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ABSTRACT 

The formation and the molecular dynamics of the inclusion complexes of cy- 

clohepta-amylose (cyclomaltoheptaose) with L-lysyl-L-phenylalanine, L-phenyl- 

alanyl-L-leucine, and L-leucyl-L-phenylalanine in aqueous solution have been 

studied by ‘H- and 13C-n.m.r. spectroscopy. The displacements in ‘H-chemical 

shift and the decrease in NT1 77 values for the guest carbons on addition of cyc- 

lohepta-amylose show that the inclusion complexes are formed by insertion of the 

guest’s phenyl ring into the host’s cavity, and the stability of the complexes depends 

on the types of amino acid residue adjoining the aromatic residue and on their se- 

quence. Here, N is the number of protons directly bonded to a given carbon, T1 is 

the 13C spin-lattice relaxation-time, and 7 is the viscosity of the solution. 

INTRODUCTION 

The cycloamyloses (cyclodextrins) are cyclic oligosaccharides composed of at 

least six (1+4)-linked a-D-glucosyl residues. The cycloamylose has the shape of a 

hollow, truncated cone with primary and secondary hydroxyl-groups crowning the 

narrower and wider rims, respectively. The cycloamyloses can form inclusion com- 

plexes with a variety of guest molecules without any covalent bonds being formed, 

and, in some cases, they catalyse the reaction of included compounds’-‘. Because 

of these properties, the cycloamyloses serve as models for studying topochemical 

aspects and catalytic reactions of enzymes. In particular, the cycloamyloses are 

models for such hydrolytic enzymes as esterase and protease in which the hydroxyl 

group of a catalytic serine residue attacks the acyl group of a bound substrate. It is 

well known that chymotrypsin, a typical serine protease, selectively includes the 

aromatic and bulky, non-polar side-chains of substrates into its nonpolar cavity. 
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Therefore. It is rc!c\ant to investigate the molecular ci~namlcs of inclusion 

complexes between cycloamyloses and aromatic amino acids and peptides as mc)d- 

els for enzyme-substrate spccitic binding” “. We nom report on the formation and 

molecular dynamics of mclusicm complexes of ccclohepta-amylo~e , c)cloma!tohep- 

taose. ,!+cyc!odextrin. ,!+C‘D) with the phen);!a!anine-containing dipzptldca. i.-!!,sy!- 

I -phenylalanine (Lyx-Phc I. I -!7hen~!alan~!-I.-l~uclnc (Phe--1.t.u). ;inti I -kuc!;i-I~- 

phenylalanine (Lzu- Phc i. 

,Uatrriul,~. -- /j-CD and the dipeptides were purchased from Nakarai Chemi- 

cals. Ltd.. Kyoto, and Sigma Chemical Co.. Saint LOUIS. respectivelv; they were 

used without further punfication. ‘H,O, 4O<G NaO’H solution III ‘H ?( 1. and 38% 

‘HC! solution in ‘HZ0 were purchased from Merck Sharp and Dohmt,. Canada. 

Ltd I 

Methods. - ‘t-l- (100 MHz) and ‘“C-n.m.r. (25 MHz) spectra wc~e recorded 

with a JEOL JNM PS-100 spectrometer quipped with d PFI‘- 100 pulse Fourier- 

transform system. Data were accumulated and processed in a JEO! JE-(‘-!()o com- 

puter. The ‘.‘C spin--lattice relaxation-time (T,) &;I\ meaxurcd h! the in\crsion--rc- 

covery method using ;I lXO’~-t--W pulse 3cqucncc. where I 1s the tirric iiltCT~V>I! be- 

tween the 180” and 90” pulses. The rstlmatecl error in the i Y-1 ~:lluc \v;is < 15c; 

The ‘H- and ‘3C-chemical shifts were reisrenccd to cutern;il tctrameth~fxtlane 

The macroscopic vlccosity of the solution used in the “C-T42liiK3tiOrl cuperi- 

ment was measured with ‘t C’annon-Finske vlscometcr. lr \. ~XXIT;I sc’rc recorded 

with a Beckman-25 spectromcler.. I‘hc rt’mperaturt* was hc!?t at 31 t-L’ tcjr ai1 es- 

periments. 

The pH kalucs wcrc read on a Toko Model TP-!(I! pH-meter $vlth nncro 

combination-electrode CE 103. which enabled the mc,tqlremcnt c>f p!7 valuc~ of 

solutions contained in an n.m.r. qmple-ruby. 

RESUI TS AND DISCI_ISSI(_)N 

Associafiorz constant. - Association constants K,, for the cornplcuatlon of ,& 

CD wth dipeptides were determined from the changes in u.v. spectra of the dipep- 

tides (concentration, IOOJLLM) induced by the addition of O-+l()mM p-C’D’. ant! by 

the displacements of ‘7C’-cht:mica! shift for the dipeptides 6conccntration. o.%) on 

addition of (L4.3~ ,&CD”~“. The K, values 111 alkaline solutIona could nol he c!e- 

termined accurately on the basis ot’ the u.~. spectra, because 01 an overlapping. 

large peak for alkoxide anion. I-he Kc, v;~lues in acidic \olutlcm\ also could nor be 

determined by ‘“C-n.m.r. spectroscopy. because of the poor so!uhl!it\ of /3-CD. 

The K, values determined for the ,!?-CD--dipeptide svstctns b\ asxumin$ 11 I : I com- 

plex, and by using a Hildebrand--Hcnesi relation’- I”, v,crc -1X(\- 3iOhl ’ ITI acidic 

medium (p’H I .5) and --5O~f ’ in alkallnc medium (p-‘H I 3 0). which ;tr~’ compara- 
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ble with those for P-CD complexes with L-phenylalanine’ and L-tyrosine’. The K, 

values indicate that the equilibrium of the complexation reaction, P-CD + dipep- 

tide * complex, lies predominantly on the complex side. The formation of inclu- 

sion complexes of the 1: 1 type between /?-CD and dipeptides was also confirmed 

by ‘H-n.m.r. measurements. 

Changes in ‘H-chemical shift for P-CD and dipeptides induced by complex 
formation. - ‘H-N.m.r. spectroscopy can provide evidence for the inclusion of 

aromatic molecules into the cycloamylose cavity”,‘*. If inclusion occurs, H-3 and 

H-S of the P-CD glucosyl residues, which are located in the cavity and directed to- 

ward its interior, should be shielded, because of the ring-current effect of the 

phenyl group. By contrast, if association takes place at the exterior of the torus, H- 

1, H-2, and H-4 should be more affected. As anticipated, upfield shifts of -0.03 

p.p.m. were observed for the H-3 and H-5 signals by the addition of a 1.3 molar ex- 

cess of dipeptide, whereas the chemical shifts of the remaining proton resonances 

of P-CD were practically constant. These results are consistent with the inclusion 

of the phenyl ring of the L-Phe residue of the dipeptides. When the phenyl ring of 

the L-Phe residue is preferentially included into the cavity of p-CD, inclusion of the 

aliphatic side-chain of the other residue (L-Lys or L-Leu) of the dipeptide may be 

sterically prevented. Thus, complex formation involving inclusion of an aromatic 

side-chain into the cavity of P-CD was further confirmed by the observation of ‘H- 

chemical shifts of the aliphatic side-chain of the dipeptides. Significant shielding of 

the aliphatic protons of the side chain has been reported for linear dipeptides hav- 

ing one aromatic and one aliphatic amino acid, but was not found in dipeptides 

lacking an aromatic side-chain 13,14 The side-chain protons of the L-Leu residue of . 
the dipeptides Leu-Phe and Phe-Leu in the free state might be shielded to some 

extent by the neighbouring Phe aromatic residue; consequently, the L-Leu side- 

chain protons would exhibit lowfield shifts when that shielding effect is removed. 

Figs. 1 and 2 show plots of the side-chain ‘H-chemical shift of the L-Leu residue of 

Phe-Leu and Leu-Phe, in the absence and the presence of P-CD, as a function of 

p2H. As can be seen, the ‘H-chemical shifts of the L-Leu side-chain of both dipep- 

tides in the presence of P-CD are always greater (by -0.5 p.p.m.) than those in the 

absence of P-CD over the acidic p*H region. For Phe-Leu, the same relation also 

holds in the basic region. These results show the removal of the shielding effect of 

the Phe residue in the presence of P-CD, indicating clearly the inclusion of a phenyl 

ring into the cavity of /?-CD. 
For the L-Leu side-chain of Leu-Phe, ‘H-chemical shifts in the absence and 

the presence of p-CD become almost the same in the higher p*H region. This result 

implies that the inclusion complex between P-CD and Leu-Phe becomes unstable 

at higher p*H. The destabilisation of the complex in basic solution may be 

rationalised by consideration of the ionisation of the carboxyl terminal (p& 2) of 

the dipeptide and that of a secondary hydroxyl-group (pK, 12) of P-CD. For the 

Leu-Phe+-CD system, there is more electrostatic repulsion between the terminal 

carboxylate anion of Leu-Phe and the hydroxyl anion located on the wider rim of 
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Fig. 1, ‘H-Chemical shifts of the t.-Leu residue of Phe-Leu. in the absence (4:) dnd the presence 

of equlmolar P-CD (+). ds a functii)n of p’H. 

r-- -p---------p- 

Fig. 2. ‘H-Chemical shifts of the I.-Leu residue of Leu-Phe, m the absence (-4~) and the prcsencc 
of equlmolarP-CD (+). as a functwn of p’H. 

P-CD when the phenyl ring of dipeptide is included into the cavity of @-CD at high 

pH. This repulsive interaction prevents the formation of a stable inclusion-com- 

plex. 

The existence of repulsive electrostatic interaction was indicated by observa- 

tion of the conformational change of the Phe side-chain’5. The ‘H resonances of 
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the LY- and p-protons of L-Phe in Leu-Phe could be analysed as an ABX three-spin 

system. Table I contains the coupling constants and the rotamer populations esti- 

mated by use of the Feeney approximation l6 In the free and the complexed states, . 
the gt rotamer (aromatic ring tram to the carboxyl groups) is the most stable. On 

complex formation the gt-rotamer population increases in alkaline solution, 

whereas the change of rotamer population is insignificant in neutral solution. In al- 

kaline solution, the repulsive electrostatic interactions between the ionised hydro- 

xyl-groups and the carboxylate group of the guest keep the latter away from the 

former, i.e., the gt rotamer becomes more stable. For the Phe-Leu+-CD com- 

plex, in which the phenyl ring of the amino-terminal Phe residue is included, the 

carboxylate anion is situated too far away from the hydroxyl anion of the /?-CD for 

severe interaction. 

TABLE I 

'H-COUPLING CONSTAN'I~ AND ROTAMER POPULATIONS FOR THE L-Phe RESIDUE OF Leu-Phe AND ITS 

MOLECULARINCLUSIONCOMPLEXESWITH P-CD 

Compounds p2H Coupling constants (Hz) Rotamerpopulations’ 

JAB JAX JEX gt 

[Leu-Phe] 7.2 13.8 8.6 5.4 0.61 
[Leu-Phe, /3-CD] 7.2 13.9 8.7 5.6 0.61 
[Leu-Phe] 12.6 13.4 8.4 5.3 0.58 
[Leu-Phe, P-CD] 13.0 13.8 8.8 5.3 0.63 

“Calculated by Feeney’s approximation’h. Rotamer notations are as follows. 

tg gg 

0.31 0.08 
0.33 0.06 
0.29 0.13 
0.28 0.09 

gt tg 99 

c=o NH HX 

Ph Ph 

Dynamic aspects of P-CD inclusion-complexes with dipeptides. - Measure- 

ments of 13C-T1 values are particularly useful for investigation of the molecular 

dynamics of cycloamylose inclusion-complexes ‘-’ If inclusion complexes are . 

formed, molecular motion must be restricted. In this paper, we have adopted the 

NT17 value as a measure of the effect of complex formation on molecular motion. 

Here, N is the number of protons directly bonded to a given carbon, and n is the 

viscosity of the solution. The use of the NTin value has been estalisheds9. Accord- 

ing to the theory of magnetic relaxation, assuming Brownian molecular-motion, a 

decrease in NT17 value corresponds to an increase in molecular volume. For cyclo- 

amylose inclusion-complexes, the greater the dynamic coupling between the guest 

and cycloamylose, the greater is the increase in the apparent molecular volume of 

each component and hence the greater is the decrease in the NTin value. Thus, the 
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extent of the decrease in NT,7 value may be used as a measure of the strength of 

dynamic coupling of dipeptides with P-CD. 

Table II contains NT,7 values for dipeptides and the values of the solution 

viscosity measured in alkaline solutions. The NT,n values for aromatic carbons Cs 

and C, of L-Phe residues of dipeptides in the free and the complexed states are 

larger than those of Cc. These results indicate the existence of rapid, internal rota- 

tion of the phenyl ring even in the complexed state, since an internal rotation that 

is faster than the overall molecular motion increases the NT, value”. 
Table III contains the ratios of the NT,v values for the complexed and free 

states of the dipeptides. The smaller value of this ratio corresponds to the restric- 

tion of molecular motion of the guest molecule by complexation with P-CD. All of 

the NTrv values for dipeptides greatly decrease on complex formation with P-CD, 

as expected; i.e., the molecular motions of dipeptides were greatly restricted by 

complexation. The aromatic-ring carbons of the L-Phe residue in each /3-CD-di- 

peptide system show a larger decrease in the NT,n values than those for carbons 

C, and Cp in the same dipeptides, indicating a larger slow-down of the internal ro- 

tation of the phenyl ring than for the other part, or an overall molecular reorienta- 

tion. The results clearly show the formation of inclusion complexes of the guest di- 

peptides with the host P-CD by insertion of the phenyl ring into the cavity of P-CD. 

For three dipeptides, the ratios (NT,77)complex/(NT,77)free for the aromatic 

carbons are in the order Leu-Phe > Lys-Phe > Phe-Leu. This result implies that 

the amino-terminal L-Phe residue is more strongly fixed in the cavity of P-CD than 

the carboxylate-terminal residue. In other words. Phe-Leu forms a more stable in- 

clusion-complex than Lys-Phe or Leu-Phe. This is consistent with the results ob- 

tained from measurements of ‘H-chemical shift. The two methyl carbons, Cs, of 

the side chain of the L-Leu residue in Leu-Phe and Phe-Leu show high values of 

the NT,n ratios, indicating that these carbons retain high moility even after the 

complexation. Upon complex formation between Lys-Phe and P-CD, on the other 

hand, the NT,7 ratios of side-chain carbons. Cs and G. of the L-Lys residue in 

TABLE III 

VALUES OF NT,TJ~ RATIOS FOR THE COMPLEXED AND FREE STATES Of DIPWTIDES 

Co?npounds (NIV) ‘ompler~(~l~)fwP 

Phe-a Phe-P Phe-S Phe-c Phe-i Lys-a Lys-p LYS-Y Lys-8 Lys-E 
[Lys-Phe] 0.80 0.83 0.64 0.63 0.63 0.66 0.91 0.41 p.35 0.36 

Phe-a Phe-/3 Phe-S Phe-E Phe-t,” Lys-a Leu-P Leu-y Led Leu-e 
[Phe-Leu] 1.04 0.63 0.33 0.37 0.32 0.88 0.99 0.79 0.90 0.92 
[Leu-Phe] 1.04 0.75 0.76 0.78 0.75 0.72 0.80 0.77 0.96 0.99 

“T1 is the 13C spin-lattice relaxation-time, N IS the number of protons attached to the carbon, and 1) is 
the solution viscosity. The corresponding NT,TJ values are given In Table II. See also the footnotes of 

Table II. 



Lys-Phe are extremely small. In the free state, the NT,q values show a higher mo- 

bility for these carbons as compared with other carbons in Lyx-Phe. This result 

might suggest the existence of further interaction between the Lys side-chain end 

and /?-CD in the complexed state. The most likely interaction 1s hydrogen bonding 

between the NE-H of the Lys residue and the hydrovyl group of ,!3-CD. The decrease 

in the mobility of the Lys side-chain may be due to the anchoring effect of the hy- 

drogen bond at the end of the Lys side-chain on the moiecuiar motIoniS. In an!, 

case. such secondary interaction contributes to the stability of the L.>s-Phe--,!SCD 
complex, since the decrease of the NT,r] ratios for the aromatic carbons in Lys-Phe 

are larger than those in Leu-Phe. 

The formation of inclusion complexes between @-CD and the phenylalaninc- 

containing dipeptides investigated here shows some characteristics of an enzyme- 

substrate complexation. The host /J-CD has a hydrophobic cavitj~ that is suitable 

for specific binding of the phenyl ring. The hydrophobic interaction set’ms to be the 

most probable driving-force tar the formation of a stable complex, and additional 

interactions. occurring out of the cavity, make the complex stable or unstable dc- 

pending on the nature of these interactions. The Leu-Phe-&CD complex. which 

is stable in acidic solution, becomes unstable in aihfine soiutlon because of an 

electrostatic. repulsive interaction between the dipeptide and /?-CD. By the con- 

tribution of hydrogen bonding of the L.ys side-chain, the ILys-Phe complex IS mot-t’ 

stable than the Leu-Phe complex in alkaline solution. Of rhr three dipeptldes. 

Phe-Leu forms the dynamically most-stable complex with @-(‘D m alkaline solu- 

tion because of the lack of repulsive interactions. Thus, the stabilitv of cycle- 

amylose inclusion-complexes with dipeptides varies wllh both t!le ~vpe of amino 

acid residue adjoining the aromatic residue and their sequence It IS concluded that 

cycloamylose can recognise the amino acid sequence as can an cnq~ne, although 

the recognition ability of the former is significantly weaker than the tatter. I;t wa’. 

confirmed that cycloamylose also has the ability to select the conformation of guest 

compounds at the time of formation of inclusion complexes Consequently. it can 

be said that cycloamylose is a good, but not the best. mimrc ofcn/ymc\ 
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