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Abstract: Deuterium NMR spectra of polycrystalline [tyrosine-3,5-*H2] [Leus]enkephalin show that the aromatic tyrosyl ring 
of this pentapeptide is executing 180' flips about the Cfl-C' axis in the solid state. Specifically, the axially symmetric powder 
pattern observed at low temperature collapses to an axially asymmetric pattern with TJ 0.6 at high temperature. Computer 
simulations of the NMR line shapes, which account for spectral distortions induced by the quadrupole echo technique, indicate 
that at room temperature the flipping rate is approximately 5 X IO4 s-* and that it increases to about lo6 s-I at 101 "C. 

In the past few years it has become apparent that solid-state 
N M R  spectra can be employed to investigate the rate and 
mechanism of molecular reorientation processes in solids, and there 
are now several examples in the literature which demonstrate this 
point."" To date these studies have focussed on small crystalline 
molecules, but the techniques are equally applicable to large 
molecules such as peptides and proteins, where they can be used 
to obtain information on phenomena such as the motion of amino 
acid side chains. As part of a study of side-chain reorientation 
in peptides and proteins by solid-state NMR, we report here an 
investigation of the motion of the aromatic tyrosine ring in 
polycrystalline [Le~~jenkephalin. Specifically, the 2H NMR 
powder line shapes of [ tyrosine-3 ,S2H2] [ LeuS] enkephalin show 
that the tyrosyl group is not rigid, but instead is executing jumps 
of 180' about the Co-Cc axis of the aromatic ring. At room 
temperature the jump rate is approximately lo4 s-l and inceases 
to about IO6 s-' at  101 O C .  

[Le~~lenkephalin is a natural pentapeptide with the sequence 
Tyr-Gly-Gly-Phe-Leu which has been chemically labeled with 
[3,5-ZH2]tyrosine for this study as is depicted in Figure 1. The 
peptide is of considerable interest because of its structural similarity 
to opiate agonists. Theoretical and experimental evidence from 
solution measurementsl2 reveal that enkephalin may exist in a 
relatively rigid conformation in which the phenyl and tyrosyl rings 
are separated by a distance similar to that of opiates, so that these 
groups may participate in binding to the receptor. [Leus]enke- 
phalin has been crystallized, and its structure determined;l3-l5 the 
X-ray studies have suggested that the orientation of the tyrosyl 
side chain is not unique, the ring experiencing disorder of either 
a static or dynamic nature. Because of the possible existence of 
dynamic disorder, and because N M R  can detect this type of 
disorder and reveal the details of its nature, a solid-state N M R  
investigation of [Leus]enkephalin appeared promising. 
Experimental Section 

~~-[3,5-2H,]Tyrosine was purchased from Merck, Sharpe, and 
Dohme (St. Louis, Mo.). The DL form was resolved by treatment of the 
N-trifluoroacetyl derivative with carboxypeptidase A to yield the L isomer 
of the free amino acid. The latter was used to synthesize [Leus]enke- 
phalin by the procedure reported previously.12 The 2H labeled peptide 
was recrystallized from ethanol. 

Samples for the NMR experiments typically consisted of approxi- 
mately 50 mg of the 2H-labeled peptide and were placed in vacuum- 
sealed glass tubes. The ZH NMR spectra were obtained on a home-built 
spectrometer operating at 45.1 MHz for 2H, using a quadrupole echo 
pulse seq~encc . '~~ '~  The r / 2  pulse width was 2-2.5 ps and the T value 
in the echo experiment was 30 ps. In order to ensure that the line shapes 
we obtain are accurate, we have found it necessary to employ quadrature, 
rather than single sided, phase detection. With the latter method gross 
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asymmetries in the line shapes arising from misadjustment of the echo 
experiment can be masked by the spectral folding process. Methods for 
adjusting the experiment have been described elsewhere.l* 

Results and Discussion 
Dynamic disorder or motion of an aromatic ring could manifest 

itself in rotation about two bonds (Figure I), the Ca-C@ and the 
CP-CY, as well as in motion of the peptide backbone. Of most 
importance, however, is motion about the CP-CY bond, which 
results in rotation of the tyrosyl ring about the CP-Cf axis which 
is parallel to the Y axis of the Cartesian coordinate system in 
Figure 1. If surrounding groups are densely packed and inflexible, 
this motion might be. limited to small-angle torsional oscillations. 
However, if this is not the case, then the ring might execute 
continuous diffusion about the Y direction, or alternatively it could 
execute 180' jumps between the two symmetric positions of 
minimum energy. We now consider the 2H N M R  line shapes 
which result from these cases-rigid lattice, continuous diffusion, 
and 180' jumps-and we will see that they are quite different 
and offer a means to clearly distinguish among these possibilities. 

The quadrupole coupling constant ($qQ/h) for a deuteron on 
an aromatic ring is about 176 kHz and TJ, the asymmetry pa- 
rameter, is nearly zero.I9 Thus, if the ring is rigid an axially 
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Figure 1. The tyrosyl side chain of [tyro~ine-3,5-~H~] [Leu'lenkephalin 
illustrating the two CD bond vectors and a Cartesian coordinate system 
where X is perpendicular to the plane of the ring, Y is parallel to the 
C,&, axis (the ring axis), and Z lies in the plane of the ring, perpen- 
dicular to these directions. The unique component of the rigid-lattice 
tensor is along the CD direction. For continuous diffusion about C,&, 
the Y direction corresponds to the unique axis of the axially symmetric 
motionally averaged tensor, while for discrete 180' jumps about C,-C, 
the principal values of the axially asymmetric q = 0.6 tensor appear along 
the X,Y,Z directions. 
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Figure 2. Theoretical 2H NMR line shapes for [3,5-2H2]tyrosine. (A) 
Rigid lattice spectrum exhibiting a splitting between perpendicular edges 
of D = 135 kHz. (B) Spectrum resulting from fast continuous diffusion 
about the Y axis with a splitting between perpendicular edges of Dl8 = 
17 kHz. (C) Axially asymmetric spectrum arising from fast 180' jump 
diffusion about C,-C,. The principal values of this spectrum are Vzz 
= 5014, Vu = -D, and V, = -014 yielding 7 = IV, - V J / V z z  = 
0.6. 

symmetric powder pattern with a splitting between the perpen- 
dicular edges, A u Q ~ ,  of D = (3e2qQ/4h) = 135 kHz would be 
observed. This is shown in Figure 2A. In the limit of fast 
continuous diffusion or of fast but small angle jump d i f f u s i ~ n ~ ~ ~ ~  
about the ring axis the spectrum is narrowed substantially. The 
unique axis of the rigid lattice electric field gradient tensor, y1, 
is along the CD bond and, for the 3,5 positions of the tyrosyl ring, 
makes an angle of 60' with respect to the diffusion (Y) axis. Fast 
continuous diffusion always results in an axially symmetric, 
motionally averaged tensor with the unique axis coincident with 
the diffusion axis.21 The separation between the parallel edges 
of the motionally averaged pattern is 

= (%)(3 COS' 6 - 1)ql = D(3 cos2 6 - 1) 
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Figure 3. (A) Experimental 45.1 MHz 2H quadrupole echo spectra of 
polycrystalline [~yrosine-3,5-~H~] [Le~~lenkephalin as a function of tem- 
perature. A 55" sample required 30000-50000 scans, the u/2 pulse 
width was 2-2.5 ws and T in the echo experiment was 30 ps. The recycle 
delay at -20 'C was 4 s and for the other spectra 1 s. Quadrature phase 
detection was employed. (B) Simulations of the spectra using a 180' 
rotational jump model including corrections for power roll off and for 
intensity distortions produced by the quadrupole echo. The jump rate 
at each temperature is indicated in the figure. (C) Line shapes at the 
same jump rate but without the echo distortion corrections. Note the 
dramatic differences between the corrected and uncorrected spectra in 
the intermediate exchange region (25 and 68 'C). 

where the superscript R denotes the rotationally averaged splitting. 
Vi, = eq is the unique component of the rigid lattice axially 
symmetric electric field gradient tensor, and 0 is the angle between 
the diffusion axis and VI. For the case of interest here (e = 60') 
A U Q ~ ~  = -D/4, which amounts to 34 kHz. Correspondingly the 
perpendicular edges of the pattern, which are easier to observe 
experimentally, are separated by D/8 = 17 kHz. The approximate 
order of magnitude narrowing for this case, which is illustrated 
in Figure 2B, is due to the fact that the CD bond vector, and thus 
ull of the rigid lattice tensor, is near the "magic angle" with respect 
to the diffusion (Y) axis.20~21 
In contrast, fast discrete reorientation by 180' flips results in 

a dramatically different spectrum whose shape and breadth are 
easily understood. Since the two ring orientations are equally 
probable, the motionally averaged tensor will have components 
along the X,Y,Z coordinate system shown in Figure 1 .  The 
splitting perpendicular to the plane of the ring ( X )  is unaffected 
by the motion and remains Au = -D whereas the splitting along 
the jump (Y) axis is that ca lcg ted  above, AUQW = -D/4. Since 
the tensor must remain traceless, the third component ( Z )  must 
be = 5D/4.'l Thus, fast discrete reorientation yields an 
axially asymmetric spectrum (7 = 0.6) with a breadth about half 
that of the rigid lattice pattern and the central portion of the 
spectrum yields peaks which are 34 kHz rather than 17 lcHz apart 
as in the case of continuous diffusion. A theoretical line shape 
for fast 180' discrete reorientation is shown in Figure 2C and is 
easily distinguishable from the rigid limit and continuous diffusion 
spectra. 

Note that a 180' flip of an aromatic ring results in a 120' 
change of the *H tensor orientation and yields the spectrum of 
Figure 2C. However, because magnetic resonance tensors are of 
rank two, an equivalent spectrum would result from a mechanism 
which produced a 60' change in the 2H tensor orientation. In 
general in the type of experiments described here, it is not possible 
to distinguish jumps by 0 from those by 180 - 6. However, sirice 
the Tyr side chain has approximate Cz symmetry, a 60' jump does 
not appear physically plausible. 

In Figure 3A are shown a set of 2H spectra obtained with a 
quadrupole echo pulse sequence16 from a sample of [tyrosine- 
3,5-'H2] [Leu5]enkephalin a t  temperatures between -20 and 101 
'C. The recycle delays and other relevant parameters needed to 
obtain the spectra are given in the caption for Figure 3. It should 
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be pointed out that in a truly rigid solid TI can be very long 
(minutes or even hours) and it would be easy to saturate signals 
from any rigid component, particularly in the -20 and 25 OC 
spectra, if it is present. Accordingly we have checked that the 
experimental line shapes shown in Figure 3A do not change when 
longer recycle delays are employed. The fact that the -20 O C  
spectrum could be obtained with a 4 s recycle delay is itself an 
indication that there is some motion present. In addition, ex- 
periments on other flipping aromatic rings suggest that Tl's for 
spectra like those shown in Figure 3A range from approximately 
1 s to 0.1 s.22 

Because of the breadth of 2H spectra (- IOs Hz), an echo 
technique is required to avoid effects such as receiver overload 
and acoustic probe ringing which would otherwise prevent ob- 
servation of 2H powder line shapes.17 However, in a chemically 
exchanging system an echo pulse ulse sequence can introduce 

computer simulations of Figures 3B and 3C where we compare 
theoretical spectra obtained with a Bloch decay (Figure 3C) and 
with a quadrupole echo (Figure 3B). The physical origin of this 
spectral distortion and the differences between these sets of 
theoretical spectra will be discussed below. The theoretical spectra 
shown in Figure 3 have also been corrected for power roll off due 
to the finite radiofrequency pulse widths used in the experiments." 

At -20 O C  the experimental spectrum is axially symmetric with 
a splitting of 135 kHz between perpendicular edges, in agreement 
with the rigid lattice value of the quadrupole coupling of [3 ,5-  
2Hz] tyrosine. Simulation of this spectrum indicates that any ring 
flip occur with a rate of less than lo3 s-l. Moreover, the spectrum 
a t  101 OC resembles the fast exchange spectrum of Figure 2C 
(or 3C), indicating that at this temperature the ring is undergoing 
jumps at  a rate of approximately lo6 s-l. Note that in this ex- 
perimental spectrum the -014 = 34 kHz splitting is evident, as 
well as the shoulders yielding splittings of -D = 135 kHz and 5014 
= 169 kHz. The observation of these distinct spectral features 
provides convincing evidence that the tyrosyl ring is undergoing 
discrete 180° flips rather than continuous (or small angle jump) 
diffusion about the CB-C? axis. 

At intermediate temperatures, 25 and 68 OC, which correspond 
to the intermediate exchange region, the spectra contain features 
of both the high- and low-temperature spectra. The 34-kHz 
splitting is apparent as well as the 135-kHz component, and the 
34-kHz component grows in intensity with increasing temperature. 
Simulation of these experimental line shapes, without accounting 
for the fact that they were obtained with a two-pulse quadrupole 
echo, yields line shapes such as those shown in Figure 3C, which 
are clearly different from those observed experimentally. The 
physical origin of this spectral distortion effect, observed at  25 
and 68 OC, is the fact that the motional correlation times are of 
the same order as the reciprocal of the anisotropic spin interactions 
for some crystallite orientations, and as a consequence the effective 
T2 is anisotropic.2s In particular, for crystal orientations which 
correspond to the magnetic field being perpendicular to the ring 
plane or along the ring axis (the X o r  Ydirections, respectively), 
Tz is relatively long, since the flipping motion does not modulate 
the quadrupole coupling. Thus, for these orientations the spins 
are always in the fast exchange limit. Conversely, for crystal 
orientations corresponding to Ho being aproximately parallel or 
perpendicular to the CD direction, T2 can be. very short, because 
a ring flip results in the splitting changing from 5, = -2V, to - V+ or vice versa. Now, if the exchange rate is in the inter- 
mediate regime, and an echo pulse is applied after a time 7, then 
magnetization from those regions where T2 < T will not be com- 
pletely refocussed. Fourier transformation starting at the echo 

another type of spectral distortion P, and this is illustrated in the 
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peak will then lead to spectra with apparent intensity anomalies, 
such as are observed at  25 and 68 "C in Figure 3A. 

In Figure 3B we show simulations of the experimental spectra 
resulting from a computer programz6 based on the calculations 
of Spiess and SillescuZ3 which accounts for these echo distortions, 
and a comparison of these simulations with the experimental results 
shows good agreement between the two. Note that intensity loss 
in the intermediate exchange region is most pronounced in the 
spectral region between D l 2  and Dl8 and -D/8 and -012 and 
to a lesser but nevertheless perceptible extent between *D/8.  This 
is the expected behavior since these regions of the powder spectrum 
correspond to those where dephasing of the spins due to the 
exchange process is maximal. Note also that even at  101 OC the 
exchange rate does not completely satisfy the fast limit condition, 
since there remains some difference between the Bloch decay and 
quadrupole echo simulation. In fact, fast limit spectra are not 
observed until the hopping rate exceeds lo7 s-' because of the echo 
distortion. 

The experimental spectra in Figure 3 were obtained on heating 
the sample from -20 to 101 OC, and equilibration to a particular 
line shape occurs well within the time necessary to acquire the 
spectrum. However, when the sample is subsequently cooled, for 
example from 100 to 40 OC, a spectrum resembling a fast exchange 
spectrum is observed, which over an extended period (>24 h) 
converts to the original spectrum observed at  that temperature. 
This spectral hysteresis suggests that [Leu5]enkephalin crystals 
exist in a different form at  high temperatures which may be 
supercooled. The temperature dependence of the tyrosine jump 
rate, together with studies of the motion of the Phe and Leu side 
chains and the peptide backbone, could reveal details of the 
changes in structure of the enkephalin crystal with temperature. 
Nevertheless, the rate constants obtained from the simulations 
of Figure 3 can be used to estimate an effective activation energy 
for the tyrosyl ring flips for the two forms of enkephalin, and we 
find E, = 9.8 kcallmol. This is lower than that determined for 
tyrosine ring flips in solution from 'H spectra of proteins. For 
example, in ferrocytochrome c and in bovine pancreatic trypsin 
inhibitor (BPTI) activation energies of -20 kcallmol and N 15 
kcallmol, respectively, were measured.27 But we note that in 
BPTI there are other aromatic rings which exhibit quite different 
behavior. For example, one phenylalanine ring is immobile up 
to 80 OC and four other tyrosine and phenylalanine rings are in 
fast exchange over the entire temperature range (4-80 "C) ac- 
cessible to solution lH experiments. These rapidly moving rings 
likely exhibit lower activation energies. 

Conclusions 
In summary, the *H N M R  spectrum of [ tyro~ine-3 ,5-~H~]-  

[Le~~lenkephal in  transforms from an axially symmetric rigid 
lattice spectrum a t  -20 O C  to an axially asymmetric spectrum 
at  101 OC with Q N 0.6. At intermediate temperatures, where 
the exchange rate is comparable to the reciprocal of anisotropic 
spin interactions, the spectra exhibit intensity distortions which 
arise from the fact that they were obtained with a two-pulse 
quadrupole echo. The shape and breadth of these spectra clearly 
exclude the presence of rigid tyrosyl aromatic rings or the pos- 
sibility that the rings are diffusing continously or in small-angle 
j u m p  about the ring axis. Spectral simulations assuming a model 
of 180' jumps about the ring axis agree well with the experimental 
results and provide convincing evidence that this is in fact the 
primary mode of motion of the tyrosyl ring. 

Note Added in hoof. Since submission of this paper two other 
investigations of aromatic ring motion in amino acids and proteins 
have a ~ p e a r e d . ~ ~ J ~  These reports differ from the present study 
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in that the spectral distortions induced by the quadrupole echo 
were not considered. In both of these papers it was stated that 
fast limit spectra are observed when the hopping rate exceeds - lo5 
s-I. The spectra in Figure 3 above illustrate that because of echo 
distortions rates 110’ s-l are required to obtain such spectra. It 
is also clear from Figure 3 that echo distortions lead to inter- 
mediate exchange spectra with “pseudo”-rigid-lattice features- 
e.g., both strong perpendicular edges as well as a fast limit-D/4 
splitting-and the distorted line shapes appear to be (but are not) 
a superposition of mobile and immobile rings. It is possible to 
obtain reasonable simulations of such spectra by superimposing 
rigid lattice (Figure 2A) and fast limit (Figure 2C) line shapes 
in varying proportions, implying that both mobile and immobile 

rings are present. This procedure was recently employed to analyze 
the 2H spectra of phenylalanine side chain labeled bacterio- 
rhodopsinB and is incorrect. We find that the ZH spectra for both 
crystalline phenylalanine-d5.HC1 and phenylalanine-d5 labeled 
bacteriorhodopsin can best be simulated by assuming a single jump 
rate for all rings, and that the “pseudo”-rigid-lattice features result 
from echo distortions.22 
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Abstract: Metastable C4H80+- ions obtained from butanoic acid and ethyl butanoate undergo considerable y-hydrogen exchange 
prior to losing ethylene, but little exchange prior to losing methyl. Therefore the two fragmentations are not directly competing, 
contrary to the general assumption that all reactions of an ion in the gas phase are competitive. It is concluded that metastable 
butanoic acid ions which lose methyl isomerize essentially irreversibly to CH3CH2cHC(OH)2+ and/or CH3CH(eH2)C(OH)f 
before the y-methyl becomes exchanged. This accounts for the difference between y-hydrogen exchange prior to the loss of 
methyl and ethylene without invoking isolated electronic states, as previously proposed. Butanoic acid ions generated by the 
McLafferty rearrangement of butanoate esters have a much weaker metastable loss of ethylene than directly ionized butanoic 
acid. Collisional activation experiments demonstrate that this results from more of the butanoic acid ions derived from ethyl 
butanoate than from butanoic acid isomerizing prior to collision. Variation in internal energy probably causes this difference 
in degree of isomerization with the source of the ion. 

Metastable butanoic acid ions in the mass spectrometer lose 
the y-methyl with very little hydrogen exchange, while ethylene 
lost containing the same carbon is highly exchanged.’ Therefore, 
the two decompositions must occur from different populations of 
ions. This is surprising, since both fragmentations take place from 
ions with the same initial structure, and all metastable decom- 
positions occur in approximately the same time frame. The ap- 
parent lack of competition between the losses of methyl and 
ethylene is of interest because it is generally assumed that the 
fragmentations of a given ion at a given internal energy are directly 
competing.z For this reason, decomposition from different 
electronic states has been proposed to account for the difference 
in the degree of exchange accompanying the two metastable 
decompositions.*a 

It has previously been concluded from the decomposition 
patterns of deuterium-labeled ions that the metastable butanoic 
acid ion loses ethylene by the McLafferty rearrangement, the 
y-methyl following what appeared to be a 1,3-hydrogen shift to 
form CH3CH2CHC(OH)2+, and methyl containing the a-hy- 
drogens (Scheme I).Iv3 Symmetry-forbidden 1,3-h drogen shifts 

Ib unusual. At higher energies, methyl loss occurs following 
transfer of a &hydrogen to oxygen and transfer of an a-hydrogen 
to the 8-carbon (Scheme I, path Ia).I 

are generally unfavored processes in gaseous ions, 1 making path 
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