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ABSTRACT 

The changes in chain conformation which accompany Ca”-induced gelation 
of alginate have been investigated by a combined circular dichroism (cd.) and optical 

rotatory dispersion (0-r-d.) approach. Cd. changes in the carboxyl n+rc* spectral 
region, arising predominantly from formation of calcium poly-r._-guluronate junctions, 

were monitored for three alginates of widely differing block composition. The corre- 
sponding o.r.d. changes, calculated by Kronig-Kramers transform, were subtracted 
from the observed changes in 0-r-d. on gelation, to “unmask” the changes in optical 
activity of the conformation-sensitive electronic transitions of the polysaccharide 
backbone. Contributions to the “residual” 0-r-d. difference spectra from poly-r- 
guiuronate, poly-D-mannuronate, and heteropolymeric chain-sequences were calcu- 
lated by soliltion of simultaneous equations at each wave!ength. Results for poly- 
guluronate sequences are in agreement with previous studies of alginate films by 

vacuum ultravioiet cd., and with observed cd. and 0-r-d. changes on addition of 
calcium ions to homopolyguluronate segments in solution_ The much greater changes 
in backbone optical activity calculated for polymannuronate and heteropolymeric 
chain-sequences, however, have no counterpart in the behaviour of these sequences 
in isolation. An explanation is proposed in terms of stretching of interconnecting 
sequences between calcium polyguluronate junctions in alginate gels, to give a more- 
extended chain conformation than in free solution. 

INTRODUCTION 

Optical rotatory dispersion (or-d.), which was widely used in early chiroptical 
studies of biopolymer conformation, has now been largely supplanted by circular 
dichroism (cd.) as a probe of secondary and tertiary structure in proteins and poly- 
nucleotides. For polysaccharides, however, the conformationally sensitive transitions 
of the polymer backbone’ are inaccessible to normal cd. equipment, and the indirect 
0-r-d. approach is still of considerable value. 

In particular, the co-operative formation of ordered, inter-chain junction zones 
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in polysaccharide gels’ is often accompanied by an abrupt change in optical activity3*S, 

which thus provides a convenient method for monitoring and characterising the 

disorder-order process. By extendin g the known correlations between o-line optical 
rotation and the geometry of the sugar ring”e6. a direct, quantitative relationship 

has been established’ between measured optical rotation values and the relative 
orientation of adjacent residues in the polymer chain. 

Such substituent chromophores as acetamido or carboxyl groups, which absorb 

at higher wavelengths”, may obscure the conformation-sensitive optical activity of 

the polysaccharide backbone. In favourable cases, however, these chromophores 
may themselves furnish structural and conformational information. In particular, 

the uronate carboxyl groups of alginate give cd. bands in a readily accessib!e spectral 

region, and these have proved extremely informative*- I I_ 

Alginate occurs as the principal polysaccharide component of marine brown 

algae (PJ~aeopJ~_weae), and is a (I +4)-iinked linear copolymer of r-L-guluronate and 

,&o-mannuronatei’ with residues arrang,ed*3*13 in homopolymeric sequences of 

both types, and in heteropolymeric sequences that were formerly referred to as 
“alternating blocks”, but are now known” to show appreciable deviations from the 

idealised, alternating disaccharide repeating-structure. The two constituent sugars 

give c-d. bands of opposite sign”, and this provides a simple, direct index of overall 

composition_ The observed cd. behaviour aiso shows a more subtle sensitivity to 
residue sequence, which may be utilised” to determine the relative proportions of 
each block-type present. Thirdly, the Ca’+-induced gelation of alginate is accompa- 

nied’ by Iarge changes in cd. which have been used’ to monitor and characterise 

inter-chain association_ 

Previous studies of alginate gelzation by cd. and other techniquess*9*‘6 have 
shown that the primary event in network formation is dimerisation .s;f poly-L- 

gulurcnate chain sequences, in a regular 2, conformation’ ‘*’ ‘, with specific chelation 

of Ca” ions between the participatin g chains”. In the present work, we have used 

the known quantitative relationships’ *v4 between cd. and 0-r-d. to calculate the 

contribution of the carboxyl chromophores to overall optical activity, and hence, 

by difference, to “unmask” the behaviour of the polymer backbone. 
Initially, it was expected that, as with other gelling-polysaccharide systems, 

the major change in optical rotation wouId come from the “locking’* of chain con- 
formation within the ordered, inter-chain junction zones’. In practice, however, we 

have found evidence of large, and unexpected. conformational changes in the “inter- 

connecting” polymannuronate and heteropoIymeric sequences. 

Materials. - Three alginate samples of low, moderate, and high contents of 

poIyguIuronate were used, and are identified as samples L, M, and H, respectively. 

Sample L (reference number R3616) was kindly donated by Alginate Industries Ltd. 

Alginates M and H, respectively, from Ascophylhrm nodosum and Laminaria hyper- 
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TABLE I 

ALGINATE BLOCK COMPOSfTION AXD GEL-STRESGTH 

Samp fe Elach- rronlenl (P.&l Yietd stress (IV) 
-_-l_--- --.. .__.________~. 
PolyguIurot~alr HereropoI_vmeric Poi~manmu-onare 

H 55.6 22.7 18.7 5.5 
M 20.7 41.0 35.4 2.2 
L 13-4 32.3 54.4 1.2 

_-__ - ~..,_-.~_-__ _._. _._____~_ ___~~__ --.-- _-__I 

borea stipes, were commercial materials from the same manufacturer (reference 
numbers F387 and SS/DJ). Block composition (Tabie I) was determined by the 
method of Penman and Sanderson’* . Chain segments approximating to each structural 
type were prepared by partial hydrolysis with acid13, and characterised”’ by n.m.r. 
spectroscopy_ A solution of each sample was dialysed extensively against deionised 
water, accurately neutralised, filtered, and freeze-dried before use. Absolute concen- 
trations were calculated from elemental analysis of the freeze-dried materials_ 

Spectroscop_v. - Cd. spectra were recorded with a Cary 61 spectropolarimeter, 
using a 10-s integration period, l-cm pathlength, and a sample concentration of 
0.8 mg.mL-‘. 0.r.d. measurements on the same samples were made with a Jasco 
520 spectropolarimeter. Both instruments were accurately calibrated by using D- 
camphor-IO-sulphonic acid (Cambrian Chemicals) as standard. Ge!ation studies of 
the intact alginates were carried out by stretchin g a dialysis membrane across the 

neck of the cell, immersing in a large excess (5 L) of 6mM calcium chloride, and 
allowing diffusion to proceed until no further spectral change was observed (typically, 
7-10 days). The effect of calcium ions on the isolated chain segments was monitored 
by direct addition of calcium chloride in dilute, aqueous solution, to give exact 
stoichiometric equivalence of uronate and Cazf . ‘H-N-m-r. spectra were recorded 
at 100 MHz with a Varian XL-100 spectrometer, operating in the Fourier-transform 
mode. Computer programs used for curve fitting and Kronig-Kramers transform 
are reported in detail elsewhere”. 

Gei .Wet;gth. - Alginate gels (2 y0 w/v) for mechanical studies were prepared 
by the slow release of calcium ions by the action of acid on an insoluble calcium 
salt, using citrate as seyuestrant to control the level of free Cazi_ Sodium alginate 
(2 g) and sodium citrate (1 g) were dissolved in deionised water (86 mL), and di- 
calcium phosphate (0.5 g) was then dispersed finely through the solution. A solution 
of citric acid (1 g) in deionised water (10 mL) was added immediately, with vigorous 
mechanical stirring (10 s), and the mixture was rapidly transferred to cylindrical 
moulds (12.5-mm diameter, 12-mm height). The samples were then aged for 24 h, 
and gel strength (yield stress) was measured by compression between parallel plates 
on an Lnstron Universal Materials Tester, model 1122, using a 20 N load cell, and a 
crosshead speed of 10 nunmin-‘. The average yield-stress of 10 sampies was taken 
in each case. 
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POLYSACCHXRIDE C.D. AND 0-R-D. 

Dissymmetric molecutes generally show differences in their interaction with 
circularIy polarised light-beams of opposite rotational sense. This may be detected 
either as differential absorption (cd.) or differential refraction (o.r.d.). Measured 

c.d. or 0-r-d. values may be converted into molar quantities by thefollowingequations: 

[O-J = OM,icl (I) 

and 

[$I = q!m,:c% (2) 

where c is concentration (g.mL- ‘j, I is pathIength (mm), M is residue molecular 
weight (198 for a&ate)_ 0 and #I are, respectively, c.d. ellipticity and optical rotation 

(deg), and [O] and [#] are molar elliptic@ and molar rotation (deg.cm’.dmol-I). 

Since cd. and o.r.d. have a comman origin in electronic excitation of the 
moIecuIe by the incident light, they are quantitativeIy re!ated in a predictable way”‘. 

A single, opticaIIy active, eiectronic trznsition may be characterised completely by 
three parameters: position (i.e.. wavelength at the band centre, i.*), intensity ([&jO) 
and band-width (w)_ Cd. molar elliptic@ and 0-r-d. molar rotation at any wavelength 
are then related to these parameters by the Gaussian (3) and Kronig-Kramers (4) 
equations, respectively. 

(3) 

Fig. 1. Quantitative inter-relation aad fundamental spectral form of c-d. (- ) and o.r.d. (----I. 
For a single, optically active. ekctronic transition, both spectra may be defined completely by the 
same three parameters: position (ao), intensity ([O]O), and width (w; defined as the half-width of the 
cd. bad at l/e of the maximum height)_ 
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in principle both techniques yield the same structural and conformational 
information, but. as shown in Fig 1, the fundamental band-form in cd. is much 

simpler than in ox.d., thus faciiitatin, 0 spectrai resolution and assignment_ Whereas 
0-r-d. remains finite at wavelengths far from the band centre, cd. drops off rapidly 
to zero, and its use is therefore confined to chromophores absorbing in an accessible 
spectral region. In the absence of such substituent chromophores as carboxyl groups, 
carbohydrates’ show no cd. activity down to the lower wavelength limit of current 

commercial instruments (m 190 mm). 

Recent work”-” using specialist cd_ equipment operating in the far-vacuum 
ultraviolet region, however, has shown ihat polysaccharide optical activity arises 
predominantIy from two intense bands of opposite sign. centred at .- 150 and - i 70 
nm. Both appear to be sensitive to changes in chain conformation’2*‘3, such as those 

which accompany polysaccharide gelation. In general, the deeper-lying (150 nm) band 

is the more intense, and determines the sign of optical rotation at higher wavelengths 
(e.g., the sodium D-line). In the particular case of alginate, studies of solid films”” 
by vacuum ultraviolet cd. showed the transitions to be centred at 149 and 169 nm. 
and of width 10.2 nm. The intensities of both bands showed a marked, systematic 
dependence on the level of Ca”* incorporated in the film. 

RESULTS AND DlSCUSSlON 

The gel strength (yield stress) of the three alginate samples studied (Table I) 
shows an approximately linear dependence on polyguluronate content, consistent 

with previous evidence 26*27 that it is these sequences which are principaliy responsible 

for interchain association on Cazi -induced geiation. In earlier invcstigationssV9, 
cd. changes in the carboxyl n+r* spectral region were used to monitor and character- 
ise the formation of ordered calcium polyguiuronate junctions_ Fig. 2 illustrates 

the spectral changes observed on Ca2+ -induced gelation of the three alginates. The 
overall magnitude of c.d. change increases with increasing content of polyguluronate, 
but the form of the “difference spectra” (ge1 cd. minus solution c.d.) varies from 
sample to sample_ This is consistent with previous evidence’ of a small contribution 
to overah spectral change from heteropofymeric chain-sequences. The observed 

sohrtion and gel spectra, and the resulting difference spectra, are listed in Table II. 
In each case, the difference spectra could be fitted accurately to two Gaussian 

bands (Eq. 3). Using the values of i.,, [6Jo, and w for these fitted components, the 
n-+x* contribution to the overall 0-r-d. change on gel&ion could then be calculated 
by Kronig-Kramers transform (Eq. 4). It should be noted that, since the cd. difference 

spectra contain contributions from both polyguluronate (predominantly) and hetero- 
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Fig. 2. C.d. change (-O---) between Na+ saiution (-c-) and Ca2+ gel c--G-), illustrated for 
alginate L. The corresponding cd. difference spectra for &hates M (--A--) and H (+-) are 
ako shown. 

polymeric sequences, the fitted parameters have no fundamental significance. For 
the purposes of Kronig-Garners transform, however, it is necessary only to match 
the observed cd envelope, irrespective of whether or not the fitted components 
correspond to discrete electronic transitions. 

TabIe III lists the observed soIution and gei 0.r.d. spectra for the three alginates, 
and the corresponding o.r.d. difference spectra. By subtraction of the calculated 
n-++ contribution to 0x-d. change from the observed di&erence spectra, the change 
in o.r.d, from all other opticaliy active electronic transitions of the molecule could 
be “unmasked”, as illustrated in Fig. 3. The resulting “residual” 0x-d. difference 
spectra are shown in Fig. 4. It is immediately obvious that, in contrast to the cd, 
changes shown in Fig. 2, these o.r.d- changes hear no simple reIationship to the 
proportion of polygnluronare present in each sample. The “xsidual” 0.r.d. change 
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-t 
200 250 300 350 

h(nm) 

Fig_ 3. 0.r.d. change (-_D-) between Na+ solution (-_O--) and Ca”+ gel (-O-I, illustrated for 
alginate M. By substraction of the calculated n + .z* contribution (a--) to overall spectral change 
(derived by Kronig-Kramers transform of the cd. difference spectrum in Fig. 2). the residual change 
in optical activity (-A-) from all other electronic transitions of the molecule may be obtained. 

for sample H is strongly negative, that for sample M is positive, and the spectrum 

for sample L is positive at long wavelength, but decreases sharpIy below -230 nm, 

indicating a negative 0-r-d. change below the lower wavelength limit of our equipment. 
In each case, the residual 0-r-d. difference spectra could be fitted (Fig. 4) 

with reasonable precision to two bands with the positions (1, = 149 and 169 nm, 

respectively) and widths (w = 10.2 nm for both) observeds5 in the solid state by 
vacuum ultraviolet cd. (The slight scatter of experimental points around the fitted 
curves, particularly in the region of the n-x* maxima, probably reflects the difli- 

culties in measuring accurately the separation of two spectra both of which are 
changing steeply with wavelength.) 

To investigate further the origin of these large, residual changes in o-r-d., 

the spectra were resolved into contributions from each of the three structural se- 
quences present, on the assumption that the overall spectral change can be treated 

(Eq. 5) as the linear sum of the changes from each block type. (The validity of this 
assumption is discussed later.) 

c-9 
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-2-5’ I 
200 220 240 260 280 300 320 

X!nm) 

Fig. 4. “Residual” 0x-d. difference spectra for alginates H (-_I-_), M (-A-), and I_ (-+-)_ 

where [@],,,, is the observed, residual o.r.d. change at a particular wavelength; 

fG, fAI, and fH are the fractions of polyguluronate, polymannuronate, and hetero- 

polymeric chain-sequences present; and [@]q, [4],, and [+]n are the changes in 

molar rotation of these sequences, from all transitions other than the carboxyl 

n+rt*_ Having investigated three alginates of very different block composition, we 

then had, at each wavelength, three simultaneous eqilations in which the only un- 

knowns were [+]o, i+]SI, and [+]n_ Solution of these equations gave the calculated 

0-r-d. difference spectra shown in Fig. 5 for polyguluronate, polymannuronate, and 
heteropolymeric chain-sequences_ Once more, the spectra could be fitted, to within 

experimental error, to changes in the intensity of the two backbone transitions at 

149 and :69 nm. The fitted parameters are listed in Table IV. Calculation of the 

expected changes in both bands for the three alginates, from the values derived for 

each sequence type and from the proportions in which they are present, gave values 

in excellent agreement with those obtained by direct fitting (Fig. 4) of the residual 
0.r.d. change for each sample_ 

For polyguluronate, the effect of introducing calcium ions is to make both 

bands more negative, which agrees well with vacuum ultraviolet cd. studies” on 

solid films of alginate of high polyguluronate content, prepared with various levels 

of Ca2+ _ The very larg _e changes in backbone optical activity of polymannuronate 
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Fig. 5. Calculated contributions to the “residual” o.r.d. difference spectra (Fig. 4) from poly- 
guluronate (-_1-). polyrnannuronate (-@-), and heteropolymeric (-A--) chain-sequences. 

X(nm) 

Fig. 6. Observed o.r.d. change (-e) on addition of a stoichiometric equivalence of Caz+ to isolated 
polyguluronate segments in aqueous solution_ By subtraction of the n --, =c* contribution (-A--) 
to overa spectral change (obtained by Kronig-Kramers transform of the changes observed9 in 
cd.), the “residual” o.r.d. change (a-) from all other optically active transitions may becalculated. 
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TABLE I\ 

C.ALCL-LATED CHXTGES IS BACKROSE OPTICAL ACTIVITY OS GELATIOS OF ALGIXATE 

Seqaence r_qw 

PoIyguluronate 
HeteropoIymeric 
PoIymannuronate 

and hetercpolymeric chain-sequences, however, are without precedent, and totally 
unexpected_ in both cases. the changes are of opposite sign for the two transitions, 
with the magnitude of change being greater for the deeper-lying (149 nm) band. 
This behaviour is similar to that observed for the conformational changes which 
accompany gelation of agarosez3 and carrageenan’“. It should be emphasised, how- 
ever, that the exact quantitative values of the fitted parameters In Table IV must be 

treated with caution. for the following reasons: (a) o.r_d. curves, being comparatively 
featureless. tend to give “ill-conditioned” fits (i.e.. compensating changes of opposite 
sign in the t\vo transitions may not greatly alter the form of the overall 0-r-d.): 
(h) there may be some slight contribution to the residual 0-r-d. difference spectra 
from changes in the carboxyl x+x* transition’-“; (c) the measured proportions of 

each block type may be subject to considerable experimental error”; and (ti) the 
extent of deviation from a regular, alternating arrangement of residues within hetero- 
polymeric sequences’s-‘9-33 may vary appreciably between alginate samples, and 
thus the inherent assumption in Eq. 5 that heteropolymeric sequences in each of the 
aiginates studied behave identically is unlikely- to be strictly accurate. 

Ijespite these reservations, however. it is clear that there are large changes in 
the optical activity of polymannuronate and heteropolymeric chain-sequences in 
alginate on Ca”-induced gelation. and that these changes arise predominantly from 
the conformation-sensitive electronic transitions of the polymer backbone_ At the 

simplest ievel of interpretation, the observed 0.r.d. changes (Table III) are negative 
for alginate I-I. but positive for alginates M and L, and therefore cannot all have their 
origin in a single process, such as the formation of calcium polyguluronate junctions. 

On direct addition of calcium ions to isolated polyguluronate chain-segments 
in dilute, aqueous solution (Fig. 6), the residual o.r.d. change after substraction of 
the n-+x* contribution (determined, as before, by Kronig-Kramers transform of the 
observed cd. change’) is similar in form to that obtained (Fig. 5) by a.nalysis of 
our results for intact alginates. (The somewhat iower magnitude is due to practical 
restrictions on the level of Ca” which may be added before the chain segments, 
in the absence of a supporting gel-network, are precipitated from solution.) Addition 
of calcium chloride to heteropolymeric chain-segments, by contrast, produced only 
very small changes in o.r.d., which, within experimental error, were identical to those 
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calculated from the small cd. changes in the n+rr* spectral region, and no detectable 
change in either cd. or 0-r-d. was observed for polymannuronate. 

It is clear from the above results that the large changes in optical rotation on 
Ca”-induced gelation of alginate are a property of the gel network as a whole, 
rather than of the component sequences in isolation_ A possible explanation is that 
the 0-r-d. changes are optical artefacts induced by, for example, stress birefringence 
in the gel. This, however, seems unlikely, since (a) the results were highly reproducible, 
(b) the calculated 0-r-d. behaviour for polyguluronate chain-sequences is in good 

agreement with results for isolated polyguluronate segments in solution, and (c) no 
such artefacts have been encountered in previous extensive studies of other gelling 

polysaccharides. 

The mechanisms that may be proposed for these effects are (a) that the strong 

associations of polyguluronate chain-sequences serve to stabilise weaker interactions 
between polymannuronate and heteropolymeric regions, which would not survive 
in the absence of the supporting network; or (b) that formation of junction zones 
within the gel causes stretchin, a of connecting sequences between junctions, to give 
a more extended chain-conformation than in free solution_ Although the present 
results cannot distinguish between these two interpretations, we favour the latter 

proposal. 
In contrast to polyguluronate which, in the solid state, shows 2, chain geometry, 

both as the undissociated acid” and in all the salt forms so far investigated”, 
polymannuronate can adopt both 2, (acid form34) and 3, (salt form”) geometry, 

indicating considerably greater conformational freedom. This is reqected in the 
relative hydrodynamic volumes of alginate chain-sequences in solution, where poly- 
guluronate adopts a highly extended, stiff chain-conformation, while polymannuro- 

nate, despite the greater residue length, shows less extended coil dimensions, and 
heteropolymeric chain-sequences are even more flexible and compact3s5’36. We 
therefore suggest that the most probable origin of the large changes in optical activity 

of polymannuronate and alternating chain-sequences on Ca’+-induced gelation of 
alginate is from conformational adjustment to a more extended chain-profile than 
in free solution, as the polyguluronate sequences which are contiguous on either side 

become tied down in junctions. 

No such effects have been observed in previous chiroptical studies of the 

gelation of agar3’ and carrageenan3’ polysaccharides, where the changes in optical 

rotation which accompany gel formation are closely similar to those observed on 

conformational ordering of structurally regular, short chain-segments in solution, 
and are in good quantitative agreement with values calculated’ from the known 
chain-geometry in the ordered conformation_ In both the agar and carrageenan series, 

inter-chain association through double-helical junction zones is terminated by the 
occurrence in the primary structure of shorter “kinking” sequences that are sterically 
incompatible with incorporation in the ordered structure2*3, and these solubilising 
features represent a smaller proportion of the chain length than the polymannuronate 
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or heteropolymeric chain-sequences of alginate. In the gel state, therefore most of the 
polymer chain is involved in ordered, inter-chain association. 

However, for other block copolysaccharides where an appreciable fraction 
of the component residues occur in chain sequences which are incapable of ordered 
association, it now seems Iikely that the overall changes in optica activity on gelation 
will contain a substantial contribution from these sequences. Thus, the importance 
of parallel studies, using structurally regular, chain segments in so1ution3, is once 
more emphasised. 

We thank Mr. D. Cooke, Mr. S. M. Bociek, Mrs. S. A_ Frangou, Mrs. L. A_ 
Linger, and Mt. E. 3. Murray for expert technical assistance, and Alginate industries 
Ltd. for kindly providing a research sample of afginate of low polyguhtronate content. 

REFERENCES 

1 E. S. WSH, At-m. Rev. Biophys. Bioeng., 5 (1976) 63-75. 
2 D. A. REES, Pclysuccharide Shapes, Outline Studies in Biology, Chapman and Hall, London, 1977. 
3 A. A. MCKI~XON. D. A. REES, XE;D F. B. WIUIA.~ON, Chem. Commux, (1969) 701-702. 
4 E. R. Morutts xhm S. A. FKAE;COU, Techniques itI Carbohydrate Metabolism, Vol. B3, Elsevier, 

London, 1981, pp. t-51. 
5 D. H. WHIFFEN, Chem. Zrrd_ (Landortj, (1956) 964-968. 
6 3. H. BREWSTR, J. Am. Chem. Sot., 81 (1959) 5475-5483, 5483-5493, 5493-5500. 
7 D. A. REES, J_ Gem. Sot., B, (1970) 877-884. 
8 E. R. MORRIS, D. A. REES, AND D. THOM, Chem. Commun., (1973) 245-246. 
9 E- R. MORRIS, D. A. REES. D. THOM, mm J. BOYD, Curbohydr- Res., 66 (1978) 145-154. 

10 E. R. MORRIS, D. A_ REES. AKD D. THOM, Curbohydr. Res., 81 (1980) 305-314. 
1 I E. R. MORRIS. D. A. REJZ.S, G. R. SANDERSON, AND D. THOM, J. Chem. Sot., Perkin Trans. 2, 

(1975) 1418-1425. 
12 D. A. REP AND 3. W. B. SAMUEL, 1. Chem. Sot., C, (1967) 2295-2298. 
13 A. HAUG, B. LARSEX, AI’;D 0. SWIDSRBD, Acfa Chem. Stand_, 20 (1966) 183-190. 
14 A. HAUG, B. LARSEN, AND 0. SSIIDSRQD, Acfa Ckm. Stand., 21 (1967) 691-704. 
15 J. BOYD _%XD J. R. TURVEY. Curbohydr. Rex, 66 (1978) 187-194. 
16 0. SNDSRC~D, Faraday Discuss. Chem. Sot., 57 (1974) 263-274. 
17 W. MACKIE, Biochem. J., 125 (1971) 89~. 
IS E. D. T. A-s, I. A. NIEDUSZYXS~, W. Mncxcx~, K. D. PARKER. AND E. E. SMO~KQ Biupolymers, 

12 (1973) 1879-1887. 
19 G. T. GRAhT, E. R. MORRIS, D. A. REES, P. J. C. SETH, AM-J D. THOM, FEBS L&t., 32 (1973) 

195-198. 
20 C. DJERASSI, Optical Rbratory Dispersion: Applications to Organic Chemistry, McGraw-Hill, 

New York, 1960. 
21 A. PE~&~~FI AND G. R. S~DERSOPJ, Carbohydr. Res., 25 (1972) 273-282. 
22 J. S_ BAIXERSICI, E. S. PYsH, G. C. CHEN, AND J. T. YAXG, J. Am. Gem. Sot., 97 (1975) 6274-6235. 
23 J. N. LIANG, E. S. STEVENS, E. R. MORRIS, AND D. A. REFS, Biopolymers, 18 (1979) 327-333. 
24 L. A. BUFFINGTON, E-S. STEVEXS, E. R. MORRIS, AND D.A. REES, Int. J. Biol. Macromol., 2 

1980) 199-203. 
25 J. N. LV.XG, E. S. STEVENS, S. A. FRXGOU, E. R. MORFUS, AND D.A. REES, Znt. J. Biol. Macromof., 

2 (1980) 204-208. 
26 0. SMIIERBD AND A. HXUG,AC~CI Chem. &and_, 26(1972)79_88_ 
27 0. SUIDSRBD AND A. HAUG, Acta Chem. Stand., 22 (1968) 1989-1997. 
28 A. HAUG, B. LARSEN, AND 0. SMILJSR~D, Carbohydr. Res., 32 (1974) 217-225. 



ALGMATE OPTICAL ACTIVITY 195 

29 H. GRASDALEN, B. LARSEN, AND 0. SMIDSR~D, Curbobydr Rex, 68 (1979) Z-31 _ 
30 H. GRASDALEN, B. L.AF~SEFI, AND 0. SMIDSR~D, Curbuhydr. Res., 89 (1981) 179-191. 
31 CR_ I_ SLWONESCU, V. I. POPA, V. RUSAN, AND A. LIGA, Celiul. Chem. Technol., 9 (1975) 213-225, 

547-554. 
32 K. H. MIN, S. F. SASAKI, K. KASHI~ABAIW, M. U.~IEZ;AWA. AND K. NISIZAWA, J. Bimhem. 

(Tokyo). 81 (1977) 555-562. 
33 S. FUJIBAYMHI, H. HABE, AND K. NIZJZAWA, J. Biochem. (Tokyoj. 67 (1970) 3735. 
34 E. D. T. ATKXNS, I. A. NIEDUSZYNSKI, W. MAC~IE, K. D. PARKER, AND E. E. S~~OLKO, Biopo@mers, 

12 (1973) 1865-1878. 
35 0. Shummm, R. M. GLOVER, AND S. G. WHI-ITINGTOS, Cu&o&fr_ Rex, 27 (I 973) 107-l 18. 
36 0. SwnsRBD, A. HAUG, AND S. G. WHITTINGTON. Acfa Chem. Stand., 26 (1972) 2563-2566. 
37 S. ARNOTT, A. FULMER, W. E. Scorr, I. C. M. DEA, R. MOORHOUSE, AND D. A. REES, J. 114ol. 

Biol., 90 (1974) 269-284. 
38 D. A. REES, W. E. Scorr, AND F. B. WILLIA~~QJN, Narnre (London). 227 (1970) 390-392. 


