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The phenyl ring dynamics of [2H5]Phe4-labeled Leu5- and Met5-enkephalin molecules in crystals grown from
four solvents were examined using solid state2H NMR spectroscopy.2H NMR powder patterns clearly indicated
the presence of 180° flip motions about the Câ-Cγ bond axis of the phenyl rings. Frequencies of the 180°
flip motions were estimated to be 5.0× 103, 3.0 × 104, and 2.4× 106 Hz for Leu5-enkephalin crystallized
from H2O, methanol/H2O, andN,N-dimethylformamide (DMF)/H2O, respectively and 1.0× 104 Hz for Met5-
enkephalin crystallized from ethanol/H2O at ambient temperature. The difference of the frequencies for the
motion was attributed to the manner of their moleculer packing in the crystals as determined by X-ray
diffraction. Because the correlation times determined from the2H spin-lattice relaxation times (T1

D values)
were much shorter than those of the 180° flip motions, it was shown that the phenyl rings of these four
crystals have small-amplitude librations. Therefore, we concluded that theT1

D values were dominated by the
librations, even for the ring deuterium. These motions became slower at lowered temperatures and caused the
change of the peak intensities and increased quadrupole splittings which were observed in each2H NMR
spectra. Isotropic sharp signals due to naturally abundant solvent molecules were observed at the center of
the 2H NMR spectra. The stepwise loss of the signal intensity was interpreted in terms of differential
temperatures of freezing of motions of both bound water or organic solvent and the mixed solvent as the
temperature was lowered, consistent with the buildup of solvent peaks in the13C CP-MAS NMR spectra. It
is suggested that there are a number of bound mobile solvent molecules in the crystals and the freezing of the
solvents causes considerable changes in the conformations and dynamics of enkephalin molecules.

Introduction

Enkephalins are endogeneous morphine-like neuropeptides
and have primary structures of Tyr1-Gly2-Gly3-Phe4-Leu5 (Leu5-
enkephalin) and Tyr1-Gly2-Gly3-Phe4-Met5 (Met5-enkephalin).1

The first four amino acids are commonly found in the N-terminal
region of the opioid peptides that bind to three types of opioid
receptors (µ, δ, κ) consisting of seven transmembrane helices.2-4

Conformational studies for enkephalins or a number of ana-
logues have been performed by X-ray diffraction or solution
NMR studies to understand the structure-function relationships.

Leu5- and Met5-enkephalin molecules do not take a unique
secondary structure in H2O.5-7 In dimethyl sulfoxide (DMSO)
solution, Leu5-enkephalin forms the type Iâ-bend structure at
the Gly3-Phe4 moiety,8 whereas Met5-enkephalin is in equilib-
rium between the extended and folded conformations which are
stabilized by intramolecular attraction.5 In the presence of
sodium dodecyl sulfate (SDS), Met5-enkephalin forms a type
IV â-turn structure stabilized by hydrophobic interactions
between the aromatic rings of side chains in Tyr1 and Phe4.6

X-ray diffraction studies have revealed the existence of poly-
morphs depending upon the mother liquor used for crystal

growth, namely, the degree of hydration. Although the backbone
conformation of the solid structure is classified into three types
such as singleâ-bend,9,10doubleâ-bend,11 or extended forms,12-15

there were a variety of torsion angles of the backbones in the
same type of structures. It is currently not well understood which
structure is close to an active form or a binding form to the
specific receptors.

It has been reported that opioid peptides to be bound to these
receptors are required to have a positive charge of amino
nitrogen and a phenol group of the tyrosine residue which is
capable to form a hydrogen bonding with these receptors.2,16-18

The sequence of the first three residues in opioid peptides is
called as themessage componentson the message-address
concept which was originally described as the recognition
elements of peptide hormones.17 Three types of receptors
recognize selectively the specific sequences followed by the
Gly3-Phe4 moiety of ligand molecules that is proposed as the
address components. For the address components, the aromatic
ring of phenylalanine which can have aπ-π contact with the
aromatic residues of its receptor side is considered to be required
for their activity. It is, therefore, important to characterize the
flexibility of these aromatic rings of enkephalin molecules to
understand how these peptides are bound to a specific site of
their receptors in vivo.
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In our previous paper, we have investigated the structure and
dynamics of the backbone and side chains for enkephalin taking
a variety of polymorphs by13C and 15N CP-MAS (cross
polarization-magic angle spinning), REDOR (rotational echo
double resonance) NMR, and relaxation studies.19,20It has also
been shown that these enkephalin molecules in the crystals are
highly flexible and sensitive to the state of solvent molecules
and that the conformations or dynamics of peptides vary
depending on the condition of crystal growth.20a In the freshly
prepared crystals, the side chains such as the methyl groups of
leucine or methionine undergo rapid rotational motions about
the 3-fold axes, and tyrosine and phenylalanine rings have a
kind of motion of the same order with the proton decoupling
frequency (47-54 kHz).20a In the dried form of the crystals,
however, these local motions were substantially reduced.19,20a

The extent of the reduced peak intensities by this interference
with the proton decoupling frequency was not always the same
for the samples examined. In addition, the mode and frequencies
of the motion in tyrosine and phenylalanine rings were not
determined separately because the broadened carbon signals of
the rings obscure the individual resonances.

Solid-state 2H NMR spectroscopy for deuterium-labeled
samples provides detailed information on molecular motion with
the frequency range from 103 to 106 Hz as well as the
characteristics of the motion such as a free rotation or a 180°
flip motion of the phenyl ring about a symmetry axis.21 So far,
the molecular dynamics of the phenyl rings of Phe residues in
solids has been extensively investigated by2H NMR spectros-
copy for amino acids, polypeptides, and proteins.22-25 As for
the enkephalin crystal, it turned out that the tyrosine rings have
a 180° flip motion with a frequency of 5× 104 Hz at room
temperature for the [3,5-2H2]Tyr1-labeled Leu-enkephalin crys-
tallized from ethanol by2H NMR spectroscopy.26 On the other
hand, a fairly slow 180° flip motion of the tyrosine ring of Leu-
enkephalin with a frequency of 1.3× 102 Hz was observed in
the dried form of the crystals grown from methanol/H2O by
2D-exchange NMR spectroscopy.19 These observations suggest
that the degree of motion depends on the environment of the
enkephalin molecules such as crystalline packing and the state
of the bound solvents.

In the present study, we have examined the motion of
phenylalanine rings of [2,3,4,5,6-2H5]Phe4-labeled Leu5- and
Met5-enkephalins in the crystals grown from several kinds of
solvents utilizing solid state2H NMR spectroscopy. The present
results are consistent with the previously reported data19,20a

observed from the13C CP-MAS NMR spectroscopy.

Experimental Section

Unlabeled and2H-labeled Leu5- or Met5-enkephalins were
synthesized by Fmoc chemistry on an Applied Biosystems 431A
peptide synthesizer and purified by a reversed-phase high-
pressure liquid chromatography (HPLC) after deprotection.
Fmoc amino acids were purchased from Peptide Institute, Osaka,
Japan. Fmoc phenylalanine of the deuterium-labeled ring (99%
enriched) was synthesized by the reaction of 9-fluorenylmethyl
N-succinimidyl carbonate (Fmoc-Osu, from Peptide Institute,
Osaka, Japan) with [2H5]phenylalanine (from CIL, Andover,
MA) following the method of Paquet.27 These peptides were
crystallized from four kinds of solvent compositions, after
neutralization of the saturated aqueous solution with 1 or 0.5 N
KOH solution. Sample1 (Leu5-enkephalin; trihydrate11) was
obtained by slow evaporation of the aqueous solution. Sample
2 (Leu5-enkephalin; monohydrate9) was crystallized by cooling
the equimolecular solution (H2O/methanol) 1:1) at 4 °C.

Sample3 (Leu5-enkephalin; 2H2O, 2N,N-dimethylformamide;
DMF, X (unspecified solvent)12) was obtained from the solution
(H2O/DMF ) 3:2) by slow evaporation. Sample4 (Met5-
enkephalin; 5.5H2O13) was obtained by cooling the equimo-
lecular mixture of ethanol and water at 4°C. An amount of 60
mg of crystalline sample thus obtained was placed in 5 mm
o.d. glass NMR sample tubes for2H NMR measurements and
a zirconia rotor for13C CP-MAS measurements sealed with
Araldyte (Ciba-Geigy) to prevent evaporation of the mother
liquor.

2H NMR spectra were recorded on a Chemagnetics CMX
400 NMR spectrometer at the2H resonance frequency of 61.4
MHz equipped with a wide line single resonance probe of a
transverse solenoid coil for a 5 mmo.d. sample tube.2H NMR
spectra were obtained using a quadrupole echo pulse sequence
(90°-τ-90°-τ-echo).28-30 Echo signals were collected using
a sample rate of 500 ns/point with CYCLOPS phase cycling to
avoid spectral distortion. Probe matching was carefully adjusted
to give a symmetrical line shape. The delay times (τ ) 30, 60,
90, or 120µs) between the two pulses for the echo sequences
and 30µs were used for experiments forτ and temperature
variations, respectively. Theπ/2 pulses were 2.0-3.0 µs and
the recycle delay was 500 ms or 1 s. The time domain data
were left-shifted to the echo maximum, and Lorentzian line
broadening of 1 kHz was applied to the spectrum prior to Fourier
transform. Spin-lattice relaxation times of deuterium nuclei
(T1

D) were measured by means of an inversion-recovery pulse
sequence combined with the quadrupole echo sequence (180°-
t-90°-τ-90°-τ-echo). The pulse spacingτ was 30µs, and
the spectra of six different delay times (t) were usually measured.
The T1

D values were evaluated by a nonlinear least-squares
regression method forM0[1 - 2 exp(-t/T1)] using the six peak
intensities.13C NMR spectra were recorded at the resonance
frequency of 100.6 MHz using a double-resonance MAS probe
for a 5 mmo.d. rotor. The method of CP-MAS combined with
a TOSS (total suppression of spinning sidebands) pulse se-
quence31 was used. Theπ/2 pulse lengths for carbon and proton
nuclei were 4.6-5.3 µs, the contact time was 1 ms, and the
recycle delay was 4 s. A1H decoupling field of 47-54 kHz
was used, and the rotor spinning speed was controlled to 4000
( 3 Hz. 13C chemical shifts were referred to TMS through that
of the carbonyl group (176.03 ppm) of crystalline glycine.2H
NMR and 13C CP-MAS spectra were recorded at 20-25 °C.
Temperatures between 0 and-140°C were controlled by using
a cryostat based on liquid nitrogen. The probe temperatures were
measured at the inlet temperature of the spinner assembly after
waiting 10 min for equilibration. The numbers of acquisitions
were varied from 1600 to 8000 for2H NMR experiments and
from 300 to 1200 for13C CP-MAS NMR experiments, until
theS/N ratio was more than 24 for2H NMR spectra and 26 for
13C CP-MAS spectra. Spectral simulation for the deuterium
NMR line shape was performed by using a two-site jump model
between the C-D bond angle (2Θ) of 120° through the Internet
site.32

Results

Figure 1 (left) shows2H NMR spectra of a variety of [2H5]-
Phe4-labeled Leu5- or Met5-enkephalin crystals (1-4). The
isotropic signals appearing at the center of the spectra are
attributed to the bound solvent molecules of natural abundance
in the polycrystalline enkephalins. It turned out from the spectral
patterns that the phenyl rings undergo a 180° flip motion about
the Câ-Cγ axis, and their frequencies for samples1-4 were
estimated as 5.0× 103, 3.0 × 104, 2.4 × 106, and 1.0× 104
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Hz, respectively, by comparing them with the simulated2H
NMR line shapes for the aromatic rings as a function of the
flipping rate. The best-fit spectra on the right-hand side of Figure
1 were obtained by adding the spectra of ortho and meta
positions with the 180° flip frequencies mentioned above to that
of the para position without flip motion (Θ ) 0°) with the
intensity ratio of 4:1. The resonances arising from the perpen-
dicular components (highest doublet peaks) were broadened for
all samples, which was due to the presence of the small
asymmetry parameters,η, of 0.02 and 0.05 for sample1 and
samples2-4, respectively.

Figure 2 illustrates the powder patterns obtained for the pulse
intervals (τ) of 30 and 120µs. A set of experimental and
simulated spectra containing those ofτ ) 60 and 90µs are
summarized in Figures 1S and 2S of the Supporting Information.
As the interval was increased, the intensities of the spectra of
samples1 and 2 were decreased. For sample4, only the
perpendicular resonances were observed at the interval of 120
µs (Figure 2D). Spectral calculation was performed for the case
of τ ) 120µs (as shown on the right-hand side of Figure 2). A
large discrepancy was noticed for sample4, although good
agreement with the calculated spectra was seen for samples1-3.
To examine the effect of heterogeneity in the 180° flip
frequencies of the phenyl ring, we have superimposed calculated
line shapes for sample4 for various correlation times weighted
by a log-Gaussian distribution function,P(log τc) with the
standard deviationσ ) 1.0, 1.5, or 2.0 decades (Figure 3S of
the Supporting Information). As demonstrated in spectrum 2
of Figure 2D (τ ) 120 µs) for σ ) 1.0, the calculated line-
shape is not consistent with the experimental one, and the
observed discrepancy may be attributed to the presence of
librations in addition to the 180° flip motion of the phenyl rings
as is discussed later.

2H spin-lattice relaxation times of the laboratory frame (T1
D)

were measured by using an inversion recovery method at room
temperature (20-25 °C). The values obtained at the three
positions, parallel (R is the angle between the magnetic field
vector B0 and the C-2H bond ) 180°), perpendicular (R )
90°), and central (R ) 54.7°) positions, were summarized in
Table 1. We analyzed the correlation time (τc) for the case of
a 180° flip motion of the phenyl rings by using eq 1,24

It was assumed that the 180° jump motion satisfied the slow-
motional limit (ω0τc)2 . 1, which was judged from theτc values
determined by the line shape analysis.〈1/T1〉 means the averaged
T1

D value over all orientations and was evaluated experimentally
by averaging out theT1

D values at the three positions mentioned
above for one powder pattern as summarized in Table 2.ω0/2π
) 61.4 MHz is the Larmor frequency of deuterium, andωQ/2π
is the deuterium quadrupole interaction determined from the
peak splitting of the powder pattern.Θ is the angle between
the C-2H bond axis and the flip axis, and 60° was used in the
calculation. The correlation times (τc) obtained from theT1

D

values mentioned above and the correlation times of the 180°
flip motion determined by comparing the observed line shape
with the simulated one are also listed in Table 2. The frequencies
of the motions obtained from the2H line shape analysis were
1-3 orders of magnitude smaller than those from the spin-
lattice relaxation times.

2H NMR spectra were recorded at various temperatures
between 20 and-140 °C for these four samples as illustrated
in Figure 3 for samples3 and4. Those for samples1 and2 are
summerized in Figure 4S of the Supporting Information. It was
found that the 180° flip motions of the phenyl rings became
slower than 103 Hz at 0°C for samples1, 2, and4 and-100

Figure 1. (A) Observed (left) and calculated (right)2H NMR spectra
of Leu5-enkephalin crystallized from water (A), methanol/H2O (B), and
DMF/H2O (C) and Met5-enkephalin crystallized from ethanol/H2O (D).
The isotropic signal at 0 Hz is due to natural abundant solvent
molecules. Lorentzian line broadening (lb) 1000 Hz) was applied
prior to Fourier transformation. The 180° flip frequencies for the
calculations are 5.0× 103 (A), 3.0 × 104 (B), 2.4× 106 (C), and 1.0
× 104 Hz (D). The asymmetry parameters,η, for the calculations are
0.02 (A), 0.05 (B), 0.05 (C), and 0.05 (D).τ ) 30 µs was used for the
calculations.

Figure 2. Stacked2H NMR spectra recorded at various pulse duration
times (τ); (A)-(D) correspond to samples1-4, respectively. Same
parameters as Figure 1 were used for the simulation except forτ )
120µs. Spectra 1 and 2 of Figures 2D correspond to the simulated2H
NMR spectra forσ ) 0 and 1, respectively, taking into account of
log-Gaussian distribution of correlation time forτ ) 120 µs.

TABLE 1: Experimental T1
D Values (s) at Various Positions

of 2H Powder Patterns (A) and Calculated Values (B)

samples R ) 180° R ) 90° R ) 54.7°
1 (A) 0.41 ((0.13) 0.56 ((0.08) 0.72 ((0.05)

(B) 0.35 0.45 0.42
2 (A) 0.09 ((0.02) 0.16 ((0.01) 0.20 ((0.01)

(B) 0.13 0.16 0.14
3 (A) 0.065 ((0.01) 0.12 ((0.03) 0.099 ((0.01)

(B) 0.076 0.098 0.082
4 (A) 0.18 ((0.04) 0.19 ((0.03) 0.22 ((0.02)

(B) 0.15 0.20 0.19

〈1/T1〉 ) 1/5(ωQ/ω0)
2τc

-1 sin2(2Θ) (1)
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°C for sample3 because the line shapes did not show further
changes below those temperatures. When the temperature was
lowered, the intensities once increased up to-20°C for samples
2 and 4 or -50 °C for sample3, whereas that of sample1
decreased gradually at lower temperature (Figure 4). Below
those temperatures, the intensities for samples2-4 decreased
gradually. An exception was an increase of the intensity below
-100 °C as seen for sample4. The correlation times of the
180° flip motion were obtained at the temperatures 20, 10, 0,
-20, and-60 °C for sample3 by the simulation of2H NMR
spectra. These correlation times were plotted against the inverse
of temperature (K) (Figure 5) and fitted to a simple activation
law given by eq 2,24,33-35

By using a linear least-squares regression method, the activation
energy ofE ) 37.5 kJ/mol (8.96 kcal/mol) andτ0 ) 7.0 ×

10-14 s were obtained. The activation energy for samples1, 2,
and4 were not obtained from the line shape analysis of2H NMR
spectra because any spectral changes were noted below 0°C.

As the temperature was lowered, the splittings ((1.5 kHz)
of the 2H NMR spectra for samples1-4 were gradually
increased, and those observed at-100°C were larger than those
at ambient temperature by 1.0, 4.0, 4.7, and 7.8 kHz, respectively
(Figure 6). This proves that rapid librations with a small
amplitude which does not seriously perturb the2H spectral
patterns also exist in the phenyl rings in addition to the 180°
flip motions in the crystalline state. It is of interest to note that
the quadrupole splittings for sample4 monotonically increased
even at-120 °C, whereas they became constant for samples
1-3. This fact indicates that the amplitude of the librations for
sample4 is the largest and does not cease even at temperatures
as low as-120 °C.

13C CP-MAS spectra of samples1-4 were measured at
several temperatures between room temperature (20-25°C) and
-140 °C. The stacked plots for samples3 and4 are shown in
Figures 7 and 8, respectively. As observed in samples119 and
2,20 the emerging new resonances, i.e., Tyr Cε for sample3
and Met COO- for sample4, or broadening of peaks were
noticeable as the temperature was lowered. Recovery of the
signal intensities from the interference with the proton decou-
pling frequency (47-54 kHz) exihibited at room temperature
was successively observed for the aromatic resonances at lower
temperatures for samples1, 2, and4. For sample3, the peak
intensities of Phe Cδ, Cε, and Cú decreased from 25 to-40 °C
and the intensities began to recover below-40 °C, whereas
those of Tyr Cδ and Cε recovered gradually below 0°C. The
recovery for sample3 was different from those of the other
three samples. The above-mentioned spectral changes turned
out to be completely reversible (Figures 5S, 6S, and 7S for
samples2, 3, and4, respectively, in the Supporting Informa-
tion).19

The peak intensities of the solvent resonances at 0 Hz in the

TABLE 2: T1
D Values Measured by Inversion Recovery

Method (s), Correlation Times (τc; s and Hz) Determined
from T1

D Values, and the Frequencies of Flip-Flop Motions
(Hz) Determined from Line Shape Analysis of Samples 1-4
at Ambient Temperature

correlation times

samples T1
D (s) τc (s) [Hz]

flip-flop motion
(Hz)

1 0.56 3.7× 10-7 [2.7 × 106] 5.0 × 103

2 0.15 9.3× 10-8 [1.1 × 107] 3.0 × 104

3 0.095 5.6× 10-8 [1.8 × 107] 2.4 × 106

4 0.20 1.2× 10-7 [8.3 × 106] 1.0 × 104

Figure 3. Stacked2H NMR spectra of samples3 (A) and 4 (B) at
various temperatures between-20 °C and-140°C. The spectra were
obtained by accumulating 6400 and 2000 transients, respectively.

Figure 4. Plots of the percentages of the perpendicular peak intensities
at various temperatures between 20 and-140 °C, with respect to the
intensities at 20°C as 100%, respectively: (4) sample1; (0) sample
2; ([) sample3; (b) sample4. Pulse duration time was held as 1 s for
sample1 and 500 ms for samples2-4.

τc ) τ0 exp(E/kT) (2)

Figure 5. Arrhenius plot of the correlation times of the 180° flip motion
(Hz) against the temperatures for sample3.

Figure 6. Plots of the quadrupolar coupling constants (Hz) against
various temperatures between 20 and-140 °C. The plot style for
samples1-4 is the same as that in Figure 4.
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deuterium NMR spectra, which are attributed to naturally
abundant deuterium nuclei in the solvent molecules undergoing
fast isotropic motion, were decreased as the temperature was
lowered (Figure 9). The freezing points of neat or mixed solvents
such as water, methanol/water (1:1), DMF/water (1:1), and
ethanol/water (1:1) used for crystallization of samples1-4, are
0, -54.5,-49.4, and-37.6°C, respectively, and actually their
intensities were decreased gradually and stepwise not only at
around these temperatures but also at the other temperatures
by two steps for samples1-3 and three steps for sample4.

Finally, the resonances completely disappeared at-40, -130,
and-100°C, for sample1-3, respectively. Surprisingly, they
did not completely disappear even at-140 °C for sample4.

Discussion

Characterization of the Phenyl Ring Motion in the
Crystals. First we characterized the 180° flip motion of the
phenyl rings in enkephalin crystals by inspecting the13C CP-
MAS (Figures 7 and 8)19,20aand2H NMR spectra (Figure 3) at
various temperatures. From the13C CP-MAS spectra it turned
out that the phenyl rings have a motion with the frequency close
to the proton decoupling (c.a. 50 kHz) at ambient temperature.19,20a

More specific information on the 180° flip motion of the phenyl
rings at ambient temperature was determined from the simulated
2H powder patterns as summarized in Table 2. It is evident that
the frequencies of the phenyl ring motions for samples2 and4
were close to the proton decoupling frequency, whereas that of
sample1 was lower and that of sample3 was higher than the
decoupling frequency. It was therefore apparent for sample3
that the peak intensities of Phe Cδ and Cε were decreased
between ambient temperature and-40 °C in the 13C NMR
spectra because of the interference between the decoupling
frequencies and the 180° flip motion of phenyl rings. As the
temperature was lowered, the2H NMR peak intensities of each
sample were also varied as shown in Figure 4. The recovery of
the peak intensities at room temperature to those at-20 °C for
samples2 and 4 or to -60 °C for sample3 was observed
because of the recovery from the loss of quadrupolar echo
refocusing efficiency.36 The reduced intensities for samples2
and4 at temperatures below-20 °C and sample3 below-60
°C can be explained by the fact that the deuterium spin-lattice
relaxation times were longer than the pulse duration time (500
ms). As for sample1, the intensities were monotonically
decreased below ambient temperature because the correlation
time of the 180° flip motion was already long, showing that
the interference in2H NMR spectra was reduced and that the
saturation of magnetization occurred even at ambient temper-
ature because of the long spin-lattice relaxation times.

Second, we found that fast librations with a small amplitude
exists in the phenyl rings of enkephalin crystals besides the 180°
flip motion at room temperature,22-24 because the quadrupolar
coupling constants were averaged by 1-7.8 kHz at ambient
temperature and deviation was observed between the correlation
times evaluated from the2H NMR line shape and the spin-
lattice relaxation times. Furthermore, this motion mainly
contributes to the spin-lattice relaxation process because the
correlation time is the same order as the deuterium Larmor

Figure 7. Stacked13C CP-MAS NMR spectra of sample3 recorded
at various temperatures between 25 and-120 °C. The peaks marked
by × are assigned to the methyl and carbonyl signals of DMF.

Figure 8. Stacked13C CP-MAS NMR spectra of sample4 recorded
at various temperatures between 22 and-140 °C. The peaks marked
by × are assigned to the methyl and methylene signals of ethanol.

Figure 9. Plots of the percentages of the peak intensities at 0 Hz due
to the natural abundant solvent molecules, at various temperatures
between 20 and-140 °C, with reference to their intensities at 20°C
as 100%, respectively. The plot style for samples1-4 is the same as
that in Figure 4.
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frequency. If they have only a 180° flip motion, theT1
D values

of the phenyl rings for samples1-4 are estimated as 306.5,
53.7, 0.70, and 165.5 s, respectively, using eq 1 with the
correlation times obtained from the line shape analyses. Because
these values are 1-3 orders of magnitude longer than those
obtained from theT1

D measurements, it is also strongly
suggested that there exists librations in addition to the 180° flip
motion.

The change of the quadrupolar coupling constant at lower
temperature for sample4 was, however, the largest among the
four samples. It is therefore suggested that the amplitude of the
librations for sample4 is the largest. This property is supported
by the fact that the peak intensity of sample4 increased below
-100 °C after once it decreased gradually by the saturation of
magnetization. The ratio of recovery of the intensity from-100
to -140 °C (∼2.5) was larger than that obtained from the
Boltzmann distribution ratio (∼1.3). Thus, the increased intensity
for sample4 is regarded as the recovery from the interference
of the fast librations with relatively larger amplitude and
quadrupolar echo refocusing efficiency. Alternatively, it is likely
that freezing of solvent motions changed the molecular packing
in the crystal and allowed the motion of phenyl rings. This
happened for the two phenyl rings of Gly-Phe-Phe in insulin
fragments in crystals; the flipping motion was induced by the
removal of water molecules.25 The relatively large-amplitude
librations in the case of sample4 may also cause the significant
distortion of the powder pattern obtained for a long pulse spacing
in the quadrupole echo pulse sequence as shown in Figure 2.
We have also considered the distribution of correlation times
in the 180° flip. It turned out, however, that our result (spectrum
2 of Figure 2D forτ ) 120µs and Figure 3S of the Supporting
Information) is not in good agreement with the experimental
finding. Therefore, we concluded that the existence of the large-
amplitude motion rather than the distribution of correlation times
causes substantial deviation from the spectrum due to a single
180° flip motion.37

When the2H relaxation times were measured in this study, a
small anisotropy for theT1

D values was observed for all samples
(Table 1 (A)). The anisotropy for theT1

D values were calculated
using eq 324 by assuming that the C-2H bond axis of the phenyl
ring undergoes a 180° flip24 about the Câ-Cγ axis with the angle
of 2Θ andθ being the angle between the static fieldB0 and the
flip axis as summarized in Table 1 (B).

τc is the correlation time of the 180° flip motion, although the
values are obtained from the averagedT1

D values as listed in
Table 2.B0 is the magnetic field vector and is parallel to the
C-2H bond axis [R ) 180°; (Θ,θ) ) (60°,60°)], perpendicular
to the C-2H bond axis [R ) 90°; (Θ,θ) ) (60°,30°)], and
making an angle of 54.7° betweenB0 and the C-2H bond axis
[R ) 54.7°; (Θ,θ) ) (60°,5.3°)]. It is shown that the largest
T1

D values of the calculated ones are those of the resonances at
R ) 90°. In contrast, the values obtained from theT1

D

measurements showed that the maximum values were obtained
at R ) 54.7°, except for sample3. Because a large discrepancy
was obtained between the experimentally obtained and the
calculatedT1

D anisotropy, it also supports the existence of
motions other than the 180° flip of phenyl rings.

13C spin-lattice relaxation times of these phenyl rings were
measured in our previous paper.20a TheT1

C values for the Phe

Cδ, Cε, and Cú carbons were almost the same despite the
presence of the 180° flip motion which does not affect the
relaxation time for the Cú carbon. This fact indicates that the
fast motion besides the 180° flip motion is not only due to the
motion around the Câ-Cγ bond axis but also to that of the whole
rings. As for the backbone of enkephalin molecules in the
crystalline states, shorter spin-spin relaxation times (T2) of
carbonyl carbons38 and shorter spin-lattice relaxation times
(T1

C) of CR carbons of glycine for sample120a have been
reported, indicating the existence of a backbone motion. This
kind of motion may result in the librations of the phenyl ring.

Phenyl Ring Dynamics in View of Molecular Packing.It
is of interest to correlate the above molecular motions with the
manner of molecular packing in the crystals. The conformation
was determined to be a doubleâ-bend structure for sample111

and an extended structure for samples3 and 4 by X-ray
diffraction studies.12,13

The most restricted motion at the phenyl rings among the
four crystals was observed in this2H NMR study in sample1.
This crystal has been characterized as a doubleâ-bend structure
which is stabilized by the two intramolecular hydrogen bonds.11

This rather tight conformation causes the orthogonal close
contact of the Tyr and Phe residues. Two Tyr1 Cδ to Phe4 Cγ
and Cδ distances were estimated as 2.67 and 2.70 Å, respec-
tively,11 from the structure determined by X-ray diffraction.
These relatively short distances permit the phenylalanine side
chains to interact with tyrosine side chains byπ-π interactions.
Provided that the phenyl rings as anaddresssite had an
interaction with an aromatic side chain of an opioid receptor
protein,16-18 the motion would be restricted, as is observed in
sample1. This strong restriction of the 180° flip motion of the
phenyl ring has also been observed in the Gly-Phe-Phe crystals.25

In this crystal, two phenyl rings are located very close to each
other by the strong hydrophobic interaction which results in
very rigid phenyl rings in the presence of hydrated water. As
for sample1, it is of interest to notice that enkephalin molecules
are in a state of a chemical exchange between two kinds of
conformations as shown by measuring the15N NMR resonances
of amide nitrogen at ambient temperature.20aAs a consequence,
the peptide backbone undergoes a motion of the frequency of
>102Hz. This chemical exchange proved that the backbone of
enkephalin molecule is fairly flexible despite the rigidness of
the phenyl rings for sample1.

The phenyl ring of sample3 exhibits a 180° flip motion faster
than that of sample4, although the two samples were classified
as the same extended structures, antiparallelâ-sheets connected
by hydrogen bonds between molecules, by X-ray diffraction
studies.11,12Both for samples3 and4, X-ray diffraction studies
have revealed that the antiparallelâ-sheet is roughly parallel to
the crystallographicac plane with the amino acid side chains
oriented alternately above and below the plane. Thus, tyrosine
and phenylalanine side chains are located above and below the
backbone plane. The plates are stacked along the crystal-
lographicb direction with the spacing ofb/2, i.e., 12 and 9 Å
for samples3 and4, respectively. It is reasonable to consider
that the longer spacing between the plates permits the phenyl
ring to be more flexible. This is because the phenyl ring of
sample3 is more flexible than that of sample4.

An activation energy for the 180° flip motion of the phenyl
ring was measured for sample3. The energy was smaller than
those found for crystallinep-fluoro-D,L-phenylalanine below 100
°C (20 kcal/mol) and above 100°C (11.3 kcal/mol),24 tyrosyl
ring in Leu5-enkephalin crystal (9.8 kcal/mol),26 or phenyl ring
in bacteriorhodopsin (12 kcal/mol).39 Compared with these

1/T1 ) 1/8 ωQ
2 sin2(2Θ){[cos2 θ + cos2(2θ)]g(ω0,τc) +

[4 sin2 θ + sin2(2θ)]g(2ω0,τc)}

g(ω0,τc) ) τc/(1 + ω0
2τc

2) (3)
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results, the environment of the phenyl rings in sample3 is shown
to be highly flexibile.

On the other hand, the initially proposedâ-bend structure
for sample2 determined by the X-ray diffraction study9a was
latter withdrawn because further refinement of this form was
unsuccessful.9b Although it was determined recently by13C
REDOR NMR spectroscopy20b that the enkephalin molecule in
sample2 is a bend form with quite different torsion angles from
that previously reported,9a the molecular packing around the
phenyl ring in the crystals was not known. As estimated from
these2H NMR studies, however, the phenyl ring in sample2 is
not packed tightly in space with the other ones of the same
(tyrosyl ring) or other molecules compared with those of samples
1 and4 mentioned above.

Role of Solvent Molecules in the Conformation of En-
kephalin Crystals. We have ascribed the observed isotropic
signals at 0 Hz in the2H NMR spectra of the enkephalin crystals
to the natural abundant deuterium from solvents for crystal-
lization and solvated molecules in the crystals. Alternatively, it
may be worthwhile to consider the possibility of the phenyl
rings undergoing fast continuous isotropic rotational diffusion.23

The process of mobile phenyl rings in the crystals was ruled
out because the atomic positions of the phenyl rings in the
crystals have been determined with comparable thermal factors
with those of other atoms by X-ray diffraction studies.9,11-13

Then, we consider that the isotropic signals consist of the natural
abundant deuterium of solvents and the labeled deuterium of a
little amount of free [2H5]Phe4-enkephalin in the solvent.

The T1
D values of these solvent molecules for sample1-4

at ambient temperature were 0.030, 0.026, 0.005, and 0.037 s,
respectively, which were much shorter than those of the phenyl
rings, indicating that the signals are ascribed to solvent
molecules with a rapid tumbling motion. It is interesting to point
out that the intensities were decreased not only around the
freezing points of neat or mixed solvent (0,-54.5,-49.4, and
-37.6°C for water, methanol/water, DMF/water, and ethanol/
water, respectively, when they were mixed as the ratio 1:1) but
also at the other temperatures by two steps for samples1-3
and three steps for sample4. This decrease of the peak intensities
by several steps indicates that the several kinds of mobile solvent
molecules are bound in these crystals. The motion of them was
frozen gradually at different temperatures along their hydrogen
bonds networks among the solvent molecules. Furthermore, it
was noticed that13C CP-MAS resonances of the organic solvent
appeared at lower temperature than the freezing points of mixed
solvents,20awhereas they did not appear at a higher temperature
than those. Thus, the steep decrease of the isotropic2H NMR
signals due to the freezing of solvent motions can be classified
as three types as follows: (1) freezing of motions in water
molecules at around 0 to-20 °C; (2) freezing of motions in
mixed solvents at around-30 to-70 °C for samples2-4; (3)
freezing of motions in organic solvents at around-60 to-140
°C for samples2-4 that are accompanied with the appearance
of the 13C CP-MAS signals.

It is worthwhile to relate the13C CP-MAS resonances of
enkephalin molecules in the crystals to the isotropic2H NMR
resonances to reveal the role of solvent molecules in stabilizing
the conformation of enkephalin molecules. This can be done
because the13C chemical shifts reflect the conformation of
molecules and isotropic2H NMR resonaces indicate the manner
of mobile solvent molecules at various temperatures. Actually,
it was found that the changes of13C CP-MAS NMR spectra
occurred corresponding to the decrease of the isotropic intensi-
ties in the2H NMR spectra. As for the case of sample4, the

13C CP-MAS resonances for the aromatic, carbonyl, and
carboxyl carbons were broadened and the peak intensities of
aromatic resonances began to recover at-20 °C when the
isotropic peak intensity in2H NMR spectra finished the steep
decreasing as a first step (Figures 8 and 9). After the second
step of the decrease of the2H peak intensity from-30 to-50
°C which may occur by the freezing of mixed solvent molecules
(-37.6°C), a new carboxyl signal in13C CP-MAS spectra began
to appear in the lower frequency side of the carboxyl signal
observed at ambient temperature and the aromatic resonances
recovered their intensities. These results suggest that the mixed
solvent molecules which are not strongly bound to crystals play
an important role in stabilizing the conformation of enkephalin
molecules in the crystals. It is therefore appropriate to consider
that the carboxyl groups which form hydrogen bonds with a
few kinds of solvent molecules change the manner of hydrogen
bond networks as the solvent freezes. In the third and forth steps
of the decrease of the isotropic2H NMR peak, the peptide
backbone also seemed to change its torsion angles because the
splitting of two Gly CR signals spread from 1.4 to 2.2 ppm
besides the change of line shape in the carbonyl resonances.
On the other hand, the dynamics of aromatic rings is not
apparently influenced by the freezing of solvent molecules for
samples1, 2, and4. This is judged from the observation that
the splitting of the perpendicular component of the2H NMR
pattern of the phenyl ring increased monotonically rather than
stepwise as the temperature decreased. At very low temperatures,
there was a shallow basin at-60 °C in a plot of the quadrupolar
splittings against temperature for sample3 (Figure 4). This may
indicate an exception that the freezing of motions in organic
solvent causes a change of the phenyl ring dynamics. It is
therefore emphasized that the comformational change rather than
the change of phenyl ring dynamics is caused by the freezing
motions of solvent molecules. In general, we believe that
isotropic 2H NMR signals allow one to reveal answers to the
question of how the solvent molecules stabilize the conformation
of molecules in the crystals.

Conclusion

It has been proven that the phenyl rings in enkephalin
molecules in a variety of crystals undergo 180° flip motions
with different frequencies. These differences can be explained
in terms of the different manner of molecular packing in the
crystals. In addition to the 180° flip motion, small-amplitude
librations were detected in enkephalin in the crystalline states.
These librations were responsible for the mechanism of the
spin-lattice relaxation process for the ring deuterons. It is also
found that several kinds of solvent molecules are present in the
crystals and that these freeze at different temperatures. Some
of the solvents induce a local conformational change of
enkephalin molecules in the crystals. It is therefore concluded
that the flexiblity of the backbone in enkephalin molecules is
strongly influenced by the state of the solvent molecules.
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relation times weighted by a log-Gaussian distribution function
with standard deviationσ ) 1-2 (Figure 3S),2H NMR spectra
at lower temperature for samples1 and2 (Figure 4S),13C CP-
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