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ABSTRACT 

The structure of the hydrated amylose-Iodme complex has been determIned 

by combmed methods of X-ray dIffractIon and stereochemlcal pachmg analysis The 
umt cell was ldentlfied as orthorhomblc with n = 13 60 A, b = 23 42 A, and c = 
8 17 A (fibre repeat) with two amylose chains passing through the unit cell Iodide 

was found as an almost lmear cham m the centre of the sl\-fold, left-handed amylose 
hehx Eight water molecules of hydration per umt cell were located m good hydrogen- 
bondmg posItIons between the amylose hehces 

INTRODUCTION 

The structure of the blue starch-lodme complex has been a topic of considerable 
dlscussIon* - I4 The studies by Rundle and co-workers’ s 6 of various amyloses and 
amylose complexes led to the proposal that the amylose chains crystalllse m a SIX- 

fold hehcal conformatIon The proposal 6, based on X-ray dIffractIon experiments, 

that lodme occupies the otherwse open channel In the centre of the amylose hehx 
verified chemical predIctIons of other workersI I3 Ho wever, a detaded structural 
mvestIgatIon was not possible and, subsequently, the StereochemIcal dIsposItIon of 
the Iodme In the central cavity of the hehx was not determmed West’ lo suggested 

that the Iodide m the amylose-Iodme complex, as well as m other polymeric matenals, 
exIsted as a lmear array at equal mteratomlc distances of 3 1 A Other Investigators 
have presented supportmg evidence ’ I3 On the other hand, Stem and Rundle’ 
developed a theory explammg the InteractIon of Iodide with the amylose hehx as a 
dipole-dipole InteractIon which predicts non-eqmvalent I I separation distances 

Crystallographic studies of model compounds” I6 of the amylose-Iodme 
complex, such as cyclohexa-amylose complexed with Iodme, have been undertaken 

*ConformatIon and Pacbmg Analysis of Polysaccharldes and Derrvatnes, Part VII For Part VI 
see ref 18 
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In these studies, the completed lodme was present as elthcr I?, I;, or 1, species 
Honever, these model compounds do not exhrbrt the contmuous nature of the amylose 
hehv In a recent study” wrth the resonance Raman/lodme Mossbauer techmque, 

1; was detected rn the Iodine-starch complex 
ln view of recent successes In solwng polysaccharlde structures mvolvlng 

complexatlon \\lth small molecules” I’, SC have reinvestigated the amylose-Iodme 
comple\: In thtq InvestIgatIon, X-ray dIffractIon methods were combmed with those 
of stereochemrcal pacLIng analysis’ 9 Debye-Scherrer X-ray lntenslty data20, as 
\\ell as X-ray data from amylose-lodIne fibre diagrams, were used 

C\PERI\IENTAt. 

V-Amylose-Iodlnc films were prepared by castmg films From a 1.5 % (w/w) 
solution in Me,.50 The films were then stretched III hrgh relatwe humldrty at room 
temperature to an extension of 200-6000/, These stretched films, which produced 
oriented-fibre X-ray dmgrams typIcal of the MezSO-amylose complex2’, were then 

placed m bokng methanol for 20 mm whtlst held under tenslon, after which they 
ekhlblted X-ray dragrams of V,-amylose The films were next placed, stII1 under 
tensIon rn a chamber contammg lodIne vapour at loo:‘, rclatwe humldlty for 6 h 
After th1.s treatment, the films possessed the Intense blue colour characterlstlc of the 
amylose-lodme complex and gave the fibre X-ray diagram shown m Fig I 

X-Ray d~ffractograms for rf-spacmg measurements were recorded on flat film 
m an evacuated camera at a film-to-sample distance of 5 cm For intensity measure- 

Fig 1 Flbre dlffractlon diagram OF the Vh-am)4ose-Iodme cornpIe\ 



ments, the dlffracted X-ray mtensltles were collected on multiple film packs m an 
evacuated cylmdrlcal camera of 5 73-cm radms Ilford Industrial G film was used 
throughout The mtenslties were measured, corrected, and converted into structure 

amphtudes as prewously descnbed’ ’ CuKrl radlatlon was used The structure 
amphtudes for overlappmg reflections were calculated as composites from lFc] = 
(zl 111, F,__)li2, where I>?, 1s the multlphc~ty, and the summation IS carried out over all 
dlffractmg planes contrlbuttn, a to the composite Unobserved mtensltles were assIgned 
relative mtenslty values of one-half of the mn-nmum observable mtenstty In that 
region of the scattering angle and we&ted one-half In the calculation of a weighted 
R value 

The slxteen Indwtdual reflectIons observed on the fibrc dlaq-am were sufficient 

to ldentlfy the unit cell as orthorhomblc with n = 13 60 A, b = 23 42 A, and L = 

S 17 A (fibre repeat) However, these data were InsufficIent to carry out a detalled 
refinement of the structure against X-ray data Therefore, the Debye-Scherrer data 
collected prewously by Zaslow and Miller” were used after being Indexed wth the 
orthorhomblc umt-cell a% determmed from the fibre X-ray diagram The Debye- 
Scherrer data were corrected for Lorentz and polansatlon effects and then converted 

into structure amphtudes Smce only zero- and first-order layer lines were observed on 
the fibre diagram, only hAI mdlces wth I = 0 or I = 1 were considered In lndewng 
the Debyc-Scherrer Intensity envelopes No separation was attempted between zero 
and first-order layer hnes, I e , I = 0 or I = I Relatwe lntensltles measured by Zaslo\\ 
and Mailer agreed well with those present on the fibre diagram 

RESULTS AND DISCUSSION 

The dlmenslons of the V-amylose unit-cell mcrease wth IncreasIng degree of 
hydration” The anhydrous polymorph (V,) exhlblts an CI axls of 13 0 A m the fully 
hydrated (V,) form, the n axIs IS 13 7 A Amylose-iodine complexes can also occur 
rn anhydrous and hydrated Forms” The structure Investigated showed an N a\ls 

of 13 6 A, mdlcatlve of a highly hydrated condltlon 
The space group of V,- and V,-amylose was prevrously determlncd as P2,2,2, 

wth sectlons of two chams passing through the umt cell Smce the unw-cell volumes 
of V,-amylose, V,-amylose, and the amylose-lodIne complex are slmllar (2304 A3 
compared to 2604 and 2602 A3, respectively), we assumed that sectlons of two amylose 
chains also pass through the amylose-lodme umt-cell Due to the posslblhty of 
having an odd number of lodlde atoms m the fibre dlrectlon per fibre repeat, the 
space group P2, was chosen as most probable, wth the only 2, screw-axis perpendlcu- 
lar to the CI,C plane of the umt cell (second settmg) This space group, P2,, 1s included 
In P2,2,21, but of’ lower symmetry Although the dlstrlbutlon of the lodIne species 
(chain) might be at random m the centre of the amylose hehx, this space group IS 
nevertheless a good choice for the amylose hehx Itself and, as ~111 be dlscussed later, 
also for the lodme species Systeniatlc absences of reflectlons dgreed wth space group 
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TABLE I 

(a) CARl-ESIAh CO-ORDISATES (A> OF THE FIRST RESlDUE OF Vh-AMYLOSE-IODINE IN THE REFEREhCE 

POSlTIOh” 

Atom X Y Z Atom X Y Z 

04 0000 -4 131 0000 o-5 -3 570 -3 520 -0 472 
C-l -3 935 -3 341 0 878 O-6m -2 170 -4 827 -2 707 
c-2 -3 240 -4 383 1 740 H-l -4 974 -3 462 0 969 
C-3 -1731 -4 347 1 537 H-2 -3 591 -5 333 1464 

C-4 -1 388 -4 454 0 057 H-3 -1 350 -3446 1918 
c-5 -2 15s -3 394 -0 725 H-4 -1 57.5 -5 419 -0 314 
C-6 -1 964 -3 496 -2 227 H-5 -1 842 -2 445 -0 408 
o-2 -3 586 -4 150 3 104 H-6A -0 995 -3 179 -2 478 
o-3 -1 128 -5443 2 224 H&B -2 655 -2 861 -2 697 

(b) CARTESIAN CO-ORDINATES (ii) OF IODINE AND WATER IN OhE ASYHMETRIC UhlT OF SPACE GROUP P21 

I-l 3 696 -0 099 0 016 o-w1 3 125 -s 734 1 004 
I-2 3 247 -0 231 2 889 o-w2 -4 54s -5 485 -0 180 
I-3 3 311 0 202 5 768 o-w3 3 675 8 734 5 OS9 

o-w4 -2 262 5 485 3 905 

(C) FRACTIONAL ATOMIC CO-ORDINATES FOR ONE RESIDUE OF THE 6; Vh-AMYLOSE-IODIVE CO\IPLE\ 

CriAlh AhD THE \VATER AhD IODlhE MOLECULES OF OhE ASYMMETRIC UNIT I\ SP\CE GROUP P?I, 

THE VIRTUaL-BOND LEUGTH (0-4 0-4:) IS 4 35 .‘i 

04 0 5381 0 0560 -0 3599 o-5 0 5757 -0 0969 -0 4176 
C-l 0 574s -0 1141 -0 2524 O-kg 0 6372 -0 0225 -0 6912 
c-2 0 6312 -0 0718 -0 1469 H-l 0 6075 -0 1515 -0 2412 
c-3 0 5935 -00112 -0 1717 H-2 0 7057 -0 0732 -0 1807 
c-4 0 5930 00041 -0 3529 H-3 0 521s -0 OOSO -0 1251 
c-5 0 5370 -0 O414 -0 4486 H4 0 6646 0 0096 -0 3983 
C-6 0 5396 -0 0322 -0 6324 H-5 0 4635 -0 031.5 -0 4098 
o-2 0 6230 -0 OS90 0 0201 H-6A 0 4949 0 0028 -0 6632 
o-3 0 6559 0 0281 -0 0876 H-6Fi% 05114 -0 0687 -0 6900 

lo&e am-i 11 ater 
I-l 0 2718 
I-2 0 2387 
I-3 0 2435 

-00042 0 0020 

-0 0099 0 3536 
0 0086 0 7060 

O-WI 0 2298 -0 3729 0 1229 
o-w2 -0 3337 -0 2342 -0 0220 
o-w3 0 2702 0 3729 0 6229 
o-w4 -0 1663 0 2342 0 47so 

“For proper posltionmg m the umt cell, the residue must be shifted l/4 m a as IS necessary for space 
group P21, III the second settmg, rotated 108 5” around z, and shlfted -2 94 8, along z The virtual 
bond length O-4 O-42 IS 4 35 A 
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P2, The amount of lodIne taken up by amylose had previously been esttmated as 
26% by weight, correspondmg to 2 2 lodlde atoms per SIX glucosyl residues 

ConformatIon and pachmg analysis was performed by the method of steico- 

chemical refinement analysis I9 The left-handed, hehcal conformation of amylose 
that had been found m prewous studies of V,-amylose” and V-Me,SO-amylose” 
was adJusted to the S 17-A hehx pitch, as measured for V,-amylose-LodIne It \\as 
found that the most convement wrtual-bond length O-4 O-4, was 4 35 A, compared 
to 4 28 A m V,-amylose L9 for a dIscussIon of wrtual-bond terminology, see rcf 24 , 
The glycosldlc angle (C-1-O-42-C-4,) was 120 O, and two mtramolecular hydrogen- 
bonds occur m thrs conformatlon O-2 O-3? of adJacent residues wth length of 
2 98 A, and O-2 _ O-6, of succeedmg turns wth 2 83 A_ The most stable rotamer of 
O-6 was m the wcu-uty ofgg* [s(O-5-C-5-C-6-0-6) = 72”] No non-bonded contacts 

occur below the cut-off dlstancesz6 The shortest H H distances IS H-l H-4? 
at2 ISA 

Hehces havmg the conformatlon described above were packed stereocheml- 
tally In the urut cell wth hehx rotations heltx transLltlons and all bond lengths, 
bond angles, and towon angles as the variable parameters” The startmg model for 

Fig 2 View of the VI,-amylose-lodme complex m the a,b plane of the umt cell, showmg the hydrogen- 
bondmg arrangement 

- -- 
*gs means gauche to both O-5 and C-4 
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TABLE II 

POSSlbLE Ih’RA- \\D IhTER410LECULAR HYDROGEN-BONDS’ FOR THC VWAUYLOSE-IODINE COUPLEX 

httr a 
o-7 O-32 
o-3 O-6- 

2 98 
7- s3 

IJIto 
o-32 
o-3 
o-3 
O-6 
o-3 
0-2.l 
o-52 
O-65 
o-3, 
O-32 

o-310 
0-W 
o-WIG 
0-WIG 
O-WI 
o-w I b 
O-W? 
o-\w 
O-W? 
O-WV71 

‘Aa the pachrng refinement for the am~lose h&cc> with the .~ssoaated \\ater molecule, has been 
performed tn space group PZtZtZt the space group tound tor V~atn\Iox oni> those hldrogcn 
bonds arc hsted \\hvzh xc umquc m thI> spxe group h’orc O-w3 and O-W.4 arc\ svmmet~-related 
to O-WI and O-W? rcspecu\el> “l/Z T i -I/l - I -z ‘I/X - 1 -I/Z - 1 -1 - = I*;/? -- 1 
-_I t/2 -L z, Cl - \ 112 L 1 --l/2 - z rt - , 1 z 

this refinement was that obtaIned for V,-amylose’” \x ith S w,Ltet- molecules In the 

umt cell. which had been varied to form XI optunal hydrogen-bondmg scheme wth 
the amylose helrces The result of this analysts showed addItIona hydrogen bonds 

between the amylose hehces between O-3 atoms of adJacent, nntlparallel hehces 

wth a length of 2 SS A. and O-3 O-6 of the parJle1 corner chams \\tth 2 94 A_ and 

wth water molecules as shown m FIN 2 and hsted In Table 11 It should be noted 

that these pachmg calculations were carried out In the space group (P2,2,2,) In which 

pure V,,-amylose crystalhses This procedure was chosen to mlrumlse the variables 

and to save computer time smce the Few reflecttons observed are not >uRclent to 

test for space-group symmetry No real short-contacts were encountered 

Next_ the lodme species were located by trial and error Prehmmary calculanons 
were carned out in space group PZ, second settmg The lodlde atoms were placed In 

all stereochemlcally posstble posIttons ~rl the unrt cell wtth the best packmg posIttons 

of the amylose hehces The crystallographic R value, defined as CnllF,,l - l~Jl/ 

211 IF.,] was calculated, where IF,_,~ and 1~~1 are the observed and calculated structure 

amphtudes respecttvely, and 11 IS a weight factor The data set of ref 20 and an 

Isotropic temperature factor of B = 5 [temperature factor = exp(--Bsm’0)] were 

used Scattermg factors for carbon, hydrogen, oxygen, and lodlde were obtamed from 

the InternatIonal Tables for X-ray Crystallography’s The R value calculated for 
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the structure wthout rodlde was -0 55 Placement of the lodlde atoms In the mter- 

stlttal spaces served only to Increase the R value However, placement m the central 

channel of the hehx resulted m decreased R values A mmlmum In R was found with 

three lodlde atoms In one turn of the amylose hehx, i e , SIX lodlde atoms per umt 

cell, which corresponds to an lodIne uptahe of 357; by we&t, In reasonable agree- 

ment wth prewous estimates’ of 26 7; 

This procedure for locating the LodIne species ccLn only be regarded as crude, 

smce the fibre pattern of the amylose+odme complek showed one, rather diffuse, 

mendIona1 reflectIon at a &spacmg of 2 9 A which IS mcongruous wth the layer-hne 

spacing of2 72 A f h o t e amylose hchccs Therefore, If the lodme species do contrIbute 

to the scattermg of the first layer lme n 5plIttIn g of this layer line IS to be expected 

due to the scattenng of the amylose hehces and the LodIne hpccles, respectlveiy 

However such a sphttms was not obsel ved THIS e\penmental ewdence can be Inter- 

preted as lndlcatlng th& polylodldc chains havmg an average spacing of 2 9 A bc- 

twen the Iodide atoms m the I dIrectIon &irc dlstnbuted at random InsIde the amylose 

hchces Such a dl>trlbutlon of polylodlde chains wthout the amylose hellces L\III 

resuit In cquatorlal reflecttons and ‘L mend~onal reflection of 2 9 A only Dlscrcte 

spots n111 not be found on any higher layer hnes Unfortunately no conclusions can 

be dr.t\\ n about the length% of the polb Iodide ch‘uns 

Therefore the strategy 111 placln, 0 the 1odIde cLtom< InbIde the hellccs was 
to use the cquatorlal reflectIons of the fibre pattern and the appmr.mce of a sln_ele 

2 9-A mendIonal reflectIon ‘1s X-m> d,ita for the refinement procedure T\io models 

hclvc been tested (rr) the Iodine chain ha3 cl three-fold symmetr> or (h) a fi\e-fold 

\ymmetry .dong the z ‘I\I~ thus I~~II~~ICLII~~ an I_; or 1; specws or Li longer polylodlde 

chain M Ith this s> mmctry. rcsprct~vcly 

In cl first step the todtde atom\ vcrc placed III bp,ice group PI In t\\o In- 

dependent channels \x~th c ~IIII~II~IOII~ COI respondlug to (CI) 3 x 2 9 8, or (h) 5 x 

Z 9 A and thetr positIons \\ere c‘llculated bv R-fztor refinement u51ng the observed 

retlectIons The amylo~ hchces \\erc not consIdered durmg thI\ refine nent Only 

the mlwng and observed mcnd1on,~l retlectlons hcl\e been added thus forcing the 

todlde atoms to the desired 2 9-A repeat distance m I An e\trcme anlsotroplc 

temperature-factor L\S used for thlr calcul,itIon With this procedure the Iodide 

atoms can be located m three dunewon\ wIthIn the unit cell dt places where the 

channels of the amylohe helwzes \\erc expected The corlespondlng R values for model 

((I) and (b) were almost equal and no sigmricant dIKerence was detected upon addlng 

the unobserved, equatorial structure amplitudes lndlcatmg no preference for either 

of the two models Therefore model (a) was used In further calculations for reason\ 

of s1mphcIty A symmetry relatIonshIp between the two Independent Iodine species 

was detected close to space group Pa, second setting, wth the 2, screw-axls perpendlc- 

ular to the CLC, plane Therefore, space group PI, was used m furthel calculations 

Next, the amylose hehx wth the water molecules was added, ‘15 obtalned by 

conformatIon and packmg analysis A refinement of the 1odIde posItIons agamst the 

R factor and a combmed refinement agamst R and packmg was undertaken \%tlth the 
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equatorial reflectlons m space group P2, No slgmficant difference between the two 
refinement procedures was found, and a final value of 29% m the weIghted R factor 

and 28”/, m R2 was obtained The weights used were one for observed reflections 
and one-half for unobserved reflections, RZ IS the discrepancy factor for the squared 
difference rn the structure amphtudes RZ = [~;II(IF~~ - ~F,~)“/~nIFO~2)“Z The 
shortest contacts bet\\een lodlde and other atoms are hydrogen-lodlde contacts of 
3 3 A A refinement of the co-ordmates of the amylose hehx did not seem to be useful, 
m wew of the few data and the uncertamty caused by the strong scattermg of the 
lodIne species Therefore, further tests were undertaken to check the results obtamed 
Calculatmg the first layer lme wrth 7 pairs of a total of 12 overlapplng, observed and 
unobserved reflectlons for the V,-amyIose hehces and the water posItIons only re- 
sulted In weIghted values of R = 367; and R2 = 43 7; These high values are due to 

TABLE III 

OBSERVED 4\D CALClJLATtD STRUCTURE AhIPLITbDES OF A FIDRE X-RAY DIAGRAhl OF Vh-AhlYLOSE- 

IODIYE” 

hhl /FCl IF01 

110 020 28 21 
200 130 12 14 
270, 040 2s 43 
310, 240, 150 75 95 

330, 060 51 31 

btrobscr~ecl F$ tokn as one-holf of rhe obrer table III~LII~~II~ 
100 0 
120 1 

210 2 
140 6 
230 7 
300 0 
320 11 
160 10 
250 7 
340 5 

3 
6 
7 
7 
7 

4 6 
19 18 
9 1s 

12 17 

14 2 
4 3 
7 4 

(‘The zero layer Ime (equator) was calculated with lodlde atoms, and the first layer hne wlthout 
todlde atoms Normallsatton constants are 0 057 for the equator and 0 055 for the first layer lme 
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a large, calculated (121) reflectIon The R values for the observed reflectlons only 
were < 30 % When the lodlde atoms were added, the R values increased conslderably 

Use of the 147 pieces of data from the Debye-Scherrer experiment”, where no 
separation of the zero and first layer lme can be obtamed, resulted m R = 31% and 
R2 = 31% The calculated and observed structure amphtudes for the fibre pattern 
are listed m Table III 

Cartesian co-ordinates of the best-refined glucosyl residue by packing and 

conformation analysis, the water molecules, and the lodlde atoms are given m Table I, 
and posstble hydrogen bonds m Table II Note that the Iodide-cham repeat distance 
m z IS different from that for the amylose hehx The proJectton of the umt cell onto 
the a,b plane IS shown m F;lg 2 

CONCLUSION 

A comparison of the V,-amylose structure and the V,-amylose-lodme structure 
IS of Interest In V,-amylose, the fibre repeat IS 0 26 A shorter than the S 17-A repeat 
of V,-amylose-lodme HO-6 Groups were found at three different rotamerlc posItIons, 

gt, gg, and tg, m V,-amyloseLg, resulting In a true 2, screw-axls along the polymer 
cham However, the HO-6 rotamerlc posltlons m V,-amylose-lodIne were all gg and 

along with the three lodlde atoms m one turn of the helix, resulted In the absence of 
a 2, screw-axIs In the hehv dIrectIon The helix rotatlonal posItIon In V,-amylose 1s 
58 6” from the reference posmon (O-4 at 0, -y,,O), m V,-amylose-lodme, It IS 

108 5” The hehx translation m V,-amylose IS -3 98 A and m V,-amylose-Iodine It 15 

-4 9s A, with both hehces m equivalent posltlons and the same space group Therc- 
fore, the transltlon from V,-amylose to V,-amylose-lodme occurs with a helix rot&Ion 

of 20” and a translation of I A Water molecules are found between the hehccs m 

V,amylose-lodme and account for the expansion of the umt cell upon hydration 
The water molecules are hydrogen-bonded to the hydroxyl groups on the amylose 

hehces m a dense network formmg bridges between the chams 
Iodide IS found as d polylodlde chain m the hehv channels with nearly equal 

separation distances between the atoms The distances are 2 91, 2 9 I, and 2 99 A 

The length of the Iodide cham cannot be determmed The I I I angles ctre all 
nearly lmear 
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