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Isothermal titration calorimetry has been employed to evaluate inclusion mechanism
associated with complexation between 2-hydroxypropyl-S-cyclodextrin (HPBCD) and barbiturates
(BAs). The association constants, stoichiometry, and enthalpic changes were calculated from
calorimetric titration curves using a non-linear least squares method. The inclusion modes
(structures) were explored by relating the thermodynamic parameters to the chemical structures
of BAs molecule and the cavity size of HPSCD. Two different types of BAs-HPBCD inclusion
complexes at 1:1 stoichiometry were realized by un-ionized BAs, whereas only one type of
inclusion was by barbital. The first type of BAs-HPSCD with higher association constant was
largely entropically driven with the constant values of AG;, AH, and AS; at various pH, thus
the hydrophobic interaction dominated the stabilization of the complexes. The second type was
characterized by large negative values of AH, and small AS; at pH < pKa values of BAs,
reflecting van der Waals' interaction and/or hydrogen bonding formation, and all the thermody-
namic parameters markedly decreased at pH > pKa. It is indicated that the R2 substituent at
5C in barbituric acid ring of BAs was included within HPSCD cavity in the first type of
com-plexes and that the barbituric acid ring penetrated into the cavity in th second type. In
both types, the ethyl-side chain of R1 substituent remained out-side of the cavity. The results
were agreed with those from ’C-NMR spectrometry. The inclusion geometry of the
complexes were estimated by molecular dynamics calculations.
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S oMFFR P OERARCEREOEE & S
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L+CD %= L-CD
L+CD % (L-CD)) +(L-CD)> + +(L-CD),
L+CD %= L-CD+CD * L-CD;+CD

2.2 HAFHINSA-SOHEE

a) L-CDEABERICAR () »6h0i OB
G X =% (napr Kuppr AHupp) BT D, Q13 @KT
REND L) HARERE ([L-cD)) I2/hHIT 2.

Qr =AHup [L-CD] (4)
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) LI NE—BThH L, ATOnBEOESHT
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O = AH (A —V AT — Angpp L.CD; )2 (5)
72750, A =napli + CDi+ UKupp, NappAHapp = AHimax

ZIT, AHupp & AHpy OHEBEIZ 2R 2 HEERE IR
DL EFYVEBRFB LTI b —EP O ERBITKD
BRBID, nay DIEEHEETE B,

b) (1) RO 1 EELET- FOREAEROBRERB LU
BRIy LVE—B{b2FhFh, K BLUAH ETBE,
043 (6) XTESR, (7) ROEEFHM (SSR) T
FTHUEENT A— ¥ HERTE B,

Q:=AH{A — AI=L,CD )2 (6)
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CDriZCD DHFEEBETH Y (10) ROBILRKD L N2
DT, W) ROEBBBNFIRIZL DK T A— s 58
BB EdTEL,

[CDP +a[CD2 + BCDs + y=0

7220 a=L(AH, +AHy) +(1/K; + 1/Ky) — CD,
B=L{(AH\/K2+AHYK)) — CD(1/K1 +1/K3)

(10)
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O = Lt 3 Ahik [CDyJi (12)
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U3 EnEnR (13) K& (14) RTESNL,
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=Lt (1 + 2 k{CD}}) (14)

BIZIE, 2BRBERUBIC L BEVI 1.2 0aEE AT
(n=2) BWETHE, (15) BLY (16) KABLILD
T, (1) RERCTETA— I PEETE 2,

Or = L{AhikiCD¢ + Ahoka[ CDA2)/(1 +k CDs + k[ CD¢}2)

(15)
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CD[:CDf+L((k]CDf+2k2[CDf]2)/(1 +k1CDf+k2[CDf]2)
(16)
UETHRON KRBT FOAR B L UK, ffkE
BR) B LURARE (T) & =i iy iy = 2 F -4k
(AG) BLUME#ET Y bV —2E (AS) RO SN B,

AG=—RT In Ki=AH, - TAS; a7

FTEIET~TFORTRAN U 75 LCUX V7 ko x 7
TN —F 22, NEC UP4800/650 7 — # A5 —3 5
PRSIV AN

3. B

31 & E

NLVES—VF 5L B) 7z SNV Y —F
PUTT L (PHB) BHIRMEETE B, ~2 by sy
—F P YA (PB) HEER TRRRIEER, 7
TNNES—F MU YL (AB) BLUEINLI & -l
TRUT L (SB) ZENFNERFEBRE L UTER
EBROROESHBEERAY T /- o BES LT
Bwiee ZRHONLEY — VEREEA (BAs) Okt
Table 112R7§, 2- & FIF Y 7OEL .2 707 %A b
) (HPbCD) 3BARRRICLR» o2 tsnsdng
EEFERL, 2OPHEEEBIRFIPitha bOHEW %
HWCTFAB-MS HIEA S IR5E L7z, #0MORE T T
FRmEER L,
3.2 ERETHIOBEIT

BAs & HPACD D@ SR IC O ML BBl
Thermal Activity Monitor 2277 #! (Thermometric ﬁi@:)
ZHWT25.0+0.01 CTHF o770 BAs BLUHPBCD 3%
NENEE KR I IR ERRIBHL, ~) 29 kT
(Minipuls 2, Gilson118) 2BV TRA LRI —EiE
0.01 mi min -1 TR L7, BAs DARBLE % 435t (B
TRERE () B) OFARIZE 0, HPBCD TiliE L TIRA R
BEEUEL, IBMEDOHPACD BROFHRHE L 0Em
ETHEER (Q) kL7,

) / \ PR
Table 1 Structures of barbiturates. oC 2 5C<
\ 4 R,
HN—CO
Barbiturates R1 R2
Barbital (B) CHj3-CHs- CH;-CH,-
Amobarbital (AB) CH;-CH,- (CH:z),CHCH,CHa-
Pentobarbital (PB) CH;-CH,- CH3CH2CH,CH(CHs)-
Secobarbital (SB) CH>=CHCH:- CH3CH,CH,CH(CH3)-
Phenobarbital (PHB) CHa-CHa- CsHs-
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BCD %VRML, 12 hiEERHHIEE D0 EHEOC-
NMR 22 RO IH VYT b (Scomprex) ZHEL 0
BAs ZC DY 7 MEAL (A8 AS=8gee — Scompien) 1, BAS
BXUHPACD DAME (LB LU CD) DBIK (18) XTH
Nz,

A8 = Abmaz(B — B2 — 4mLCDy Y2mL: (18)

72720, B=mL;+CD+ 1/Knmr

22T, KnuriiBAs-HPPCD HEARDBAs ERENE
FAHEEAOES BHEH), midtFERE Adn:
Wriany 7 VEWOBRMETD 5,
3.4 FFNIFEEN

KEHEOL & CD & OAEESEREOTELARE S
T %7 Lid Kollmann 51920 {2 X 5 AMBER % (AMBER
4.0) #fEH, CDOEFVIIE, -y 7u7FAMI»
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Fig.1 Calorimetric titration curves for barbiturates-2-

hydroxy-propyl-B-cyclodextrin (BAs-HPSCD)
complexations at pH 5.5 in 1/30 M phosphate
buffer and 25°C. The concentrations of barbi-
turates used were 1.0 mM for B and 0.2 mM
for AB, PB, SB and PHB.
means of experimental data from triplicate mea-

Points show the

surements and solid lines represent the com-
puter-generated best fit curves using Eq.(8).
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WM 2 BB L, BAs % ACDZREMIC, AR6 Al
359 [ENTIPIP EFNAS FEEE L 2. BEEGHEOT
WREOFFHHEIE TR, BES L UERENT
(30p: Ar=0.001 ps, 30,000 step, 294 K), NEC
UP4800/650 7 — 7 AF— 3 8 ¥ TiT o 12,10 BEREH
OREE Y TRV E—E50 step B B L, BEEEHO
BaE7 = A=Y a v CERIOST ALY -, B
FEHOEI TR R L 72

4.8 =2

4.1 BAs-HPBCD HAGIR L MBRCHE

Fig.1dpH 5.5, 1/30 MY VEMEEE+, BAs-HPBCD
BABEEOREECHEYTT. BARHERIZAH <0
OREFIETS Y, HEAEIIBAs B & FHPSCDBED
BHCECRA L7, M0il, CheOMERRE(5) AT
BT U nappy Kapp B & U AHpp & HH LTHER, /5T A=
512 BAs IBEEREMHIZZD 5 NT (Table 2), REHOE
R IOV T D EEE R 2 H 07208 np fEPHB
3% AB & PR32, BLUSB & PHB I3 TR
OBELSABEATFH SN HDT, B-HPACD BEHRIAIC
ST (6) &, FOMDBAs DV T(®) XOTEK
BEFV (=2, 3) *BOTENTSE, KiBLTAH
* $1ZPHB > SB > PB > AB > BOIBICREWEERL
#-. $7°, PHB BLUSB DK EHF K R K [ HEL T
IO, EIERAEE - FESRREITIEL A CER
TEHLDE Lo Table 31JI3EH LABIFR/ T A
—FRF LD,
4.2 HWABHRICEY 3EHpH OXE

BAs 3 £ U'HPBCD 4 fE4 & (pH 5.0 ~10.5) IIF
@ TEAREERICRELHE L 2. BRAEIpHY
BAs D pKa B ETHO MBI L, WEHBHRIZBT
ISR BAs D F AREEEBAs & U b HPBCD & ORUE
At BV TFRAEEER YR S 7z, PB-HPSCD

Table 2 Apparent association and thermodynamic pa-
rameters for BAs-HPBCD complexation in pH
5.5 phosphate buffer solution at 25T.

Barbiturates Conc. Napp Kapp —AHquypp
mM 103 M ! kI mol !
Barbital 1.0 0.88 £0.22 10.7+43 1.09%0.16
Amobarbital 0.2 2.13+0.13 4.74+0.17 2.39%£0.28
Pentobarbital 0.2 2.41£0.14 577x021 2.54%0.15
Secobarbital 0.2 2.69+£0.21 10.5+0.8 392+0.44
Phenobarbital  0.05 3231029 11.9+£20 4.64+045
0.1 3.23+0.12 128147 492%033
0.20 3.26+0.30 12.0%33 5021026
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Table 3 Thermodynamic parameters of BAs-HPSCD complexation in pH 5.5 phosphate buffer solution at 25<C.

Barbiturates —AG*  —AHp AS** —AGy*  —AHp¢ AS+ —AGy*  —AHy*  ASy*
Barbital 22.40 1.092 54.4 - - - - - -
Amobarbital 24.04  2.496 72.3 17.58 4772 430 - - -
Pentobarbital 24.67 2.740 74.5 20.09 5.709 51.0 - - -
Secobarbital 2634 3.210 77.6 22.21 8.005 47.7 12.43 3.890 287
Phenobarbital 2775 5.521 74.6 21.69 12.87 29.6 13.03 5500  25.3
*: kI mol -1, ** J mol ! K !
B AG, 1804 o
I 25.04 D [ |
g | |} | [ [ [} Em “g“ | ...
0 L1 ] |
2 200{ SE0OOO = AG, am
~ AG, 0 ~ 14.04 gy
g £
< 15.0- o Og ‘
100 T T T T T T Bl 100 T T T T v T 1
(@) o 1.2
L 1001 00 00 o L e _© 00
E AH, E 101 °
=2 = AH,; ®
T ! T 0.8 e
q 000 000 0 29000 n
% oo
00 T T T T T 1 1 06 Y T + T T T 1
60.0-
75.0 4 AA A
_ Ada A AA . A a
| i
E A4 Aa S 500 AT AA
£ 60.04 A g : A
- = as, AL L,
~ ] o 40.0-
2 45.0 AS, A Ap g
‘ AAApp A ‘
A
300 T T T T T T 1 300 —T T T T T T 1
4 5 6 7 8 9 10 11 4 5 6 7 8 9 10 11
pH pH

Fig.2 pH profiles of thermodynamic parameters for
PB-HPACD complexation in buffer solution. All
open symbols represent thermodynamic para-
meters of the first type of inclusion modes and
closed symbols are thermodynamic parameters
of the second type of inclusion modes for the

complexation.

BLUB-HPBCDHERBEIZ BT B IERF 4 — 4
(AG:, AH,, AS) DpHIZ L B E% Fig.2 8L UFig.31c
Yo B-HPBCD WA RTE DIEHESSIH /85 A — & 13
pH > pKa=7.91 TEHIZHA L7z, LA L, PB-HPBCD
BEHEIR T, —AG), —AH, B L UAS lldpH B0
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Fig.3 pH profiles of thermodynamic parameters for B-
HPBCD complexation in buffer solution.

AL AT -EEE L DAY ~AG, & —AH, HpH >
pKa =8.11 TR, ZHITPEVOLR0EAL 72, AB,
SB B L UPHB T b Al @A 5 172, 16.17)
4.3 13C-NMR A~ MVEIE

BAs-HPSCD #&ED 3C-NMR A7 } LEIEH 5 BAs
BECOASERD, (17) RIZL > Tm & Knwg FEFE L7
R, BAsTRTOCIIDWTm =1 Tdho72,19 Figd io
{$B-HPACD # & U'PB-HPACD B A BB I BT 5 BAs
BCDASEILER L, B-HPBCD Tid, /Ly — LR
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ORT T cmem, N ongons
HN—CO 7 8 HN—CO 7 g
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Fig.4 Changes in P*C-NMR chemical shifts of PB
(right) and B (left) in D20 as a function of mo-
lar ratio of HPSCD/BAs.

Mode |

PB

BC OIS 7 P LA, RIBIUR2ZOIFIVE
Cite bizkE CIERMEY 7 LA, TOHDBAs-HP-
BCD T, NVEY— VR, 4BLU6HC (c, 4C,
6C) DASHBEEICHRES 7 ML, /vy — VRS AL
RIBIRENIFLEC (7C, 8C) DY T IVIREIICE
BB 7 b L7t 5512, PBOR2EREDT VLR
(10C ~12C) BLUPHB® 7 ==V (10C ~ 14C) 13,
ASDIALEEIIMC I B B E BT/ E VY, BBV 7
FL72
4.4 PFRSFEIE

BAs-CD BB AR KEHH OEBIBMERL C-
NMR 2% 7 F VDR L EIZ, KO3 BEOSHEE -
F (Mode 1~111) IZDWTHTEHNFEHEILLAY I
L= g v k4To7, BAs O/ ULE Y — VERRY BCD DI
b RO LS 2RI A Mode 1), FARICR2E
ik BCD BT L FOF VAP EE Mode 1D, B

Mode li Mode I}

Fig.5 Inclusion geometries calculated by molecular dynamics simulation for B-BCD, PB-CD and PHB-CD

complexes in aqueous solutions. All inclusion modes are represented as the final geometries through 30 ps

simulation. The first geometries of Mode I and Mode Il are inclusion modes with the barbituric acid ring

and the R2 substituent of BAs inside the BCD cavity, respectively, whereas others are located at the rim of

the secondary hydroxy side. Mode III is an inclusion mode where BAs penetrates into the cavity from the

primary hydroxy side of SCD.
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THRL, TNOOEET—- FIRETHL, 2O LG
INVEY — VEERB L UR2 BRESHPACD 2RI Ak
BT VI ERRBLTV5, T/, B-ACDIE Mode I
DEHHEHIRE L T 225, "Ly — BBl
BCD ZEHRAPHZIR  id A S gy,

5. % &

51 IEMAAUREB/IENNTA—4
BAs-HPSCD #EHER O REHE HEOBTE RS
AB, PB, SBBXUPHBIZEVN |1 T2y
EHREEET LI EAWE I o1, WERBEERD
REVIE K > K») WEIBEAGES LS BELRE
RES 5 &, BAs DB TR 2 pH 5.5 @At
DHEEEBE TIZAH < AHy < 0B LUTAS, > AS) > 0D
TEAAERE SN2 (Table 3), 1B US 2L
EHBIZBAs O EOMUIHET 2P RTETH 72, B
TN T A — 5 AGy, AH B L UAS 7pH (2R3
IZEEETRL (Fig.2), ASIHKE (- AH DRSOV E LS
BEMEESS, S IBEARERIZEL L CBUkESE
EEHPEES L TWAZ P HEATH S, E2BEARKT
{2, BAsHHRMEIE CHTET B pH > pKa Bl T - AG-fE
E-AHDRE (ETL, ZRIMEVAS, AL, 3
BBEF.BAs TO— AHEFKE {, ASEAVNS VOIS
BN T 7 2 FNT— VAN T 13K EEE1ES5T 2
O TH 5, BMEFBAs T- AH EAE L TAS, A
THDE, BARERERO K EMIL ACEETALE
NS R (Ko=102 M7Y), —AG, %R L CELMM
PHERTL720THD, 20, E1BESEOLEE—
FidpH Z{LITKTE L 2 W BUKMEE, BAsD/SVE Y — L
BRERS (BB TV FIVEH T 7213 7 « = VBASHPACD
ZERMCGESH SR L), 2T, SoEELRG
BAs DNV E Y — VEEBRAHPBCD ZRMICBE S N
ErEDEHEINS,
BIZENE 1: 1 TIHEEDOADUHEE— FCHEARI
2T BN, FORRERIIMOBAS (ZHET 5 L IEEIZN
S< (KT=103 M 1), #HIpH > pKa T3 AR ILIZ

’

EALEHTEALRETHo 72, MBFB TR, —AG,

~AH BLU-ASEIZpH ICEIE L THA L (Fig.3), /¥
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VEY - VBRSO F VL EET L L, B-HPBCD#E
BRSTEREET OV ¢ — VBB AN B S R
BE-FTHorEELOND,
52 8BET-NOET

KEEP TOUBEEEEROBESEY £ Bk T
SO RRENETHE L OEET— FENEDOFET
BAET 5 2 LB TH Y, BC-NMR AR M LAIFERS
FHIFHETCHT LAV TCOBKRIZFEEICERTH 5,
BC-NMR A7 b VBT, GBEASAERIZL > T
CD ZERMNIZZIE SN L DEEEA C D ASHSERAD R
Lo THEEH L 7 3520 75, BAs-HPSCD HAREHK T
13, BAsD/SLVE Y — LEERA VEZLEC QC, 4C, 6C)
ER2EBECOASHERESE S 7 F L7 (Figd), HIVER
ZNVFEC D Abpax R EVDIZNVE Y — VESEATHPACD
RABSHIBUIBET 2 REEGILLIAbNEELNS,
BOSIZ R EMEC DRSS 7 M3 HPACD B0 B 7
TR FOFS SO LR REBL TR 25ER S
KLB10THD, ECOKwW FHET B L, SLEY—
VERRB L UR2 BRENTHEIZL > THPSCD BRI L
MELZ5C, 7TCBLUICTREVEYTRLZD, $C
DCTm=]1THHDITASHENRL: | OBASEEEIE
HLTwbsZ %2R, 2%, B4K < BAs-HPACD
I, NVEY - VEERE 723 R2 B % HPBCD R
PICEEL/2BHOBET~ FAMT LTRSS A, B-
HPBCD #EEHTIE/NNLVE Y — VEEBD AHYAHE IR B,

LA L, BC-NMR A% p VEIEIZBVTIZBAs &C
D Ao TR Knnr TADO AN 2 B OREIZ# L
DT, GHHNOBELREGHTHLN LY Y — LEEE
BELUR2EHBEC D Kame HD 5 AGumr (AGaagc, AGse,
AGry) DFHEREH LT (Table 4), BAIEDAG L
HBL7e 22T, AGrase, AGse BEUAGR iZZFNZFN
ISV VEEBRANVKRILEC, SHCBLUR2 ERE
COAGNMRTER RS AG I3AGR: & BV 2R L
(Fig.6), R2 BHHEOHPACD EHA LIS FEA S

Table 4 Mean values of free energy changes for each
carbon obtained from the chemical shift
changes in the 3C-NMR spectra of BAs-HP-
BCD complexation in D;O.

Barbiturates —AG:4.6c —AGs¢ —AGr2
kJ mol ! kJ mol ! kJ mol -1

Barbital 232104 30.7 -
Amobarbital 2214204 21.9 234103
Pentobarbital 232+1.2 232 23.8 £0.7
Secobarbital 22.5+0.8 23.7 25.2x1.7
Phenobarbital 249 +1.0 325 264109
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Fig.6 Relationship between AG: obtained from calori-

metric data and AGnmr from 13C-NMR chemi-
cal shift changes for BAs-HPBCD complexation.
O and @ represent AGaec and AGra of AGnmr
in Table 4, respectively.

BT A2 E DL PR 57,

HPACD L fCD D&~ Fa ¥ Y &@ice Fuxi 7o
Y (HP) EABBRLIKEEDB- L 7aFFAMY L
EHRTHLD, BHTFEIE v FuF D EAH»LTE
SN, FOIRLAEHE e FOF VEA»L TS
RTEAELBET 5. D TFEA#MEIE, HPBCD D5
FEBLUHPBREF —EL 2O THFEF VAR
WThb, FDOI20H, EFMLICIEBCD X FVA, BAs-
BCDBAHFRNY I 2 b—v a Y OJBREIHENEIC &
STHELSE B L UE 2 BEARORE— FORE
MASTEL CHREES N (Fig.5)o

X512, PHB X HPACD (TH1:3) OREKEUE
24 hiBEEL -8, HEEELZREO FAB-MS RIEDH
Bh6 LTIV 1 @ PHB-HPACD HAKRDOEB L HEE
T&E7,

=
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6. #&

iR B E Tl AREAKROER, BRERB &
UG v ¥ LV E— BB Bl ORI s L E
BEH AR, BIEREEICE DSOS RO RE]
AN A ERT A LD TH S, FOERILC-
NMR A7 M ViEess FEHERETES AL ToT L
NP S ABHMERET AL o THEICKIEE
Do KBEWPTOLERSHIAIIIL & CD OMEEH
ETCiER L, SFEAORESSL, BF fUcDE
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FREEHREREACT, KEEE L C Y — LAY
% (BAs) & 2. FOF U 7OELN L Y ruFE by
> (HPACD) OABEABRRROBEL BRI L7, &&
pHAREREF CHIE L - B A AR SR EOHERE, 5
FERERB LUBBT ¥V —BbR BH LR, 3
PR BAs TIZENI 1: 1 O2FBEOSRE— F ol

BROTK, 3L UBBRBAs Tt BEOBBEE KD
BRI N, BREEOKRSVNICE I H8 L 0%
BREGLT DL, E1EESHRERIEAG, AHBLU
ASi XpH DR TIRIZEETH ), AH, DEONEVE,
ASIBEDRKEVERRT 2L 25, HMASHEEESS
FLT 5, £/, B2BEAAEBIIAG, AH,BLU
AS:DpH > pKa TOWD, AHi PEDOKREWE, ZLT
ASLPEDPNSERRTIEDDL, 77 FAT— L%
HEER T T REEENES LTV 2, 2% 0, BAs-
HPSCD BAERIZIEBAs D/ ¥ Y — VESER S [ D R2 DBk
KEEBEDHPACD =N IZHIE S N8 | AR Y
W7 — VEEBSHPSCD ZERMIC SR S -2 B A4k
D2FOAEE - FOIEEL, B2 BEAHEImER
BASIZBWTOARE SN S, hoDaEE— Niine.
NMR 7 3703 7 MELOMBITRER & —5 L, Bhzast
W&o TR S ROKEHT TORERAREE S NI,
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