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An Amylose Antiparallel Double Helix at Atomic been available. In only one case, the complex 
of maltoheptaose w ~ t h  the enzyme phos- 

Resolution phorvlase a, was the structure of  a larger & .  
amylose fragment elucidated (Y) from sirlgle 

-- - -- -- -- L cnlstal data, albeit at m e d ~ u m  resolution 
W. HINRICHS, G. BUTI-NLK, M. STEIFA, CH. UETZDL," V. ZABEL,?. (2 5 A). We report the deta~led crvstal struc- 
B. I'FANNEMULLER, W. SAENGER nlre of a longer ol~gomer of anndose, a 
- - - -- - - - -- -- - - - maltohexaose that IS blocked at the reduc~ng 

In the crystal structure of the polyiodide con~plex (p-nitrophenyl-a-maltohexa~se~) . 
Ba(13)2 . 22H20,  the maltohexaose units form an antiparallel, left-handed double helix 
with 0 - 2  0 - 3  and 0 - 6  .-. 0 - 6  hydrogen bonding and a central cavity that encloses 
two triiodide units. This stnicture contrasts with the parallel, left-handed double helix 
with no central cavity proposed for the A- and B-starch helix and the left-handed single 
helix in V-amylose and may be relevant for the stabilization of glycogen structure. 

TARCH, THE STORAGE POLYSACCHA- 

ride for glucose in plants, is composed 
of D-glucopyranose units. It can be 

separated into the branched amylopectin, 
which has interglucose bonds of the 
a ( l - + 4 )  and ~ ~ ( 1 4 6 )  type, and the linear 
amylose, which has exclusively a(1-4) 
links. Although there is no detailed informa- 
tion on the three-dimensional structure of 
amylopectin, a series of models have been 
proposed that suggest that the native crystal- 
line amylose that is deposited in the grarlules 
of the cereals (A form) and the tubers (B 
form) consists of a double helix with intcr- 
nimed, parallel cha~ns (1 ) O n  the basis ot \- 
rak fiber d~agrams and model b u ~ l d ~ n g ,  this 
double hell\ was or~g~nal lv  proposed t-o be 
r~ght-handed (2) H o n e ~ e r ,  a recerlt stud! 
that combined electron dift~ actlon on  micro 
crvstals and single cnstal data 011 nlcth\l-w- 
maltotrioside (3) ind~cated that it should be 
left-handed (4) In a d d ~ t ~ o n ,  vailous left- 

W. I-iinrlchs. G Hiittncr. ,\I. Stelfj. (:I> Br t~el ,  \' L~bc.1, 
LV. Saengcr. Institut hlr Kristallogr~ph~c. Frcic L'i~lr.cr\~ 
tat Berlin, l'akuctras\c 6. 1)-1000 licrlln 33. I-cdcral 
Republlc o f  Ger1im,1n\ 
R .  PLmnemi~lle~., Inciltitt i i ~ r  Xlakroi-iiolckul~irc ('I~cniic. 
L'n~vet-cit~t F r c ~ b u r ~ .  Stcf'l,unMe1er-Str3~se 31. 7800 1) 
7800 I-rcibura, Ecdcral Kcnubl~c of C;crin.in\ 

handed single-stranded helices are formed 
by chemical derivatives of amylose and bv 
complexation of amylose with ionic o r  mn- 
lecular guest molecules into the central cavi- 
ty of the helix (Table l ) .  

Because these previous structural studies 
relied mainly on the combination of  x-ray 
fiber diffraction and model building and 
thus are somewhat controversial (2-6), it is 
necessary to  obtain more detailed data from 
single cn~stals of oligomers larger than the 
di- (7, 8)  and trisaccharides (3 )  that have not 

L, 

end with a p-~litrophenyl group and cocrys- 
tallized with barium triiodide. Our  study 
provides information on  the structure of a 
left-handed antiparallel double h e l t ~  of amy- 
lose complexed with polyiodide. 

We were unable to  crystallize maltooli- 
gomers in a form suitable for x-ray analysis 
[see also (10) 1 ,  and resorted to derivatives in 
which the reducing end was blocked by a 
p-nitrophenyl group in the a-position. Be- 
cause cu-qclodextrin polyiodide conlplexes 
cn~stallize in a variet?. of space groups de- 
pending on  the cation ( l l ) ,  we mixed aque- 
ous solutions of the commercially available 
(Boehringer Mannheim) maltooligomer de- 
rivatives ~ v i t h  a series of metal iodides and 
iodine. Addition of Ba12 and iodine to  p- 
nitrophenyl-cu-maltohexaose immediately 
yielded a fine, bro~vn powder. Brown plates 
from this material suitable for single crystal 

Table 1. A selection of parameter for helical structure\ fornlcd by am!~losc and its dcrivati\es (1,  9 ) .  

Structure of 
amylosc or  derrvati~c 

A 
B 
V h 

Vh-iodine 
KOH 
KHr 
r\rnylosc tridcctatc 
Tri~ncth!~l aaylose 
Hcpta'~niylosc In complcs 

Hand- 
edness 

Right-t 
Kightt  
Lcft 
Left 
Left 
Left 
Lcft 
Lcft 
Left 

pitch Numbcr 
h c i ~ h t  of 

(A) residues 
per turn 

Hclis 
diarn- 
ctcrl 
(XI - 

10.66 
10.68 
13.70 
13.54 
7.58 
7.21 

10.87 
0.66 

.. .~ ..-. . . \\,it11 t>hosphonlasc J. 
*Present a d d r e :  E.tiropcat~ Illolecular Illolog! I,,ibor~ Idedizcd helix' (thls \'Jerk) 1)AP Left 18.6 8.0 2.33 14.8 
t o y .  Hamburg Out \ ta t i (~n~ c/o 1)ESY. Sotke\ t s~is~c  8 %  
D-2000 Iiamburg 5 2 ~  Fcdo-,il Kepublic o f  Gcrlnan!. 'Abbrevlationa. S. Single; I)P. doublc, par,illcl; DAI', double, antlparallcl. !In a recent electron diif?.lctlon studv 
:['resent addrec.  Oak Kldgc S~ t l onn l  L.aboratory, C)dk (4 ) .  a Ictt handed double hclix na s  prOp~l5cd. -rTaken aa the ~n t e r ch~ i~n  spacliigs In ( I )  for amvlose helicca and a 
Ridge. TA' 3783 1 v.ln dcr Waals diameter for the double heltx derivcd fromp~nltrophenyl-u-maltol~esaosc (this work). 
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x-ray ditfraction studies could be obtalned 
~ v h e n  a solution near ~3rcciuitatio11 condi 

L L 

tions \bras sealed in a ~nelting point cdpill'iry 
and left for a few days. 

The space group of these crystals is ortho- 
rliombic, P2!2 (2 , .  The unit cell constants 
are a = 33.732(13), b 29.212(10), c -= 
14.442(4) A. (Numbers in parentheses are 
standard deviations in the last decimal digit 

or cl1git5 ) \Ve u\eii a toui ci~cle ctlffracto~n- 
e t a  (il~ckel-tilterect C u I<,, rL1diatlon) to  
collect about 10,000 \ i ~ \  intensin data, 
\1~111cli nele  col~ccted fur abso~pt io~l  (12) 
The hca\ \ -at0111 P O ~ I ~ I O ~ I ~  \\ ere cter~\ ed L ~ I '  
Patterson 1ncthod5, dl other noiih\drogcn 
atoms ~ ~ e r t .  located from drtterence kouricr 
map5 Least-5tluarci ~efiilement (13) con- 
verged at A coi~\cnt io~l~l!  R factor of 0 11 

Fig. 1. Stereoview [produced with the OR'I'EI' prograni (31) 1 a l o ~ ~ g  tlic c r ~ \ t ~ ~ l l o g t - , ~ p l ~ ~ c  c - d a l  o i  the 
unit cell of @-nitrophenyl-cu-~i~altohcmse)~ 11,1(1,)~ . 2211,O; a &xi, \ rrtic.11 b ,LYI~ liol-izontal The 
phenyl ring G of 1 and the glucose 1-1 of 2 are indic'~tcd. Soliii I l n c  ,Ire the i l l \  .~lctit butid\ in thr 
triiodides, \\,hereas the open lines are intcrtriiodide contacts. X t o n i ~  n-itli i~~ i tc . i s i~ lg  iddii~s lepl~~set i t  
carbon, nitrogen, oaTgen. iodine, and barium. 

\ - ~- 
rl- m 2 -  n w  \ -. 
nus "C . . Z :  1:: x z  .~. h h Y N  1 . ; -  

Fig. 2. Schematic illustration of h y d r o g e n - b o ~ i d i i  ;init hariurn-ion cool tliii'itio~i iiltcra~t1on5 ill ttic 
double helical co~nples. including water niolecules (A)  nit llltcr,ltonil~ hotiii ,uiglcs ,i1i~1 iiistaliccs it1 tlic 
polytriiodide chain (B). The standard deviations are 0 02 ;\ ill 0 ... 0 d ~ \ t ~ t ~ c c \  dnd 0.007 A .111~{ 0 2- in 
triiodide distance5 and angles, respectively. The n\erngc t i isw~~cc ,ilotlg tllc poly~ociidc ih,~in,  3.211 A. is 
aignificamly longer than the 3.11 X in blue \tarch i o d ~ n e  ( 1  ;) .i~rii in tlie ( C Y  -cyciode\t~ili)I . CdI5 
complex (11). C;luco~cs A to I: arc in 1 and glucc~\cc 1-1 to ,if at-c 111 2: \\' i~i i i~c.~tc\  \~ , i t c .~  m<)lci.ulc~. 
There is one dircct ~n tc r~nolec i i l~~r  cont'ict bet~vcet~ tlic 0 6 l ivdro i~  I \  of 1: ,111d L I  ot 2, 86 A .  

with the hedl y atom5 treated anisotropicallv 
. . 

and the others isotropically. The c l~s ta l  
asymmetric unit contai~ls nvop-nitrophenyl- 
cr-nialtohexaosc and two triiodide units, one 
barium ion, and 22 water molecules 
[((:4211h5033N)2 . Ba(13)2 22H20] .  

The dominant motif of this cnstal struc- 
ture is a polytriiodide zigzag chain with 
(I3 ) Z  as tlie repeating unit embedded in the 
central cavity of a left.11andcd. a~itiparallel 
double helix that is formed by two svm- 
rnet1-y-independent p-nitrophenyl-cr-malto- 
hexaose molecules. 'rhc nvofold screw asis 
operation pc~rallel to  a creates a continuous 
although \;ray array of these double helices, 
\v11ich are irlterlocked with their termirial 
p-nitrophenyl groups (Fig. 1 ) . 

In tliep-nitrophenpl-a-maltohexaose dou- 
ble helix the two enclosed triiodidc units 
have dimensions s imi l~r  to  those in other 
triiodide crystal structures (14, 15). They are 
separ,lted by 4.08 A and form an angle of 
140.8" (Figs. 2 and 3) .  The distance be- 
tareen triiodides in adjacent as!.~nrnetric 
unlti IS comparable but the angle IS reduced 
to 121" and follo~vs the bend bemeen the 
short double helices (Fig. 1 )  

The angles for~ned bf the triiodide  nits 
lie benveen the approximate sight angle 
obsencd in polviodidcs that are crvstalli~cd . . 

with inorganic or s~nall organic cat.ions (14, 
15) OK that arc complcxed \\.it11 p-cyclodcs- 
trin (16) as the marr~v and the linear polvio- 
didc that occurs when triiodide is embedded 
in tlie narrolr, channels formed by cr-cyclo- 
destrin (11) or by the \'-amylose helix (17) 
in "blue starch iodine." In these latter com- 
plexes tlie dista~lce between tlie triiodidc 
units is ,ibout 1 A shorter than the van cter 
Waals separation (IS) of 4 .3 A, ~vhich sug- 
gest:, thaE the cieep blue or blr~ck color is ci;c 
to cli,irge transfer (1 7, 1 9 ) .  'rhc bro\vn color 
of  rhe p - n i t r o p l ~ e i ~ y l - ~ ~ - i ~ ~ a l t ~ ~ l ~ e x r ~ o ~ c  polyio- 
dide cr!,stals indicates that these interactions 
are ul~likely to occur in thc zigzag pol!,io- 
dide ,lrtangeiilcnt with an intcrtriiodidc sep- 
aration of - 4  A, anii that this complcs is 3 

poor model for blue starcli iodine 
In each of the ribbonl~ke rnaltohexaose 

~noleiulei 1 .inti 2 (1:lgs. 2 ,111d 3) ,  the 0 - 2 ,  
0 - 3  h! droxvli arc on one edge ofthc r ~ b b o n  
and are so close tli'lt intrd~nolec~~lar,  inter- 
glucose 0 - 2  ..= 0 - 3 '  hydrogcil bonds either 
can form or could forrn if the glucose units 
were rotatcci slightly a b o ~ ~ t  the glucosidic 
li~iks. Based on 0 ... 0 distances, all the 
possiibe interglucose 0 - 2  ..+ 0 - 3 '  hycirogcn 
bonds occur in 1, ~v11ich forms a more 
regular lielicr~l segment than 2 and in which 
close 0 - 2  ... 0 - 3 '  contacts arc only found 
bet~veen tlic glucoses I and 1, J anti I<, and L 
and IZ.1. The other edges of tlie p-nitro- 
plien\ I-oc-maltol1e\ao5c r~bbons CIIC 11ncd bv 
the 0 - 6  hvdro\\ lx, all of ~v111ch are o r ~ e ~ i t c d  
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gauche,gauche as is usually observed in cy- 
clodextrins (20). 

cantlv, if not primarily, to helix stabilization. ion coordinates to nvo water molecules and 
It occurs sys~matically in an idealized dou- 
ble helix whose structural parameters (Table 
1 and Fig. 4) were derived mathematically 
(21, 22) with the atomic coordinates of the 
0 - 4  atoms of the central part of 1. This 
double helix is novel because the A- and B- 
amylose double helices have parallel strands 
and do not exhibit a central c a v i ~ ,  and 
because the helices formed by V-amylose 
and by anlylose derivatives are only single 
stranded (1-6). 

However, the parameters derived for the 
idealized antiparallel left-handed amylose 
double helix are comparable to parameters 
obtained for the left-handed amylose single 
helix (9) of maltoheptaose complexed with 
the enzyme phosphorylase a. This helix is 
somewhat slimmer and has 6.6 residues per 
turn with a pitch of 15.8 A. It was used as a 
basis for modeling a double helix with 6 
glucoses per 18 A pitch and with glucosidic 
torsion angles of @' = -15" and T' = 
-26". Compared with our idealized double 
helix, the number of glucoses per turn is 
different, and the values of the @' and TIr' 
angles are reversed (see Table 2). 

The crystal structure is stabilized by sever- 
al interactions. First, 1 and 2 are held to- 
gether by hydrogen bonds. Second, the 
terminal p-nitrophenyl moieties of adjacent 
units interlock and stack at a phenyl-to- 
phenyl distance of 3.2 A, which leads to the 
"infinite-chain" arrangement shown in Fig. 
1. Third, the triiodide units interact to form 

to four chelating glucoses (A, F, I, and M) 
of four different maltohesaose molecules. 
Finally, the 22 water tnolecules are mainly 111 
hydrogen-bonding contact with the termi- 
nal glucoses A, E, and F and H ,  L, and M. 

Maltohexaose is the linear analog of the 
q~clically closed cyclodestrins that were 
studied by x-ray and neutron diffraction 
(20). Comparison of average geometrical 
data in Table 2 suggests that cyclizatio~l 
opens the C-4-0-4'-C-1' angle from 
115(3)" in maltohexaose to 119.0(7)" in 
a-cyclodextrin. The average 0 - 4  0 - 4 '  vir- 
tual bond distance of the glucose unit de- 
creases from 4.52(9) A in maltohexaose to 
4.23(6) A in a-cyclodestrin. However, the 
intramolecular, interglucose 0 - 2  ... 0 - 3 '  hy- 
drogen-bonding distance is larger in a-cy- 
clodextrin, 3.00(8) A, than in the maltohes- 
aose molecule, 2.89(20) A. 

These data indicate that the glucose geome- 
tty is mechanically strained in a-cyclodextrin. 
The virtual bond angles 0-4-0-4 ' -0-4  av- 
erage 120(2)" in a-qclodestrin compared 
with the average of 138(5)" in the linear 
analog. The virtual torsion angles 
0 - 4 - 0 - 4 ' - 0 - 6 0 - 4 ,  which are 0" in the 
qclodextrins because of ring-closure con- 
straints, range from -5.1" to -128.7" in 
linear maltohexaose, with the central units in 
the double-helical arrangement confined in 
the range from -20.0" to -29.3". The steric 
strain din~inishes in the series a -  > P- > y- 
qclodextrin, and the data in Table 2 for y- 

The more regular appearance of 1 is also 
manifested in the torsion angles @ and T 
(Table 2), which describe the relative rota- 
tion of the glucose units about the glucosid- 
ic C-1-0-4'-C-4' links. These angles are 
near the average values of @' = 160(4)", 
T' = 170(5)" in 1 but are more spread for 
2, especially in those sections where the 
0 - 2  0 - 3 '  separation is wider than espect- 
ed for hydrogen bonding. 

In a double helix. each reDeat unit in one 
strand has a partner unit in the other strand. 
111 thep-nitrophenyl-a-maltohexaose double 
helix, glucoses A to D in 1 have partner 
glucoses H to K in 2 .  The other glucoses are 
out of frame and are in hydrogen-bonding 
contact with water molecules and coordinat- 
ed to barium ions (Figs. 2 and 3). 

Of the eight juxtaposed glucoses, only the 
four central units are close enough so that 
four intermolecular hydrogen bonds O- 
2 0 - 3  can form. Between the 0 - 6  hydros- 
vls there is one direct short intermolecular 
0 - 6  0 - 6  hydrogen-bonding contact of 
2.86 A benveen glucoses E and M. A second 
interaction benveen the 0 - 6  groups of glu- 
coses F and L would be possible if L were 
slightly rotated. 

This hydrogen bonding between 0 -2 ,  
0 - 3  hvdrox~ls on one side and between 0 - 6  
hydrox\ds 4 the other contributes signifi- 

an infinite polyiodide. Fourth, each barium qclodextrin agree with those for maltohes- 

Table 2. Comparison of average stnlctural parameters for amylose fragments in p-nitrophenyl-a- 
maltohexaose and in the cyclically closed analogs a-, P-, and y-cyclodextrin. Standard deviations in 
parentheses refer to last decimal digit. 

p-Nltrophenyl- Cyclodextrint 
a-maltohexaose * a P Y 

Parameter 

Number of glucoses 
Intramolecular distances (A)+ 

0-4 ... 0.4' 
0.2 ... 0.3' 

Angles (degrees) 
C- 1-0-4'-C-4' 
0-4 ... 0.4' ... 0 . 4  

Torsion angles (degrees) + I I 
4' 0 - 4  ... c.1-0-4'-C.4' 
$' C.1'-0-4'-c-4' ... 0.4" 
4 H-1-C- 1-0-4'-C-4' 
4 C-1-0-4'-C-4'-H-4' 
0..4 ... 0 - 4 '  ... 0 . 4  ... 0 . 4  

1 

2 

Fig. 3. View of the molecular complex (p-nitro- 
phenyl-a-malt~heaaose)~ . Ra(I,)? [plotted with 
the program SCHhKhL (32)l. Hydrogen bonds, 
interiodine covalent bonds, and the Ra-0 coordi- 
native bonds are drawn black. Molecules 1 and 2 
are indicated by numbers in the p-nitrophenyl 
groups. Parts of the molecular comples closer to 
the viewer are stippled. The triiodide contact 
bond is drawn shaded. Carbon, barium, nitrogen, 
oxygen, and iodine atoms arc indicated by in- 
creasing radii; barium ions are filled black. Water 
molecules are omitted for the sake of clarity. 

+Averaged data ibr 1 and 2 except for last entries; these entries haic SD = 0.01". ?Data fiom (27- 
29). $Values from computer-built models fbr 0 - 4  ... 0-4 ' ;  0 - 2  ... 0 - 3 ' ;  6, 4 values are ibr the ibilow~ng am~lose 
polymorphs: V, ,  4.25 a, 2.75 A, -14", -6": V,, 4.21 A, 2.78 A, -18', -3'; KBr, 4.57 A, 4.51 A; -60'; -41"; 
KOH, 4.57 A, 2.93 A, -3", -33". Xatiie A and B amylose double helis: 4.48 A, 3.35 A, -28", -5" [data from 
(30)l. $No  standard de\.iations are lien because the data are based on incomplete refinement. I /+ ' ,  $' and 6, 
C refer t o  nvo diKerent definitions usef in  the literature. The gii en average i alues are onLv fbr those glucosidic links 
where 0 - 2  ... 0 - 3 '  hydrogen bonds are ibrmed, that is, values for glucose pairs H ,  I and I<, L are omitted from 
averaging. 
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Fig. 4. Drawing of the 
idealized amylose anti- 
parallel double helix de- 
rived on the basis of glu- 
cose residues C and D in 
1 (32). Helix parameters 
are given in Table 1; the 
pitch height is indicated 
by the asterisks. Van der 
Waals diameters for the 
central cavity and for 
the outer-helix bound- 
aries are 4.9 A (C-6-H 
atoms) and 15.9 A ( 0 - 2  
and 0 - 3  atoms), re- 
spectively, and are com- 
parable to dimensions 
known for cu-cyclodex- 
trin (11). The 0 - 2  
0 - 3  and 0 - 6  0 - 6  hy- 
drogen bonds are indi- 
cated in black; the atom- 
ic code is as in Fig. 3. 

aose if we neglect the virtual torsion angles. 
The solution properties of cyclic and lin- 

ear oligosaccharides differ dramatically. 
Whereas the a- ,  P-, and y-cyclodextrins 
display limited solubility in water, with P- 
cyclodextrin being the least soluble (1.85 g 
in 100-ml solution) (20), the linear analogs 
are virtually indefinitely soluble. Evapora- 
tion of aqueous solutions of linear oligosac- 
charides yields glasses, whereas cyclodex- 
trins crystallize. 

The antiparallel double helix found in this 
crystal structure is probably limited to mal- 
tooligomers of finite length because two 
chains of opposite polarity must intertwine. 
This topological problem is comparable to 
that for DNA. However, in DNA the geom- 
etry of the base pairs imposes antiparallel 
polynucleotide strands (23), and the double 
helix is stabilized by hydrophobic and dis- 
persion forces between the base pairs, which 
are stacked in the core of the helix. In the 
amylose double helix, the polyiodide chain 
can initially stabilize a structure by forming 
a nucleus around which the amylose chains 
can wind; in addition, intermolecular hydro- 
gen bonds of the type 0 - 2  ... 0 - 3  and 
0 - 6  ... 0 - 6  can increase the stability of the 
complex. Such intermolecular hydrogen 
bonding was observed in crystal structures 
of a- ,  p-, and y-cyclodextrins (20) and ap- 
pears to be the most preferred amylose- 
amylose interaction. 

With amylose chains of infinite length, 
the antiparallel double helix is not favored 
because chains must intertwine and single 
helices become more probable. The interac- 
tions that stabilize the single helices are 
hydrophobic forces between amylose and 
guest molecules, intrachain hydrogen bonds 
between adjacent glucoses 0 - 2  ... 0-3 ' ,  and 
interturn hydrogen bonds 0 - 2  ... 0 - 6  and 
0 - 3  ... 0-6 .  These latter hydrogen bonds are 

only rarely seen in cyclodextrin crystal struc- 
tures (20), probably because intermolecular 
0 - 2  ... 0 - 3  and 0 - 6  0 - 6  interactions are 
more favorable; in amylose, this energetic 
disadvantage could be compensated by the 
topological advantages of single helix forma- 
tion. 

The amylose antiparallel double helix may 
be significant when only short helical seg- 
ments are formed so that topological prob- 
lems are largely avoided. Because of the 
similarity of conformational and helical pa- 
rameters in the (maltoheptaose) left-handed 
single helix (9) and in the (maltohexaose) 
left-handed double helix, the transformation 
from one helix form to the other can occur 
readily. 

This may be important in glycogen gran- 
ules that are formed bv cascade-like. 
branched structures with a(l+4) and 
a(l+6) glucosidic linkages to yield a core 
macrodextrin (24). At the periphery of the 
macrodextrin there are short segments of 
amylose that form left-handed single helices 
with about 6.6 glucoses per turn (9). These 
could easilv intertwine to form left-handed 
antiparallel double helices, and hrther stabi- 
lize the structure of the granules. The short 
length of these helical segments would easily 
explain the brown (and not blue) color of 
complexes between glycogen and iodine. 
The observed B-type x-ray diffraction of 
glycogen (25) appears to contradict the con- 
cept of antiparallel double helix formation. 
However, the pattern was not obtained 
from native glycogen; the glycogen required 
considerable treatment and the Dattern 
could not be reproduced. 

Gelation of amylose and starch upon cool- 
ing of aqueous solution could be associated 
with initial formation of short segments of 
antiparallel double helices between amylose 
chains. This would result in three-dimen- 
sional, loose networks with intertwined am- 
ylose chains, which precipitate and are diffi- 
cult to redissolve. 

In the crystal structure of methyl-a-malto- 
trioside (3), the oligomer occurs as a left- 
handed sin le helix with axial rise per resi- 
due of 3.5 1 , which does not allow intramo- 
lecular hydrogen bonding 0 - 2  ... 0 - 3 '  be- 
tween adjacent glucose units. This structure 
can be taken as a prototype for amylose 
helices devoid of intrachain hydrogen bond- 
ing, as they exist probably in A- and B-type 
polymorphs. The parameters of the present 
antiparallel double helix ofp-nitrophenyl-a- 
maltohexaose complexed with polyiodide 

.suggest another helix prototype in which 
0 - 2  ... 0 - 3 '  intrachain hydrogen bonding 
occurs, as observed in all the V-amyloses. 
Thus far no amylose double helix with pa- 
rameters com~a iab~e  to those derived in the 
present study has been observed (26), which 

suggests that amylose double helices do not 
form readily. However, in conformational 
energy calculations, the double helices corre- 
spond to an energy minimum (3) .  Thus the 
structural parameters for two prototype am- 
ylose helices are now available at atomic 
resolution for use in model-building studies 
to improve the interpretation of the fiber 
diffraction data. 
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