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The phenyl ring dynamics ofifis|Phe-labeled Le& and Met-enkephalin molecules in crystals grown from

four solvents were examined using solid stiteNMR spectroscopy’H NMR powder patterns clearly indicated

the presence of 180lip motions about the g-C, bond axis of the phenyl rings. Frequencies of the°180

flip motions were estimated to be 5:0 1%, 3.0 x 10% and 2.4x 10° Hz for LelP-enkephalin crystallized

from H,O, methanol/HO, andN,N-dimethylformamide (DMF)/HO, respectively and 1.8 10* Hz for Met-
enkephalin crystallized from ethanol®l 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 fron?kthepin—lattice relaxation timesTy® values)

were much shorter than those of the 18l motions, it was shown that the phenyl rings of these four
crystals have small-amplitude librations. Therefore, we concluded thatthealues 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 observedad BA¢R

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 ##QH@&P-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 growth, namely, the degree of hydration. Although the backbone

Enkephalins are endogeneous marphine-like neurOIOeIotidescom‘ormation of the solid structure is classified into three types
" i _ ,10 _ 11 15
and have primary structures of TyGly2-Gly3-Phe-LeLP (LelP- such as singlg-bend?**double-bend;* or extended forms;

. > 3 . there were a variety of torsion angles of the backbones in the

_T_Ekiphff“n) and TWG% -Gly -Phé—MeIt5 ]C(Met;-gn::]epﬂa;hn)% ing Sametype of structures. It is currently not well understood which

€ 1Irst four amino aclds are commoniy Tound In tN€ N-AGMMINA -~ e is close to an active form or a binding form to the
region of the opioid peptides that bind to three types of opioid o

S specific receptors.

receptors, d, «) consisting of seven transmembrane helfcés. . .
Conformational studies for enkephalins or a number of ana- 't has been reported that opioid peptides to be bound to these
logues have been performed by X-ray diffraction or solution '€ceptors are required to have a positive charge of amino
NMR studies to understand the structufenction relationships. ~ hitrogen and a phenol group of the tyrosine residue which is

Lets- and Meb-enkephalin molecules do not take a unique CaPable to form a hydrogen bonding with these receptérs®
secondary structure ing 57 In dimethy! sulfoxide (DMSO) The sequence of the first three residues in opioid peptides is
solution, Led-enkephalin forms the typefi-bend structure at ~ c@lled as themessage componené the messageaddress
the GIy?-Phe moiety8 whereas Métenkephalin is in equilib- concept which was originally described as the recognition
rium between the extended and folded conformations which are €léments of peptide hormon&s.Three types of receptors
stabilized by intramolecular attractiénin the presence of  '€cognize selectively the specific sequences followed by the
sodium dodecyl sulfate (SDS), Metnkephalin forms a type Gly3-Phée moiety of ligand molecules that is proposed as th_e
IV B-turn structure stabilized by hydrophobic interactions address componentsor the address components, the aromatic
between the aromatic rings of side chains inTgnd Phé&® ring of phenylalanine which can havera-zr contact with the
X-ray diffraction studies have revealed the existence of poly- aromatic residues of its receptor side is considered to be required

morphs depending upon the mother |iqu0r used for Crystal for the|r aCtIVIty It iS, therefore, |mp0rtant to ChaI’aCtel’Ize the
flexibility of these aromatic rings of enkephalin molecules to

t E-mail: naito@sci.himeji-tech.ac.jp. Fax81-791-58-0182. understand how these peptides are bound to a specific site of
* E-mail: saito@sci.himeji-tech.ac.jp. Fax81-791-58-0182. their receptors in vivo.
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In our previous paper, we have investigated the structure andSample3 (Lew-enkephalin; 2H0, 2N,N-dimethylformamide;
dynamics of the backbone and side chains for enkephalin takingDMF, X (unspecified solvent}) was obtained from the solution
a variety of polymorphs by*3C and 15N CP-MAS (cross (H,O/DMF = 3:2) by slow evaporation. Samplé (Met>-
polarization-magic angle spinning), REDOR (rotational echo enkephalin; 5.5K0%3) was obtained by cooling the equimo-
double resonance) NMR, and relaxation studfe®lt has also lecular mixture of ethanol and water af@. An amount of 60
been shown that these enkephalin molecules in the crystals areng of crystalline sample thus obtained was placed in 5 mm
highly flexible and sensitive to the state of solvent molecules o.d. glass NMR sample tubes fif NMR measurements and
and that the conformations or dynamics of peptides vary a zirconia rotor for'3C CP-MAS measurements sealed with
depending on the condition of crystal grovéfidin the freshly Araldyte (Ciba-Geigy) to prevent evaporation of the mother
prepared crystals, the side chains such as the methyl groups ofiquor.
leucine or methionine undergo rapid rotational motions about 24 NMR spectra were recorded on a Chemagnetics CMX
the 3-fold axes, and tyrosine and phenylalanine rings have a400 NMR spectrometer at tHél resonance frequency of 61.4
kind of motion of the same order with the proton decoupling MHz equipped with a wide line single resonance probe of a
frequency (4754 kHz)?%2In the dried form of the crystals,  transverse solenoid coil f@ 5 mmo.d. sample tubéH NMR
however, these local motions were substantially redd®étt. spectra were obtained using a quadrupole echo pulse sequence
The extent of the reduced peak intensities by this interference (90°—r—90°—7—echo)?8-2° Echo signals were collected using
with the proton decoupling frequency was not always the same a sample rate of 500 ns/point with CYCLOPS phase cycling to
for the samples examined. In addition, the mode and frequenciesavoid spectral distortion. Probe matching was carefully adjusted
of the motion in tyrosine and phenylalanine rings were not to give a symmetrical line shape. The delay times=(30, 60,
determined separately because the broadened carbon signals @0, or 120us) between the two pulses for the echo sequences
the rings obscure the individual resonances. and 30us were used for experiments ferand temperature

Solid-state?H NMR spectroscopy for deuterium-labeled variations, respectively. The/2 pulses were 2:63.0 us and
samples provides detailed information on molecular motion with the recycle delay was 500 ms or 1 s. The time domain data
the frequency range from 30to 1 Hz as well as the were left-shifted to the echo maximum, and Lorentzian line
characteristics of the motion such as a free rotation or & 180 broadening of 1 kHz was applied to the spectrum prior to Fourier

flip motion of the phenyl ring about a symmetry a%isSo far, transform. Spir-lattice relaxation times of deuterium nuclei
the molecular dynamics of the phenyl rings of Phe residues in (T;P) were measured by means of an inversiogcovery pulse
solids has been extensively investigatecPHyNMR spectros- sequence combined with the quadrupole echo sequence<180

copy for amino acids, polypeptides, and proté#ig® As for t—90°—7t—90°—7—echo). The pulse spacingwas 30us, and
the enkephalin crystal, it turned out that the tyrosine rings have the spectra of six different delay time¥\(ere usually measured.
a 180 flip motion with a frequency of 5« 10* Hz at room The T,P values were evaluated by a nonlinear least-squares
temperature for the [3,8H,]Tyr!-labeled Leu-enkephalin crys-  regression method fdvig[1 — 2 exp(—t/T,)] using the six peak
tallized from ethanol byH NMR spectroscopy® On the other intensities.’3C NMR spectra were recorded at the resonance
hand, a fairly slow 180flip motion of the tyrosine ring of Leu-  frequency of 100.6 MHz using a double-resonance MAS probe
enkephalin with a frequency of 1.8 10? Hz was observed in  for a 5 mmo.d. rotor. The method of CP-MAS combined with
the dried form of the crystals grown from methancellHby a TOSS (total suppression of spinning sidebands) pulse se-
2D-exchange NMR spectroscopyThese observations suggest quencé! was used. Tha/2 pulse lengths for carbon and proton
that the degree of motion depends on the environment of thenuclei were 4.6-5.3 us, the contact time was 1 ms, and the
enkephalin molecules such as crystalline packing and the staterecycle delay was 4 s. AH decoupling field of 4754 kHz
of the bound solvents. was used, and the rotor spinning speed was controlled to 4000
In the present study, we have examined the motion of & 3 Hz.13C chemical shifts were referred to TMS through that
phenylalanine rings of [2,3,4,5%4s]Phe-labeled Le& and of the carbonyl group (176.03 ppm) of crystalline glycif.
Met-enkephalins in the crystals grown from several kinds of NMR and3C CP-MAS spectra were recorded at-2Zb °C.
solvents utilizing solid stattH NMR spectroscopy. The present Temperatures between 0 and40°C were controlled by using
results are consistent with the previously reported 'd&fa a cryostat based on liquid nitrogen. The probe temperatures were

observed from thé3C CP-MAS NMR spectroscopy. measured at the inlet temperature of the spinner assembly after
waiting 10 min for equilibration. The numbers of acquisitions
Experimental Section were varied from 1600 to 8000 féH NMR experiments and

] from 300 to 1200 for'3C CP-MAS NMR experiments, until

Unlabeled andtH-labeled Le& or Met-enkephalins were  the gN ratio was more than 24 féH NMR spectra and 26 for
synthesized by Fmoc chemistry on an Applied Biosystems 431A 13c cp-MAS spectra. Spectral simulation for the deuterium
peptide synthesizer and purified by a reversed-phase high-NMR line shape was performed by using a two-site jump model

pressure liquid chromatography (HPLC) after deprotection. petween the €D bond angle (®) of 120° through the Internet
Fmoc amino acids were purchased from Peptide Institute, Osakagjte 32

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) witPfis]phenylalanine (from CIL, Andover, Figure 1 (left) showgH NMR spectra of a variety o?Hs)-

MA) following the method of Paquéf. These peptides were  Phé-labeled Le& or Met-enkephalin crystals1-4). The
crystallized from four kinds of solvent compositions, after isotropic signals appearing at the center of the spectra are
neutralization of the saturated aqueous solution with 1 or 0.5 N attributed to the bound solvent molecules of natural abundance
KOH solution. Samplel (Lew-enkephalin; trinydraté) was in the polycrystalline enkephalins. It turned out from the spectral
obtained by slow evaporation of the agueous solution. Sample patterns that the phenyl rings undergo a°18@ motion about

2 (Leu’-enkephalin; monohydretewas crystallized by cooling  the G—C, axis, and their frequencies for samptes4 were

the equimolecular solution @®d/methanol= 1:1) at 4 °C. estimated as 5.& 10%, 3.0 x 104 2.4 x 10f, and 1.0x 10

Results
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Figure 1. (A) Observed (left) and calculated (righti NMR spectra (C)
of LewP-enkephalin crystallized from water (A), methanad(B), and _’j\u/L___
DMF/H,0 (C) and Metenkephalin crystallized from ethanol® (D). KHz Kt KHz
The isotropic signal at 0 Hz is due to natural abundant solvent 200 0 -200 200 0 200 200 0 -200
molecules. Lorentzian line broadening @ 1000 Hz) was applied _JM__
prior to Fourier transformation. The 180lip frequencies for the 2
calculations are 5.6 10 (A), 3.0 x 10* (B), 2.4 x 10° (C), and 1.0 (D)
x 10* Hz (D). The asymmetry parameterg,for the calculations are LI S W
0.02 (A), 0.05 (B), 0.05 (C), and 0.05 (Dy.= 30 us was used for the ] KHz KHz o KHz
calculations. 200 0 -200 200 0 -200 200 0 -200

Hz, respectively, by comparing them with the simulafét

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 180flip frequencies mentioned above to that
of the para position without flip motiond = 0°) with the

Figure 2. Stackec®H NMR spectra recorded at various pulse duration
times ¢); (A)—(D) correspond to samplek—4, respectively. Same
parameters as Figure 1 were used for the simulation except for
120us. Spectra 1 and 2 of Figures 2D correspond to the simufated
NMR spectra forc = 0 and 1, respectively, taking into account of
log-Gaussian distribution of correlation time for= 120 us.

TABLE 1: Experimental TP Values (s) at Various Positions

intensity ratio of 4:1. The resonances arising from the perpen- °f ?H Powder Patterns (A) and Calculated Values (B)

dicular components (highest doublet peaks) were broadened for samples o =180 o =90 o =547

all samples, which was due to the presence of the small ™7 (x) 0.41 (+0.13) 0.56 £0.08) 0.72 £:0.05)

asymmetry parameterg, of 0.02 and 0.05 for samplé and (B) 0.35 0.45 0.42

samples2—4, respectively. 2(A) 0.09 (£0.02) 0.16 £0.01) 0.20 £0.01)
Figure 2 illustrates the powder patterns obtained for the pulse (B) 0.13 0.16 0.14

intervals ¢) of 30 and 120us. A set of experimental and ('é) g'ggg €0.01) 8'%58650'03) 060§:2t0'01)

simulated spectra containing those of= 60 and 90us are 4EA3 0.18 (+0.04) 0.19 #0.03) 0.22 #0.02)

summarized in Figures 1S and 2S of the Supporting Information. (B) 0.15 0.20 0.19

As the interval was increased, the intensities of the spectra of

samplesl and 2 were decreased. For sampfe only the am = 1/5(wQ/a)0)21C’1 sin2(2®) (1)

perpendicular resonances were observed at the interval of 120
us (Figure 2D). Spectral calculation was performed for the case It was assumed that the 18fump motion satisfied the slow-

of 7 = 120us (as shown on the right-hand side of Figure 2). A motional limit (wozc)? > 1, which was judged from the values

large discrepancy was noticed for samglealthough good
agreement with the calculated spectra was seen for sathpkes
To examine the effect of heterogeneity in the 18fp

determined by the line shape analy§i$T:[imeans the averaged
T.P value over all orientations and was evaluated experimentally
by averaging out th&;P values at the three positions mentioned

frequencies of the phenyl ring, we have superimposed calculatedabove for one powder pattern as summarized in Tabi@/2x

line shapes for sampkefor various correlation times weighted
by a log-Gaussian distribution functio®(log z.) with the

standard deviatiow = 1.0, 1.5, or 2.0 decades (Figure 3S of

= 61.4 MHz is the Larmor frequency of deuterium, ang/2z
is the deuterium quadrupole interaction determined from the
peak splitting of the powder patter@® is the angle between

the Supporting Information). As demonstrated in spectrum 2 the C-2H bond axis and the flip axis, and @as used in the

of Figure 2D ¢ = 120 us) for 0 = 1.0, the calculated line-

calculation. The correlation times ] obtained from therT,P

shape is not consistent with the experimental one, and thevalues mentioned above and the correlation times of thé 180
observed discrepancy may be attributed to the presence offlip motion determined by comparing the observed line shape

librations in addition to the 18lip motion of the phenyl rings
as is discussed later.
2H spin—lattice relaxation times of the laboratory fran¥aR)

with the simulated one are also listed in Table 2. The frequencies
of the motions obtained from thé# line shape analysis were
1-3 orders of magnitude smaller than those from the spin

were measured by using an inversion recovery method at roomlattice relaxation times.

temperature (2625 °C). The values obtained at the three
positions, paralleld is the angle between the magnetic field
vector By and the G-2H bond = 18C), perpendiculard =
90°), and central @ = 54.7) positions, were summarized in
Table 1. We analyzed the correlation timg) (for the case of
a 180 flip motion of the phenyl rings by using eg?1,

°H NMR spectra were recorded at various temperatures
between 20 and-140 °C for these four samples as illustrated
in Figure 3 for sample8 and4. Those for sample$ and2 are
summerized in Figure 4S of the Supporting Information. It was
found that the 180flip motions of the phenyl rings became
slower than 1®Hz at 0°C for samplesl, 2, and4 and—100
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TABLE 2: TP Values Measured by Inversion Recovery
Method (s), Correlation Times (r;; s and Hz) Determined
from T,P Values, and the Frequencies of Flip-Flop Motions
(Hz) Determined from Line Shape Analysis of Samples +4
at Ambient Temperature

correlation times

flip-flop motion

samples TP (s) 7o (s) [HZ] (Hz)
1 0.56 3.7x 107 [2.7 x 10f] 5.0 x 10°
2 0.15 9.3x 1078[1.1 x 107 3.0 x 10
3 0095  5.6x 10¢[18 x 10] 2.4 % 10°
4 0.20 1.2x 1077[8.3 x 1(F] 1.0x 10¢
(A) (B)

WJ\JJL;‘”LMJL_V

i kHz . kHz
-200 0 200 -200 0 200
Figure 3. Stacked’H NMR spectra of sample3 (A) and 4 (B) at

various temperatures betweei20 °C and—140°C. The spectra were
obtained by accumulating 6400 and 2000 transients, respectively.
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Figure 4. Plots of the percentages of the perpendicular peak intensities
at various temperatures between 20 a0 °C, with respect to the
intensities at 20C as 100%, respectively:a] samplel; (O) sample

2; (#) sample3; (@) sampled. Pulse duration time was held & s for
samplel and 500 ms for samplez—4.

°C for sample3 because the line shapes did not show further
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Figure 6. Plots of the quadrupolar coupling constants (Hz) against
various temperatures between 20 andi40 °C. The plot style for
samplesl—4 is the same as that in Figure 4.

10 s were obtained. The activation energy for sample
and4 were not obtained from the line shape analysi4-bNMR
spectra because any spectral changes were noted bel@w 0
As the temperature was lowered, the splittings (6 kHz)
of the 2H NMR spectra for sampled—4 were gradually
increased, and those observed-aD0°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 thé 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 sampleanonotonically increased
even at—120 °C, whereas they became constant for samples
1-3. This fact indicates that the amplitude of the librations for
sampled is the largest and does not cease even at temperatures
as low as—120°C.
13C CP-MAS spectra of samples—4 were measured at
several temperatures between room temperatureZ20C) and
—140°C. The stacked plots for sampl8sand4 are shown in

changes below those temperatures. When the temperature wabkigures 7 and 8, respectively. As observed in samptésnd

lowered, the intensities once increased up &9 °C for samples

2 and4 or —50 °C for sample3, whereas that of sample
decreased gradually at lower temperature (Figure 4). Below
those temperatures, the intensities for sampled decreased
gradually. An exception was an increase of the intensity below
—100 °C as seen for sampk. The correlation times of the
18 flip motion were obtained at the temperatures 20, 10, O,
—20, and—60 °C for sample3 by the simulation ofH NMR

2,20 the emerging new resonances, i.e., Tyrfa@r 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 (4754 kHz) exihibited at room temperature
was successively observed for the aromatic resonances at lower
temperatures for samplds 2, and4. For sample3, the peak
intensities of Phe & C., and G decreased from 25 te40 °C

spectra. These correlation times were plotted against the inverseand the intensities began to recover belew0 °C, whereas

of temperature (K) (Figure 5) and fitted to a simple activation
law given by eq 243335

7o = 7o expE/kKT) )

those of Tyr G and C recovered gradually below @C. The
recovery for sample 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-

By using a linear least-squares regression method, the activatiortion).1®

energy ofE = 37.5 kd/mol (8.96 kcal/mol) andy = 7.0 x

The peak intensities of the solvent resonances at 0 Hz in the
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-40°C 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 2G
as 100%, respectively. The plot style for samfles} is the same as

-80°C that in Figure 4.

Finally, the resonances completely disappearetd, —130,
x and—100°C, for samplel—3, respectively. Surprisingly, they
-140°C * did not completely disappear even-af40 °C for sample4.

Discussion
ppm

150 100 50 0 Characterization of the Phenyl Ring Motion in the

Figure 7. Stacked3C CP-MAS NMR spectra of samp&recorded Crystals. First we characterized the 18@ip motion of the

at various temperatures between 25 a0 °C. The peaks marked ~ Phenyl rings in enkephalin crystals by inspecting tf@ CP-

by x are assigned to the methyl and carbonyl signals of DMF. MAS (Figures 7 and 8§-2°2and?H NMR spectra (Figure 3) at
various temperatures. From th& 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 temperaldfe.
More specific information on the 18@lip motion of the phenyl
rings at ambient temperature was determined from the simulated
°H powder patterns as summarized in Table 2. It is evident that
the frequencies of the phenyl ring motions for sam@esnd4
were close to the proton decoupling frequency, whereas that of
samplel was lower and that of sampRwas higher than the
decoupling frequency. It was therefore apparent for sar@ple
that the peak intensities of Phes @nd C were decreased
between ambient temperature ard0 °C in the 1°C NMR
spectra because of the interference between the decoupling

n
N
Q
O
Met COO-
C=0
TyrCg
PheCy TyrCs
Phe C5,Ce,Ct
TyrCe  TyrCy
Co.
Gly Ca ce
Met Cy
Met Cs

= £

e J/LJMMJ

-60°C Mw frequencies and the 180lip motion of phenyl rings. As the
temperature was lowered, tAid NMR peak intensities of each
sample were also varied as shown in Figure 4. The recovery of

-100°C the peak intensities at room temperature to those24t°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® The reduced intensities for sampl2s
-140°C * * and4 at temperatures below20 °C and sampl& below —60
°C can be explained by the fact that the deuterium-sfattice
relaxation times were longer than the pulse duration time (500
ppm ; " -
& o &5 A ms). As for samplel,_ the intensities were monotonically _
decreased below ambient temperature because the correlation
Figure 8. Stacked"®C CP-MAS NMR spectra of sampkrecorded — time of the 180 flip motion was already long, showing that
f)‘t various temperatures between 22 arith0 °C. The peaks marked = o interference ifH NMR spectra was reduced and that the
y x are assigned to the methyl and methylene signals of ethanol. - . .
saturation of magnetization occurred even at ambient temper-
deuterium NMR spectra, which are attributed to naturally ature because of the long spilattice relaxation times.
abundant deuterium nuclei in the solvent molecules undergoing Second, we found that fast librations with a small amplitude
fast isotropic motion, were decreased as the temperature wasexists in the phenyl rings of enkephalin crystals besides the 180
lowered (Figure 9). The freezing points of neat or mixed solvents flip motion at room temperatur@, 24 because the quadrupolar
such as water, methanol/water (1:1), DMF/water (1:1), and coupling constants were averaged by718 kHz at ambient
ethanol/water (1:1) used for crystallization of samglesgl, are temperature and deviation was observed between the correlation
0, —54.5,—49.4, and—37.6°C, respectively, and actually their times evaluated from théH NMR line shape and the spin
intensities were decreased gradually and stepwise not only atlattice relaxation times. Furthermore, this motion mainly
around these temperatures but also at the other temperaturesontributes to the spinlattice relaxation process because the
by two steps for sample$—3 and three steps for sample correlation time is the same order as the deuterium Larmor
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frequency. If they have only a 18(ip motion, theT;P values
of the phenyl rings for samples—4 are estimated as 306.5,
53.7, 0.70, and 165.5 s, respectively, using eq 1 with the

J. Phys. Chem. A, Vol. 103, No. 18, 19933861

Cs, C., and G carbons were almost the same despite the
presence of the 180flip motion which does not affect the
relaxation time for the €carbon. This fact indicates that the

correlation times obtained from the line shape analyses. Becausdast motion besides the 18@ip motion is not only due to the

these values are—13 orders of magnitude longer than those
obtained from theT,° measurements, it is also strongly
suggested that there exists librations in addition to the 180
motion.

The change of the quadrupolar coupling constant at lower
temperature for sampkewas, however, the largest among the

motion around the g-C, bond axis but also to that of the whole
rings. As for the backbone of enkephalin molecules in the
crystalline states, shorter spispin relaxation timesTp) of
carbonyl carbor#§ and shorter spinlattice relaxation times
(T:€) of C, carbons of glycine for samplé2°2 have been
reported, indicating the existence of a backbone motion. This

four samples. It is therefore suggested that the amplitude of thekind of motion may result in the librations of the phenyl ring.

librations for samplé is the largest. This property is supported
by the fact that the peak intensity of sampglencreased below
—100°C after once it decreased gradually by the saturation of
magnetization. The ratio of recovery of the intensity freth00

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
qguadrupolar 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 molecule®. The relatively large-amplitude
librations in the case of samplamay 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 forr = 120us 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 singl
180 flip motion 37

When the?H relaxation times were measured in this study, a
small anisotropy for th&;P values was observed for all samples
(Table 1 (A)). The anisotropy for thHE,° values were calculated
using eq 3*by assuming that the-€H bond axis of the phenyl
ring undergoes a 180lip2* about the G—C, axis with the angle
of 20 and6 being the angle between the static fi@lgland the
flip axis as summarized in Table 1 (B).

1T, = 18w’ sinf(20){[cos’ 0 + cog(20)]g(wy.T.) +
[4 sir® 6 + sinf(26)]9(2w,,7.)}
W(woty) = (1 + w'ty) ©)

7 is the correlation time of the 18@lip motion, although the
values are obtained from the averaggf values as listed in
Table 2.By is the magnetic field vector and is parallel to the
C—2H bond axis §t = 180; (©,0) = (60°,60°)], perpendicular
to the G-2H bond axis f = 90°; (©,0) = (60°,30°)], and
making an angle of 54betweenB, and the G-2H bond axis
[ = 54.7; (©,0) = (60°,5.3)]. It is shown that the largest

€

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 doutfiebend structure for samplg?!
and an extended structure for samplgsand 4 by X-ray
diffraction studieg?213

The most restricted motion at the phenyl rings among the
four crystals was observed in thisl NMR study in samplél.

This crystal has been characterized as a doftdend structure
which is stabilized by the two intramolecular hydrogen boHds.
This rather tight conformation causes the orthogonal close
contact of the Tyr and Phe residues. Two gy to Phé C,

and G distances were estimated as 2.67 and 2.70 A, respec-
tively,!* from the structure determined by X-ray diffraction.
These relatively short distances permit the phenylalanine side
chains to interact with tyrosine side chainssby interactions.
Provided that the phenyl rings as addresssite had an
interaction with an aromatic side chain of an opioid receptor
proteini®-18 the motion would be restricted, as is observed in
samplel. This strong restriction of the 180lip motion of the
phenyl ring has also been observed in the Gly-Phe-Phe crifstals.
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 samplel, 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 ¢ NMR resonances

of amide nitrogen at ambient temperatéfi®As a consequence,
the peptide backbone undergoes a motion of the frequency of
>10PHz. This chemical exchange proved that the backbone of
enkephalin molecule is fairly flexible despite the rigidness of
the phenyl rings for samplé.

The phenyl ring of sampl@d exhibits a 180 flip motion faster
than that of sampld, although the two samples were classified
as the same extended structures, antipagadtieets connected
by hydrogen bonds between molecules, by X-ray diffraction
studiest>12Both for samples$ and4, X-ray diffraction studies
have revealed that the antiparajesheet is roughly parallel to
the crystallographi@c 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 d#/2, i.e., 12 and 9 A
for samples3 and4, respectively. It is reasonable to consider

T,P values of the calculated ones are those of the resonances athat the longer spacing between the plates permits the phenyl

o 90°. In contrast, the values obtained from tHigP

ring to be more flexible. This is because the phenyl ring of

measurements showed that the maximum values were obtainedample3 is more flexible than that of sampke

ata = 54.7, except for sampl8. Because a large discrepancy

An activation energy for the 18@lip motion of the phenyl

was obtained between the experimentally obtained and thering was measured for sampe The energy was smaller than

calculatedT;P anisotropy, it also supports the existence of
motions other than the 180lip of phenyl rings.

13C spin-lattice relaxation times of these phenyl rings were
measured in our previous papét.The T.¢ values for the Phe

those found for crystallinp-fluoro-p,L-phenylalanine below 100
°C (20 kcal/mol) and above 10T (11.3 kcal/mol@* tyrosyl
ring in LelP-enkephalin crystal (9.8 kcal/mal,or phenyl ring
in bacteriorhodopsin (12 kcal/madlj. Compared with these
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results, the environment of the phenyl rings in sangakeshown 13C CP-MAS resonances for the aromatic, carbonyl, and
to be highly flexibile. carboxyl carbons were broadened and the peak intensities of

On the other hand, the initially propos@dbend structure ~ aromatic resonances began to recover-a0 °C when the
for sample2 determined by the X-ray diffraction stutfywas isotropic peak intensity ifH NMR spectra finished the steep
latter withdrawn because further refinement of this form was decreasing as a first step (Figures 8 and 9). After the second
unsuccessful? Although it was determined recently bB$C step of the decrease of tAel peak intensity from-30 to —50
REDOR NMR spectroscoﬁ% that the enkepha”n molecule in °C which may occur by the freeZIng of mixed solvent molecules
sample2 is a bend form with quite different torsion angles from  (=37.6°C), a new carboxyl signal itfC CP-MAS spectra began
that previously reporte@t the molecular packing around the 0 appear in the lower frequency side of the carboxyl signal
phenyl ring in the crystals was not known. As estimated from ©bserved at ambient temperature and the aromatic resonances
these?H NMR studies, however, the phenyl ring in samplis recovered their intensities. These results suggest that the mixed
not packed tightly in space with the other ones of the same solvent molecules which are not strongly bound to crystals play

(tyrosyl ring) or other molecules compared with those of samples @n important role in stabilizing the conformation of enkephalin
1 and4 mentioned above. 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 isotropfel NMR peak, the peptide
backbone also seemed to change its torsion angles because the
splitting of two Gly G, signals spread from 1.4 to 2.2 ppm
besides the change of line shape in the carbonyl resonances.
The process of mobile phenyl rings in the crystals was ruled On the other hand, the dynamlqs of aromatic rings Is not
apparently influenced by the freezing of solvent molecules for

out because the atomic positions of the phenyl rings in the N .
crystals have been determined with comparable thermal factorssampleSl’ 2, and4. This is judged from the observation that

with those of other atoms by X-ray diffraction studfgd:13 the splitting of the per_pen_dicular component.of e NMR
Then, we consider that the isotropic signals consist of the naturalpatter.n of the phenyl ring increased monotonically rather than
abundant deuterium of solvents and the labeled deuterium of aStePWIS€ as the temperature decre_ased. At very low temperatures,
little amount of free Hs|Phe-enkephalin in the solvent. there was a shallow basin 60°C in a plot of the quadrupolar

The T,° values of these solvent molecules for sa splittings against temperature for samBl@=igure 4). This may

. indicate an exception that the freezing of motions in organic
at ambient temperature were 0.030, 0.026, 0.005, and 0.037 s

velv which h sh han th f the oh Isolvent causes a change of the phenyl ring dynamics. It is
respectively, which were much shorter than those of the phenyl o efore emphasized that the comformational change rather than

rings, |nd|ca_1t|ng thgt the .S|gnals. are .a§cr|bed. to solv.ent the change of phenyl ring dynamics is caused by the freezing
molecules with a rapid tumbling motion. It is interesting to point | J+ns of solvent molecules. In general, we believe that
out that the intensities were decreased not only around theisotropiczH NMR signals allow one to reveéll answers to the

freezing pfoints of neat c;: mi)ifd solvent ((354'5’_4964' E;]”d  Guestion of how the solvent molecules stabilize the conformation
—37.6°C for water, methanol/water, DMF/water, and ethanol/ ¢ 1 5lecules in the crystals.

water, respectively, when they were mixed as the ratio 1:1) but
also at the other temperatures by two steps for saniptss
and three steps for sampleThis decrease of the peak intensities
by several steps indicates that the several kinds of mobile solvent |t has been proven that the phenyl rings in enkephalin
molecules are bound in these crystals. The motion of them wasmolecules in a variety of crystals undergo 180p motions
frozen gradually at different temperatures along their hydrogen with different frequencies. These differences can be explained
bonds networks among the solvent molecules. Furthermore, itin terms of the different manner of molecular packing in the
was noticed that’C CP-MAS resonances of the organic solvent crystals. In addition to the 18Glip motion, small-amplitude
appeared at lower temperature than the freezing points of mixedlibrations were detected in enkephalin in the crystalline states.
solvent®2whereas they did not appear at a higher temperature These librations were responsible for the mechanism of the
than those. Thus, the steep decrease of the isotfepMR spin—Ilattice relaxation process for the ring deuterons. It is also
signals due to the freezing of solvent motions can be classified found that several kinds of solvent molecules are present in the
as three types as follows: (1) freezing of motions in water crystals and that these freeze at different temperatures. Some
molecules at around 0 te20 °C; (2) freezing of motions in  of the solvents induce a local conformational change of
mixed solvents at around30 to—70 °C for sample®—4; (3) enkephalin molecules in the crystals. It is therefore concluded
freezing of motions in organic solvents at aroun@0 to—140 that the flexiblity of the backbone in enkephalin molecules is
°C for sample2—4 that are accompanied with the appearance strongly influenced by the state of the solvent molecules.

of the 13C CP-MAS signals.

It is worthwhile to relate thé3C CP-MAS resonances of Acknowledgment. We are grateful to Drs. H. W. Spiess
enkephalin molecules in the crystals to the isotrgpldNMR and V. Macho of Max-Planck-Institut fiPolymerforschung for
resonances to reveal the role of solvent molecules in stabilizing giving us the opportunity to perform spectral simulation at Mainz
the conformation of enkephalin molecules. This can be done and for their technical advice. This work was supported, in part,
because thé3C chemical shifts reflect the conformation of by Grants-in-Aid for Scientific Research from the Ministry of
molecules and isotropfH NMR resonaces indicate the manner Education, Science, Culture and Sports of Japan (09558094,
of mobile solvent molecules at various temperatures. Actually, 09640612, 0645466, 09261233).
it was found that the changes 8IC CP-MAS NMR spectra
occurred corresponding to the decrease of the isotropic intensi- Supporting Information Available: Seven figures showing
ties in the?H NMR spectra. As for the case of samplethe the experimental (Figure 1S) and simulafétiNMR spectra

Role of Solvent Molecules in the Conformation of En-
kephalin Crystals. We have ascribed the observed isotropic
signals at 0 Hz in théH 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 diffugfon.

Conclusion
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(Figure 2S) at = 30, 60, 90, and 12@s for the sample$—4,
superposition of simulateéH NMR spectra for various cor-
relation times weighted by a log-Gaussian distribution function
with standard deviationr = 1—2 (Figure 3S)2H NMR spectra

at lower temperature for samplésand?2 (Figure 4S)C CP-
MAS spectra at 20C before and after the temperatures were
lowered (Figures 5S, 6S and 7S for samp&s3, and 4,
respectively). This material is available free of charge via the
Internet at http://pubs.acs.org.
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