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CONFORMATIONAL STUDIES OF POLYSACCHARIDE 
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(Reswed Ma} 3rd, 1976, acLepwd for pubkauon in rebwd form July 6th. 19703 

The possib~hty of the cvlsteore of multlplL hehAs IQ various homopoiysac- 

chandcs ha- been explored b> rhe calculation of conformztional-ener, contour maps 

The structures include homopolymer, of D-YjlOSe, cr-glucobe, D-mannose, and 
D-gelactose, lmked OL- and /?-( I +2), -(I +3), and -(I-4) A number of double parallel- 
stranded, double antlparallel-stranded, and triple parallel-btranded hehces are pre- 

dlcted, all of which are stabdrzed by mtcrstrand hydrogen-bonds At least three of 
the predicted, multIpie-hchcal structures are known to eust 4 classlficatlon scheme 

to predict the probablbties of multrple-hehu formation IS suggested Possible structure- 
funcuon relatlonJups of homopolysacchandes are dIscussed 

INil-RODUCTION 

Polysacchandes constitute a class of blopolymerh whose possible structural 
vana1lons are almost Ir_nutless In part, thrs IS due to a large number of monosac- 

chandes that serve as monomer restdues, and In part, due to thetr hnkmg to one 
another In a vanety of ways For example, many of the 12 pyranoslde monosac- 
chandss of the D senes are Eli represented In Dol>sacchandes These sugars poly- 
merize through hnkage types 1 42, 143, I-4, (and i-+6 In the ciise of hexoses), and 
each type may eust wrth either an a- or d p-hnhage Recogmzmg that all of these 
sugars and hnhages could orxur In various combmauons as linear copolymers, and 

rn adtitlor., as branched polysacchandes, the total number of possible structure> may 
be enormous 

Many such homo- and betero-polybacchandes are found dlbtrrbuted throughout 
the ammcl world, terrestrial and aquatlc plants, and bacteria The dlverslty of 
structure of polysacchandes IS reflected In therr apparent propertIes and functions, 
k\hlch range from the purely btructural (such as cellulose) to food reserve (for 
Instance. starch) to abater-retamrng gels (such as gl>cosamlnoglycans and polj- 
saccharides of the algae) to the chemical-recognmon funcbons of glycoprotclns 

*To whom correspondence should be addrwed 
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absoclated Hllh dflerent cells The structural and gel-for-g propeties of some of 
the polqsnccharrdes have made these polymers and their denvahxs the basis of 
important lndustnai wage 

Such dlvewty of propertles IS undoubtedly the result of &fferent cbemlcsl 
structure, but the InEuence of tne latter IS evened mainly through IIS determlnahon 
of the phqslcal structure, or cooformauoo, of the molecule The hey to uoderstncdlng 
the functions and structure-propemes relatlonslxps thus hes not only in the eluada- 

bon of the chemical structure, but also in the charactenzatlon of the conformatlon and 
complete three-dImensIonal structure Thrs IS commonly attempted by X-ray and 
other dlffrachon techmques, but the results may be mconclutive because of the well- 
bnoikn d~ticultres of polymer dlfiacbon-analybls For thx and other reasons, 
predlctlve analysis of polysaccharlde conformatIon and crystalhne structure has 
become of conslderable interest Attempts at these predIctloos have recently enJoyed 
remarkable success, both In alding crystal-structure analjsls and In correlatlns 
structure and propertEes For example since the first accurate determlnauon of a 
polysncchmde crystal structurc- that of amqlose tnacetate, less than ten je~rb 

ago’ --through computer-aded conformatlonal analysis, more than ten homo- 
polysacchandLs aud their denvatlves’ have been smularly characterized with vdnou\ 
degrees of refinement The tecbmque has evolved to the pomt where It can almo\t 
compete III precision wtb the crystd-structure analysis of small molecules Ho\\e\er 
the number of structures IS stdl too small to pernut a systematic conelatron of the 
chzmlcal structure of po1~ sacchandea Wtb their conformations or properbe 
Nonetheless, In an attempt to clabblfy the physIca 3tTUctUies of polysacchandes, tic 
ranges of stereochemrcally-allowed conformations of a number of hnear homo- 
polysacchandes of dlffzrent h&ages were prcticted by Rees and Scott’, uslog a 
slmpl$ied form of conformarlonal analysis The rebultlng probable structures v.erc 
classlfisd Into three types of single-hehcal conformations Identified as A, B, and C 
Their structures and propemes, Hhere hnown, appeared to be we11 correlated 

However, a number of polysacchandes have been found to crystalhze not as 
single-hehcal conformations, but as multiple-strand hehces For example, (I +3)-/l-~- 
uylan4 IS a tnple, right--handed hehx, Rhereas l- and h-carrageenans5 are double 
hehces, as IS agarosf? From more-recent work, it IS highly probable that (I +3)-p-~- 
glucans’ a are triple hchces slmllar to the correspondmg xylan Indlcatlons are aLo 
strong that A- and B-amyloseg, Hhlch are Ihe crystallme components of cereal and 
tuber starches, respecb\cly, are double hehces of as-yet-undetermmed charactenstlcs 

In view of these findlogs, It becomes Important to analyze systematically the 
conformabons of poljsacchandes having all known bnknge types, to search OUI 
possible muluple-hehcal conformatlons and to correlate the predlctlons wltb the 
charactensucs of hnown muihple-hehcal structures We hake begun such a study, and 
MI thus commumcation report Imtml results for the homopolymers of uylose, glucose, 
mannose, and galactose 
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XETHOD OF CONFOfUlATlOlrrAL ANALYSIS 

The method IS essentially that of the &II, type m wbxh the moaomenc sugw 

residue of the homopolymer IS hept invanaot and all possible cba~o conformatlons 
xe created by stepping thro~gb &360” rotations about the C-l-OglYL bond (& 
rotaban) and the Odlls -C-u’ bond ($-rotation), at sultable intervals In rhls study, 
\ = 2,3, and 3, and both r(aula.l) and F(equatona1) C-l-Og,,c bonds were lnvestlgsted 

The sugars were assumed to be III the ‘Cl (D) form with the 5-bydroxymethyl group 
1’1 the gg Qbpositlon* The atom I~ coordmstes of each residue Here based on the 
stanaard residue of Amott and Scott”, compkd ftom crystal struc*ure data on 
carbohydrates The bond angle at tbc glycosldlc oxygen atom was set at 118” The 
Interval for both 4 and # rotation5 was usually IO”, wluch was decreased to 1” In 

areas of particular Interest The (4, J/) = (0’, 0’) posltlon was, by defktlon, that 
ha\ Ing the H- 1 -C- I -Oslyc -C-x’-H-1’ bonds In plane and both of the bond sequences 
H-l-C-1 OBI,c-C-x’ and C-l-O~lYc- C-\‘-H-r’ In CIS onentatlon Posltlve rotations 
01 both 4 and $ were cIocI.wlse upon observrng In the cfirtctions C-l +Oo,,c and 
C-i + OBlyc, respcctrvely, and rot&n, n the farther bond relatlbe to the nearer bond 
The (4, #) = (0’. W) positIon for cellobiose IS illustrated In FIN 1, whrch also shows 
the atomx numbenng 

H-4 

FIN I Atom lsbehng as shown for celloblox PosItIon shorn? dexrlbes (4. tg) = (0,O) 

hlultlple-strand hellces were created for each 4, $ combmatlon by symmetry 
operations on the Erst strand Three types of multlple h&es were analyzed- 
parallel double-belq antiparallel double-behx, and parallel triple--�hehu The sym- 
metry operations requrred to create these multiple hekes mere, respectlrzly, IYO- 
rotation of the first strand about the hebv axis, 180” rotat!on about an s~yls normal 
to the hebs aus follol+ed by a one-half turn translahon along the be11v axis, and 
5120” rotauoE about the behx axIs For each conformauon, the h&v parameters, 
n (number of residues per turn) and /I (rise per residue In A along the helix aus), were 
aI50 calculated Negative 11 values Indicated left-banded behces 

Other multiple-bebcal conformauons are poss~hle, buch as those obtamed by 
shdlng rndlvldual strands rclatlve to one another along their respective hehces, but 

aucb structures Here not exalzllned It IS aLo possible tbnt some mln,mum-energy 

*See ref 10 for the desxrpuon of 0 6 rora~on etymology 
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8s in the kylan The stn~ctures of the vylan and the glucan are he0 srmliar becaube the 
addltlonal bydrouymethyl group of the glucan points away from the other strands of 
the triple he& thus e\ert!ng no Influence on the cham conformatlon Double-hehcal 
regons are allotbed for both the (1 +3)-/3-D-uylan and the corresponlng glucan, 

however, the hydrogen bondtog between strands IS not so evtenslve as In the tnplc- 
helical structures 

The (I +4)-hnked polysncchandes are more restncted rn multiple-hell\ 
formatloo For example, with the possible evceptlon of (I+4)-~-~--~ylan, no tnple- 
stranded hehces are allowed Even the latter IS questronable, because of unfavorable 
contacts Only the kylans allow double-hehx formation for both tl- and /I-hokageb, 
which reflects decreased nonbonded Interference In this molecule because of the 
absence of the 5hydroxymethyl group 4s previously observed, mannan does not 
allow any multiple hellccs wrth th?s llnhage type, wtucb IS a reflecuon of the Impor- 
tance of the aual hydrosyl group at C- 3 Of the glucans and galactans. only the 
(1 +-!)a+-glucan and (I -*4)-j?-D-galactan allow double-hehx formation Thus 1s not 
aurprlsing because their Imhages-I u 4~. and I e, 40, respectively-result In some- 

-90 -60 -so* 0 

OOUBLE ANTIFMNLEL 

Fig 3 (Ld) Conformauonnl-energr maps for mullrple-hekit (I-A)s-wxylans (For further 
explans~~on see the WPLIOO or Fig 1 ) 

Fig 3 (fbgbl) Coolorma~onal-enrra maps for mulclple held (1-d)-&D-XyhtlS (For further 
e~pl3na~on see the capt~oo of Fig 2) 
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1% hat slmllar chain conformatlons There does not appear to be a preference for either 

hehv handedness ID the (l-4) linked polysacchandes It IS mtere,tlng. howebcr, that 

values of 12 and II center on 5-6 and 3 A, rrspectlvely, as In the (I +3)-Ilnhed poly- 

\accharldes The general form of the multlple hehceb In the two classes of (I ‘3) and 

(I +4) linkages 1s thus veq slmllar 

Recently, evldenc.e has come fo light that A- and B-am>lose arc both double 

hellcal They appear to be of slnular molecular conformation, dlfl&ng only In 

crystalhne pachlng The double hellces hake hell\ parameters of n = 6 and /I = 3 5 A 

The +3/ maps of (I +4)-r-D-glucan show a small allowed region for rhe double, 

parallel-stranded hell\ This rcgon surrounds the area having hehv parameters n = 6 

and h = 3 A, and the conformatlons show no Intentrand hydrogen-bonding However, 

If the glycosldic bond-angle IS LIarled and the 6 h}droxyl group alloried to rotate, 

the regon IS en!arged and an Interstrand O-6 O-3 hydrogen bond may be formed 

In this Instance. the 5-hydrouymethyl group IS m a posltlon between the strands of 

the hehx, and Its rotational position IS Important 

Some pos3lble generahzatlcns are emergmg from these predIctions Rees and 

Scott3 predlcred that polyssccharldes of type B (In their classticatlon) \\ould be the 

most hkely to form multlple hellcrs As IS ebqdent from Table I, sekcn of the eight 

type-B polysacchandes are Indeed able to form multiple hehces It I> Ao evident that 

a further subdIvisIon In tlus clash IS posslblz 9, for z-IInked and 9, for /I-llnhcd 

molecules The 9, allow onI} double-hellu formatIon, whereas 9, generally allow 

triple--�hehx formztlon as Hell As pre\louJy noted, the mannsns comprise the excep- 

bans, either by comple’e lnablhty to form mulrlple hebces or by formIng relatively 

high-energy ones 

In addluon, five of eight type-A polysacchandes could form multiple hehces, 

alrhough over a very restricted range and generally of only nght-handed type and 
mostly for a-hnbed molecules The A category could tnus be further separated lnlo A, 

and A, subgroups The only A, allowing multlpl? helrces 1s (I +4)-B-D-xylsn, which 
allows only left-haodcd hehces that are not very probable rn term5 of enera The 

FIN 5 Conformaaonal-energy maps for mdilple-hellcal (IA)-8-D-xylnns (For ruder euplanntlon 
sez the cap:1011 of FIN 2) 





roLYSACCHARlDE HELIX CONFORMAnONS 135 

Fig 9 Conforrwtlood-energy maps for multiple-hchral (1+3)-fi-D-m3nn3ns (For f’urthcr 
explaonuon see the captlon or Ftg 2) 

Fig 10 Conforms~ooal-energy maps or muli~ple-hehcai (1+3)jr-D-galaclans (For further 
txplsnahon see the caphon or FIN 2) 

FIN I I (Left) ConTormauonnknergS maps of mulhple-hellcal (I+X)-/?-D-&XX~UIS (For further 
evplanallon see the caplIon of FIN 2) 

Fig 12 (hght) Coniormahonal-energ maps of mulllple-held (1-A) b-D-galaclans (For further 
explmaoon see the caplion of FIN 2) 
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exceptions to the foregomg rules are always the xylans and the mannans the first 
allo~,s more latlhide ID the types of conformations-undoubtedI) because of the 

absence of the 5-hydrovymethqi group-and the second allows less lautude because 
of severe restncting effects of the a_~al hydrovyl group at C-2 These two molecular 
features should thus be recogmzed when applymg the rules It should also be noted 
that many of the alloned, multiple-hebcal conformatlons are stablhzed by interstrand 
hydrogen-bonds, wluch often mvolve the 2-hydrouyl groups 

TABLE II 

COW’ARNJFI OF TYPE, MULTIPLE HELlX FORIWTION. AND FUhCTION FOR 

hhOV.‘N HOUOFQL\SACCH4RIDES 

TJP~ Muttrpft -frefr Y predictron Actual Functron 

structure 

Probabrh t> Mm energy 

Leaf mole- 1 
restdue- ’ 

(id)-/T-D Glucan Aa 
(1+4)-p D-h~am%n A, 
(‘-r+!?-D-.Yj’fXl AP 
(113)+-D Glucan Ba 

(I -r3) j%D-Xykl Bd 

(I--t-l)+D-GIUCXI B, 

0 Smglc helt’c SUl.litUr;ll 
0 S~ogle hekr Structural 
LOW - IO (double) Smgle helix SlrUCtUWl 
High - 21 (triple)) Triple hehx Rescne, gel former, 

SLl-LlC’Uld 

High - 20 (lrlpk) I-rlple bcl1v slrucllml, gel 
former (7) 

hledwm* - 14 (double) Double hehx Reserve, gel former 

*I-l@, glen O-L~~IS mrolher than tn gg dtsposttton 

In Table II, a comparison IS made of the structural types, mulhple-hell+ 
formmg probabrhtlzj, the actual suuctures, and the functions, for all homopoly- 
saccharides at present fully characterrzea It IS clear, wth~n thrs relatively small 
samphng, that struciurai polysacchandes are generally of the A, type, which elther 
cannot form mulhple hehces or could form ones that are not well stabilized bv 
hydrogen bonds On the other hand, the reserve polysscchandes are those that are 
good gel-farmers and are of the B, or B, type Intereshngly, for the B, type, for which 
mple-hehx formatlon IS possible, the two structures that have been eupenmentally 
characterized are both tnple hehcal Slmllarly, the one B, type III Table II IS double 
heilca! In preference to a single hehv 

CONCLUSIONS 

The most Interesting finding ,f this study was the number of polysacchandes 
that allow some form OP multiple-hebx formation-1 I out of 34, or neariy one half 
Equallq mterestlng was the fact that the allowed multlple-hehx conformations are 
s111zlla.r, WUJI httle vanatlon In n and h parameters In some respects, U-us IS not 
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surpnsmg because there are not too many ways that ‘C,(D) monomer residues can 

form ughmdcred polymer conformations hioreo\er, the hydrogen-bond network 
that stablhzes these hehces often mvolves the Zhydroxyl groups. thus again 
lntroduclng slnulanUes 

The mterstrand hydrogen-bonds appear to be the dnblng forLe in the formation 
of mulhple hehces Whenever such bonds can be present, a11 other features remalmng 
constant, the double bebx IS of lower energy than the single behu, and chances are 
good that the tnple hehx IS at least as low ~q energy 8s the double hell\ or even lower 
This seems to be venfied by hnonn structures 

The lowering of ener,y through Interstrand hydrogen-bond formation In 
multlple he&s may serve as a useful mechanism m stablhung networks contanung 
large proportions of water Slmrlarly, reserve polysacchandes that need to be reason- 
ably soluble but which must SLJII maintain some dImensIona stablhty-such as starch 
granules-are ideally structured as multiple hehces In contrast, structural poly- 
saccharides,,“› such as cellulose, are best arrartged In extended single hellces having as 
much lateral, rnterhehcal hydrogen-bon&ng as possible 

In terms of classlfylng multiple-helix formers as a function of their chemical 
structure ana conformatlon, the Rees and Scott’ scheme sbrl appears valid, but with 
some modlficatlons In their view, oniy the type B structures were IIkely to form 
multlple hehces but, as shown here, some A types als~ fall into rhls category At ths 
time, the foliowmg classlficatlon scheme seems to predict well the probabll.bes of 
multIpIe-hehk formation 4,, good, A,, none, B,, gdod for double hell\ only 
$, good, and C, none Whether thus szheme nerds to be furtner modllied can only 
be assessed after more poiysaccharlde structrrres have been evperlmentally chnrac- 

ten; ed 
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