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We have shown that specific binding of divalent ca-

tions to a polysaccharide polvelecirolyie, leading
firrn cohesion between the chains, can cause charac-
teristic effects in the circular dichroism specitum
~ which are understandable in terms of modern theory
{1]. For alginate, this binding is a co-operative pro-
cess that predominantly involves consecutive guluro-
nate residues, Some other systems have now been in-
vestigaled in.an attempt to formulate a gereral mier-
pretation of biological phenomena of this type. The
known strengih and specificity of complexation are
explained in lerms of an “egp-box mode!” which is -
derived from onr measurements, the known coordina-
tion geometrics in model compounds, and the require-

ments for cooperativity,
B 1 pacﬁm the methyl esier of p@iy(gaﬁacmmmc
- apcid), the interactions with cations is relaiively weak
‘becanse the chains are unchatged. In conirast to the

behavionr of alginates, in which the amphmﬂe ﬂnm- |
_ inishes with gelation [1], the broad, positive, n—= 7"

 Band in the cirenlar dichroism spectnun of the sol Vm-' o
-ereases in amplitnde when chains associate 1o forma o o

el {fig. 3). Mo such large shonge ozcurs in solutions
of the pﬂkysavahanﬁe which donet gel over this tew-
) pera*mre range. Our m'ierpxemumn 35 therefore that,
in the sol, the- mezhy]@xymrbﬁny] substituent § is v:‘hs—
tributed betwaen a mamber O roistional states aboul -

g 'C(S)—f[?{fﬁj whmh due to the differemnt maf:“na‘nons of _

the calbom.ﬂ z:hmm@pnme in the asymme‘.mﬁ emnm-

} ‘ Q‘n ?eaw: m absffn{'e frmn Tﬂ?e Uﬁmrsﬂy Pf r.dmbugh

- ZND?’I}I Hnﬂand thi!zs?: ing Cow*pan y Amsm?éam

'."’;am o*f Ihe sugax a:mg, havs 22 -2 f: b‘mdz, @f wmymg L

amplitnde, some perhaps even having negative amp]i-
tude. Asin the alginate system [1,2] this equilibrium
is shifted to a much narrower distribution in the ob-

- served association that forms. This causes an incrgase

in optiral activity in the manner frequently associated

- with locking of conformation [3]. Caticns are absent,

however, and their characteristic influence on the n
orbitals is therefore not seen.

After saponification, the polysaccharide Sinds
Ca?* wiih gel formation and with a large decrease in
amplitude of the 7 = 2™~ band {fig. 1) whic*. shows a

" gotissian difference spectrum centered on 208 am.
. This is therefore [1] explained as a specific binding of
_most of the wionate wsidnes to Cz?* which tergds 1o

reverse the sign of the » > 7 band. Derivatives that

dre only partly saponified, asin “low methoxy pec-

tins” psed industrisily and present in biolspical sys-

. temns, show similar speciroscopic changes dusing gola-
~ tion with Ca®*, except that an additional peak re-
‘mains with the position (210 nm) and amplitnde ex-

pected for methyl galacturonate residues. Bring un-

. charged these groips wonid ney pariicipate direcily

in iom ?omdmg, angd the residual zueak therefore con-
finns onr view that the Pmreme spectral a.haﬂgﬁ arise

from specific peﬁmbah@n @i hmmﬁ messﬁuec h} prox-
: mmg, of the jonis charge. '

Polymannuronate a5 weil 23 m@l}‘gﬂ]mmﬂe ﬂmz

_ p:ﬁyga&acﬂ;mnaie nequences can be periarbed spec-

iroscopicalty by Ca®” bmﬁmg, as shown by compark -

© som of cirelay divhroism a‘i wam@us iume intervals dur- -
_:-.mg the dxﬁusmn of Ca*
‘xhai is sith '} in mannm@-.na*g msxrduas, ’Ihe o “.-: ma:x.l-

iﬂ 2 sofu tion of a]gmam

. ': 3.95
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Fig. 1. Changes in cirenlar dirhroism spectsz in solotions and gols of pectins, Left: pelyimethyl galaciuronate) in splation {0.5%)
in agueows sthyleny glyso? {3:7, vhv) at 07 { ) and in 2 gel in the same solvent bul at 23° ¢----- }. When a soluiion in water
having the same amplitads as the former at 90° 35 cooled 10 257, the spectmam is as 570%n by the broken Hnee. Right: sodfam poly-
palacturomate £0.5%:) in waler, before ) and after §----- ) Ciffusion of Ca™ 10 & comcentration of 12 mM; the diffezence spec-
1ranm is also shcm'n - - - - -} {#] = molecular clipticivy {degxe&-mi per deeiznole) ant. A = wayelength.

mam is initially negative becanse polyguiuronats M
blocks dominaie the speeinumn, but this changes until
it is eventually positive as a resuli of binding by these
blocks {1]. In a subsequent stage, however, the speg- )
wrum swings back to become less positive (fig. 2). Qur [#]] o g
interpretation is that the binding of Ca* by pohvguln. | :
ronate proceeds with the characieristic speciroscopic
change unitil the available binding sites are splurated
and the concentration of £a2% is zble to rise. The
ihreshold is then passed For binding by polymaonuroe-
naie 1o canse a shift in the negative diresiion, which
stops when chain-association is constrained by the net-
work. Similar effests are vhoerved when Sr3% is used
instead of Ca2* but the swing proceeds firther in the
positive direction before it reverses, as expected from ‘
the higher selectivity of polygalnronate for Sr2¥ [4]. . -
Althongh the inleractions of alginate with Ca | are ' !

- —1000]

—ennn
Jindezd dominated by p@]!f@,ﬂlumnaie sequemes 111, Qmm‘ I

it wonld appear that the mlymanm]mmate sequemes 1"

can also play a role. ' .

‘ Thj’ﬂue main fac%ms sl be com:n.esred in aimmpt- ‘- R - : -

ing to understand the binding of cations by these pn]g,h- , an. ;.t(?]]anges n m:ucu’larﬁlchrmsm spemmm with hodnmn-
“uronates [5], numely the gromelry uf the ligand (ie.,; ~ Siowol Ca 107 fimal eonc. of 6 mM into 2 Solution of stz

: _l(D 1%3 nmvmng . .anrumm’te and gu]umnaha Tesidues i in the raucn-
S -S?.43 “The @etnmm 3s shown Tor the solution {~—) and for tlhii‘
~ pelat intermediate (-« +3 and Imni i }stages zni‘ fmﬂmimm. S
S Ui Bfﬁﬁ]ﬁnﬂLM for fig. 1. - SRR Pt

the m‘tmnmlem_]ar aiBIE@EhEmlﬂsﬁry) i}m separalion - .
- be tween unit th:az'ges on the chain {i.e.; the p@]yne]ecm '
m)]yte effam} and when mam-assrmatmn i3 pan of
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the bmdlr 3] pm.cess the case with whmh the pmlyzsa&
. charide chains can pack. i1 has now been confirmed -
that the stability constanis of the Ca?™ complexes in-
crease with chain length in all three series — oligoga- -
lacturonate, cligognhironate, and oligomannuronate
[6,71, and that the effect is more pronounced for the
first two. This was expected becanse the elecirostatic
free energy must increase with the number of residues
and be greater for the two axial—axial linked series

which have a smaller separation between charges. In
the guiumnaté'seﬁes there is a second sharp increase
between chain length 18--256 which gives the graph 2
two-step appearance, This “second step”™ must repre-
sent the onsel of the process that we have seen by cir-
cular dizhroism speciroscopy, namely an enhanced
binding when the chain length islong enoah for the
cooperative mechanism with chain-associ:tion. A sim-
lar paitem has recently been shown for the galacturo-
nate series | 8], confirming expectations based on the
close similarity between-stability constants for long
4] and short 16, 7] chains in the two series. There is
no evigdence from these measurements of such cooper-
ative ssceiation in the mannurcnate case, but our ob-
servations by circular dichroism would suggest that
under conditions of higk Ca®® concentration a “see-
ond step™ would be observed. We have no evidence,
however, of similar behaviour in the cligo{§-D-manm-
ronosylrenate-o-1L-guloronaie) series.

Using the criterion for optimun binding that a

Ca—0(6) distance of 2.6 + 0.2 A i required, with as

many as possible other Ca—0 distances of 2.7 2 0.3 4,

we have attempied 1o further interpret this jon-bind-

ng by computer model bullding. The Reeves C1 ring

form was uscd in the galculations for Diamannuronic
2nd D-galacturonic acids, and the coresponding 1€
rieg form for L-gnluronic residnes §9]. The angles @,

W and oo {soe 1) were varied systematically over reason-
“able rangss, and at each stage the likelihood of jon-
binding was assessed ir terms of the above criterion.
‘Since we have demonsirated that ordered chain asso-

matmﬁﬂi are invelved, only those m}n'n" ormations having
- integral screw symrmaetry are rue]evam to this binding,

In thic wgy, pnlygulumnﬂp was showa 1o form echam:,
with two- or three-Told screw symmatry which offered
- four-oxygen coordination involving 0(6) and in most

cases O5), with OLE) =nd 0(3) on the nex1- residue i . |

- the “non-redicing > direction, Thisi is in agrezment

Wﬂh thB expenmemhl Uhse;rvahnn ﬂm ?.he {-r_x,rstaﬁ sx:b:i-l .'
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formaiic 1 of calcium polyguluronate is iwo-fold [10].
There are fewer coordination possibilities for poly-
galactutonate, most of which invelve only three oxy-
gens, angd two-fold symmetry would seem 1o be pre-
ferred. Therefore we would expect pulyguluronaie to
form the stronger complexes, and indeed strontium
polyguluronate is much more siable than any known
complex of polygalacturonate [4]. Moreover, the cal-
cutations show that courginuiing oxy gen aloms are
more widely spaced for polyguluronate {iy pically

3.8 A rather than 3.4 A); we suggest that this expluins
why polyeulurenzie shows sirong preference for the
Yarge 872° iom rather than {22, whereas polygalactu-

. ronate does not [4].

Polvmanmarenaie chains offer sites with bmh two-
ana «qiree-fold symmetry and in fact caleinm polyman-
nuronate crysiallizes with thres-fold screw symmetry
[l@] inspection of models, however, shows that the
eg—eq linkage, as opposed 1o the ax—ax linkages in
polyguluronate and poly gatactuzonate, leads o a
much flatier stmcinre with more shallow ‘pests’ for
the cations 1o occupy. This would explain the inabil-
ity of such chains to complex except at highar ion -
concentrations. The chains of altemating mennuro-
nate and guluronate having integral screw symmetry
{mainly four-fold) did not offer suitable siles for com-
plexation. :

Oy conclusions and prmposaas ars thersfore sum-
marized in terms of an “epp-bozx modde)” for ihe coop-
grative mechanism of binding involving iwo or more

- ¢hains, as shown schematically in 11, The busided

chain is shown as a two-dirnensional analogus of a gor-
rupated ege-box with interstices in which the caljons

. may pacX and be coordinated. When the chain has
< three-fold screw symmetry, assembly s of courss like-
 ly in thres dirpensions rather than two as in our sim-
' phﬁaﬁ mode}. Chains with two-Told SCTEW SYfnim em’
- gould conceivably form sheet-iike apgregaies but may
vzell also associate i the third dimension. The analogy
i that the strength and selectivity of cooperative bind- -
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.mg i= deimmmed hy ﬁwca comiort with whnch "‘eggfs
of the pa:riwaﬂm size may pack in the “box™, and

with which the layers of the box pack with each other
aroend the egps. The nestdike sites are 2lsp lkely 1o - o

be relevant 1o the statistical jon-binging that oceurs
below the threshold for the cooperative process but
w2 do not suggest that E}msr geomelry is ﬂmn of over-
m&m;g mpoﬂmue ‘
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