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The molecular dynamics of the inclusion complexes of cyclohexaamylose as a model of enzyme have been studied
by means of carbon-13 NMR spectroscopy. As substrates we have chosen L-phenylalanine, L-tyrosine, L-tryptophan,
glycyl-L-phenylalanine, and r-phenylalanyl-L-lysine. The molecular motion of both the cyclohexaamylose and the
substrates in D,O-DCI solutions have been investigated by dividing the spin-lattice relaxation time into two con-
tributions, the overall molecular reorientation and the anisotropic internal rotation. Upon complex formation,
the correlation times for the internal motion of the phenyl ring of phenylalanine residue increase by a factor of up
to 8, while those for the overall reorientation increase by a factor of only 2. These results indicate that the complex
formation of the substrate with the cyclohexaamylose are induced by the insertion of aromatic side chain into a cavity
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of cyclohexaamylose even in the aqueous solution.
to seven times shorter than those of the host molecule.
the substrate are relatively weak.
amino acids and dipeptides.

Cycloamylose (cyclodextrin, CD) is known to form
inclusion complexes with various types of small molecules
of appropriate size in solution as well as in the crystalline
state.1=3  Cyclohexaamylose (x-CD, cyclohexagluco-
pyranose) has the shape of a hollow truncated cone with
6 primary and 12 secondary hydroxyl groups crowning
opposite ends of its torus. All the glucose units in CD
are present in the Cl chair conformation, and the CH
groups of carbons 3 and 5 of each unit compose the
inside of the hollow torus, even in the aqueous solu-
tion.124-8)  Thus, the hollow space should be relative-
ly hydrophobic.

Cycloamyloses have been used as models for enzymes?
because their structures are well defined and because they
can specifically bind substrates into their hydrophobic
cavity. Cycloamyloses are especially good models at
present for hydrolytic enzyme, chymotrypsin.2=? It is
well known that chymotrypsin does not cleave all pep-
tide bonds at a significant rate, and rather it is selective
for peptide bonds on the carboxyl side of residues with
aromatic side chains, tryptophan, tyrosine, and phenyl-
alanine, and of large bulky hydrophobic residues such
as methionine.®) In these residues aromatic or bulky
nonpolar side chains are assumed to be fitted neatly
into a nonpolar pocket on chymotrypsin chain.

It is of great interest to investigate the molecular
dynamics of inclusion complexes between CD and aro-
matic amino acids and peptide as models for enzyme-
substrate specific binding. Interactions between phenyl-
alanine and «-CD and B-CD (cycloheptaamylose) in
aqueous solution have been studied using TH NMR.5:®)
It has been also studied the thermodynamics of binding
of the aromatic guest molecules, including r-phenyl-
alanine (Phe), L-tyrosine (Tyr), and L-tryptophan(Try),
to o~ and f-CD.® These studies have been providing
the evidence for the inclusion nature of CD’s complex
formation with the aromatic side chain of amino acids.
Since measurements of carbon-13 spin-lattice relaxa-
tion times are particularly useful for the investigation
of molecular dynamics of CD inclusion complexes in
detail,1%:11) we will study the molecular motion of both
guest and host molecules in the inclusion complexes of

The overall correlation times of the substrates are about three
Thus the forces which bind the host cyclohexaamylose and
It was observed that the tightness of the inclusion varies with the types of aromatic

a-CD with amino acids and dipeptides having aromatic
side chain in aqueous solution by means of carbon-13
spin-lattice relaxation. As substrates we will chose Phe,
Tyr, Trp, glycyl-L-phenylalanine(Gly-Phe), and N“-
(N-acetyl-L-phenylalanyl)-L-lysine methyl ester(Phe~
Lys) for studying the effect of the types of aromatic
ring and of the peptide sequence on the dynamics of
the inclusion complex.

Experimental

Materials. a-CD, Phe, Tyr, Try, and Gly-Phe were
purchased from Tokyo Kasei Kogyo Co., Ltd. Phe—Lys was
supplied by the courtesy of Mr. M. Sakurai of our laboratory.
D,O (isotopic purity: 99.7 atom 9% D) and 389, (w/w) DCI
solution in D,O were used as solvents and the deuterium
field-frequency lock signal in ¥C NMR measurement. These
deuterated compounds were purchased from Merck Sharp
and Dohme Canada Ltd.

Methods. BBC spin-lattice relaxation times (3C-T3)
were measured by the inversion-recoverly method using a
180°-2-90° pulse sequence as described by Freeman and Hill,!2
where ¢ is time in seconds between the 180° and 90° pulses,
on a JEOL JNM PS-100 spectrometer (25 MHz) equipped
with a PFT-100 Fourier-transform system and a proton noise
decoupler. Data were accumulated in a JEOL JEC-6 com-
puter using 4000 Hz sweep widths in 4096 points (resolution:
2.0Hz). The 90° pulse recycle times were chosen to be at
least five times the longest *C-T to be measured. The molar
concentrations in D,O-DCI solutions of both a-CD and the
substrates for the 3C NMR measurements were kept ca. 0.1
M, namely the molar ratio of @-CD to the substrate was 1: 1
in the mixture. Samples in D,O-DCI solutions were thor-
oughly deoxygenated with nitrogen in order to prevent from
the paramagnetic effect of oxygen molecules on 7 values,
because ¥C-T; of protonated carbon nucleus obtained on
such samples may be identical with those from samples degas-
sed by repeated freeze-pump-thaw cycles.'®'  In all experi-
ments the decrease in amplitude of each resonance with in-
creasing ¢ followed an exponential curve characterized by a
single T3, and there was no evidence of heterogeneous relaxa-
tion times. The estimated error in T was less than -4109,.

Ultraviolet absorption (UV) spectra were taken on a
Beckman-25 spectrometer. For the UV measurements, the
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molar concentrations of the aromatic substrates were kept
ca. 5x 10-®* M and those of a-CD were varied from zero to
10-2 M.

The pH values, read on a TOA pH meter HM-7A, of all
samples were adjusted to ca. 2 unless otherwise stated. The
temperature was kept at 3242 °C for all experiments.

Results and Discussion

Association Constants. The association constants
(K,) for the complexation of Phe, Tyr, and Trp with
a-CD have been estimated by the UV spectral changes
induced by the addition of «-CD.?® The K, values
obtained by assuming the 1:1 complexation®%® were
ca. 2x102—6x102M for these three a-CD-substrate
systems. These values are comparable with those of
closely related systems,?3:6:%) where the complexes are
of the 1:1 inclusion types. Thus, in this paper, the
values of 13C-T, were analysed by assuming that the
complexation of the substrates with ¢-CD are induced
by the insertion of an aromatic side chain of the substrate
into a cavity of a-CD.

Carbon-13 NMR Spectra. All peaks in the 3G
NMR spectra of both «-CD and the substrates have
been assigned based on the assignments previously given
by several authors.’® The 13C NMR spectrum of each
«-CD-substrate system consists of only one set of peaks,
indicating that only one type of complexation occur
and/or the chemical exchange process expressed by Eq. 1
is rapid on the 3G NMR time scale,

a-CD + S = [a-CD, S] (1

where S and [«-CD, S] are the substrate and «-CD-
substrate complex, respectively. The 3C chemical
shifts induced in the spectra of «a-CD by complexation
with the substrates were less than 0.40 ppm of upper-
field shifts, which could be attributed to the hydrophobic
nature of the interaction between «-CD and the sub-
strate.11:17)

13C Relaxation Times. In the limit of rapid ex-
change process of Eq. 1, one measures an average re-
laxation rate!®

1 1
T Ty
where Ty and T, are intramolecular spin-lattice re-
laxation times for a spin at the free and complex states,
and p¢ and p. (=1—p;) are the probabilities that «-
CD or the substrate is found in the free and complex
states, respectively. Eq. 2 is valid only if the relaxation
times Ty and 7. are much larger than the life times
in the free and complex states. Since the association-
dissociation process between «-CD and the aromatic
substrates in the aqueous solution is performed in the
microsecond to millisecond range® and the observed
values of 33C-T, are in the order of 1—10-'s (see
below), the Eq. 2 is applicable to the present study.
For the reaction of Eq. 1, the probability p, to find a
«-CD or a substrate molecule in the complex state can
be expressed by

=yl ]

where k is the molar ratio of «a-CD to substrate S (or

1
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In the present case, K,=102>1 and k=1,
Eq. 2 can be, therefore, simplified as,

L= (4)

converse).
hence p.=1.

T, © Ty

that is, the 13C- T values observed in the present «-CD-
substrate mixed system can be considered to be exclu-
sively that of the complex state.

The values of 13C relaxation time measured for the
free substrates, free «-CD, and the complexes between
them are listed in Table 1. From this table we shall
analyse the molecular motions in the inclusion com-
plexes.

For molecules of medium size whose motion is rapid
on the 3C NMR time scale, it is likely that the 3C-T;
value of the carbon atom directly linked at least one
proton is governed by 13C-'H dipole-dipole relaxation
brought about by a rotational motion.!® In this case,
if the overall molecular reorientation is isotropic, 3C- T}
is given by

711: = WYY Ve Toss ©®)
where T is the effective correlation time for overall
molecular reorientation, rey is the carbon-hydrogen
bond length, yx and y¢ are the gyromagnetic ratios of
IH and 13C nuclei, and N is the number of directly
bonded proton. This 7.4 can be related to the iso-
tropic rotational diffusion constant D, and according
to the Brownian diffusion model20-22)

e = L Bf? Vs ©)
6D 6kT kT

where k is Boltzmann’s constant, 7" is the absolute tem-
perature, 7 is the viscosity of the solution in poise, f,
is a microviscosity factor, 7, is the radius of a spherical
solute molecule, and V is the molecular volume V,,=
4/3nr,®. From Eqgs. 5 and 6, a relationship between
NT, value and the molecular volume is derived as fol-
lows

W = PG ValkT. 7)
If «-CD is considered to be a spherical molecule of
7.31 X101 m radius,>® and the viscosity of the solu-
tion is assumed to be determined mainly by the solvent
D,0O (=1.04x10-2 poise at 32 °C3), NT; values for
the ring carbons of «-CD in the free states can be cal-
culated from Eq. 7 using a value of f; equal to unity?®)
and the temperature equal to 305 K. We have 0.122 s
for NT, value which agrees well with the observed mean
value of 0.132s for ring carbons C;_; within experi-
mental error. For the carbons of the free amino acids
and dipeptides NT, values were calculated by a similar
way. Here, the values of molecular volume of these
molecules were calculated by the atomic increments
method based on the van der Waals radii of the con-
stituent atoms.2%)  Since the molecules investigated here
have the freedom of local internal rotation in the side
chain and the backbone in addition to the overall mo-
tion, it is difficult to find the NT; value of the carbon
which is determined mainly by the overall reorientation
of the molecule. In general, the additional internal



1694 Yoshio INouE, Yukio KatéNo, and Riichiré Cuojo [Vol. 52, No. 6
TaBLE 1. VALUEs oF 3C NT,*® FOR CYCLOHEXAAMYLOSE («-CD), SUBSTRATES, AND MOLECULAR INCLUSION
COMPLEXES BETWEEN THEM MEASURED IN D,O-DCI soLuTions AT 32 °C anp pH 2

Compd® BC NT ((s)+10%
1 2 3 4 5 6 {T>1-5 [x-CD1H
[e-CD] 0.127 0.136 0.128 0.133 0.135 0.168 0.132
[«-CD, Phe] 0.115 0.119 0.131 0.120 0.119 0.140(0.83)  0.121(0.92)
[«-CD, Tyr] 0.124 0.113 0.110 0.105 0.118 0.164(0.98)  0.114(0.86)
[«-CD, Trp] 0.121 0.124 0.127 0.127 0.119 0.164(0.98)  0.124(0.94)
[x-CD, Gly-Phe] 0.097 0.114 0.115 0.114 0.099 0.124(0.74)  0.108(0.82)
[2-CD, Phy-Lys] 0.083 0.090 0.098 0.081 0.088 0.100(0.60)  0.088(0.67)
a B 0 € 4
[Phe] 1.34 1.60 1.44 1.44 1.08
[«-CD, Phe] 1.06(0.79) 1.18(0.74) 0.91(0.63) 0.91(0.63) 0.82(0.76)
[Tyr] 0.99 1.26 1.16 1.16
[«-CD, Tyr] 0.67(0.68) 0.86(0.68) 0.87(0.75) 0.87(0.75)
« B 0y €3 & 7 &
[Trp] 0.81 0.84 0.76 0.73 0.84 0.73 0.73
[x-CD, Trp]  0.61(0.75) 0.76(0.90) 0.40(0.53) 0.36(0.49) 0.41(0.49) 0.41(0.56) 0.37(0.51)
" Phea B b P 4 Gly—«
[Gly~Phe] 0.99 1.14 1.05 1.02 0.75 1.42
[«-CD, Gly-Phe] 0.56(0.57) 0.82(0.72) 0.66(0.63) 0.62(0.61) 0.51(0.68) 0.64(0.45)
[Phe-Lys]® Phe-x B J € ¢
0.34 0.42 0.53 0.54 0.37
Lys-a B Y ) €
0.39 0.40 0.72 0.92 1.14
[¢-CD, Phe-Lys]® Phe-x B 0 £ ¢

0.28(0.82) 0.34(0.81) 0.25(0.47) 0.24(0.44) 0.22(0.59)
Lys-o B y J €
0.24(0.62) 0.34(0.81) 0.48(0.67) 0.54(0.59) 0.78(0.68)

TABLE 2. OBSERVED AND CALCULATED N T, VALUES, IN
SECONDS, OF SUBSTRATE AMINO ACIDS AND DIPEPTIDES

a) Here, T; is the spin-lattice relaxation time and N is the number of hydrogens attached to the carbon.
The measured NT, values correspond to the underlined species. b) The values shown in parentheses are the
NT, ratios of the complexed states to the free states. ¢) Assignments of carbon atoms are as follows. d) The

a-CD Phe(Tyr) Trp
H,N-C,H-COOH H,N-C,H-COOH
"(llHZOH (;1sz GH,
¥—0 ? T=\3,
—0-4 al—la/\l— .:@ 6Ji/NH
HO OH [ N
(OH) G

mean values of T, for C,_;. e) Measured at pH 7.0.

motion faster than the overall one makes the NT; value
lengthen.'® Therefore, we regarded the smallest N7,
values as the representative of the measure of the overall

Compd O]ﬁ;v ed Callc\;l;fl ted Va® reorientation. Agreements between the calculated and

L ! the observed NT; values are well as shown in Table 2,

Phe Cc 1.08 1.01 148 notwithstanding the values of molecular volume used

Tyr Ca 0.99 0.96 156 in the calculation of NT; are only approximate. Thus

Trp { Ca 0.81 0.85 176 we can use Eq. 5 for the analyses of the overall molecu-

Cene 0.73 lar reorientation of both «-CD and the substrates in

Gly-Phe C; 0.75 0.76 197 the free states. Eq. 5 might be applicable, at least

Cu(Phe) 0.34 qualitatively, to the analyses of molecular motions of

Phe-Lys { C¢(Phe) 0.37 0.45 329 both «-CD and substrate molecules in the complex
Ca(Lys) 0.39 states.

a) The molecular volume used for the calculation of For the group undergoing an additional internal mo-

NT, value, estimated by the atomic increments tion, the N7, value of a protonated carbon with N

method.?® directly bonded hydrogens is given by19:26)
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1 h2yuyc? [ 67, 37,
e == L LD A+B G G
NT, h Fere| A+ 67g+Tore 37+ 2704 ®)

where 7 is the correlation time for internal motion and

= 1/4(3 cos? 0—1)2 (9)
B = 3sin%6 cos? 0 (10)
C = 3/4sin% 6. (11)

Here § is the angle between the C—H vector and the
axis of internal rotation. In the case of rotation of a
tetrahedral C—H bond about the C—-C bond, §=109°, this
yields A4=1/9, B=8/27, and C=16/27. Similarly, in
the case of a phenyl ring rotation about Cz—Cy bond
of the Phe residue, Cs—H and C.—H vectors intersect
with the rotational axis at 0=60° and 120°, respective-
ly, and then 4=1/64, B=9/16, and C=27/64.

From Eqs. 5 and 8, it is clear that the greater the
NT, value, the more mobile is the 13C moiety, and that
the additional internal rotation faster than the overall
one makes the NT; value lengthen as mentioned in the
preceding paragraph.

As shown in Table 1, for «-CD in the free and the
complex states, the NT; values for the ring carbons
(Cy1-5) are equal within experimental error in each sys-
tem, indicating the absence of specific fast internal mo-
tion in the pyranose ring.l® Thus the mean value
{Ty>;-5 could be used to calculate the effective cor-
relation times for overall molecular reorientation of o-
CD. The NT; values show the existence of rapid in-
ternal rotation of the primary alcohol group of «-CD,
the phenyl group of Phe and Tyr residues, and all the
Cg-methylene groups even in the complex states. De-
finite increase is observed in NT; values in Lys residues
when going from the a-carbon to the terminal e-carbon.
These results also show the existence of the internal
motion.?”) In the case of Phe residue, the axis of rota-
tion of the phenyl ring about Cg—C, bond coincides
with the C.~H bond. Therefore, the rotation about
Cg—-Cy bond cannot affects the 77 value of Cg, since
6=0 and thus Eq. 8 is reduced to Eq. 5. Then we can
estimate the 7, value for the internal rotation of phenyl
ring of Phe residue by using the 7.4 value for Cg.
Since the phenyl ring of Tyr has no C-H bond on the
prefered axis of internal rotation, we cannot estimate
accurately the ¢ value. The results of calculation of
the correlation times are shown in Table 3. Here the
correlation time 7.4 for the substrate was calculated
by adopting the smallest N7} value in each substrate as
the representative of the overall molecular reorientation
having no or a little contribution from the internal
motion. Throughout these calculation we have as-
sumed that all C-H bond lengths (r¢x) are 1.10x 10-10
m.
Effect of Complex Formation on the Molecular Motion
of a-CD and the Substrates. As can be seen in
Tables 1 and 3, all the values of NT; (7, 7o) for both
«-CD and the substrates decrease (increase), namely,
the motions of these molecules slow down by com-
plexation between them. The reductions of NT, are
qualitatively explainable as a consequence of the in-
creases in apparent molecular volume by complexation
as expected from Eq. 7. The change in molecular di-
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TABLE 3. ROTATIONAL CORRELATION TIME T,g; AND Tg
OF «-CD, SUBSTRATES, AND MOLECULAR INCLUSION
COMPLEXES BETWEEN THEM®)

Compd® Correlation time (10-115)
a-CD overall ~CH,OH internal
(Tote)? (za)
[«-CD] 37 55
[«-CD, Phe] 41(1.1) 100(1.8)
[¢-CD, Tyr] 43(1.2) 36(0.7)
[-CD, Trp] 40(1.1) 49(0.9)
[«-CD, Gly-Phe]  46(1.2) 130(2.4)
[«-CD, Phe-Lys]  56(1.5) 170(3.1)
substrate overall phenyl internal
(Tete)® (76)®
[Phe] 4.6 4.6
[«-CD, Phe] 6.0(1.3) 19 (4.1)
[Tyr] 5.0 4.90
[«-CD, Tyr] 7.2(1.4) 5.6(1.3)D
[Trp] 6.7
[¢-CD, Trp] 13 (1.9)
[Gly-Phe] 6.6 5.6
[-CD, Gly-Phe] ~ 9.7(1.5) 13 (2.3)
[Phe-Lys] 13 9.0
[«-CD, Phe-Lys] 22 (1.7) 69 (7.7)

a) The values shown in parentheses are the ratios of
the correlation times of the complexed to the free
states.  b) The calculated values correspond to the
underlined species. c¢) Calculated by using the mean
values of T'; for C;_;. d) Calculated by using the
smallest NT'; values shown in Table 1. ) The
average T'; values for G, . and for 7, for C; were
used for the calculation of 75. f) The values of 7.
were shown, so these values could not compare direct-
ly with other 74 values.

mension induced by complexation is relatively small for
a-CD and relatively large for substrates, namely the
reduction in N7j value of the former is smaller than
the latter. For the substrates, it is noticeable that the
NT, values of aromatic groups show larger changes by
complex formation than those of other groups. The
effect of the complex formation on the molecular mo-
tion could be discussed quantitatively in terms of cor-
relation time. Despite the lack of accurate C-H lengths,
the results shown in Table 3 are giving some interesting
facts.

The correlation times for the internal motion of the
phenyl ring are clearly showing the mechanism of com-
plex formation. The values of 74 for the free substrates
are comparable or slightly smaller than those of 7.,
indicating the existence of rapid internal rotation of
the phenyl ring. Upon complex formation with «-CD,
the internal motion of the phenyl ring slows down by
a factor of up to ca. 8, while the reduction factor of the
overall motion is only less than 2.  These results support
the assumption that the substrates investigated here form
the complexes with a-CD by the insertion of an aro-
matic side chain into a cavity of «-CD even in the aque-
ous solution. The 7 values of the phenyl ring in the
inclusion complexes show still the existence of apprecia-
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bly rapid internal rotation. The results that the NT;
values of Cs and C. in phenyl ring agree with each
other and they are always larger than those of C; indi-
cate that «-CD favors the axial inclusion in which the
internal rotational axis C,-~C: of the phenyl ring of
the guest is parallel to the axis of the a-CD cavity.
According to the space-filling models, the diameter of
the cavity of «-CD is about 6.0 X 10-1°m.? The mo-
lecular diameter, including the van der Waals radii of
the proton, of the benzene nucleus is about 6.8 X 10-10 m,
thus the axial inclusion is the most natural mode of
inclusion.%)

For the substrates themselves the overall correlation
time 7 increases in the order Phe<Tyr<Gly-Phe~
Trp<{Phe-Lys, and this order is also valid after the
complex formation. The 7.4 value of the three sub-
strates Phe, Tyr, and Trp in the free states are about
same and are in the range expected for a molecule of
similar size. The Trp, however, shows the prominent
increase in T, by the formation of complex. The
peculiarity of Trp should be a partly due to the dif-
ference of the inclusion mode and a partly due to the
bulkiness of the indolyl group. In the most probable
inclusion mode of the indolyl group, the long axis of
the benzene ring C.;—C¢; may crosses at about right
angles with the axis of the «-CD cavity. This inclusion
mode induces larger steric interactions between the
indolyl group of Trp and the internal and peripheral
group of the a-CD’s cavity due to the bulkiness of
indolyl group as compared with the axial inclusion of
the monocyclic aromatic ring of Phe and Tyr. Thus
the bulkiness and type of the aromatic side chain are
important factors determining the tight packing of the
substrate into the cavity.

Several mechanisms have been proposed for the for-
mation of CD inclusion complex,?328 but the force
driving complex formation and the mechanism of in-
clusion are still unclear and a matter of speculation.?8)
A formation of hydrogen bond between «-CD and sub-
strate may promote complex formation and stabilize
resulting complex. It is generally accepted that many
benzene derivatives and «-CD form 1: 1 complexes with
benzene ring inserted into the cavity from the secondary
hydroxyl side.®$:19 According to this model several
groups of the substrates investigated here have the hy-
drogen-bonding capabilities to the «-CD’s hydroxyl
groups located on the outside of the torus. The ex-
istence of hydrogen bond may be confirmable from an
analyses of NT; values.?®39 The hydroxyl group of
Tyr has no noticeable influence, as compared to the
other substrates, on the molecular motions of both «-
CD and Tyr in the complexed state, indicating the
absence of strong hydrogen bonding interaction between
Tyr hydroxyl group and «-CD primary hydroxyl group.
The NT; value of Gly-C, in Gly—Phe, in spite of the
adjoining carbon to the end group, reveals a significant
decrease of motion by complex formation, while that
in the free state indicates an evidence of appreciable in-
ternal motion. The reduction of Gly—C, motion may
be due to the anchoring effect of the hydrogen bond
at the chain end on the molecular motion.?%

Upon complex formation of Phe-Lys with «-CD, the
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NT; values of alkyl chain carbons of Lys residue show
slightly larger reductions as compared with those of C,
and Cg of Phe and Lys residues of Phe-Lys, suggesting
an existence of further weak interaction between alkyl
chain of Lys residue and «-CD. In this case, two causes
can be pointed out as the origin of interaction, i.e.,
steric hindrance due to access of huge a-CD to Phe re-
sidue and N.H hydrogen bonding to o-CD. The
changes of NT; values, however, are too small to clear
the causes.

Phe dipeptide, Phe-Lys, in both free and complexed
states shows the largest 7.sy and 75 values among the
corresponding values of all substrates. The magnitude
of Phe-Lys’s 7 is not unreasonable as compared with
those of other substrates. However, Phe-Lys shows an
unexpected increase in 7 value of phenyl group by
complex formation. Since, in the complex state, the
phenyl 7 value of Gly—Phe is shorter than that of Phe,
a largeness of molecular volume or molecular weight
of Phe-Lys is not a only reason for this unusual increase
in 7 value. From these results, we can say that the
type of the amino acid residue adjoining to aromatic
residue in peptide chain is also one of the factors for
the tight packing of the substrate into the cavity.

It is noteworthy that, in the complexes, the overall
correlation times of the five substrates are about three
to seven times shorter than those of the host «-CD mo-
lecule. This result indicates the weakness of a dynamic
coupling between «-CD and the substrates, namely the
extensive independency of a overall motion between
them. This result further suggests the shallowness of
penetration of the aromatic ring of the substrates into
the cavity of «-CD. 1If the penetration is deep, all mo-
tions of aromatic ring other than anisotropic internal
rotation about Cg—Cy bond are greatly restricted within
narrow limits due to the steric hindrance. In this case,
however, the NT; values of C; of Phe residue are too
large to explain because the internal rotation about Cg—
Cy bond cannot affects the 7j values of C;. Thus the
penetration of the aromatic ring into the cavity may
be an extent to allow the substrate a relatively rapid
motion. The shallowness of the insertion is suggested
by the absence of hydrogen bond between the hydroxyl
group of Tyr and the primary hydroxyl group of a-CD.
The results of tH NMR study also support the shallow
insertion of phenyl ring of Phe into the a-CD cavity.®
The inclusion of the phenyl ring of p- and r-Phe into
the cavity is evident from the upperfield shift of the
«-CD’s H; resonances, but the H; resonances are not
affected by complexation and furthermore the mag-
nitude of the H; upperfield shift induced by complexa-
tion is only 0.10 ppm.® The three times larger shifts
(0.31 ppm) of the Hj resonances have been observed in
the complex between a-CD and p-iodoaniline.® The
strongest coupling between «-CD and the substrate
overall motions is seen in [a-CD, Phe-Lys] system,
where several intermolecular interaction may partici-
pate in the dynamic coupling.

In conclusion, the inclusion complexes between o-
CD and the aromatic amino acids and dipeptides in-
vestigated here show some characteristics like general
peculiarities of enzyme-substrate complex.®) The host
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o-CD has the cavity leading to substrate specifity and
the shape matching between the cavity and the sub-
strate is one of the factors determining the strong coupl-
ing between them. A nonpolar character of the host
cavity and a intermolecular hydrogen bond enhance
the binding of substrate and a-CD, but the forces which
bind them are relatively weak. The strength of the
dynamic coupling also depends on the types of dipep-
tides.
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