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ABsTlL4cT 

A review of smgle-crystal studies shows that a-D-glucopyranose, residues of 
which constitute the monomenc umts of amylose, IS flexible wlthm the constramts of 
the Cl conformatlon, and that the internal dfierences among the rmgs are most 
clearly mdlcated by the variety m rmg-torsion angles (or conformatlon angles) An 
Index of the cumulative effect of changes m these angles 1s provided by the length of 
the vn-tual bond, O-l-O-4, and classdicatlon of residue geometnes by vn-tual bond- 
length permits a systematic selectIon of sultable residues for the constructron of 
models of amylose By the use of D-glucopyranose residues havmg different geometries, 
it 1s possible to build models of (a> V-amylose hehces having 6, 7, and 8 residues per 
turn, (b) single and double hehcal B-amyloses, and (c) KBr-amylose, a11 of which 
satisfy reasonable stereochemlcal cntena Because no smgle residue can satlsfactonly 
model a11 of the we11 known polymorphs of amylose, it IS suggested that structural 
determmatlons that utlhze a rigid residue approxlmatlon should make use of the fuIl 
range of known, residue geometnes 

INTRODUCTION 

The Importance of residue geometry to polysacchande modehng has been noted 
prevlohsly - , ’ 4 however, perhaps because no comprehensive exposltlon of the effects 
of geometrIca variation has htherto been made, reports on structural determination 
that either totally neglect or rnadequately treat this important variable continue to be 
pubhshed In the present work, therefore, we tist correlated virtual bond-length with 
cumulative changes m resrdue geometry, and then cntlcally exammed the effects of 
these changes on models of several polymorphs of amylose In this exammation, we 
made use of the cntena of hard-sphere contact of Rees and Skerrett’ (whch are 
slmllar to those of Ramachandran et al 6), rather than of potential-energy calcula- 
tions, because we were pnmanly Interested m determlmng simply whether a model 
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devoid of serious stenc stram could be built Such a model would then be a reasonable 
candrdate for further analysrs employmg X-ray, infrared, or other available data 
Potent&-energy calculatrons are useful, but, untrl more-accurate, nonbonded- 
mteractron functrons that properly account for mtermolecular and hydrogen-bonding 
effects have been developed, final selectron among stereochemically reasonable models 
should awart more conclusive evidence Two recent studies7** offer promrse m the 
drrection of the required Improvements 

SURVEY OF RESIDUE GEOMETRIES 

Frg 1 mdicates the numbermg conventrons used herem m discussmg the 
polymorphs of amylose, composed of hnear chains of (la+4e)-linked a-D-gluco- 
pyranose residues Many a-pyranose structures are now available (see Table I) for 
use m developmg models for these polymers, but, m each residue, the positions of the 

O-4 d’ 

FIN 1 Maltose umt showmg the numbenng of atoms and the locatlon of the amylose virtual bond 
(Hydrogen atoms referred to m the text are numbered accordmg to the carbon atom to which they 
are attached ) 

termmal oxygen atoms relative both to the center of mass of the rmg and to each other 
are somewhat drfferent As a result, when stereochermcally reasonable models for a 
given polymorph are constructed, the relative onentatlon of successive residues 
depends not only upon the repeat distance and number of residues per turn but also 
upon the chorce of residue In order to systematrze resrdue selectron, we have found it 
effectrve to classrfy them by the length of the virtual bond, or vector, between O-4 and 
O-l (see Frg 1) Table I presents 0-4-O-l drstances for a-pyranoses from many 
sources The range of 10 percent IS thought to be reasonably complete, and ~111 be 
shown to be related to variations m the rmg-torsron (conformatron) angles 

Lrsted in Table II are pertinent stereochemical data for the a-D-glucose residues 
m compounds listed m Table I With few exceptions, the conclusions of earher 
studies ’ ” 3o concermng the constancy of bond lengths and bond angles are con- 
firmed The level of precrston m the studies surveyed did vary somewhat, but, despite 
thrs vanatron, the consrderauon of a-D-glucose rmgs, only, resulted m torsion-angle 
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TABLE I 

O-4-0-1 VECTOR LENGTHS FOR CC-PYRANOSE RESIDUES 

Code Reference Resldrte Dutance 

Cyclohexaamylose-KOAc 
a,r-Trehalose dthydrate 
Cyclohexaamylose-KOAc 
Cyclohexaamylose-KOAc 
a,a-TrehaIose dehydrate 
Planteose 
Methyl a-n-glucopyranoslde 
a-r-Sorbose (0-2-O-5) 
Amott-Scott average residue 
&Maltose monohydrare 
Methyl a-D-mannopyranoslde 
Raffinose pentahydrate 
a-Lactose monohydrate 
a-D-Tagatose (0-2-O-5) 
Dlpotassmm D-ghCOSyl phosphate 
a-D-Xylose 
a-D-Glucose-urea 
a-D-Glucose (neutron dlffractlon) 
Methyl a-D-altropyranoslce 
2-Acetamldo-2-deoxy-D-glucose 
Plant sulfohpld 
Methyl &maltoslde 
1 -Kestose 
2-Ammo-2-deoxy-D-glucose hydrochloride 
a-L-Rhamnose monohydrate 
2-Ammo-2-deoxy-D-glucose hydrobromtde 

C=w) 

&A (3) 
CHA(1) 
- 
PLA 
MeG 

ASR 
MAL 
- 
RAF 
LAC 
- 
DGP 

GUR 
ADG 
- 
AGA 
PSL 
MeBM 
KES 
GHC 

GHB 

9 glucose 4 196 
10 glucose 4 207” 
9 glucose 4 253 
9 glucose 4291 

10 gIucose 4 331” 
11 glucose 4 365 
12 glucose 4 375 
13 sorbose 4 377 
4 glucose 4 400 

14 glucose 4 402 
15 mannose 4 405 
16 glucose 4 427 
17 glucose 4 455 
18 tagatose 4 455” 
19 glucose 4462 
20 xylose 4467 
21 gluccse 4 475 
22 gIucose 4 485 
23 altrose 4 502 
24 glucose 4512 
25 glucose 4 548 
26 glucose 4 570 
27 glucose 4 575 
28 glucose 4 583 
29 rhamnose 4 587” 
28 glucose 4 607 

“Value supplIed by John Ruble, Department of Crystallography, Urnverslty of Pittsburgh 

ranges of 8-12”, Instead of the 16” range cited by Arnott and Scott4 Some of the 
older studies yielded values for the 0-4-O-l vector at the extreme ends of the range 
In the study of 2-ammo-2-deoxy-D-glucose hydrobromlde2’, for example, the longest 
O-PO-1 vector was reported, whereas the pioneering dtiractometer study of cyclo- 
hexaamyloseg gave the shortest value m the survey In the latter instance, however, 
the closed, cyclrc structure IS thought to strain the residues m Just this way3 ’ 

Although there IS little, if any, order readily apparent m Table If, a brief study 
of Dreldmg models demonstrated that, as the 0-4-O-l vector lengthens, the torsion 
angles systematically change More specifically, angles I, IT, V, and IV decrease, 
whde III and lV increase (see Table II and Fig 1 for the numbering convention used) 
It E, of course, possible for angle II, for instance, to increase and the O-PO-1 vector 
stdl to lengthen If other changes more than compensate A simple bookkeepmg tool 
consists In tabulatmg the quantity III+ 1111 + IV/ + IVIl - IITIl - IIVl, whxch we call the 
“torsion-angle index” In Fig 2, the 0-4-O-l distance IS plotted against the torslon- 
angle index for 13 residues That the two variables are related IS clearly mdlcated by 
the correlation coefficient of the regression hne, namely, 0 942 Nitrogen-, phos- 



T
A

B
L

E
 II

 

S
U

E
W

E
Y

 
0F

 a
-D

-G
L

U
C

O
S

E
 R
E

S
ID

L
W

 

R
es

id
u

e 
C

od
ea

 
C

H
A

2 
CH

A3
 

CH
Al

 
PL

A 
ME

G 
AM

 
HA

L 
RA

F 
LA

C 
OG

P 
GU

R 
AD

G 
AG

A 
PS

L 
ME

GM
 

KE
S 

GH
Cb

 
GH

Bb
 

Ji
rl

dl
tl

l h
-D

1 
4.

19
6 

4.
25

2 
4.

29
1 

4.
36

5 
4.

37
5 

4.
40

0 
4.

40
2 

4.
42

7 
4.

45
5 

4.
46

2 
4.

47
6 

4.
48

5 
4.

51
2 

4.
54

8 
4.

57
0 

4.
57

5 
4.

58
3 

4.
60

7 
B

on
d-

 
03

-0
1 

4.
15

2 
4.

16
7 

4.
17

1 
4.

22
9 

4.
16

6 
4.

23
2 

4.
21

1 
4.

24
8 

4.
26

3 
4.

25
7 

4.
22

4 
4.

28
0 

4.
24

3 
4.

25
2 

4.
21

8 
4.

25
1 

4.
20

2 
4.

23
2 

L
en

gt
h

s 
02

-0
1 

2.
70

5 
2.

79
5 

2.
76

4 
2.

83
2 

2.
00

9 
2.

75
8 

2.
84

6 
2.

78
0 

2.
80

2 
2.

88
4 

2e
79

6 
2.

79
5 

2.
75

2 
2.

74
3 

2.
78

0 
2.

67
9 

2.
73

3 
2.

72
2 

R
in

g
 

Cl
-C

2 
B

on
d-

 
C

2-
C

3 
L

zn
gt

h
e 

c3
-c

4 
c4

-c
5 

c5
-0

5 
05

-C
l 

1.
52

5 
1.

50
5 

1.
52

9 
1.

52
2 

1.
52

6 
1.

52
3 

1.
49

6 
1.

51
3 

1.
53

1 
1.

50
0 

1.
54

0 
1.

54
0 

1.
51

1 
1.

50
9 

1.
52

1 
1.

54
5 

1.
53

6 
1.

51
6 

1.
53

0 
1.

50
9 

1.
52

4 
1.

51
2 

1.
52

9 
1.

52
3 

1.
52

3 
1.

51
7 

1.
53

3 
1.

54
1 

1,
54

6 
1.

54
6 

1.
53

1 
1.

52
5 

1.
52

5 
1.

53
6 

1,
51

6 
1.

52
5 

1.
45

1 
1.

40
4 

1.
44

5 
1.

43
0 

1.
43

3 
1.

43
6 

1.
46

7 
1.

43
3 

1,
42

5 
1.

41
7 

1.
43

9 
1.

4?
5 

1.
41

5 
1.

41
3 

1.
41

4 
1.

38
9 

1.
41

9 
1,

44
3 

.5
88

 
1.

51
7 

1.
53

4 
1.

52
9 

1.
51

4 
1,

51
5 

1,
51

3 
1,

54
3 

1.
49

0 
.5

46
 

1.
52

6 
1.

52
5 

1.
53

6 
1.

54
5 

1.
51

6 
1.

52
0 

1.
51

7 
1.

52
9 

.5
35

 
1.

52
0 

1.
51

8 
1.

53
5 

1.
58

7 
1,

52
9 

1.
52

4 
1.

51
0 

1.
52

1 
.5

45
 

1.
52

4 
1.

52
9 

1.
55

1 
1.

51
8 

1.
53

3 
1.

53
2 

1.
54

1 
1.

53
4 

,4
80

 
1.

44
4 

1.
42

7 
1.

46
0 

1.
41

6 
1,

44
1 

1.
44

1 
1.

43
5 

1,
48

7 
,4

57
 

1.
41

4 
1.

42
5 

1.
45

9 
1.

42
3 

1.
40

8 
1.

41
2 

1.
37

7 
1.

40
4 

,4
15

 
1.

41
7 

1.
40

3 
1.

42
5 

,4
27

 
1.

42
7 

1.
50

9 
1.

49
9 

,4
24

 
1.

42
9 

1.
43

0 
1.

40
3 

,4
35

 
1.

43
5 

1.
43

1 
1.

45
6 

,5
26

 
1.

51
7 

1.
52

7 
1.

53
8 

ex
e-

R
in

g 
C

l-
01

 
%

ii
d-

 
1.

41
0 

1.
41

7 
1.

40
0 

1.
41

5 
1.

41
2 

1.
41

5 
1.

43
3 

1.
40

3 
1,

36
7 

c2
-0

2 
1.

43
4 

1.
41

2 
1.

44
2 

1.
41

9 
1.

42
1 

1.
42

3 
1,

43
1 

1.
42

4 
1,

42
9 

le
n

gt
h

s 
c3

-0
3 

1.
42

7 
1.

43
5 

1.
43

3 
1.

43
6 

1.
42

3 
1.

42
9 

1.
43

6 
1.

44
2 

1.
43

5 
c4

-0
4 

1.
44

3 
1.

42
9 

1,
40

9 
1.

42
2 

1.
42

0 
1.

42
6 

1.
43

4 
1,

43
0 

1.
43

6 
C

5-
C

6 
1.

54
0 

1.
53

3 
1.

50
5 

1.
50

5 
1.

50
7 

1.
51

4 
1.

54
4 

1.
51

9 
1.

51
4 

R
in

g 
B

on
d-

 
A

n
gl

es
 

05
-C

l-
C

2 
C

l-
C

2-
C

3 
C

2-
C

3-
C

4 
c3

-c
4-

c5
 

c4
-c

5-
05

 
C

5”
05

-C
l 

10
9.

0 
10

9.
8 

10
8.

1 
10

9.
7 

11
0.

4 
10

9.
2 

11
0.

2 
10

9.
8 

10
9.

7 
10

9.
4 

10
9.

2 
11

0.
1 

10
9.

9 
10

9.
8 

11
0.

5 
10

9.
8 

11
0.

9 
11

0.
9 

11
1.

1 
10

9.
5 

10
9.

0 
11

0.
0 

10
9.

2 
11

0.
4 

10
7.

0 
11

0.
0 

11
0.

3 
11

0.
3 

11
0.

3 
10

9.
8 

11
1.

5 
11

0.
9 

11
0.

2 
11

0.
1 

11
0.

5 
11

1.
1 

10
8.

5 
11

0.
3 

10
8.

9 
11

0.
2 

11
0.

2 
10

9.
9 

10
7.

4 
11

0.
9 

10
7.

9 
11

2.
0 

11
31

5 
11

5.
0 

11
4.

5 
11

4.
0 

11
3.

9 
11

5.
6 

11
4.

5 
11

4.
1 

.3
64

 
1.

3R
4 

1.
38

9 
1.

39
4 

1,
38

7 
.4

12
 

1.
42

3 
1.

41
5 

1.
47

7 
1.

36
9 

,4
22

 
1.

41
6 

1.
41

6 
1.

45
1 

1.
41

0 
.4

60
 

1.
42

2 
1.

42
5 

1.
46

8 
1.

45
4 

.5
68

 
1.

50
4 

1.
51

0 
1,

52
0 

1.
51

3 

07
.7

 
11

0.
0 

11
0.

1 
10

7.
9 

11
2.

7 
1 

10
.9

 
11

1.
7 

10
9.

2 
11

1.
2 

05
.9

 
11

0.
9 

11
1.

1 
11

0.
6 

11
0.

1 
1 

11
.1

 
11

1.
8 

11
2.

5 
11

1.
9 

11
.2

 
10

9.
7 

10
9.

9 
10

8.
6 

10
6.

5 
1 

06
.0

 
11

0.
4 

10
9.

0 
10

8.
3 

05
.6

 
10

9.
2 

11
1.

2 
10

6.
9 

11
0.

3 
1 

09
.2

 
10

8.
7 

10
6.

9 
10

9.
5 

10
.8

 
10

9.
8 

10
8.

7 
10

5.
5 

10
7.

8 
1 

08
.9

 
10

7.
7 

10
91

0 
10

7.
5 

11
.3

 
11

3.
9 

11
3.

8 
11

6.
6 

11
5.

5 
1 

14
.7

 
11

3.
1 

11
3.

7 
11

1.
2 

ex
od

in
g 

05
-C

l-
01

 
11

1.
9 

11
0.

9 
11

0.
9 

10
9.

8 
11

2.
7 

11
1.

6 
10

8.
7 

11
2.

7 
11

1.
5 

11
6.

9 
11

2.
0 

11
1.

6 
10

0.
0 

10
8.

6 
11

1.
4 

11
2.

3 
11

31
5 

11
5.

0 
E

d.
 

c2
-C

l-
01

 
10

6.
7 

10
8.

1 
10

6.
8 

10
9.

9 
10

6.
9 

10
8.

4 
10

9.
3 

10
6.

9 
10

8.
8 

11
3.

1 
10

9.
1 

10
9.

4 
10

8.
3 

10
9.

6 
10

7.
9 

10
6.

3 
10

7.
3 

10
8.

2 
A

n
gl

es
 

C
l-

c2
-0

2 
10

9.
5 

11
0.

1 
10

8.
7 

11
1.

3 
11

1.
4 

10
9.

3 
ll

l*
l 

11
1.

8 
11

1.
1 

11
2.

7 
11

1.
3 

11
0.

9 
10

8.
9 

11
1.

4 
11

0.
2 

10
9.

9 
10

9.
2 

11
0.

3 
C

3-
C

2-
02

 
11

2.
2 

11
3.

2 
11

1.
3 

10
9.

3 
11

3.
2 

11
0.

8 
11

0.
8 

11
2.

2 
11

2.
7 

11
0.

0 
11

2.
4 

11
2.

3 
lO

A
. 

10
9.

4 
11

2.
4 

11
1.

8 
10

91
4 

10
8.

6 
C

2-
C

3-
03

 
11

1.
3 

10
9.

4 
11

0.
0 

10
9.

6 
10

8.
8 

10
9.

6 
10

8.
3 

11
1.

1 
10

7.
0 

10
8.

9 
11

2.
8 

10
8.

1 
10

8.
1 

10
9.

1 
11

0.
3 

10
6.

7 
10

8.
9 

10
9.

9 
c4

-c
3-

03
 

10
7.

2 
10

8.
3 

10
8.

5 
10

9.
8 

11
0.

4 
10

9.
7 

10
6.

6 
10

7.
2 

11
1.

6 
11

0.
6 

11
2.

3 
1l

O
.h

 
10

6.
0 

10
9.

2 
10

8.
7 

11
2.

5 
11

1.
7 

11
2.

5 
c3

-c
4-

04
 

10
6.

1 
10

4.
6 

10
5.

8 
11

0.
9 

11
1.

6 
11

0.
4 

11
0.

9 
11

1.
9 

11
0.

5 
10

3.
3 

11
1.

8 
10

8.
3 

10
7.

8 
10

8.
5 

11
1.

1 
11

01
4 

10
9.

8 
11

1.
7 

c5
-c

4-
04

 
10

7.
9 

10
8.

1 
10

8.
3 

10
8.

2 
10

6.
4 

10
8.

6 
10

5.
6 

10
6.

7 
10

7.
2 

10
3.

3 
10

6.
2 

11
0.

9 
10

6.
0 

11
0.

7 
10

9.
4 

11
01

9 
11

0.
7 

10
9.

0 
C

4-
C

5-
C

6 
10

8.
4 

11
0.

7 
11

1.
3 

10
9.

8 
11

2.
0 

11
2.

7 
11

1.
5 

11
3.

8 
11

3.
7 

10
6.

6 
11

4.
5 

11
1.

6 
11

3.
8 

11
1.

7 
11

1.
0 

11
4.

5 
11

1.
5 

11
3.

1 
05

-C
5-

C
6 

10
4.

5 
10

6.
5 

10
7.

1 
10

8.
0 

10
7.

0 
10

6.
9 

10
5.

8 
10

7.
4 

10
7.

2 
11

4.
1 

10
8.

2 
10

8.
1 

10
5.

0 
11

0.
5 

10
6.

4 
10

71
5 

10
5.

2 
10

6.
4 

R
in

g
’ 

T 
05

-C
l-

C2
-C

3 
(I

) 
59

.9
 

58
.5

 
58

.4
 

58
.2

 
58

.2
 

56
.9

 
50

.6
 

55
.6

 
53

.9
 

61
.2

 
55

.4
 

54
.1

 
53

.3
 

53
.7

 
56

.3
 

50
.6

 
53

.0
 

56
.6

 
T

or
oi

on
- 

C
l-

C
2-

C
J-

C
4 

(I
I)

 
-5

3.
9 

-5
5.

9 
-5

7.
2 

-5
5.

1 
-5

5.
6 

-5
3.

5 
-5

8.
6 

-5
3.

6 
-5

1.
2 

-6
2.

1 
-5

4.
5 

-5
1.

2 
-5

9.
0 

-5
3.

7 
-5

8.
5 

-4
9.

0 
-5

3.
3 

-5
3.

6 
A

n
gl

es
 

C
E

-C
3-

C
4-

C
l,

 
(1

11
1 

52
.1

 
53

.6
 

55
.5

 
52

.5
 

54
.2

 
52

.5
 

50
.9

 
52

.5
 

53
.5

 
60

.5
 

55
.2

 
53

03
 

63
.4

 
58

.6
 

60
.5

 
55

.4
 

56
.7

 
56

.2
 

c3
-c

4-
c5

-0
5 

(I
V

) 
-5

4.
5 

-5
5.

1 
-5

5.
7 

-5
2.

3 
-5

4.
1 

-5
4.

8 
-5

7.
3 

-5
4.

3 
-5

7.
5 

-5
9.

1 
-5

7.
4 

-5
7.

5 
-6

2.
9 

-6
0.

3 
-6

0.
0 

-6
1.

4 
-6

2.
4 

-6
0.

7 
c4

-c
s-

05
-C

l 
(V

) 
63

.1
 

59
.7

 
60

.8
 

57
.5

 
58

.0
 

61
.4

 
58

.8
 

59
.0

 
62

.9
 

64
.0

 
61

.1
 

62
.2

 
63

.8
 

60
.1

 
58

.2
 

64
.5

 
66

.2
 

63
a4

 
C

5-
05

-C
I-

C
2 

(V
I)

 
-6

6.
0 

-6
2.

5 
-6

1.
9 

-6
0.

8 
-6

0.
1 

-6
2.

0 
-6

0.
2 

-5
9.

4 
-6

1.
6 

-6
3.

6 
-5

9.
5 

-6
1.

0 
-5

8.
7 

-5
7.

9 
-5

6.
2 

-5
9.

2 
-5

9.
4 

-6
1.

5 

n 
b 

c 
S

ee
 T

ab
le

 
I 

fo
r 

ex
pl

en
n

ti
on

 
of

 
re

si
du

e 
co

de
s 

C
tx

yg
on

-2
 i

s 
re

pl
ac

ed
 

by
 

o.
 n

it
ro

ge
n

 
at

om
 i

n
 

th
en

@
 s

tr
u

ct
u

re
s 

T
or

si
on

 
an

gl
e 

A
-B

-C
-D

 i
s 

de
fi

n
ed

 
06

 
th

e 
cl

oc
k

w
is

e 
an

gl
e 

fr
om

 b
on

d 
A

-B
 t

o 
bo

n
d 

C
-D

 w
h

en
 t

h
e 

4 
at

an
n

 
or

e 
pr

oj
ec

te
d 

on
to

 
II

 p
la

n
e 

pe
rp

en
di

cu
le

r 
to

 
bo

n
d 

B
-C

 o
n

d 
at

om
 A

 i
n

 
cl

oo
ee

t 
to

 
V

iC
U

er
. 



COMPUTER MODELS OF AMYLOSE 395 

phorus-, and sulfur-sub&Wed rmgs were not Included m ths analyas, pnmanly 
because their structures have not as yet been so accurately determmed That torsion 
angles cannot vary Independently of bond lengths and bond angles IS recogmzed, but 
torsion angles appear to be the most sensitive mdxcators of the rmg dlstomon 
accompanymg a change in virtual bond-length, and the torsion-angle mdex offers a 
means of gaugmg the degree of ths dIstortIon 

5 

T 490 

480 
t 

god 1 I I I I 1 I I 

10000 10500 l1000 11500 12000 I2500 13cIoo 13500 14000 

TORSION ANGLEINDEXtDEGREES) 

Fg 2 Plot of virtual bond-length uerslcs torslon-angle Index for a-D-glucopyranose residues 
(contammg only carbon, hydrogen, and oxygen) (The regresslon hne has a slope of 75” per A, and a 
correlation coefficient of 0 942 ) 

It must be concluded that there IS a conslderable degree of geometrxcal freedom 
w&m the constramts of the CI conformation Therefore, as emphasized by Arnott 
and Scott4, m performmg potent&energy or dlffractlon-mtenslty calculations, there 
1s no Justficatlon for allowing a large variation m the glycosldlc angle whle mam- 
talmng a ngd resrdue The residue geometry, Itself, 1s a more logtcal vanable It would, 
of course, be of interest to know the causes of deformation of the rmg geometry. Two 
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of the structures surveyed, GUR and ADG (see Table I for residue codmg), contam 
an unsubstltuted a-D-glucopyranose molecule, but, m GUR, a strong hydrogen- 
bondmg agent, urea, 1s present Despite the dtierent hydrogen-bondmg and packmg 
schemes, the molecular geometnes are qmte slmllar A third crystal-structure con- 
talmng unsubstltuted D-glucopyranose (the monohydrate) has been reported m 
preliminary form32, and It IS characterized by an 0-4-O-1 distance of 4 49 A, this 
value IS very slmziar to those for GUR (4 475 A) and ADG (4 485 A) Substltutlon 
patterns do, however, appear to influence residue geometry, as may be seen by 
comparmg MeG with ADG, and MeBM with MAL (m Table II) It IS also likely that 
the presence of ions has some effect, because the three ldentlcally substituted CHA 
residues defier shghtly As accurate crystal structures of saccharides become more 
plentiful, rules govemmg residue deformation ~111, presumably, be deduced For the 
present, however, we surmise that the presence of such complexmg agents as methyl 
sulfoxzde or potassmm bromzde need not cause changes m molecular parameters 
outside the range currently observed 

CONSTRUCTION OF MODELS 

The computer model-bullding program evolved from one written by Jackobs33 
In this program, the residue 1s considered to be a ngzd body attached to a virtual bond, 
or vector, extendmg from O-4 to O-l, and use IS made of the monomer-equivalence 
postuIate34 Accordmg to the latter, once an mltzal residue IS properly Iocated relative 
to a fiber axis, a simple screw operator IS all that IS required to generate the rest of the 
cham Thus, If r?, IS the posltlon vector for an atom m the zth residue, then 

2 z+l = Rz,+L, 

where R and L respectively define a rotation about, and a translation parallel to, the 
fiber axls For a cham havmg II residues and p turns per repeat dlstancef, the angle 0 
through which a residue must be rotated to generate the next umt 1s 

0E2T , 
I1 

(2) 

and the translation lz 1s 

h = If/tzI (3) 

By convention, m a right-handed, coordinate system, n 1s posltlve or negative de- 
pendmg on whether the cham 1s right- or left-handed If a Cartewan-coordinate 

system IS specdied m which the z axis serves as the fiber axls, then 

-sin 0 0 0 

R = case 0 

0 1 1 [1 and L= 0 (4) 

I1 
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When the cham IS generated m thrs way, and the O-&O-l vectors from the 
residues of a single repeat are proJected onto the -u-y plane, an equilateral figure 
(e g , a regular hexagon m the instance of a 6-residue, smgle-turn hehx) IS formed m 
which the distance n from the or:gm to the mldpomt of each side can be shown to be 

n = IJ(b2 - k2)/2 tan (e/2)1 , (5) 

where b IS the length of the virtual bond It IS clear, then, that the length of the virtual 
bond and the hehcal parameters n, p, andj completely determme the locatlons of all 
0-4-O-l vectors m the model To locate the associated atoms, there need only be 
specified the rotational posltlons of the residues about these vectors and the locations 
of any side groups (e g , the primary alcohol grouping attached to C-5) that have 
rotational freedom Because only polymers that are thought to form regular hehces 
are here under consideration, all residues m a given model are rotated equally about 
their respective 0-4-O-l vectors In prmaple, this still permits the residue to assume 
an infinite number of posltlons, however, as ~111 be seen !ater, the direct relatlonshlp 
between rotational posltlon and the stenc cntena severely hmlts the range of POSSI- 
blhtles 

In our work, the followmg computatlonal procedure was found converuent 
After reading-m n, p, f, and a set of atomic coordinates derived from an appropriate,,“› 
single-crystal study, the mltlal residue was first placed so that Its 0+0-l vector was 
bisected by the orlgm RotatIonal operators were then used to bring the X-J’ pro- 
Jectlon of O-1 onto the y-axls and to elevate the residue such that 

z,, --z,, = 11 (6) 

At that point, the desired rotation of the residue about the O-PO-1 vector was 
effected, the reference position be.ng the one m which the O-l-O-4-C-6 plane 
comclded with the y-z plane, a posltlve rotation bemg clockwise when viewed from 
O-4 to O-l Havmg thus properly orlented the mltlal residue, It only remained to 
translate it a distance &d along the x axls and to generate the rest of the chain ma the 
operation described m equation (1) The translation was posltlve for a right-handed 
model and negative for a left-handed one 

Once the full model had been constructed, it was e,cammed for stereochemlcal 
feaslblhty (here, “feasible” lmphes reasonableness of glycosldlc angle and absence of 
severe, short contacts between nonbonded atoms) For the most part, the latter are 
possible only between atoms on contiguous residues, but, m the case of compact 
structures, such as the V-amyloses, the primary alcohol group can also Interact with 
residues distant by about one turn of the hehx The constructlon of our program was 
such that both the rotation of the residue about the vlrtu,d bond and the posltlon of 
the pnmary alcohol group could readily be vaned m attempts to denve a stereocheml- 
tally sound model Generally speakmg, m any such model-bmldmg study, the most 
confidence IS usually placed m the value of the crystallographic repeat-distance 
obtained from fiber-dlffractlon photographs Decreasmg confidence 1s held m the 
helical parameters n and p and m such residue parameters as side-group posItion, 
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rotation about a vn-tual bond, and specific residue-geometry A comprehensive study 
must allow reasonable vmatlons m all of these parameters 

MODELS OF V-AMYLOSE 

An mformatlve means of lllustratmg the effects of various residue-geometnes 
on computer models 1s to plot the glycosldlc angle agamst the amount of residue 
rotation about the vn-tual bond Fig 3 is such a graph for left-handed, ax-residue 
V-amylose, a polymorph havmg SIX residues repeatmg m 7.95 A Four different 

-60 -40 -20 0 20 40 60 60 

ROTATION ABOUT D-4-O-l VECTOR (DEGREES) 

Fig 3 Values of glycostdlc angle and 0-2-O-3 distance for left-handed, six-residue-per-turn 
V-amylose models [Four different residues are Included that encompass the observed range of 
0-4-O-l vector lengths CHA(3) residue hehces, havmg 4 25-i% virtual bonds, yield a curve mter- 
mediate to the CHA(2) (4 19 Is> and CHA(1) (4 29 A) residue models The CHA(3) curve Intersects 
the zone of reasonable glycosldlc ang!e at a residue rotation that suggests a strong hydrogen-bond 
between O-2 and O-3’, and that also agrees with X-ray results 35 36 The vertxal lme at about 20” of 
residue rotation on this and followmg Figures mdlcates the maxlmum allowed residue rotation due to 
the 0-2-O-3’ contact ] 

residues having 040-l distances of 4 19, 4 29, 4 48, and 4 57 A are Included, 
thereby covenng the full range of vu-tual bond-lengths observed At a sven value of 
residue rotation, It IS apparent that the glycosldlc angle increases when the 0-4-O-l 
&stance Increases Devlatlons of the family of curves from a completely parallel set 
are caused by Merences 111 rmg geometry other than those which affect only virtual 
bond-length 
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Reasonable models for amylose are expected4 to have a glycosldlc angle lymg 
between 115 and 120”, the range bound&d by the rectangles m the Figures For 
V-amylose, the full extent of residue rotations that produce reasonable glycosldlc 
angles IS mdlcated by the Intersections of the curve for the longest vector residue with 
the zone of reasonable glycosldlc angle To determme whether or not the entirety of 
the resuItant 80” residue-rotation range IS stereochemlcally viable, a contact anaIysis 
IS performed_ For the V polymorphs, the 0-2-O-3’ distance IS quite dependent on 
residue geometry However, as mdlcated on a separate scale m Fig 3, dflerences are 
quite small m the Important range of strong hydrogen-bondmg If a rmmmum, 
hydrogen-bounded contact of 2 5 k IS accepted, then the reahstrc residue rotatxons 
must be hmlted to those less than 25” Below - 10” of residue rotation, however, 
C-5-C-6’ and other short contacts are present, Ieavmg only the range from - 10 to 
f25” with the desired combmatlon of reasonable glycosldlc angle and no short 
contacts 

A recent X-ray study3 5 3 ’ Indicated that a residue rotation of 15” gives the best 
agreement between observed and calculated dlffractlon-mtensltles At this value, 
models made with the CHA(3) residue (4 25 A virtual bond) have a glycosldlc angle 
of 118”, and a distance of 2 85 A between O-2 and O-3’ that IS mdlcatlve of a hydrogen 
bond In the absence of dlffractlon mformatlon, however, it would be mappropnate 
to hmlt conslderatlon to models that feature this hydrogen bond The Iack of such an 
lntra-cham, hydrogen bond could conceivably be offset by Inter-hehcal bonding m 
the sohd state or by solvatlon m solution 

SEVEN- AND EIGHT-RESIDUE V-AMYLOSES 

When preclpltated from solution with molecules bulkier than those of butyl 
alcohol, amylose forms crystalhne complexes that have been deduced to have the 
amylose component arranged as a hehx repeatmg m 8 ii with seven or eight residues 
per turn3 ‘-” Sundararajan et al 43 suggested that it IS necessary to utihze a 
glycosldlc angle of 110” to construct a compact, seven-residue helix usmg averaged 
CHA residues, whereas Goebel et al ’ reported that a seven-residue hehx IS energetl- 
tally and geometncally feasible If the MeBM residue IS used Fig 4 shows that both 
are correct, and also suggests that neither of the structures proposed IS optlmal from 
the standpomt of the completely Isolated helix With the short-vector, CHA(2)- 
residue models, no glycosldlc angle greater than 108” IS obtamed, regardless of 
contact cntena The use of the long vector (4 57 ii), MeBM residue yields models 
havmg glycosldlc angles of up to 128”, but, at the value of residue rotation where the 
glycosldlc angIe 1s 117”, the 0-2-O-3’ distance IS 3 5 A At the residue-rotation value 
of 15”, where the 0-2-O-3’ bond would be strongest, model hehces constructed from 
the ASR averaged residue have a glycosldlc angle of 118” Because optically active 
structures containing seven residues per repeat must lack crystallographic symmetry, 
it IS antlclpated that there would be geometrical dtierences among the residues, and 
the structure of ASR residues already described would only be the most reasonable 
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startmg-pomt m a structural anaiysis In this regard, It IS Interesting that, on the basis 
of umt-cell dlmenslons, Simpson et al 4o proposed an elhptlcal shape for the seven- 
resrdue hehces 

ROTATION ABOUT 0-4-O-l VECTOR (DEGREES) 

Fig 4 Graph of glycosldlc angle and 0-2-O-3’ distance for left-handed, seven-residue V-amylose 
models usmg three dlfferent residue geometries [CHA(Z) residues are geometncally mcapable of 
formmg seven-residue V-hehces havmg a glycosldlc angle large enough to be consldered reasonable, 
and the MeBM-restdue, model hehces have glycosldlc angles that are too large at values of residue 
rotation where an 0-2-O-3’ hydrogen-bond would have slgmficant strength The selectively averaged 
ASR reslaue meets the condltlons of reasonable gl>cosldlc angle with an 0-2-O-3 distance mdlcatlve 
of a hydrogen bond, but It should be noted that no evidence has been presented for this hydrogen 
bond m the seven-residue structure 1 

Fig 5 mdlcates slmllar relatronshlps for models of eight-residue, compact 
hehces Models constructed with the short vector (4 19 A)), CHA(2) residue have 
unreasonably small glycosldlc angles and, in addltlon, suffer from a very short 
H-l-H-4’ contact On the other hand, models based on the longer vector (4 485 A), 
ADG residue have satisfactory glycosldx angles, no short contacts, and an 0-2-O-3’ 
distance representatlve of a strong hydrogen-bond As only the longer vector residues 
can lead to models havmg reasonable glycosldlc angles, the alIowed range of resldue 
rotation IS small compared to those for the SIX- and seven-residue, compact hehces 
Yamashlta and MonobeS2 determined that the eight-residue, V hehx has tetragonal 
symmetry, so no more than two different residues can be involved Coupled with the 
observation of very lImIted range of residue-rotation, this type of symmetry suggests 
the formatron of at least a weak 0-2-O-3’ hydrogen bond 
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-60 -40 -20 0 20 40 60 80 

ROTATION ABOUT 0-4-O-I VECTOR (DEGREES) 

Fig 5 Graph for left-handed, eight-residue, V-amylose models, usmg three different residue geo- 
metrles [Only the longer vector residues have geometries smtable for constructlon of these models, 
leavmg only a narrow range of allowed-residue rotation Wlthm this range, all 0-2-O-3’ distances are 
less than 3 2 A, suggestmg that at least a weak hydrogen-bond IS formed ADG residues (4 48 & 
form the most satisfactory eight-residue hehces, whereas the MeBM residues would be more smted to 
the formatlon of the (unreported) nme-residue structures ] 

B-AMYLOSE 

Proposals for the structure of B-amylose, the native polymorph of some 
starches, Include two-44, three-45, four-46, and SIXTY- residue, smgle hehces, all 
repeating m 10 5 A, and a double hehx composed of two ax-residue strands48 Each 

strand of the double-hehcal model proposed repeats m 21 0 A, but 1s related to the 

other strand by a two-fold rotation-axis Bvmg a crystallographic repeat of 10 5 A 

From the maximum length of the rmg vector, It IS obvious that more than two 

residues are needed m order to satisfy the 10 5 A repeat. The latest crystallographic 
evidence favors hehces m whch the number of residues per turn IS evenly &vislble by 
three, owmg to the estabhshed presence of a sixth-order, merldlonal reflectlon4’ and 
the possible presence of a very weak, tlurd-order reflectlon4g. These data notwn%- 
standmg, the four-restdue model was exammed (In addltlon to the others) m order that 
no reasonable proposal should be overlooked 

Desplte the use of a wide range of residue geometnes, however, we found that 
no three- or four-residue model could be constructed wlthout stenc strain Three- 
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residue models suffer from numerous, over-short contacts, includmg H-5-H-4’ or 
H-l-O-3’ for left-handed chams, and H-l-C-6’ or H-3-H-4’ for nght-handed chams 
Indeed, only by mcreasmg the bndge angle to 139 can models having three residues 
per 10 5 A be made to be free from mterference Four-residue, B-amyIose models are 
somewhat less crowded than the three-resrdue variety, especrally when one of the 
shorter rmg-vector residues IS the basis of constructron, but, even then, they are stall 
unacceptable according to the cntena of Rees and Skerrett’ Very short H-5-C-6’ or 
O-2-G-3’ distances ehmmate the left-handed models, and C-l-C-6’ or H-3-O-3’ 
contacts show the r&&handed models to be unhkeIy Here again, though, the use of 
a glycosrdrc angle of 135” would permrt the constructron of otherwrse unstrained 
models 

%x-residue models fare consrderably better For the smgle-hehx case, short- 
vector residues permrt constructron of stereochemtcally feasible, nght-handed models, 
and euher long or short vector residues may be used to build reasonable, left-handed 
models In the latter, however, only the shorter restdues lead to an 0-2-O-3’ distance 
that could be construed as a hydrogen bond Both nght- and left-handed, double- 
hehx models are also stereochemrcahy feasrble, they reqmre long vector resrdues, such 
as ADG, to attam reasonable glycosldrc angles For example, with the CHA(3) 
residue (4 25 A vrrtual bond), the largest angle attamable 1s about 106” The best 
double-hehcal models of both chuahttes have no contacts m the drsahowed regron, 
and few or none m the mc;rgmally allowed, moreover, m nerther case 1s there any 
problem due to interference between the two strands of the structure 

mr-AMYLOSE 

The polysaccharide chains of the KBr-amylose complex contain four residues 
m 16 1 A Jackobs et al 33 reported structure-factor calculatrons for this polymorph 
by using a model constructed from ADG residues having a bridge angle of 108” As 
they obtained a farrly high value for the rehabrhty index, and as stereochenucal 
cntena not then avarlable place 108” outsrde the acceptable range, It was of Interest to 
examme four-fold helices composed of other residues Table III presents the more 
mterestmg parameters of some left-handed models. At -70” of resrdue rotatron, 
where the 108” angle occurs for the ADG model, longer vector residues lead to only 
shghtIy drfferent values for the glycondrc angle, moreover, no avarlable resrdue, 
regardless of geometry, can produce a model that does not exhrbrt stenc stram to a 
certain degree Rotatton of the residue by -20” m the posrhve duectron reheves the 
crampmg (see Table III) m models based on the longer vector resrdues, and, m these 
cases, also yields a glycosrdrc angle m the acceptable range Short vector residues 
produce C-l-C-3’ and H-l-C-3’ contacts throughout the range of good glycosrdrc 
angle, and thrs is no doubt responsrble for the htgh potentral-energy reported for 
models using CHA geometry’ Lrke Jackobs et al 33, we could not construct a 
r&t-handed model contammg four resrdues 111 16 1 A that did not mvolve serious 
crowdmg of the pnmary aIcoho1 group 
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TABLE III 

CHARACl-ERIsTICS OF LEFT-HANDED MODELS OF K&-AhfYLOSE 

Reszdue Rotarron G~ycosuhc 
of resrdue angle 
(degrees) (degrees) 

C-I-C-3 # C-I-O-3’ N-l-O-3’ 
30” 27” 22” 

(4 (4 (4) 

ADG, 448 A -70 108 A 2 85 2 58 1 87 
-60 1129 2 95 2 72 2 01 
-50 117 5 304 >2 80 2 14 
-40 122 0 3 11 >2 80 2 24 

MeBM, 457A -70 1078 3 01 2 71 1 89 
-60 1129 3 12 >2 80 2 05 
-50 1182 >3 20 >2 80 2 21 
-40 123 3 >3 20 >2 80 2 35 

KES, 457A -70 1106 3 02 >2 80 2 07 
-60 115 7 3 13 >2 80 223 
-50 120 9 >3 20 >2 80 2 37 
-40 1259 >3 20 >2 80 >240 

CHA(3), 4 25 A -30 113 1 2 83 2 55 1 76 
-10 1170 2 87 2 61 1 78 

10 118 3 2 84 2 58 1 70 
30 1162 2 73 2 48 1 53 

ASR, 440A -50 111 8 297 2 73 1 96 
-4Q 1157 304 >2 80 2 05 
-30 1193 3 09 >2 80 2 11 
-20 122 3 3 12 >2 80 2 14 

“Mmlmum, “margmally allowed”, contact dlstanceS 

Models of extended conformations, such as the KBr polymorph, appear to be 

especially sensltlve to vanatlons m residue geometry The models usmg CHA(3) 

residues show a satisfactory glycosidxc angIe over a sixty-degree range of residue 

rotation, and the ADG and MeBM residue models exhlblt satisfactory angles m a 
narrow range of angles, slmdar to each other but quite removed from the range for 

the CHA(3) models In addltlon, despite the fact that the KES and MeBM residues 

have almost ldentlcalO-4-O-1 dxstances, models based on the former are conslderably 
less crowded, as IS mdlcated by a drfference of 0 2 A for the H-l-O-3’ distance at 
comparable residue rotations 

DISCUSSION 

Classticatlon of ar-D-glucopyranose residues on the basis of 0-4-O-l vector 
lengths appears to be a very useful, if not ngorous, device for mtroducmg residue 
geometry as a vanable m the structural analysis of poly(la+4e)sacchandes Indeed, 
it would seem useful to have comparable mdlces avadable for other types of hnkages 
and for other sugars that afford polysacchandes. For ready reference, vtiual bond- 
lengths for other glycosldlc hnkages have also been included m Table II With the 
exceptlon of the selectively averaged ASR moiety, alI of the residues that we have 
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consrdered correspond to actual conformatrons observed for smaller molecules; 
therefore, a polymer model constructed from any one of these must be considered 
reasonable If rt meets the stenc and crystallographrc reqmrements Furthermore, rt IS 
probable that the range of vanatron m resrdue geometry consrdered IS adequate to 
define models as erther feasrble or not, especrally rf some small tolerances are allowed 
m the hard-sphere restnctrons As rt has been shown that geometncally different 
residues are needed for the constructron of satrsfac tory models for the vanous 
polymorphs of amylose, no smgle kmd of resrdue can be regarded as bemg “typrcal” 
of amylose 

The chief advantage of the vutual-bond, hehx-constructron method 1s that, 
when the fiber-repeat drstance 1s known, only structures that meet that reqmrement 
recerve consrderatron Methods that use rotation about the glycosrdrc linkages 
afford a single map that contams all possrble combmatrons of repeat distance and 
number of resrdues per repeat For any given combmatron, however, each representa- 
tron of this type provides only four (or fewer) possrble models For example, were the 
map based on MeBM geometry and a glycosrdrc angle of 117”, two of the possrble 
models for an eight-residue hehv repeatmg m 8 A would correspond to the mter- 
sections of the MeBM curve (m Fig 5) with a honzontal lure through 117”, and the 
other two would correspond to the mtersectrons on the analogous drawmg for 
right-handed structures Separate maps are needed for each residue consrdered and 
for each value of the glycosrdrc angle Even assummg mvanant resrdue-geometry, 
Figs 3 and 4 and Table III mdrcate that, m some cases, vanatron of the glycosrdrc 
angle wrthm the allowed range produces a substantral range of residue rotations In 
such Instances, m order to obtam meanmgful results by use of methods that mvolve 
rotation about the glycosrdrc bonds, rt would be necessary to examme maps made 
at many small Increments of glycosrdrc angle Therefore, the vntual-bond method can 
require much less computatron and can facrhtate compansons between alternatrve 
geometnes 

Under favorable circumstances, the type of study reported here may be useful 
m predrctmg the most satrsfactory resrdue for modelmg a grven structure For example, 
drffractron-rntensrty calculatrons were nutrally made for V-amylose by usmg a model 
composed of ADG restdues 3 5 3 6 Error functrons showed the resrdue rotation to be 
- 15”, which can be seen (m Fig 3) to correspond to a glycosrdrc angle of 132” As 
thrs value IS consrderably outsrde the accepted range, some doubt was cast upon the 
validity of the structural determmatron Subsequent calculatrons revealed, however, 
that the mtenaty-error functron was farrly msensrtrve to the resrdue geometry and 
that, m the favored rotatron range of lO-20”, models composed of CHA residues had 
quote reasonable glycosrdrc angles (again, see Frg 3) On stereochenncal grounds, It 
would therefore appear that the true structure of the monomenc umts of six-resrdue 
V-amylose IS more closely approxrmated by the shorter vector resrdues 

Another area m which the present results are of utrhty IS m drscussmg the 
reported conversron of the seven-resrdue V-amylose mto the srx-resrdue structure 
Prevrous workers43 have suggested that conversron IS accomphshed by a small 
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change m the dihedral angles about the glycosldx hnkage, accompamed by an 
Increase m the angle Itself from 110” to 119” A comparison of the models deemed 

most hkely, from our work, for the SIX-, seven-, and eight-residue V-amyloses 

mdlcated that, durmg converslon, the glycosldlc angle, residue rotation, and 0-2-O-3’ 

distance can retam optimal values If the residue IS permitted some geometncal 

flexlblhty, as this reasonmg IS more compatible with the evidence avadable for small 
molecules, It 1s believed to be the more likely explanation 

Both the six-residue, smgle- and double-hehcal models for B-amylose remam 
undlscredlted by these modeling computations However, until more evidence than 
that from smgle-geometry, potential-energy computations IS presented, acceptance 

of either model as factual IS attended by consrderable uncertamty 
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