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ABSTRACT

Cycloheptaamylose has been crystallized with 2,5-dnodobenzoic acid as guest
The X-ray crystal structure at 1 2-A resolution with space group C2 and cell dimen-
sions @ = 19 192 (13), & = 24 759 (20), ¢ = 15739 (13) A, and B = 109 6 (3)° was
solved by using rotation—translation functions Complexes of other meta-substituted
guests were found to be 1somorphous, and were solved by using the phases of the
cycloamylose of the 2,5-duodobenzoic acid complex The complex with 2-bromo-5-
tert-butylphenol having @ = 19 235 (11), b = 24662 (17), ¢ = 16018 (11) A and
B = 108.9 (2)° was determined at 1 0 A resolution and the complexes with m-
bromobenzoic acid, mi-iodobenzoic acid, n-iodophenol, ni-toluic acid, and 2-bronio-4-
ter t-butylphenol were determined at 2 0-A resolution In all cases, the guest molecule
was disordered However, by using information from all the structures, 1t may be
concluded that the functionally important carboxylic acid group lies in the primary-
hydroxyl end of the cycloheptaamylose molecule As studies in solution have shown
that the hydrogen-bonding groups of guest molecules interact with the secondary-
hydroxy! end of the cycloheptaamylose molecule, it 1s concluded that the structure
seen 1n the crystals here does not correspond to a catalytically active species Cyclo-
heptaamylose exists as a dimer in the crystal by means of extensive hydrogen bonding
across the secondary-hydroxyl ends of two cycloheptaamylose melecules A continu-
ous channel throughout the crystal 1s achieved by the stacking of these dimer units

INTRODUCTION

The cycloamyloses (Schardinger dextrins) are cyclic oligosacchardes contaming
6—12 D-glucopyranosyl residues linhed «-(1—-4), the most common have 6, 7, or 8
residues They are produced! from starch by exoenzymes of Bacillus macerans or
Bacillus megaternuun The cycloamyloses form complexes with iodine, as does starch,
which gives the well-known blue coloration From knowledge of the structure of the
cyclohexaamylose-iodine complex, a structure has been proposed for that of the
starch-iodine complex?
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The cycloamyloses are able to form inclusion complexes with a wide variety
of “guest” molecules, provided that the guest is small enough to fit into the central
cavity of the cycloamylose® In addition the cycloamyloses have been shown to cause
a remarkably stereoselective acceleration of the cleavage of phenyl esters and phospho-
ric esters in homogeneous aqueous solutions>. and 1t was found that cyclohexa- and
cyclohepta-amylose (previously also called «-dextrin and B-dextrin) were the best
catalysts, but often having different specificities® *. The mechanism of hydrolysis
of phenyl esters was shown to involve the complexed ester molecule and the alkoxide
1on derived from the secondary hydroxyl groups of the cycloamylose* These observa-
tions have led to the cycloamyloses being used as models for enzyme catalysis

Recent research has shown that structural modifications of the cycloamyloses
can improve the catalytic abilities® and has expanded the scope of the reactions
catalyzed by the cycloamyloses” In addition, these studies® 7 have made it clear that
the effectiveness with which the cycloamyloses catalyze a reaction 1s related to the
position of the guest 1n the cavity of the cycloamylose and to the strength of the binding
of the guest In an effort to improve the binding and catalytic efficiency of the cyclo-
amyloses, “capped” derivatives of cycloamyloses have been synthesized® ¢ These
caps are hydrophobic molecules. covalently bound to one or more of the hydroxyl
groups at one end of the cycloamylose molecule The function of the cap 1s to restrict
access of water to one end of the cycloamylose molecule and thereby to improve the
stability of the hydrophobic guest It was the observations of Bender® and Breslow?
on these geometric factors and the knowledge that the best catalytic rates have been
shown to be obtained with cycloheptaamylose and sm-substituted phenolic esters®
that prompted us to undertake a study of cycloheptaamylose complexes with m-
substituted aromatic guests

The first X-ray crystal structure of a cycloamylose, that of cyclohexaamylose
with the disordered guest potassium acetate. was determined by Hybl, Rundle, and
Williams® 1n 1965 Since then, the X-ray crystal structures of several other complexes
with cyclohexaamylose have been determined by Saenger and co-workers!® and by
Harata!! The first X-ray structure of cycloheptaamylose, that with the guest 2,5-
duodobenzoic acid. was reported in a preliminary announcement by us'? The
present work describes results on an 1somorphous series of seven different guests
with cycloheptaamylose 2,5-duodobenzoic acid, m-toluic acid, m-bromobenzoic
acid, m-1odobenzoic acid, m-1odophenol, 2-bromo-4-fes t-butylphenol, and 2-bromo-
5-ter t-butylphenol While these guests are not substrates for cycloheptaamylose,
they can be products (m-chlorophenyl benzoate has been used as a substrate) and
all are inhibitors of catalysis by cycloheptaamyloses

EAPERIMENTAL
The crystal data for the complexes with 2,5-duodobenzoic acid and with

2-bromo-4-te; t-butylphenol are given in Table I All crystals were prepared by the
method given previously'?, data for all other crystal forms are to be found therein
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TABLE 1

CRYSTAL DATA OF CYCLOHEPTAAMYLOSE COMPLEXES

2,5-Duodo- 2-Biromo-4-ter t-
benzoic acid complex buty Iphenol complex
Crystal system monochnic monoclinic
Space group c2 Cc2
z 4 4
Observed density (gfcm?) 1 60 141
Cell dimensions (A) a 19 192(13) 19 235(11)
b 24 759(20) 24 662(17)
[3 15 739(13) 16 018(11)
B 109 6(3)° 108 9(2) -
Celi volume (A%) 7045 4 7188 8

Crystals became opaque through loss of water and therefore had to be sealed 1n
quartz capillary tubes Complete three-dimensional data, consisting of 4 400 unique
reflections, were collected for the 2,5-dnodobenzoic actd complex with a Nonius four-
circle diffractometer with CuK> radiation at the University of Leeds (England)
Of these, the 1,883 observed reflections extending to | 2-A resoluton were used 1n the
structure determunation and refinement, reflections beyond that resolution were too
weak to be observed

Diffraction data from the 2-bromo-4-rer-butylphenol complex consisting of
3,287 observed unique reflections extending to 1 0-A resolution were collected on a
Syntex P2, diffractometer with CuK~ radiation Data to 2 0-A resolution for the
other complexes were collected with a Supper—Pace diffractometer with MoK radi-
ation In all cases, care was tahen to choose a small nearly spherical crystal to
mimimize crrors due to absorption no corrections for absorpuon were therefore
apphed

The 2 0-A data were collected first and were intended to be used for « structure
deternunation by isomorphous replacement However, a study of the data revealed
that the series was not suitable for application of the 1somorphous-replacement
method because of extensive disordering of the guest molecules The data 1n con-
junction with the solved complex of 2,5-dnodobenzoic acid, later allowed us to diaw
conclusions as to the position of the guest molecules in the cavity

STRUCTURE DETERMINATION

Chemical analyses of the cycloheptaamylose complexes were consistent with
1 1 complexes with the guest molecules'® However, the Patterson and difference-
Patterson maps were totally uninterpretable n terms of any reasonable occupancy
of a Iimited number of heavy-atom sites We therefore concluded that the guest
molecules, and conscquently the heavy atoms themselves, were highly disordered
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making the heavy-atom methods and the i1somorphous-replacement methods not

apphicable At this point, our strategy was shifted to the rotation-translation search

methods'* *°

The ornientation of the cycloheptaamylose molecule in the unit cell requires
the determination of three translational variables and three rotational variables

R6

Fig 1 Numbering scheme of the cycloheptaamylose molecule R1, R2, R7 denote the residue
numbers
b b
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Fig 2 Stereographic projection of the rotation function Only reflections to 4 0-A resolution were
used i this calculation
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(X,Y,Z,p,0,0) The molecule has seven D-glucosyl residues in a cyclic arrangement
(Fig 1), and from the crystal-structure studies® '° of cyclohexaamylose 1t was reason-
able to assume that the complexed molecule would have approximately sevenfold
symmetry The direction of this non-crystallographic, seven-fold axis was determined
by using the rotation function of Rossmann and Blow!® The asymmetric umt of the
rotation function in spherical polar coordinates 1s ¢ = 0-180°, y = 0-180°, and
¥ = 0-360° As the search was for a nonc-rystallographic, seven-fold axis, it was
necessary to calculate the function only for y = 1/7, 2/7, and 3/7 of 360°, , = 4/7,
5/7, and 6/7 of 360° are related by symmetry'® Fig 2 shows the three stereographic
projections of the rotation function calculated with reflections to 4 0-A resolution
The strongest peak in the three sections of s consistently occurred at ¢ = 90 +2°
and iy = 100 +2°, thereby giving the direction of the seven-fold axis However, as
the rotation function, like the Patterson function, 1s centrosymmetric, it cannot
distinguish between the direction of the primary-hydrozyl end and the secondary-
hydroxyl end of the cycloheptaamylose molecule This ambiguity 1s resolved later
when we ntroduce the additional rotational variable, » A closer search with higher-
resolution data did not shift the position of the peak The direction of the seven-fold
axis turned out to be only 10° away from the crystallographic ¢ axis

In fact the precession photographs down the ¢ axis did give some indication
of seven-fold rotational symmetry among the low-order reflections, however a
translation search on the basis of that approaimate onientation had not given meaning-
ful results Thus a precise determunation of the molecule, particularly n the case of
“small molecules ’, 1s essential to the structure determination by rotation—~translation
methods

Having accurately determined the orientation of the molecular, seven-fold axis,
the next step was the determination of the translation parameters!* Only the two
translation parameters along the \ and - directions are necessary the origin is arbitrary
along ) In order to determine the translation parameters by search methods, 1t 15
necessary to have a trial model for the molecule This was obtained by computer
modeling, starting with the fractional coordinates of one p-glucosyl residue® and using
a seven-fold rotation matrix to generate a seven-residue cycloamylose molecule with
reasonable bond distances and angles The primary-hydroxyl oxygen atoms were
excluded from the model, because of the possible freedom of rotation around C-5-C-6
(see Fig 1) This model was given that orientation with respect to the unit-cell axes,
as determined by the rotation-function calculations In ordei to determine the position
of this properly oriented molecule in the unit cell 1t 1s necessary to vary four search
parameters These are (/ and 2?) the translational parameters along \ and z, (3) the
angle of rotation of the cycloheptaamylose model (angle 0 1n Fig 3) around the
known direction of the seven-fold axis, and (4) the choice between the two possible
arrangements related by 180° rotation about an axis perpendicular to the seven-fold
axis (@ = 0 or 180°) The conventional, R-index was calculated for all possible values
of these parameters X = 0toaf2, Z = 0to¢/2,0 = 010 360/7°, and x = 0 or 180°
Only data to 3 0-A resolution were used 1n the search The results gave an R-index
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Fig 3 Thesecuon at 0 = 37 8~ and ¢ = 0° showing the highest peak 1n the R-factor search which
gnes the posittion of the cyclohepta-amylose molecule in the unit cell

minimum of 0538 at ¥ = 0470. Z = 0260 0 = 378° and v = 0° (Fig 3) The
next minimum was 0 70 and the bachground average was 0 75

Refinemenr — The coordinates of all atoms contributing to the R-index muni-
mum 1n the translation search just described were then subjected to block-diagonal,
least-squares refinement with all observed data The difference-Fourier map showed
the pnimary hydroxyl oxygen atoms and a number of water molecules of both full
and partial occupancy The subsequent difference-Fourier map showed the i1odine
sites of the 2.5-duodobenzoic acid guest to be disordered around the seven-fold
aws (see Fig 5) Difference-Fourier maps calcuiated from the 2 0-A data of the m-
1odobenzoic acid the m-bromobenzoic acid, and the mi-toluic acid complexes of
cycloheptaamylose showed the primary hydrowyl and water oxygen atoms coincident
with those obtained from the data for the duodobenzoic acid complexn Several cycles
of least-squares refinement, combined with difference-Fourier maps using the com-
plete cycloheptaamylose molecule 10 partly occupied 1odine sites and 8 water
molecules in the phasing calculations, brought the R-index to 0 19 for the 1 8853
reflections observed for the duodobenzoic acid complex

The quantity miimized in the least-squares refinement was

S(Ff = 1ED?

The atomic scattering-factors and anomalous-dispersion corrections for the 1odine
atoms were taken from the International Tables for X-Ray Crystallography'’ The
X-ray 72 system of computer programs was used for least-squares refinement and
Fourier synthesis

The refined coordinates of the cycloheptaamylose molecule (excluding the
primary hydrovyl oxygen atoms) from the foregoing determination were used to
provide a stariing model for the refinement of the data for the complex with 2-bromo-
4-ter t-butylpbenol Several cycles of least-squares refinement, combined with differ-
ence-Fourier maps. were used to locate the primary hydroxyl and water oxygen
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TABLE II

FRACTIONAL COORDINATES AND THERMAL PARAMETERSY OF NON-HY DROGEN ATOMS?
MULTIPLIED BY 107

ALL VALUES ARL

Atom 1 = U Atom v ' ot U
a 2-Bromo-4-ze: t-butyIphenol-cy cloheptaamn lose complex
C-11 7183(14) 1729(10) 3147(15) 34 C-41 1444(16) —786(1t) 1887(18) 49
C-12 7015(14) 2012(11) 3875(17)y 42 C-42 1679(16) —1144(11) 2730(19) 54
C-13 6206(15) 1958(11) 3796(17) 45 C-43 2426(14) —1324(10) 2992(15) 32
C-14 5760(14) 2157(10) 2899(15) 33 C-44 2537(17) —1636(12) 2241(18) 60
C-15 5973(14) 1887(10) 214(16) 38 C-45 2332(16) 1255(11) 1395(18) 48
C-16 5636(18) 2136(13) 1264(21) 64 C-46 2319(16) —1548(11) 509(18) 51
0O-12 7460(11) 1856( 8) 4723(12) 54 0-42 151401 —S845( 8) 3437(13) 61
O-13 6041(11) 2270( 8) 4455(12) 53 O-43 2579(10) —1699( 7) 3705(11) 51
O-14 4986(10) 2015( 7) 2742(11) 45 a-44 3290(10) — 1743 7) 282411) 45
0O-15 6748( 9) 1921( 7) 233111y 42 O-45 1565(10) —1056( 7) 1207(11) 48
O-16 5735(12) 2715( 8) 1246(13) 67 0-46 [753(12) —1999( &) 34413 64
C-21  4340(17) 2473(12) 2408(19) 56 C-31 3466(17) —2294(12) 2313(19) 58
C-22 4017(15) 2526(11) 3100(16) 43 C-52 3946(16) —2459(12) 3141(18) 353
C-23  3599(14) 1991(10) 3130(16) 38 C-53 4718(14)  —2200(10) 3-H2(16) 33
C-24 3126(15) 1900(11) 2268(17) 45 C-54 5075(16) —2219(12) 2700(18) 52
C-25 3563(13) 1833(10) 1606(17) 41 C-55 4503(20) —1968(15) 1550(22) 77
C-26 3054(23) 1754(17) 625(26) 98 C-56 4775(24) —1957(18) 1031(27) 103
0-22 4545(11) 2608( 8) 4009(12) 58 0O-52 3653(11y —2487( 8) 3826(12) 61
0-23 3178(10) 2065( 7) 3767(12) 51 Q-33 5201(11)y  —2416( 9) 4217(13) 67
0-24 2722( 9) 1380( 7) 2270(10) 36 0O-54 5681(11) —1886( 8) 2959(12) 356
0-25 3946(10) 2339( 7) 1644(11) 51 0-55 3827(11) —2308( 8) 1632(1%) 66
0-26 2599(17) 2185(12) 313(18) 116 0-56 4948(21) —2499(17) 1027(25) 167
C-31 1947(17) 1380(12) 1897(19) 52 C-61 6395(16) --2109(11) 2916(17Y 16
C-32 1647(17) 1154(12) 2564(19) 58 C-62 6933(16) —2038(11) 3806(18) 51
C-33 1942(16) 538(11) 2817(18) 48 C-63 7091(16) —1420(12) 3913(18) 51
C-34 1643(15) 232(10) 1918(16) 39 C-64 7331(13) —1216( 9y 3220(15) 32
C-35 1977(16) 500¢11) 1328(18) 51 C-65 6732(17) —1326(12) 2325(19) 56
C-36 1697(22) 228(16) 382(24) 86 C-66 6901(23) —122417) 1429(26) 175
0-32 1885(12) 1474( 8) 3377(13) 63 0-62 6717(10) —2256( 7) 4526(11) 50
0-33 1573(11) 313( 8) 3429(12) 55 0-63 7679(11) —1332( 8) 14759(13) 61
0-34 1976( 9) —294( 7) 2167(10) 40 O-64 73301 1) —623( 8) 3294(13) 59
0-35 1715(10) 1037¢ 7) F124¢tt) 47 0-065 6600(11) —1918( 8) 2247(12) 55
0-36 945(16) 194(11) —15(17) 101 0-66 7506(37) —1474(29) 1497(42) 209
C-71 8000(17) —359(12) 3342(19) 57 O-Wic 350000 O) 4362(18) 0000( 0y 121
C-72 8241(17) —17(12) 4095(18) 57 O-W2  3967(19) 3916(18) 2026(21) 135
C-73 7747(15) +456(11) 4084(17) 15 O-W3  4531(12) 3445( 9) 801¢13) 69
C-71 7614(15) 790(11) 3274(17) 42 O-W.1  4071(19) 3480(14) 182422) 42
C-75 7274(19) 422(14) 24272 71 O-W3  1431(206) 2538(21y  689(31) 2
0-76 7231(33) 742(25) 1585(38) 156 O-Wwe6 748(29) 1526(23) 38%7(33%) 236
0O-72 8391(12) —323( 9) 4881(13) 66 O-W7 9143(21) 49(16) 1749(23) 161
0O-73 8045(12) 802( 9 4853(14) 71 O-W8  8483(40) 1551(32) 689(16) 324
0O-74 7032(10) 1170( 7) 3215(11) 45 O-W9  9098(33) 1450(25) 4390(37) 262
0-75 7891(13) —32(9) 2566(14) 74 Br-1¢  5000( 0) 794(10) 0000( 0y 203
0-76 8123(21) 951(135) 1755(23) 152 Br-2 5000( 0) 1190(15) 5000 ) 97
Br-3 3677(27) 752(22) 4828(31) 253
Br-4 3415(24) —257(18) 4725(27) 125
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Atom

Atom

X

3

C-11 7066(29)

C-12  6959(24)
C-13  6186(27)
C-14 5606(27)
C-15 35979(30)
C-16 5569(27)
0-12  7421(18)
0-13  5950(19)
0O-14 4907(15)
O-15 6669(19)
0-16 576425)
C-21 4436(28)
C-22  4010(35)
C-23 3628(2Y)
C-24 3056(32)
C-25 3431029
C-26 2954(49)
C-22  1509(21)
0-23 3141(19)
0214 2682(19)
0-25 3881(19)
0-26 2469(29)
C-31  1924(26)
C-32  1604(28)
C-33  1899(31)
C-34  1574(28)
C-35 1981(41)
C-36 1648(32)
0-32 1777(19)
0-33  1525(17)
0-34 i883(22)
0-35 1695(19)
0-36 100424)
C-71 7842(33)
C-72  8165(30)
C-73  7667(29)
C-74 7538(28)
C-75 7187(33)
C-76  6976(50)
0-72  8366(21)
0-73 8002(20)
0-74 6961(19)
0-75 774927)
0-76 7756(39)

al
1673(21)
2041(18)
1969(21)
216221
1870(23)
2156(21)
1835(14)
2276(15)
2023(12)
1911(14)
2699(19)
2397(21)
2543(28)
2038(18)
1879(25)
1851(22)
1788(37)
2605(17)
2060(15)
1410(15)
2369(15)
2287(22)
1351(20)
1155(21)
595(24)
254(22)
527(32)
235(25)
1475(15)
329¢13)

—234(18)

1032(15)
191(19)

—311(26)

—37(25)
459(22)
802(22)
394(25)
689(40)

—294(17)

790(16)
1163(15)
0000(23)
107431

1d—cy cloheptaamylose

C-41
Cc-42
C-43

1476(42)
1677(32)
2368(32)
2520(25)
2149(26)
2205(37)
1542(24)
2544(18)
3244(16)
1491(19)
1715(21)
3455(30)
4023(28)
4706(29)
5038(33)
4366(32)
4752(37)
3637(19)
5204(15)
3596(17)
3734(19)
4879(34)
6293(26)
6951(27)
7024(26)
7207(30)
6510(28)
6651(41)
6687(19)
7586(21)
7275(22)
6474(21)
7227(50)
5200(38)
4003(32)
4532(23)
1069(36)
9873(51)
4919(46)
9190(35)

—0746(32)
—1151(24)
—1298(26)
—1651(20)
—1198(20)
—1555(31)
—877(19)
—1695(15)
—1769(13)
—1071(14)
—1994(16)
—2246(23)
—2601(22)
—2178(22)
—2244(25)
—2060(24)
—2076(27)
—2474(15)
—2376(12)
—1929(12)
—2353(15)
—2607(26)
—2118(20)
—1996(20)
—1415(21)
—1170(22)
—1306(22)
—1105(32)
—2254(14)
—1289(17)
—624(16)
—1907(16)
—1404(39)
4442(24)
3985(25)
3449(17)
3426(28)
729(40)
4060(36)
51(30)

1963(53)
2751(39)
3043(40)
2244(30)
1348(32)
498(48)
3482(29)
3662(22)
2435(20)
1156(23)
358(26)
2349(36)
3325(34)
3450(34)
2688(40)
1770(38)
926(44)
3847(23)
4207(19)
2815(20)
1602(24)
979(40)
2778(31)
3759(33)
3871(32)
3093(37)
2208(35)
1147(50)
4408(22)
4645(26)
3185(28)
2163(26)
133(62)
84(60)
2054(39)
755(27)
4698(44)
492(60)
3505(56)
1791(41)
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TABLE II (connnued)

Atom T ! =z PP uirr u222 U3z Ul2 U2z uUils3
No

I-1- 4609( 9) 676( 8) 994( 9) 048 2011 1469 116l — 168 517 —386
1.2 3728(10) —249( 8) 4612(12) 039 1387 1330 1399 —244 424 —304
-3 4687(30) —610(20) 964(26) 021 3421 1956 1340 1648 693 34
I-4 3698(24) 270(19) 4420(22) 010 1340 707 167 428 248 211
1-5 4172(26) 759(17) 4987(29) 016 1868 974 1544 —94 547 —3509
I-6 4106(23) —671(17) 4738(26) 025 25014 1639 2471 —301 915 125
I-7 5123(24) 362(17) 1007(23) 013 1195 1011 0905 -169 152 —91
I-8 3895(20) —413(16) 1026(23) 028 2100 2127 2102 220 1311 510
I-9 4740(36) 989(21) 4985(58) 010 1309 0758 1889 —26 1560 — 167
1-10 3702(45) 206(33) 769(46) 008 1742 1805 0952 1484 1175 1016

*The antsotropic temperature-parameters are of the torm exp[2v-(f-a*-Unr —~ A-b*2U_> — [-¢*2U}s
2hha*b*Uya -~ 2hla*c* Uy -+~ 2hIb*c*U23)] "The numbering 1s defined as A(sn 2) where A 1s the atom
type, m s the resirdue number and # 1s the atom number within a residue (see also Fig 1) ‘W -
water molecule “The population parameters of Br-1 Br-2 Br-3 and Br-4 are 0535 016 023 and
0 13 respecuively ¢l = disordered 1odine atoms, PP = populition parameter

atoms The guest molecule, however, still showed disorder but of a type different from
that seen before Also, the water molecule (W-1) situated on a crystallographic, two-
fold axis was more clearly seen to be disordered

The final R-index with 77 non-hydrogen atoms of the cycloheptaamylose
molecule, 9 water molecules, and 4 disordered bromine atoms, was 0 I8 with 3 287
reflections The final atomic coordinates and temperature factors foi both the 2 5-
duodobenzoic acid complex and the 2-bromo-4-r¢rt-butylphenol complex are given
in Table IT

RESULTS AND DISCUSSION

Ciystal strucnne — The cycloheptaamylose molecules are stacked together
like comns n a roll, with alternating heads and tails up (Fig 4) The crystallographic
two-fold axis runs perpendicular to the seven-fold axis through the head-to-head and
tail-to-tail connections The secondary hydroxyl ends of two cycloheptaamylose
molecules are bonded directly together by hydrogen bonds The primary ends are
farther apart and are connected by hydrogen-bonded water molecules The cyclo-
heptaamylose columns are connected side-by-side by water molecules, which form
narrower columns parallel to the cycloheptaamylose columns Within the cyclo-
heptaamylose column 1s a continuous channel wherein the disordered guests are
found The tight contact between the secondary ends gives the appearance of a dimer
of cycloheptaamylose This dimenzation has the effect of excluding all water from
the secondary-hydroxyl end, and 1s 1n fact quite contrary to what would be expected

in solution
The crystallographic refinement wds severely limited by the disorder of the
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Fig 4 {(a) Stereo view of the cycloheptaamylose molecule loohing down the cavity (b) Stereo view
of channel formation by the cycloheptaamylose molecules in the crystal

guest molecules It was not possible to obtain a good fit even for the heavy atoms
Because of thus, the accuracy of the determination of the atoms of the cyclohepta-
amylose and the water molecules 1s lower than usual for a structure of this size Data
for the 2-bromo-4-te: t-butylphenol complex are better than those for the 2,5-dunodo-
benzoic acid complex. and so bond lengths, bond angles, and dihedral angles are
aiven for the former only Bond distances and angles are given mn Table IIT These
are 1n general agreement with the values observed for the cyclohexaamylose struc-
tures'®'8. The seven-fold symmetry of the molecule 1s maintained within the experi-
mental hmits of accuracy, which explains why our use of the rotation function was so
successful The dihedral angles are given in Table IV The seven D-glucosyl residues
are 1n the convention *C, chair conformation All of the primary hydroxyl groups
point away from the center of the molecule and are related by the seven-fold axis
(Fig 4) Tables V and VI give intra- and inter-molecular hydrogen-bond data
Orientation of the guests — The difference maps using the independent data-
sets from each cf the seven isomorphous complexes of cycloheptaamylose, with the
contrnibution of cycloheptaamylose and the water molecules subtracted, show exten-



L3

STRUCTURE OF CYCLOHEPTAAMYLOSE COMPLE\ES 4

TABLE III

BOND LENGTHS (A) AND ANLES DEGREES OF THE CY CLOHEPTA AMYLOSE MOLECULE

Bond GI G2 G3 G4 G5 G6 G7
Lengths

C-1-C-2 1 48(4) 1 44(3) 1 48(5) 1 56(3) 143(4) I 48(3) [ 42(4)
C-1-0-3 1 39(3) 126(3) 1 44(3) 1 36(4) 1 47(4) I 34(hH 1 44(4)
C-2-C-3 1 534) 1 55(4) 1 63(4) 143(4) 1 58(#) 1 55(4) 150(4)
C-2-0-2 1 40(3) 1 50(3) 1 46(4) 1 46(4) 1394) I 45¢:hH) 1 42(4)
C-3-C-4 150(3) 140(3) 156(4) 150(1) 1355  143¢hH 149
C-3-0-3 1 42(4) 1 50(H) 1 49(4) 1.42(3) 139(3) 1 47(3) 1 45(3)
C-4-C-5 1 55(4) 1 56(5) 1 46(4) 1 59(1) 157(4) 155(3) 1 59(4)
C-4-0-4 1 47(3) 1 50(3) 1 44(3) 141 1 38(4) 1 47(3) 1 44(3)
C-5-0-3 1 42(3) 1443) 1 42(3) 149(4) 149(4) 1 48(1) 1 59(4)
C-5-C-6 1 48(4) 1 57(4) 1 58(5) 1 59(4) I 56(6) 1 59(6) 547
C-6-0-6 1 44(4) 1 37(5; I 38(3) 1 52(4) 1 38(6) I 29(9) 1 73(7)
0-4-C -1« 1 64(3) 1 42(3) 1 56(3) 1 42(4) 1 50(4) I 42(4) 1 42(3)
Angles

C-1-C-2-C-3 112(2) 108(2) 110(3) 114(3) 113(3) 106(2) 115(2)
C-1-C-2-0-2 114(2) 116(2) 111I(2) 108(2) 115(3) 116(2) 111(3)
C-2-C-3-C-4 108(2) 106(2) 103(2) 109(2) 1H1(2) 111(3) 112(3)
C-2-C-3-0-3 1H1(2) 108(2) 108(2) 111(2) 113(2) 108(2) 112¢2)
0-2-C-2-C-3 110(2) 106(2) 107(2) 113(2) 110(2) 112(3) 112(3)
C-3-C-4-C-5 113¢2) 111(2) 106(2) 109(2) 107(3) 109(2) 110(2)
C-3-C4-0-4 109(2) 108(2) 101(2) 110(2) 107(2) 106(2) 109(2)
0-3-C-3-C-4 110(2) 112(2) 108(2) 105(2) 110(2) 109(2) 109(2)
0-4-C-4-C-5 106(2) 108(2) 116(2) 104(3) 108(2) 103(2) 103(2)
C-4-C-5-0-5 110(2) 105(2) 112(3) 109(2) 107(3) 108(2) 102(2)
C-4-C-5-C-6 115¢2) 113(3) 110(3) 115(2) 111(3) 120(3) 110(3)
C-5-C-6-0-6 114(2) 113(3) 117(3) 107(2) 98(-H 107(4) 104(1)
C-5-0-5-C-1 117(2) 114(2) 111(2) H14(2) 113(2) 11(2) H14(3)
0-5-C-5-C-6 106(2) 107(2) 101(2) 104(2) 108(3) 99(3) 108(4)
0-5-C-1-C-2 111(2) 120(3) 108(2) 110(2) 111(3) 116(2) 109(2)
C-4-0-4-C’-1* 121(2) 118(2) 115(2) 115(2) 118(2) 116(2) 118(2)
0-4-C'-1-C"-2 106(2) 107(2) 102(2) 108(2) 106(2) 111(3) 107(2)
0-4-C’-1-0"-5 107(2) 111(2) 110(2) 108(2) 115¢2) 109(2) 109(2)

«The primed numbers refer to atoms on neighboring residues

sive electron density only within the cavity, usually at locations quite rcasonablc
for guest molecules disordered into seven posttions related by rotation about the
seven-fold axis but possibly continuously distributed through a volume of space
Based on the assumption that the heavy atoms of the guests would donunate 1in the
electron density of the disordered region, 1t was possible to establish the general
features of the guests Although we could not determine the possible orientations of
the guest molecule 1n the cavity by looking at a single difference-Fourier map, wc
could make definite conclusions about the location of the catalytically important
carboxyl group when we compared difference Fourier-maps using all of the in-
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TABLE 1V

DIHEDRAL ANGLES OF THE CYCLOHEPTAAMYLOSE MOLECULE
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Drihedral angle (deg ) GI G2 G3 G4 G5 G6 G7

C-1-C-2-C-3-C4 —33 —33 —60 —38 —52 —56 —55

C-2-C-3-C-4-C-5 52 6l 61 58 55 59 57

C-3-C4-C-5-0-5 —51 —61 —67 —356 —60 —58 —358

C-4-C-3-0-5-C-1 53 55 66 57 64 58 63

C-5-0-5-C-1-C-2 —57 —57 —60 —55 —60 —61 —62

0O-5-C-1-C-2-C-3 57 53 59 56 52 57 55

C-4-C-5-C-6-0-6 52 61 54 59 54 51 56

0-5-C-5-C-6-0-6 —70 —54 —65 —60 —65 —66 —54

0-2-C-2-C-3-0-3 57 63 61 64 54 59 55

0-2-C-2-C-3-C4 177 183 179 179 177 178 178

0-2-C2-C-1-0-5 183 172 178 182 180 181 183

O-3-C-3-C-4-0-4 —70 —63 —71 —70 —64 —71 —67

0-3-C-3-C4-C-5 173 179 175 177 180 178 181

0-3-C-3-C-2-C-1 185 187 185 187 184 185 183

0-2-C-2-C-1-0O -4« 6+ 50 59 65 61 53 62

0-5-C-1-0'4-C ¢ 115 I14 115 107 119 105 114

C-2-C-1-0"4-C'4 —125 —117 —127 —136 —120 —126 —126

C-1-0 -4-C'-4-C-3 124 129 129 130 130 130 126

C-1-04-C’-4-C’-5 —119 —119 —111 —119 —114 —115 —119

«The primed numbers refer to atoms on neighboring residues

TABLE V

INTRAMOLECULAR, HYDROGEN-BOND LENGTHS AND ANGLES

Hydrogen bond Distance (A4) Hhdrogen bond Angle (deg )

0-12 0O-73 281 C-12-0-12 O-73 115

0-22 O-13 286 C-22-0-22 O-13 115

0-32 0-23 277 C-32-0-32 0-23 119

042 0-33 286 C42-0-42 O-33 119

0-52 0-43 2 80 C-52-0-52 0-43 115

0-62 0O-53 282 C-62-0-62 O-53 117

0-72 0-63 282 C-72-0-72 0O-68 117
C-13-0-13 0O-22 115
C-23-0-23 0-32 115
C-33-0-33 042 114
C-43-0-43 0O-52 118
C-53-0-53 0-62 117
C-63-0-63 .0-72 114
C-73-0-713 0O-12 116
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TABLE VI

INTERMOLECULAR, HY DROGEN-BOND LENGTHS AND ANGLES

Hhdrogen bonds imvolving primary Hydiogen bonds imvohng warcr molccules
and secondary vdirony I groups

Bond Dustance  Augle Bond Distances Angle
(A) (deg ) (4) (deg )
C-12-0-12 0O-23 309 116 O-W3 O-W1 O0-36 289 275 106
C-12-0-12 0O-62 274 107 0-66 0O-W2 0-W3 283 278 103
C-13-0-13 0-23 280 119 0-66 0O-W2 0O-w7 283 287 116
C-22-0-22 0O-13 314 115 0O-W3 0O-wW2 0O-w7 278 287 101
C-23-0-23 O-13 280 119 0-16 0-W3 O0O-Wi 264 289 105
C-32-0-32 0O-73 324 114 0-16 0-wW3 0-w2 284 278 124
C-33-0-33 0-73 287 116 0-16 0O-W3 0O-16 281 278 113
C-42-0-42 0O-63 305 111 O-WiI  0O-W3 0O-w2 289 278 104
C-43-0-43 0O-63 281 116 O-W1l O0O-W3 0-46 289 278 111
C-33-0-33 0-33 286 119 0-wW2 0O-W3 0-16 278 278 99
C-62-0-62 O-12 274 12 0-22 0-W4 0-63 2582 269 126
C-62-0-62 O-13 304 115 0-26 O-W5 0-56 265 307 159
C-63-0-63 0O-13 281 117 0-32 0O-W6 O0O-33 257 293 120
C-73-0-73 0O-33 311 117 0-32 0-W6 0-49 257 236 119
C-73-0-73 0-33 287 116 0-76 O-W7 0-36 297 275 95
C-16-0-16 0-46 287 112 0-76 0O-W7 O-wW2 297 287 128
C-26-0-26 0O-16 275 I3 0-36 0O-W7 O-w2 275 287 108
C-46-0-46 O-16 287 131 0-26 O-W8 O-76 268 252 115
C-46-0-46 0O-26 275 102 0-52 0O-W9 O0-73 284 276 118
0-52 0-W9 O-W6 281 236 109
0-73 0-W9 O-Wwo 276 236 74

dependent data-sets In the case of the 2,5-duodobenzoic acid complex there was a
torus of heavy electron density at each end of the cavity, parallel to cach other and
normal to the seven-fold axis of cycloheptaamylose (Fig 5) One torus was at the
level of O-2 and O-3 and the other at the C-6 level Only a single such torus, at the
secondary-hydroxyl end of cycloheptaamylose, was observed in the difference map
of the m-1odobenzoic acid, m-bromobenzoic acid, m-iodophenol, and 2-bromo-3-
rert-butylphenol complexes As expected, no such prominent density was obscrved
with the m-toluic acid complex This clearly identified the common 1odine atom
between the ducdo- and monolodo-benzoic acids Thus, simple model-building with
the two 10odine atoms of duodobenzoic acid occupying a site on each torus of density
(Fig 5) showed the carboxylic acid group of the guest molecule to be near the primary-
hydroxyl end of the cycloheptaamylose molecule The carboxyl group of the guest
molecule 1s not in a position to accept any hydrogen bonds with the primary hydroxyl
groups This was also indicated by the observation that all of the C-6-0O-6 bonds are
in gauche—gauche disposition, meaning that the primary hydroayl groups point away
from the center of the cycloheptaamylose (Fig 4) It 1s obvious that a primary
hydroxyl group would have to point inwards if 1t were hydrogen-bonded to the guest
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Fig 5 Stcuons (@) Z = 5:48 and (h) Z = 22,48 ol the difference electron-density map showing the
disordered heavyv-atom sites The heavy continuous lines hight continuous hines and dashed hnes
correspond to 2 3-dnodobenzoic acid m-bromobenzoic acid, and sm-10dobenzoie acid respectinely

molecule, as was observed for cyclohexaamylose!® The positions for the 1odine
atoms of the disordered guest would piace the carboxylic acid group near the level
of the primary-hydrovyl oxygen atoms, allowing, but not proving, that the only
possible hydrogen bond between guest and host 1s that of the carboxylic acid hydrogen
to a primary-hydroxyl oxygen atom

Disorder — In spite of the extensive disorder of the guest molecules, some
analysis can be made of the heavy-atom peaks in the two torus sections of the 2,5-
duodobenzoic acid complex It should be noted that the two tori are 59 A apart
The torus at the secondary-hydroxayl end 1s common to five heavy-atom-containing
guests The electron densities of the three benzoic acid difference maps were super-
imposed, and the section containing the torus at the primary and secondary ends are
shown 1n Figs 5a and b. respectively It s relatively easy to observe seven sites in the
torus at the secondary end The torus on the primary end is present only for the 2,5-
duodobenzoic acid guest and 1s somewhat less regular Several of the distances between
the four most prominent peaks of the torus at the secondary end and those of the
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primary end are 6 8-7 5 A, which are reasonably close to that expected m 2,5-d:-
1odobenzoic acid (7 1 A) However, many of the distances involving the prominent
peaks at the primary and secondary ends, and their two-fold related counterparts,
are considerably less than the 1odine—1odine contact-distance (4 3 A), providing a
basis for the disorder of the guest molecules It 1s obvious from the peaks on the two
tort that the plane of the dnodobenzoic acid cannot be parallel to the seven-fold
axis of the cycloheptaamylose, the amount of tilt may be estimated to be in the range
20-30°

It 1s very common for monocarbozylic acids to associate in non-aqueous
environments. comparable to the hydrophobic interior of the cyclohepta-amylose
channel in the crystal, by forming the doubly hydrogen-bonded dimer For such a
dimer of the 2,5-diiodobenzoic acid guest, the closest 1odire—iodine distance would
be 6 2 A across the two-fold axis relating the two monomer residues Since, as dis-
cussed previously, the carboxylic acid of the guest was shown to be at the primary
end, distances between peaks of the torus at the primary end and those of its counter-
part generated by the nearest two-fold axis were calculated These distances ranged
from 4 1 to 6 2 A, with the high-occupancy todine sites in the lower end of the range,
and usually far less than the expected 6 2 A for dimer formation This result ehiminates
the possibility of the hydrogen-bonded dimer as the predominant conformation of the
guests

There are distinct differences between the electron densities mnside the cavity
for the phenol complexes (Fig 6), all of which have been shown by chemical analysis
to be | | complexes The electron density of the mi-rodophenol complex shows
considerable similarity to that of m-1odobenzoic acid The replacement of hydroxyl
for carboxyl evidently has httle effect on the position of binding of the guest On the

(a)
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Fig 6 Photographs of the electron density 1n the cavity of the cycloheptaamylose corresponding to
(a) 2-bromo-4-tert-butylphenol, () 2-bromo-5-tert-butylphenol, and (¢) m-todophenol The outline
of rhe cycloheptaamylose 1s achieved by drawing circles corresponding to the positions of the oxygen
atoms Open circles represent the primary and secondary hydroxyl-group oxygen atoms and the
cross-hatched circles represent the glycosidic oxygen atoms
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other hand, the electron density of the 2-bromo-4-7ert-butylphenol complex also
shows some of the sites of the torus at the secondary end of the cavity This requires
the zer r-butyl group to be at the primary end and the bromo and hydioyyl groups at
the secondary The electiron density of the 2-bromo-3-fc1i-butylphenol complex
shows no peaks at the site of either torus Evidently this complex has a difterent kind
of disorder, possibly an up—down rather than rotational disorder

The usual convention for describing the posttion of the guest has ‘normal
ortentation” with the most polar group at the secondary end of the cavity and “reverse
orientation with the most polar group at the primary end Therefore, we classify
the 2 5-ditodobenzoic acid, m-bromobenzoic acid m-iodobenzoic acid, m-1odophenol,
and probably the m-toluic acid guests as having reverse orientation, whereas the 2-
bromo-4-rer i-butylphenol guest has normal onentation and the 2-bromo-5-rerz-
butviphenol guest possibly has both We conclude that, energeucally, there 1s littic
to choose between normal and reverse ortentation in the cycloheptaamylose cavity
for this type of guest

In most early binding-studies n solution, it was concluded that meta-substituted
guests enter the cavity from the secondary-hydroayl end, with the more hydrophobic
end of the guest going deeper and the more hydrophilic end remaining at the surface
of the secondary end 1n close contact with solutton water’ However Bergeron
conducted n m r studies on the binding of a series of carboxylic acids to cyclohexa-
amylose'® The guests were chosen so that only one-to-one complexcs would iesult
He found that benzoic acid itself binds n the cyclohexaamylose cavity 87 times more
tightly than the corresponding benzoate anion and that the caiboxylic acid group
was down in the cavity at the primary-hydroxy!l end He also concluded from his
study that solvation of the polar groups was the most impositant factor in the position-
ing and stability of the guest in the cyclohexaamylose cavity In our crystal structure,
contact of the guest with water through the secondary end is prolubited by the forma-
tion of the cycloheptaamylose dimer Thus, in solution the wider (secondary) cnd
offers most contact with water than the narrower (pitmary) end whereas the 1everse
1s true n our crystal structure Therefore, we nught indeed expect to find the hydro-
philic group of the guest at the primary hydroayl end 1n all cases

Straub and Bender?® investigated the aqueous decarboxylation of benzoyl-
acetic acids 1n the presence of cyclohexa- and cyclohepta-amyloses Decarboxylation
1s accelerated by cycloheptaamylose but inhibited by cyclohexaamylose They con-
cluded that this inhibition arises from a conformational constraint on the included
acid, resulting in non-productive binding Although the benzoic acid derivatives
used here resemble products rather than substrates, presumably the dimerization of
cyclohepta-amylose would similarly dominate the onientation of analogous substiates
and thus lead to non-productive binding

Crystal studies on cyclohexaamylose with a number of phenyl-substituted guests
also exhibit a structural component that results 1n non-productive binding'® '' In
all of these crystal structures, the polar group of the guest molecule, namely the
carboxyl group in the phenyl esters and the hydroxyl group in the phenols, does not
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form any hydrogen bonds with the secondary hydroxyl groups of the cycloamylose
as would be expected from the functional mechanism In fact, the polar groups are
usually found near the primary-hydroxyl side of the cycloamylose In cyclohexa-
amylose complexes, the groups attached to the phenyl ring are often hydrogen bonded
to symmetry-related cyclohexaamylose molecules n the unit cell'!, bonds which, if
present 1n solution, would be furmished by water molecules Indeed, the hydroxyl
groups of all of the cycloamylose structures in crystals thus far investigated are exten-
sively hydrogen bonded to the symmetry-related cycloamylose molecules'® ! The
strength of the itermolecular interaction through the hydroxyl groups 1s revealed
by the observation that the crystal structures of the uncomplexed cyclohexa- and
cyciohepta-amyloses are isomorphous to at least one complex crystal form, and indeed
were solved by means of comparison with the 1somorphous complex The hydrogen
bonding between cycloamylose molecules appears to be a dominating force 1n the
crystal structures and prohibits the interaction expected between the guests and the
secondary hydroxyl groups

The concept of non-productive binding and the isomorphism between com-
plexed and uncomplexed cycloamylose crystal structures does not support the
induced-fit model proposed by Saenger and co-workers?® Their model 1s based on
their X-ray structure determination of the uncomplexed cyclohexaamylose They have
descnibed this conformation as being in strain because one of the glucosyl residues 1s
rotated toward the cavity, whereas the other five retain nearly six-fold symmetry
It 1s not clear why this rotation should be a function of a lack of guest, because this
structure 1s 1somorphous to that of the cyclohexaamylose~-hydrogen 1odide complex
from which 1t was solved®® The induced-fit theory is further weakened by the finding
that uncomplexed cycloheptaamylose n the crystal structure shows little deviation
from seven-fold symmetry

We conclude that the only important factor that determunes strength and
direction of binding in the crystal structures investigated 1s the hydrophobic inter-
action of the benzene rng and i1ts substituents, subject to the constraint of dime:
formation by the secondary-hydroxyl ends of the cycloheptaamylose molecules

Cycloheptaamy lose dimer — It would seem to us that the function of the
head-to-head dimer of cycloheptaamylose 1n the crystal form is simular to that of the
capped derivatives already described® ¢ dimerization restricts the access of water
at the secondary end and thereby influences the orientation and stabihity of the guest
The dimer formation also brings the secondary ends very close together and restricts,
to tne point of overcrowding the guests, the amount of room available Complexes
mvolving two molecules of cycloamylose and one or two molecules of guest are being
found with increasing frequency in solution studies Guests include Methyl
Orange®” 28, Orange I*°, 6-p-tolurdinonaphthalene-2-sulfonate®®, heptane®’, cyclo-
hexane®!, 4-biphenyl carboxylate anion?!, and p-methylcinnamate anion’?

Crystal structures of cyclohepta-amylose with 1-propanol®>, p-iodophenol’?,
and p-mitroacetamihide®> have recently been reported Although they crystallize in
different space-groups, these structures have the head-to-head dimer formation and
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crystal packing very similar to that of the structures reported here Head-to-head and
also tail-to-tail contacts in the complex of cyclooctaamylose with 1-propanol have
recently been announced®® Functionally, the head-to-head dimenization restricts the
access of water to the secondary end of the cycloamylose 1n the crystal and thereby
influences the ortentation and stability of the guest

Water molecules — The water molecules were readily located during the
structure refinement Comparison of the temperature parameters of the water
molecules in the phenol complexes (Table IT) with those of benzoic acid complexes
showed the former to be considerably higher This result shows that, despite the fact
that most sites are in common, the water molecules are less tightly bound 1n the
phenol complexes Indeed, there was a noticeable difference n the rate of drying-out
of the crystals of these complexes when left exposed to air Crystals of the 2,5-di-
10odobenzoic acid complex 1n fact gave a good diffraction pattern after drying whereas
those of the 2-bromo-4-ter t-butylphenol complex did not

There 1s no ivolvement of water molecules with the interior of the cavity
The hiberation of unfavorably bound (stramned) water from the cavity has been cited
as one of the driving forces for complex-formation®® As expected, increasing amounts
of cavity water were found in the crystal structures of uncomplexed cyclohexa-
amylose®®, cycloheptaamylose®”, and cyclooctaamylose®S, having respectively two
water molecules, approximately six water molecules 1n eight sites, and an unspecified
number of water molecules in twelve sites nside the cavity This trend nught well be
reflected in the thermodynamics of binding 1n solution

CONCLUSIONS

The most important resuit from this crystallographic investigation 1s the head-
to-head dimer formation by the cycloheptaamylose molecules This feature dominates
the orientation of the guest molecules in the cavity and acts rather lIike the capping’
achieved by chemical modification Two consequences of the capping by dimer
formation are the exclusion of water contacts at the secondary-hydroayl end of the
cycloheptaamylose, and the creation of overcrowding conditions for the guests
Neither condition would be expected to be present 1n solution

The well-ordered, tightly bound, water molecules between the cyclohepta-
amylose dimers are a promnent feature of the crystal structure, and are responsible
for holding the structure together The guests are always highly disordered, and are
found 1n positions that are reasonable for products or inhibitors of catalysis by cyclo-
heptaamylose
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