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ABSTRACT: To study the dynamics of peptide groups in solid proteins, we have accurately determined the 
principal components and molecular orientation of the electric field gradient tensor for the exchangeable 
deuterons in monoclinic N-acetylglycine by single-crystal deuterium nuclear magnetic resonance. These 
results are compared with the principal components of the amide deuterons in solid poly(y-benzyl-L-glutamate) 
measured in powder samples over a wide temperature range (140-400 K). The comparison indicates that 
in the solid polypeptide the N-D bonds undergo a small-amplitude torsional reorientation (libration) 
perpendicular to the peptide plane. To estimate dynamic rates, longitudinal relaxation times ( T I  values) 
are reported for N-acetylglycine and poly(y-benzyl-L-glutamate). T I  values for the carboxyl and amide 
deuterons in N-acetylglycine are - 100 s, whereas for the amide deuterons in the polypeptide T I  - 1 s, 
also indicating that the N-D bonds are not stationary in the polypeptide. We determine from the reduced 
quadrupole coupling tensor the mean-square amplitude for the libration and show that it increases linearly 
with temperature. A simple qualitative theory for the relaxation times is presented on the basis of the 
assumption that the N-D reorientation is described either as a diffusion process in a square well or as a 
damped Langevin oscillator with a harmonic restoring force. The conclusion is that the short relaxation 
times of the polypeptide amide deuterons result from substantial frictional effects on reorientation that increase 
with temperature. 

have used deuterium magnetic resonance to study 
monoclinic crystals of amide- and carboxyl-deuterated N- 
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acetylglycine (NAG)' and amide-deuterated polycrystalline 
poly(y-benzyl-L-glutamate) (PBG). Once the quadrupole 
coupling or electric field gradient (efg) tensor principal com- 
ponents and molecular orientation are known for the amide 

Abbreviations: efg, electric field gradient tensor; T,, longitudinal 
relaxation time; NAG, N-acetylglycine; PBG, poly(y-benzy1-L- 
glutamate). 
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deuteron of a reasonable peptide analogue such as NAG, the 
rate and amplitude of backbone librational dynamics in solid 
polypeptides such as PBG can be examined by ZH NMR. The 
efg tensor for amide deuterons is typically nonaxial, thus the 
three principal components conveniently frequency label the 
three axes of an orthogonal coordinate system attached to the 
N-D bond. Dynamic averaging of these components as 
monitored by the 2H NMR experiment allows one to deter- 
mine to what extent reorientation about each of the orthogonal 
axes occurs. 

The structure of N-acetylglycine has been determined by 
both X-ray and neutron diffraction (Donohue & Marsh, 1962; 
Mackay, 1975) both of which show a highly ordered molecule 
devoid of solid-state molecular dynamics aside from a rotating 
methyl group. Thus we use single-crystal and powder 2H 
NMR spectra of this material to establish the principal values 
and molecular orientation of the amide- and carboxyl-deuteron 
electric field gradient tensors and the deuteron relaxation times, 
TI ,  in a rigid system. We present a simple procedure for using 
the crystallographic symmetry to accurately determine the 
molecular orientation of the deuteron electric field gradient 
tensors (Experimental Procedures) and discuss the advantage 
of comparing the 2H NMR results with the neutron structure 
rather than the X-ray structure. The quadrupole coupling 
constants determined here are successfully compared with 
empirical relations based on hydrogen-bond lengths. These 
results are useful for deuterium magnetic resonance studies 
of molecular ordering and dynamics of polypeptides in any 
anisotropic phase such as solid polymers, liquid crystals (Poliks 
et al., 1987), or crystalline (Usha & Wittebort, 1989) and 
fibrous proteins (Chapman et al., 1970). Previously, such 
studies have relied on the electric field gradient tensor of 
urea-d4 (Chiba, 1965), which is not a good chemical analogue 
of the peptide group. 

The temperature dependence of the principal components 
of the efg tensor and the longitudinal relaxation times are 
reported for the amide deuterons of PBG. Both indicate the 
presence of small-amplitude torsional dynamics that are dis- 
cussed in detail. A simple expression is presented that allows 
for the direct evaluation of a mean-square librational amplitude 
from the residual quadrupole coupling components measured 
from a *H NMR powder pattern. The linear temperature 
dependence of the mean-square amplitude suggests harmon- 
ically bound oscillatory motion, and on the basis of simple 
structural considerations, we estimate an upper limit for the 
mode frequency. Subsequently, the PBG relaxation times and 
their temperature dependence are analyzed in terms of 
small-amplitude diffusive dynamics or damped oscillatory 
motion based on the Langevin model. The required expressions 
for relating NMR relaxation times to a diffusion or damping 
constant and mean-square amplitude or mode frequency are 
presented in the appendix. Surprisingly, the diffusive and 
Langevin models in the limit of fast, small-amplitude motion 
yield nearly equivalent relaxation expressions that when applied 
to the relaxation data indicate the importance of frictional 
effects for amide dynamics in PBG. 

EXPERIMENTAL PROCEDURES 
Materials. L-Pyroglutamic acid and N-acetylglycine were 

obtained from Sigma Chemical Co. NAG was recrystallized 
by slow evaporation of saturated solutions from 99% D20,  
yielding large single crystals (10-40 mg) as judged by optical 
microscopy. Anhydrous poly(y-benzyl-L-glutamate-dl) was 
prepared by exchanging the polypeptide in CF3C02D. The 
sample used in  this study was kindly provided by Professor 
E. T. Samulski. 

Usha et al. 

Deuterium Spectroscopy. Variable temperature ZH NMR 
spectra were obtained on a home-built 5.9-T (yo  = 38.77 MHz) 
spectrometer described previously (Wittebort et al., 1986). 
Spectra were obtained with a two-pulse quadrupole echo se- 
quence with 90' pulse widths of 2.5-ps duration and 35-ps 
spacing. Longitudinal relaxation times, TI, were measured 
by inserting a composite inversion pulse (Tycko et al., 1984) 
at a variable time, 7, before the echo sequence. Relaxation 
times were determined by least-squares fitting of powder- 
pattern intensities, Z(r), at  a given frequency to the standard 
function Z(7) = Zo[l - 2A exp(-r/T1)] by using a routine based 
on the Marquardt algorithm (Press et al., 1986). For the 
powder-pattern frequencies examined, the assumption of single 
exponential relaxation was found to be satisfactory. 

Single- Crystal Measurements. N-Acetylglycine crystallizes 
in the monoclinic space group P2,/c with a = 4.85 A, b = 
11.54 A, c = 14.63 A, and j3 = 138', containing four molecules 
(Donohue & Marsh, 1962; Mackay, 1975). For convenience 
we use an orthogonal set of lattice vectors (a,b,c*) with a and 
b along the crystallographic a and b axes and c* perpendicular 
to the a,b-plane (c* = a X b). 

Crystals prepared as described above are monoclinic plates. 
Two of the faces have an obtuse angle between the edges 
essentially equal to 0, Le., 138'. Thus the crystal morphology 
directly parallels the unit cell as follows: a and b are along 
the orthogonal edges of a rectangular face and are distin- 
guished from each other such that c* is orthogonal to b and 
at  an angle of 138' with respect to a. The vector c* is thus 
normal to a rectangular face. This assignment was confirmed 
by the consequences of unit-cell symmetry properties on the 
NMR spectra as described below. 

The desired electric field gradient tensors are determined 
by rotating crystals about three mutually orthogonal axes, 
conveniently chosen here to be a, b and c*. Half the frequency 
difference between the doublets is used as the observed fre- 
quency, Y!,, so as to cancel out chemical shifts, in which case 
the orientation dependence is 

(1) 
where 4 is the goniometer angle for rotation about the ith axis 
that is perpendicular to the laboratory magnetic field. For 
the rotation axes, i = (a, 6, or c*) ,  t h e n j  = (-c*, -a, or a), 
and k = (b, c* or b),  with c*, a, and a along H,, for 4 = 0, 
respectively, for the three rotations. With a standard linear 
least-squares procedure (Press et al., 1986), eq 1 is fit to the 
frequencies obtained from the three rotations thus determining 
uij, a symmetric and traceless tensor (vij = vji and uxx + vyy + 
v,, = 0) containing five independent components. The three 
principal axis components or eigenvalues of vu, uZAS, then 
determine the quadrupolar coupling, e2qQ/h, and the asym- 
metry, q ,  according to 

PAS - PAS 
vxx vyy 

vzz 
e*qQ/h = ~ u ~ ~ s  and q = PAS (2) 

2 PAS 2 PAS 
zz "y VXX 

The corresponding eigenvectors contain the direction cosines 
(projections) of the electric field gradient tensor principal axes 
on the rotation axes, which in this case are the orthogonal 
unit-cell axes a and b and the normal to the a,b-plane, c*.  
Alternatively, the direction cosines can be expressed as three 
Euler angles (qj3,y) (Arfken, 1971). 

The four molecules per unit cell contain pairs related by a 
center of inversion and thus are magnetically equivalent since 
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Table I: Deuterium Electric Field Gradient Tensor Coupling Constants, Asymmetries, and Orientations in N-Acetylglycine 
(C H ,CON DC"HXO0~DY' 

0 

(0-D) 137 (2) 0.121 (5) 93 (3), 47 (3), -7 (3) 47.4, -7.6 43 (3), 177 (3) 43.0, 181.5 
(0-D)' 137 (2) 0.121 (5) 93 (3), 133 (3), 187 (3) 132.6, 187.6 43 (3) ,  -177 (3) 43.0, -181.5 
(N-D) 210 (2) 0.137 (5)  51 (3), 69 (3), 62 (3)  69.1, 62.4 44 (3), 176 (3) 43.4, 177.0 
(N-D)' 210 (2) 0.137 ( 5 )  51 (31, 111 (31, 118 ( 3 )  11 1.7, 117.6 44 (3), -176 (3) 43.4, -1 77.0 

ci 

Euler angles are given in degrees referenced to the (a,b,c*) system. Planes are defined by the vectors normal to the planes containing the N, D, 
and C" or the CO, 0, and D atoms for the carboxyl or amide deuterons, respectively. Primed and unprimed deuterons of the same chemical type are 
related by the ac* mirror plane. 

- 

the quadrupole coupling transforms as a second-rank tensor. 
The magnetically nonequivalent molecules are related by 
mirror symmetry about the a,c* plane. Thus for the general 
orientation we expect the 2H NMR spectrum to show four 
doublets, two each from the magnetically nonequivalent amide 
and carboxyl deuterons. However, for rotation about the b 
axis, the tensor projections on to Ho are necessarily equivalent, 
and the deuterons related by mirror symmetry become mag- 
netically equivalent, reducing the spectrum to two doublets. 
Thus, for this coordinate system, the lattice symmetry requires 
that the tensors for two mirror-plane-related deuterons, vu and 
vi:, have the following properties, vii = vi[, vacr = vat.', vab = 
-va[, and Vbcl = -vbca'. In the work reported here, the three 
rotations were performed on three different crystals, and small 
misalignments can lead to breakdown of the symmetry con- 
straints. We found that within 4 kHz the above relations were 
always observed experimentally. In practice we thus imposed 
these symmetry conditions by taking appropriate averages. For 
each of the diagonal elements, the average was taken over the 
six values determined for the two symmetry-related deuterons 
for the three rotations, and for the off-diagonal elements the 
magnitudes were averaged for the two mirror-related deu- 
terons. 

With the orthogonal rotations used here, the mirror-sym- 
metry-related deuterons are equivalent for the a and c* ro- 
tations and the 6 = 0 setting, thus introducing an ambiguity 
as to consistently assigning the rotation curves in all three 
rotations to a given deuteron. This ambiguity was resolved 
by forming all possible tensors and comparing their eigenvalues 
with those determined experimentally from a powder sample. 
In all four cases, two combinations gave eigenvalues in ex- 
cellent agreement with the powder values, whereas the other 
combinations gave substantially different eigenvalues. 

RESULTS AND DISCUSSION 
Room-temperature 2H NMR spectra of N-acetylglycine 

obtained at selected goniometer settings and rotation about 
the c* axis are shown in Figure 1. Spectra were acquired with 
a quadrupole echo sequence with a delay of 5-10 min between 
consecutive acquisitions. To obtain full equilibrium signal 
intensities, delays on the order of 20-30 min are required. The 
long relaxation time is completely consistent with a rigid 
molecular structure. From the thermal parameters of the 
neutron structure (Mackay, 1975), root-mean-square dis- 
placements of the amide N and H atoms are less than 0.1 A. 
For two of the lines, orientations showing large quadrupolar 
splittings consistently show substantial broadening. This results 
from dipolar coupling with abundant I4N and thus distin- 
guishes the amide and carboxyl deuterons. The effect is ob- 
served only for lines with large quadrupole splittings since the 
large components of both the quadrupole and dipole coupling 
tensors are coaxial, i.e., along the I4N-D bond axis as shown 
below. Graphs of the doublet frequencies as a function of 
goniometer angle for rotation about the a and b axes are shown 
Figure 2. The expected four doublets are observed for the 

33.8 
c 

250 kHz 0 kHz -250 kHz 

FIGURE 1: 2H NMR spectra of a single crystal of N-acetylglycine 
shown for selected goniometer settings, 4, and rotation about the c* 
axis. Each spectrum results from signal averaging of 4-20 transients. 

a- and c*-axis (not shown) rotations, and as expected on the 
basis of the unit-cell symmetry, the graph is symmetric about 
$I = 90'. The b-axis rotation, rather than two doublets, shows 
that one of the expected doublets is slightly split due to a small 
misalignment of the crystal. 

Quadrupole couplings, asymmetries and Euler angles re- 
sulting from the analysis of the single-crystal data are listed 
in Table I. The uncertainty in the Euler angles, f3', is our 
estimation of how precisely the crystals were mounted. Euler 
angles are referenced to the orthogonal lattice system (a&*) 
defined in the previous section. In this system the polar 
orientation (e,4) for the largest principal component, "::IAs, is 
just (0,~)~ and for convenience the orientation of they  com- 
ponent, is also listed. For comparison with the molecular 
structure, orientations of the N-D or 0-D bond axes and the 
vectors normal to the planes containing the D, N, and C" or 
the D, 0, and C" atoms are given. The tensors are assigned 
to amide or carboxyl deuterons on the basis of the observation 
of I4N dipolar broadening of the amide deuteron doublets. The 
2H NMR powder pattern of NAG shows two couplings and 
asymmetries (error limits in parentheses): e2qQ/h = 137 (2) 
kHz and Q = 0.12 (1);  and e2qQ/h = 21 1 (2) kHz and TI = 
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FIGURE 2: Graphs of the 2H NMR doublet frequencies for the a- and 
b-axis rotations. 

0.13 ( I  ), in excellent agreement with the values obtained from 
single crystals. Assignments of the two observed tensor ori- 
entations to the chemically equivalent deuterons related by 
the Q,C* mirror plane conform with the usual expectation that 
the largest principal component is directed approximately along 
the bond axis. With these assignments, the largest principal 
components, u!:~, for both the carboxyl and amide deuterons 
lie well within experimental error along the bond axes, and 
the components of intermediate magnitude, v;!', are normal 
to the D-N-C" or D-0-Co planes. The neutron structure 
shows the N-D bond axis about 2O out of the usual peptide 
plane, and this plane, although conveniently defined in terms 
of the molecular structure, is thus not a precise reference for 
the orthogonal tensor components. From Table I it is seen 
that the principal axis systems for the carboxyl and amide 
deuterons are conveniently related to the molecular structure 
by the deuterium bond vector and the normal to the D-N-C" 
or D-0-Co planes, respectively. The largest component of 
the electric field gradient tensor lies along the bond vector, 
the component of intermediate magnitude is normal to the 
molecular plane, and the smallest component is along the axis 
mutually orthogonal to the bond vector and molecular plane. 
Although the amide group is chemically distinct from an amino 
group, the amide deuteron electric field gradient tensor ori- 
entation determined here for NAG is essentially equivalent 
to that for amine deuterons in urea (Chiba, 1965). It thus 
appears that this efg tensor orientation is transferable to a 
variety of chemically related systems. 

Simple empirical relations of the form 
e2qQ/h = A - Br-3 (3) 

have been proposed that relate quadrupole couplings to co- 
valent- or hydrogen-bond lengths, r. For N-D-0 systems the 
constants are A = 282 and B = -572 (Hunt & Mackay, 1976) 

JA Z = 30.00s 

10 00 

5 00 

3 00 

2 00 
z -  

-------J--"" 0.40 

I I I 
250 kHz 0 -250 kHz 

FIGURE 3: Inversion-recovery spectra of poly(y-benzyl-L-glutamate) 
obtained at 289 K. The indicated time, 7 ,  on each spectrum is the 
delay between the inversion and observe pulse sequences. 

with r in A and e2qQ/h in kHz. The neutron structure for 
NAG shows the amide deuteron intermolecularly hydrogen 
bonded to the glycyl carbonyl oxygen at a distance of 2.16 A, 
from which we calculate a coupling of 225 kHz or about 7% 
larger than the measured value, 210 (2) kHz. For O-D.-O 
systems the constants are A = 328 and B = 643, where r is 
the D.-O distance (Hunt & Mackay, 1976), or alternatively 
A = -327 and B = 533, where r is the 0-D length (Looyestijn 
et al., 1979). The carboxyl deuteron has hydrogen-bond and 
covalent distances of 1.514 and 1.034 A, respectively, from 
which we calculate couplings of 143 or 155 kHz. The value 
calculated on the basis of the hydrogen-bond distance is 4% 
larger than the observed value, 137 (2) kHz. The agreement 
between experiment and empirical relations for both deuteron 
types is well within the scatter associated with the empirical 
expressions and indicates that the couplings observed in this 
work are not unusual. For additional comparison we have 
measured the amide deuteron coupling and asymmetry for 
another simple amide deuteron, L-pyroglutamic acid, in which 
the side-chain y-carboxyl forms an intermolecular amide 
linkage with the a-amino group. The X-ray structure (Van 
Zoeren et al., 1978) shows the amide group intermolecularly 
hydrogen bonded to a carbonyl oxygen with an H-0 distance 
of 2.3 A. The deuterium spectrum has a long relaxation time 
of more than a minute and e2qQ/h = 209 (2) kHz, in good 
agreement with the value measured for NAG. The asym- 
metry, 9 = 0.13 ( l ) ,  is somewhat smaller than that for PBG 
but the same as for NAG. 

We now consider the results of ZH NMR studies of poly- 
crystalline PBG. Shown in Figure 3 are a series of inver- 
sion-recovery powder spectra obtained from amide-deuterated 
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Table I I :  *H NMR Longitudinal Relaxation Times (s) for the 
Amide Deuterons in Polycrystalline PBG for the Indicated Powder 
Pattern Freuuencies and Temmratures 

a a a z a z  a x 9 = -  - - - * -  * -  

220 7.0 (6) 6.0 (3) 7.2 (7) 
256 4.9 (4) 4.7 (3) 6.3 (5) 
289 2.74 (12) 2.37 (05) 2.82 (13) 
320 1.09 (05) 0.93 (03) 1.09 (04) 
346 0.59 (04) 0.49 (02) 0.61 (04) 

5 8ol 70 
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FIGURE 5: Structure of a planar peptide group showing the angles 
&+,, ql, and vi. A change in the angle vi = 4!+l - qi amounts to a 
rotation about the axis shown by the dotted line. 

a deuteron-donor distance in the range of 2.1-2.4 A. 
That u:$' is temperature independent while the orthogonal 

components are not indicates reorientation about the v:,"' axis, 
i.e., an axis essentially mutually perpendicular to the peptide 
plane and the N-D bond. Note that a reorientational process 
that decreases (averages) u:,"' amounts to an unexpected 
fluctuation of the peptide-bond geometry. A straightforward 
calculation using standard methods (Wittebort et al., 1987) 
shows that for a symmetric planar libration the mean-square 
amplitude, (e2), is related to the observed or averaged, ( vKAs),  
and static, principal frequencies by 

(e2) = + 2u;3-1(u;;s - ($tS)) (4) 

Thus, since ( $PS) is observed to vary linearly with tempera- 
ture over the range studied (Figure 4), we conclude that the 
mean-square torsional amplitude, (e2), also varies linearly with 
temperature. Using the linear temperature dependence of 
(u;;'), Y[$' = 61 (1) kHz, and eq 4, we calculate that the 
mean-square amplitude varies with temperature, T, according 
to 

(e2) = 1 . 1  (2) x rad2K-'T (5) 
For example, the root-mean-square amplitude, 0, = (O2)I l2 ,  
varies from about 8 O  at 200 K to 1 2 O  at 400 K. The linear 
variation of the mean-square amplitude with temperature 
suggests harmonic motion, in which case the oscillator fre- 
quency is related to the mean-square amplitude by 

(e2) = kBT/Iwt (6) 

Thus, if the moment of inertia ( I )  is known, the torsional 
oscillator frequency (wT) is calculated directly from the 
mean-square amplitude. 

Some time ago a simple transformation was proposed 
(Peticolas & Kurtz, 1980) of the usual peptide backbone 
conformational angles ($&,) to an alternative set (vi&), which 
are related by vi = - $J/2 and ti = $i+l + $i. The utility 
of the alternative for the present discussion is that in a-helical 
polypeptides, the vi are relatively free to change through 
modest angles (Peticolas & Kurtz, 1980) and to a very good 
approximation the corresponding motion, shown in Figure 5, 
amounts to a reorientation of the peptide plane about the uxx 
principal axis of the amide deuteron quadrupole coupling 
tensor. Thus a fluctuation in q would lead to the type of 
averaging observed here, and for the sake of argument we 
assume ( e 2 )  = ( s 2 ) .  With idealized sp2 peptide-bond angles 
and standard bond lengths, the moment of inertia ( I )  for 
rotation of the atoms in a single peptide group about the axis 
shown in Figure 5 is immediately calculated, I = 53 gA2/mol. 
This rotation is not strictly local, i.e., independent for a single 
peptide group, in that comparatively small rearrangements of 
neighboring atoms must also occur. The collective nature of 
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this type of motion has been stressed in theoretical studies 
(Levitt et al., 1985; Brooks & Karplus, 1983). Thus the 
moment of inertia calculated in this approximation presumably 
represents a lower limit that in turn, with eqs 5 and 6, suggests 
an upper limit for the torsion frequency of UT S 63 cm-I. 

We now consider the PBG relaxation data listed in Table 
11. Since the residual quadrupole coupling has provided an 
estimate of the mean-square amplitude of the dynamics, the 
relaxation data are useful for examining dynamic rates and 
their temperature dependence. In order to proceed, some 
assumptions about the dynamics must be made. First, since 
the powder-pattern shapes are clearly dominated by the 
quadrupolar coupling as opposed to *H-'H or 2H-14N dipolar 
coupling, and the TI values are two orders of magnitude shorter 
than for a rigid system, e.g., NAG, we assume spin relaxation 
results only from torsional reorientation of the quadrupole 
coupling tensor or equivalently the N-D bond, in which case 
the general expression for the relaxation time is (Torchia & 
Szabo, 1982) 

l / T 1  = (3/16)(e2qQ/n)l[51(Uo) + 4J2(2w0)l (7) 

Furthermore, small-amplitude reorientations in solids are 
generally expected to be quite fast in comparison to the NMR 
frequency, -40 MHz here. In the appendix we show that two 
models for torsional dynamics, (a) an overdamped stochastic 
process and (b) reorientation described by the Langevin 
equation for a damped harmonic oscillator, both give the 
following form for the spectral density 

J ,  = (3/2) ( e 2 ) T  (8) 

I / T  = D / ( e 2 )  (9) 

where T is the reorientational correlation time and 

where D is the diffusion constant. 
From the quadrupole coupling for NAG (qcc = 210 kHz) 

and the temperature-dependent mean-square amplitude (eq 
5 ) ,  we calculate that the correlation times are 2.3 ps at 220 
K and increase to 20 ps at 346 K, corresponding to diffusion 
constants of D = 12 X lo9 s-l and D = 1.8 X lo9 s-l, re- 
spectively. Thus the temperature dependence of the correlation 
time is opposite to that normally observed in simple fluids. In 
other words, the relaxation rate increases with temperature 
more rapidly than is expected on the basis of the increase in 
the mean-square librational amplitude. Within the constraints 
of this model, the usual approach at this point is to assume 
that the dynamic rate is slow compared to the NMR fre- 
quency. With this assumption one calculates that T shortens 
from 2.6 pus at 220 K to 0.34 ps at 346 K. However, based 
on reasonable expectations (McCammon & Harvey, 1987), 
these dynamic rates are too slow by several orders of mag- 
nitude, and we anticipate that correlation times in the pico- 
second range provide the better qualitative estimate. 

In summary, we have accurately determined the molecular 
orientation of the electric field gradient tensors for the amide 
and carboxyl deuterons of NAG. The amide deuteron tensor 
orientation is essentially equivalent to that determined for urea 
deuterons. We thus expect that the tensor orientation placing 
the large component along the bond axis and the intermediate 
component normal to the molecular planes defined above can 
reasonably be used for a variety of peptide or carboxyl systems. 
We note that the expected coincidence of the tensor principal 
component orientations with the molecular geometry occurs 
within experimental error if the tensor principal component 
orientations are compared with the neutron structure rather 
than with the X-ray structure. For example, the N-D bond 
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orientations in NAG from the X-ray (Donohue & Marsh, 
1962) and neutron (Mackay, 1975) structures differ by about 
7O. Thus accurate determination of the molecular orientation 
of deuterium electric field gradient tensors probably requires 
comparison with a structure obtained by neutron diffraction. 

The quadrupole couplings for NAG and L-pyroglutamic acid 
are in satisfactory agreement with empirical relations based 
on hydrogen-bond lengths. The similarity of these couplings 
with those obtained from PBG when extrapolated to low 
temperature indicates that the amide deuterons in solid PBG 
(obtained by removal of trifluoroacetic acid) are also hydrogen 
bonded. Certainly side-chain and/or backbone carbonyl ox- 
ygens are the donor atoms. PBG when dissolved in weakly 
hydrogen-bonding solvents such as benzyl alcohol forms in- 
tramolecular hydrogen bonds that result in an a-helical 
structure (Poliks et al., 1987). Strongly hydrogen-bonding 
solvents such as trifluoroacetic acid break up the helix by 
forming intermolecular hydrogen bonds. It is interesting to 
note that simultaneous removal of trifluoroacetic acid and 
condensation to a solid phase apparently results in a-helix 
formation (Brumberger & Cheng, 1974) and the restoration 
of amide hydrogen bonds. 

As the temperature of PBG is raised, the components of the 
electric field gradient tensor along the bond axis and ap- 
proximately perpendicular to the peptide plane decrease, 
whereas the mutually orthogonal component remains constant. 
Thus the N-D bond librates in a plane essentially perpendi- 
cular to the peptide plane, and the mean-square amplitude is 
determined directly from the temperature dependence of the 
residual coupling. 

The presence of small-amplitude motion is also strongly 
indicated by the much reduced 2H relaxation times relative 
to NAG or L-pyroglutamic acid. The TI value for the amide 
deuterons in NAG at room temperature is of the order of a 
hundred seconds, whereas for PBG the TI is of the order of 
a second (220-350 K). It is difficult to anticipate what de- 
termines the rather long 2H relaxation times in a highly rigid 
molecule like crystalline NAG; however, in solid PBG libra- 
tional reorientation of the quadrupole coupling is expected to 
be the dominant relaxation process. Whether the dynamics 
are (a) purely diffusive or (b) a damped Langevin oscillation, 
the NMR relaxation time in the limit of small amplitude (e, 
< 2 5 O )  is determined by the diffusion constant, D, and 
mean-square amplitude, ( e2), The essential qualitative point 
to be made is that the observation of efficient spin relaxation 
strongly indicates the presence of damping effects that become 
more prominent as the temperature increases and give the 
dynamics a diffusive character. In the terms used to describe 
simple fluids, the Stokes frictional constant is independent of 
temperature, whereas here the friction increases with tem- 
perature. As discussed in the appendix, coherent oscillatory 
motions are expected to be of sufficiently high frequency to 
be ineffective in affecting spin relaxation unless the oscillations 
are damped. The damping constant, A, is related to the 
correlation time by X = 7 4 / 2  (obtained by comparing eqs 
17 and 22 of the appendix). Using the upper limit for the 
oscillator frequency of 63 cm-' and the T values discussed 
above, one calculates that the oscillations are highly over- 
damped, i.e., A/2a - 8 X lo2 cm-l at 220 K and A/21r - 7 
X lo3 cm-I at 346 K. Since the calculated damping constants 
depend quadratically on the oscillator frequency, decreasing 
the frequency by an order of magnitude from our estimate of 
an upper limit decreases the calculated damping constants by 
two orders of magnitude and brings them in the range of 8-70 
cm-', Le., close to the underdamped regime. 
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Several other lines of evidence suggest that these qualitative 
conclusions from the relaxation data are appropriate. First, 
inelastic neutron-scattering spectra from solid myoglobin 
(Smith et ai., 1989) show a shift in the vibrational density of 
states to lower frequencies with higher friction and an increase 
in quasielastic scattering as the temperature is raised. At 300 
K the myoglobin spectrum is broadened by frictional damping 
and dominated by the peak from quasielastic scattering, Le., 
diffusive processes with vanishing mode frequency. Second, 
a recent comparative study by molecular dynamics and normal 
mode simulations (Perahia et al., 1990) of a-helical deca- 
glycine in vacuo indicates that the harmonic and molecular 
dynamics descriptions are similar if the force constants or 
vibrational frequencies used in the normal mode calculation 
are decreased with increasing temperature. Furthermore, at 
high temperature (300 K), mode damping is substantially more 
important than at low temperature (50 K), thus showing an 
increase of friction with temperature. Finally, normal mode 
type calculations of small proteins have been extended to 
include frictional effects by way of a many-body Langevin 
model (Case & Kottalam, 1990). If a reasonable value for 
solvent viscosity is used, the calculated correlation functions 
for low frequency modes (7-1 8 cm-I) are overdamped and have 
decay constants in the range of 1-8 ps, Le., very similar to the 
correlation times estimated here experimentally. 
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APPENDIX 
The spectral densities, Jl(wo) and J2(2w0), needed for cal- 

culating the longitudinal relaxation rate of eq 7 are determined 
here for restricted diffusion about an axis and a damped 
harmonic oscillator in equilibrium with a heat bath. We show 
that for rapid small-amplitude dynamics, the effect on NMR 
relaxation for both models is nearly equivalent. 

First we solve the geometrical problem common to both 
models and determine the general form of the correlation 
function, C,(t), which is related to the spectral densities by 
the following Fourier transform: 

J,(w) = 2 x m C m ( r )  COS wt dt = 2JmC,(t) dt (10) 

For the case at hand we are concerned with motions varying 
in time rapidly compared to the NMR frequency, and the 
Fourier transform is well approximated by the integral of the 
correlation function, resulting in a frequency-independent 
spectral density. With the reasonable approximation that the 
quadrupole coupling tensor is axially symmetric, the required 
correlation function, according to the notation of Torchia and 
Szabo (1982) and Wittebort and Szabo (1978), is 
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Cast( t )  = (d# [e (O)]d~~[e(  t ) ]  ) e-f(a-a')d (12) 
The df)(/3) are reduced Wigner rotation matrix elements, the 
angles (e,+) specify the polar orientation of the unique axis 
of the efg tensor (essentially the N-D bond) in some frame, 
and (&r) in turn specifies the orientation of that frame with 
respect to the magnetic field, Ho. If we take /3 = 90° and 
expand the time-dependent angle 6 in a Taylor series about 
zero, then we have the desired correlation function for the 
amide deuterons contributing to the perpendicular edge of the 
powder pattern and undergoing small-amplitude dynamics. 
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Since the amplitudes under consideration are small, 8 < 20°, 
we need only expand dp)(/3) to first order, which gives a sec- 
ond-order correlation function. The nonzero time-dependent 
terms are 

G i * i ( t )  = -CTi*i(t) = (3/2)(e(OY(t)) (13) 

Nonzero time-independent terms are dropped since they do 
not contribute to relaxation. Now, substituting eq 13 into eq 
11 with 0 = 90' gives the general form for C,(t) 

Cm(f) = (3/4)[1 - (-I), cos 241 (e (O)e ( t )>  
1, 2 (14) 

where 4 is the angle between the plane of the libration and 
Ho. As a practical matter for powder spectra, all values of 
4 with 0 = 90° will have similar frequencies near the per- 
pendicular edge of the powder pattern and as a useful ap- 
proximation we average over this angle thus obtaining 

with m = 

Cm(t> = (3/4)(e(o)e(t)) (1 5 )  
The problem is now reduced to determining the single corre- 
lation function ( e ( O ) e ( t ) )  for the two models. 

For stochastic diffusion about an axis restricted to occur 
between the limits of *(3(e2))II2, one obtains the following 
correlation function and its spectral density directly from a 
small-angle expansion of equation 3.12(a-c) of Wittebort and 
Szabo (1978): 

(e(o)e(t)) = (02)e+ (16) 

J ,  = ( 3 / 2 ) ( e ~ ) ~  (17) 

1 / ~  = 7r2D/12(02) (18) 
where D is the diffusion constant and we have assumed that 
1 / ~  is large compared to the NMR frequency, wP An ex- 
pression equivalent to eqs 17 and 18 has been used under the 
assumption of a 2-fold stochastic jump process. 

The effect on magnetic relaxation by torsional oscillation 
of the efg tensor orientation was first considered by Bayer 
(1951), who used a heuristic quantum-mechanical approach. 
The basic assumption is that an optical process such as a 
torsional oscillation (wT > 1 cm-I) can cause transitions in a 
magnetic resonance experiment (wo - cm-I) by rapid 
transitions among the quantized torsional states. Woessner 
and Gutowsky (1963) refined this argument by an improved 
treatment of the vibrational state lifetimes and gave an explicit 
calculation of the correlation function ( e ( O ) e ( t ) ) .  Since we 
anticipate that an oscillator that results in efficient NMR 
relaxation must be of low frequency (wT < kBT - 200 cm-l 
at room temperature), a classical approach is used here that 
more simply relates both the stochastic and mechanical aspects 
of the oscillatory dynamics to the NMR relaxation times. 

Using Chandrasekhar's solution of the Langevin equation 
for a damped harmonic oscillator in equilibrium with a heat 
bath (Chandrasekhar, 1943), Szabo (1984) obtained the 
correlation function 
( eiafJ(0)e-ia'8(z) ) = 

a2 + a R  - 2a~ ' e -~ '  

(19) 

where p = (A2 - wT2)'I2 and the damping constant X = {/2I 
in which l i s  the Stokes friction constant. The friction constant 
can be related to a diffusion constant by the Einstein relation, 
D = k B T / l .  Even though the system is damped, the oscillator 
frequency, wT, is related to the mean-square amplitude and 
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moment of inertia, I ,  by the classical equipartition relation in 
eq 6 (Chandrasekhar, 1943). The desired second-order cor- 
relation function is obtained as a small-angle approximation 
of eq 19 by expanding the exponentials on the left-hand side 
to first order in e(0) and e ( t )  and that on the right-hand side 
to first order in (e2).  The result is 
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( e ( O ) e ( t ) )  = (d2)e-X' 

which can be compared directly with the purely diffusive model 
in eq 16. Note that for an underdamped oscillator, wT > A, 
p is imaginary, and the correlation function has a coherent 
oscillation. In the limit of weak damping, eq 20 decays with 
a time constant of 1 /A, whereas in the limit of strong damping 
the time constant is ( e 2 ) / D  and eq 20 is nearly equivalent to 
eq 16. The fast-limit spectral density is 

J ,  = 3 ( e 2 ) ( ~ / ~ : )  (21) 

It is interesting to note that eq 21 is equivalent to the result 
of Woessner and Gutowsky (1963) in the limit of high tem- 
perature if the reciprocal of the classical damping constant 
is equated to their definition of an average lifetime for a 
vibrational state. Whereas eq 17 results from a Lorentzian 
spectral density centered at zero frequency, eq 21 comes from 
a spectral density centered at the oscillator frequency and has 
the expected features that J ,  or the relaxation rate is inversely 
proportional to the square of the oscillator frequency and 
proportional to the damping constant. In the limit of no 
oscillator damping (large diffusion constant or small friction 
constant), the spectrum is a 6 function centered at wT, which 
is widely separated from the NMR frequency and thus induces 
no NMR transitions. The damped oscillator result, eq 21, is 
more readily compared to both the observed experimental 
results of this paper and the diffusion-only result, eq 17, by 
using eq 6 and the definitions of D and A. The result is 
equivalent to the diffusion expression for J,, eq 17, with a 
slightly different correlation time. 

1 / 7  = D / ( e 2 )  (22) 

Thus, in  the limit of rapid, small-angle, and damped oscilla- 
tions, the effect of the restoring force on the NMR relaxation 
is accounted for in terms of its effect on the mean-square 
amplitude; a feature that is included by assumption in the 
restricted diffusion model. 
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