-site exchange
is given by?*

/Ty = (@3/6)(1 - SHig(r,w) X
[B— (0.75B; — B,) cos 2¢] + g(r,2w)[4Bs — 4B, cos 2¢]} (8)

where @, = 277, the correlation time, 7, is defined as the inverse

4 (21) Abragam, A. The Principles of Nuclear Magnetism; Oxford: Lon.
on, 1961.
(22) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546-4559.
(23) Torchia, D. A.; Szabo, A. J. Magn. Reson. 1985, 64, 135-141.
(24) Torchia, D. A.; Szabo, A. J. Magn. Reson. 1982, 49, 107-121.

J. Am. Chem. Soc., Vol. 110, No. 11, 1988 3361

X

[
Figure 2. The unit vector £ lies along the C—2H bond. Exchange of
between orientations 2, and 2, averages the principal values of the 2H
EFG tensor. The two orientations shown here are defined by polar angles
© = 6y and & = 0°, 180° in the crystal fixed axis system (X.,¥,Z;). The
orientation of the applied static field, By, is defined by polar angles 6 and
¢.

of the sum of jump rates, [k, + ky)7}, g(r.w) = 7/(1 + (wr)?),
w is the Larmor frequency, and B, are angular coefficients defined
in ref 24. In the extreme narrowing limit, (wr)? « 1, eq 8
simplifies to

/Ty = (@2r/3)(1 - SH(1 + 3sin? fsin? ¢)  (9)

where 6 and ¢ are the polar angles of By in the crystal fixed
coordinate system (X,,Y.,Z.) depicted in Figure 2. For C-*H
bonds, the large quadrupole coupling constant makes quadrupole
relaxation the dominant 7| mechanism, allowing the neglect of
other relaxation mechanisms.!?

Because S? is given by the averaged principal frequencies, it
is clear from eq 8 and 9 that a 7| measurement yields the cor-
relation time. In addition, when (wr)? 2 1, measurement of the
angular dependence of T (the T, anisotropy) provides information
about the orientation of the motionally averaged EFG principal
axes that are orthogonal to Y,. This information, together with
eq 5 and 7, permits one to determine O, and the relative popu-
lations of the two sites. This statement does not apply when (wr)?
<« 1 because, according to eq 8, 7 is invarient to rotation of B,
about Y in this case.

The above equations summarize essential features of the two-site
jump model. They establish relations between experimental line
shapes and relaxation times, and the parameters that define the
model: site populations, P, and P,; jump angle, 20,; and corre-
lation time, . These parameters are used in this study to
characterize the C’-?H bond reorientation in L-[3,3-2H,]-
methionine.

A motional model is also considered in which CA-2H bonds
librate in a cone having semiangle 6,. The deuterium line shape
remains axially symmetric and the motionally averaged quadrupole
splitting, 7, is related to the static splitting, »,, by

g = vq cos 6,(1 + cos 6.} /2 (10)

Results and Discussion

Deuterium NMR line shapes of polycrystalline L-[3,3-2H,]-
methionine obtained over the temperature range —35 to +106 °C
are shown in Figure 3. The -35 °C spectrum is an axially
symmetric powder pattern having a 120-kHz quadrupole splitting,
a value close to that typical of a static C-*H bond. This obser-
vation indicates that large-amplitude reorientation of the C5°-2H
bond does not occur at this temperature. Spectra at higher tem-
peratures are seen to be the superposition of two powder patterns,
A and B, with approximately equal areas but significantly different
line shapes and quadrupolar splittings (Figure 4). The retention
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Figure 3. The temperature dependence of the H line shape in poly-
crystalline L-[3,3-2H,] methionine. Spectra were acquired with an ap-
proximately 40-mg sample, 1024 acquisitions, and 1-s recycle time at
38.45 MHz.
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Figure 4. Motionally averaged quadrupolar splittings, 7,, are plotted
against temperature for A molecule (a) and B molecule (b) powder
patterns. In order to achieve a smooth temperature dependence of 7, the
quadrupolar splitting for the B molecule powder pattern was assumed to
be negative above 30 °C.

of near axial symmetry, 5, = 100 kHz, in one pattern over most
of the temperature range indicates that for one-half of the C/*~H
bonds, reorientation is highly restricted. In contrast, the great
reduction in 7 in the second pattern, Figure 4, is evidence of
considerable motional freedom for the other C5-*H bonds.
The observation of two populations of L-methionine side chains
having different motional behavior is similar to observations made
on L-phenylalanine.>** However, unlike L-phenylalanine which
crystallizes in two forms, each having its own motional charac-
teristics, L-methionine crystallizes in a single form containing two
crystallographically distinct molecules.?’> The two NMR powder
patterns, then, are due to methionine side chains occurring in
different molecular environments within a single-crystal lattice.
An X-ray structure study?s has shown that the methionine
molecules in the crystal lattice are arranged in double layers with
backbone atoms hydrogen bonded in a polar layer and the side
chains facing each other in a hydrophobic layer. The unit cell
contains four molecules: two A molecules, each with its side chain
in a trans-trans-trans conformation, and two B molecules with
each side chain having a trans-gauche-gauche conformation. The
temperature factors of the side chain atoms of the B molecules
are much greater than those for A molecules, indicating that the
B side chain is the more disordered. We therefore assign the most

Sparks et al.

Table I. Motionally Averaged Principal Frequencies (kHz) in
L-[3,3-2H,] Methionine®

A side chain B side chain
temp (°C) 7, 7, 7, p,be 7, p,°
-19 -60.0 -59.5 1195
-15 -60.6 -557 1162
-10 —-61.2 =539 1151
-1 -600 -59.0 119.0
+1 -60.8 -59.9 120.7
4 —-60.5 -46.4 107.2
10 -60.9 -41.3 1022
20 -60.0 -58.7 118.7
21 -600 -58.8 1188 -609 -23.8 84.6
31 —62.0 0.0 62.0
36 -61.4 -56.0 117.4 -58.6 194 38.9
50 -60.0 -520 1120 -57.9 259 320
60 —-61.0 -508 1118 -57.9 26.0 31.9
62 -59 -50 110 (-59) 26 33
72 —60 —49 109 (-57) 25 32
77 -60.0 -47.0 1070 -57.1 254 317
82 -60 -47 107 (-57) 25 32
88 -59 —44 103 (-56) 24 32
106 -59 -38 97 (-56) 23 33

?Typical uncertainties in measured prinmcipal frequencies are 1-2
kHz. ®The values in parentheses were calculated from experimental
data using eq 4. °In order to follow the convention!? that |v,| 2 |v,| =
Jv), the x and z subscripts must be interchanged at temperatures above
31 °C.

temperature sensitive powder pattern, the B pattern, to the 8
deuterons on the B molecule.

In contrast to the side chain atoms, the backbone atoms have
small temperature factors, suggesting an ordered methionine
backbone. In agreement with this result, 2H NMR studies* have
shown that up to at least 45 °C, the powder line shape of the
a-deuteron in L-[2-2H]methionine is a rigid lattice Pake pattern.
On the basis of these observations we conclude that libration of
the C*-C” bond makes, at most, only a small contribution to the
motion of the CP-?H bonds in A and B molecules and that the
CA-2H bond reorientation is primarily due to rotation about the
C*-C’ bond axis.

Quantitative analysis of A and B molecule NMR data involves
separating the overlapping powder patterns. Figure 5 shows
composite and separated methionine line shapes at -1 and +60
°C. The separation procedure takes advantage of the different
spin-lattice relaxation times (T',) of the two patterns. The com-
posite line shapes, Figure 5c, were acquired by using the quad-
rupole echo pulse sequence with recycle times, ¢, much greater
than T, of both components. By choosing ! so that T,® « ¢ «
T,A, the A molecule deuteron signals are selectively suppressed
and the B molecule line shapes, Figure 5b, are obtained. Typically,
ca. 85% of the A molecule signal could be suppressed in this
manner. The A molecule line shapes, Figure 5a, are obtained by
subtracting the (b) line shapes from the (c) line shapes. Although
the T’s of both the A and B molecules change with temperature,
their difference is large at all temperatures studied and allows
good signal separation.

The temperature dependence of the B molecule line shape is
shown in Figure 6. The B line shape begins to depart from the
static, 7 = 0, pattern at about =30 °C and coalesces to an 7 =
1 pattern at +30 °C. At temperatures above 50 °C it is again
nearly axially symmetric but is only one-half as wide as the static
axially symmetric pattern observed at -35 °C,

The motions responsible for the changes in line shape have
correlation times in the fast limit, + « w;? ~ 10% s, This
conclusion is based upon the observation that varying the interval
between 90° pulses in the quadrupole echo pulse sequence from
20 to 120 us produced little intensity loss and no distortion of the
powder line shape. In particular, the short, anisotropic 7,’s
characteristic of intermediate exchange, 10™s < r < 107 s, were
absent.?® Inversion-recovery spectra obtained at 38.45 and 76.77

(25) Torii, K,; litaka, Y. Acta. Crystallogr. 1973, 29, 2799-2807.

(26) Spiess, H. W.; Sillescu, H. J. Magn. Reson. 1980, 42, 381-389.
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Figure 5. Separation of A and B molecule composite powder patterns in polycrystalline L-[3,3-?H,] methionine with T, discrimination. At-1 °C, the
composite spectrum (c) and B molecule powder pattern (b) represent 1024 acquisitions each using 2 s and 75 ms recycle times, respectively. The
corresponding spectra at 60 °C were acquired using 2 s and 335 ms recycle times. The A molecule line shapes (a) were obtained by subtraction of
(b) from (¢). Each measured spectrum was recorded at 38.45 MHz and symmetrized to facilitate the subtraction process. The ratio of A to B molecule
relaxation times varied from approximately 70 at -1 °C to 9 at +77 °C. At the higher temperatures where line shape separation was more difficult,
a choice of experiment recycle time ¢ = 3.5 Tp suppressed approximately 70% of the A molecule signal intensity, allowing B molecule principal frequencies
to be measured. At higher temperatures, the principal frequencies of Table I were determined from composite line shapes.

MHz showed that T, was nearly field independent over most of
the temperature range studied. Therefore, at 38.45 MHz, the
correlation times of the B molecule C°-2H bonds are on the fast
side of the T; minimum (i.e., 7 < 10 s). Finally, the magic angle
spinning 13C spectra of L-methionine?’ show resolved peaks arising
from A and B molecules. These spectra, which show a single
narrow line for each A and B molecule carbon, are consistent with
our conclusion that the A and B molecules execute side chain
motions that are in the fast exchange limit.

In addition to providing information about the time scale of
molecular motion, the NMR data allow us to estimate the min-
imum root-mean-square angular displacement of the C°~*H bond
axis. For example, three distinctly different models of motion
can all fit the high temperature, # = 0, B line shape: (1) uniform
diffusion in a cone, (2) umform diffusion in a plane, and (3)
two-site jumps. However, it is significant that one obtains es-
sentially the same root-mean-square angle, 0, = 48 £ 3°,
whichever model is used to fit the line shape.

Although we are able to obtain model independent estimates
of motional correlation times and root-mean-square angles from
the T, and line shape data, an appropriate motional model must
be assumed in order to extract the additional information contained
in this data. We have chosen the two-site jump model because
of the following considerations. First, the X-ray data indicate
that the low-energy conformations of the methionine side chain
are either trans or gauche, and since we know that the methionine
side chain, at least at high temperature, executes large-amplitude
motion, we assign this motion to a trans-gauche or gauche-gauche
isomerization. Since the barrier to such isomerization is typically
14 kJ/mol in liquids, the probability of finding a conformation
in the vicinity of the potential maximum is small and a jump model
is a reasonable approximation of the side chain motion.

We have assumed that the side chain jumps between only two
sites because one set of B molecule averaged principal frequencies,
those appearing at £60 kHz, are almost completely insensitive
to temperature, changing by less than 3 kHz over the 112 °C
temperature range (Table I). This result is strong evidence that

(27) Diaz, L. E.; Morin, F.; Mayne, C. L.; Grant, D. M,; Chang, C. J.
Magn. Reson. Chem. 1986, 24, 167-170.

(28) Jelinski, L. W.; Sullivan, C. E.; Batchelder, L. S.; Torchia, D. A.
Biophys. J. 1980, 10, 515-529.
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Figure 6. The temperature dependence of the B molecule 2H line shape
in L.[3,3-*H,] methionine. Representative acquisition parameters are the
following: —1 °C, 1024 acquisitions, 75 ms recycle time (7,4 ~ 0.7 s,
Tip ~ 11 ms); +77 °C, 512 acquisitions, 435 ms recycle time (7, ~
0.8 s, T\ ~ 87 ms).

the CA-2H bond orientations are confined to a plane. In the case
of fast limit planar motion, arguments similar to those in ref 28
show that the direction normal to the X,,Z. plane (Y in Figure
2) is a principal axis of the averaged EFG tensor. The corre-
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Figure 7. Experimental (a) and simulated (b) deuterium line shapes for B molecule deuterons in L-[3,3-H;]methionine at 21 °C and 38.45 MHz.
Small line shape intensity distortions, indicated in (b) with dotted lines, appear primarily between 50 and 60 kHz due to incomplete suppression of

the A molecule deuteron signal.

Table II. L-[3,3-2H,]Methionine Squared Generalized Order
Parameters® and Reorientational Correlation Times?

temp temp™!
(°C)  (10%/deg K) S,2 74 (ns) Sp? 7p (ns)
-19 3.937 0.992 0.450
-15 3.876 0.920 4.14
-10 3.802 0.885 3.05
-1 3.676 0.983 0.175
+1 3.650 0.985 0.225
4 3.610 0.788
10 3.534 0.713
20 3413 0978 0.102
21 3.401 0.980 0.080 0.514 0.705
31 3.289 0.333 0.450
36 3.236 0915 0.050 0.258 0.230
50 3.096 0.873 0.032 0.251 0.120
60 3.003 0.842 0.028 0.251 0.080
62 2.985 0.866 0.251
72 2.899 0.828 0.251
77 2.857 0.799 0.019 0.251 0.049
82 2.817 0.799 0.251
88 2.770 0.767 0.252
106 2.639 0.686 0.253

“Calculated using eq 5 and 6 and the principal frequencies in Table
I. Estimates of error in $2, 5-20%, were calculated using standard
techniques. ®Uncertainty in = was calculated using eq 9 and the cal-
culated uncertainty in S2.

sponding principal frequency equals £»,/2 (£60 kHz in the
present case), independent of the amplitude of the motion, because
B, is always orthogonal to the C-2H bond when the field