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Abstract 

Starches, isolated fi'om rapidly expanding tobacco leaves four times during the day and night 
anti once I~om fully expanded leaves, were fractionated with concanavalin A. From an examina- 
tion of the amounts and properties of amylose, the diurnal decrease in iodine absorption of the 
starches on illumination appeared to be due to an increase ill its branched character, and possibly 
the presence of unb,'anched polymer of low dp, combined with a decrease in the proportion of 
amylose fraction, The increase in apparent amylose conlent with age was due to m~ increase in the 
pm'opln'tion of amylose. The alnylose fractions at different times had only small differences in 
average reel size in solution and relative reel wt (M, near 4 × II) ~) which were lower than those 
of storage organs. The average reel size in solution and relative reel wt of the amylopeclins 
decreased during illumination, increased in darkness, and were lower (M;~ 2-2,7 x I(J") at all 
times than those from storage organs, Debranching followed by size-exch|sion chromatography 
[on Fractogel TSK 5(XS)] gave similar proportions of long, medium, and short chains for all 
amylopectin samples, and these proportions differed from those tbr debranched amylopectin fi'om 
n-maize seed starch. On debranching and chromatography of the amylopectin /3-limit dextrins 
(which gives an estimate of the proportions of core chains) differences persisted. Structural 
characteristics of amylopectin from tobacco leaf starch were similar to those of normal genotypes 
from storage organs. The proportion of glucosyl units in core chains, the external-to-core chain 
ratio, a,ld indices of compactness were calculated lbr a number of (I ~ 4X ! -* 6) a-glucans, A 
plot of the index of compactness for glycogens and amylopectins showed that the decrease in 
compactness and the increase in total average chain length that occurs from glycogen to normal 
and then to amylose extender amylopectins involves a proportionate increase in average internal. 
external, and core chain lengths and ,lot a selective increase in one type of chain. 
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1. Introduction 

There have been extensive studies on chemical structural aspects [1] of storage 
starches in seeds, such as cereals [2-5] and peas [6], as well as tubers, e.g., potatoes [7], 
but fewer on leaf starches. In leaves, starch is metabolically more mobile, although in 
tobacco a pattern of storage during leaf development has also been found [8]. As starch 
accumulates in seeds and tubers, its isopotential iodine absorption increases, and this has 
been related to an increase in the proportion of the amylose component [1,9,10] as it 
binds iodine tightly. In tobacco leaves, as the starch content increases during maturing of 
the leaves, the iodine absorption increases [8]. Unlike glycogen, starch in plants also 
contains a relatively unbranched a ( l  --* 4) glucan (amylose). The relationship between 
the two polymers during starch biosynthesis and degradation is not clear. In contrast to 
storage organs, from which starch is usually examined, in leaves rapid biosynthesis and 
depletion takes place. In tobacco leaves large changes in starch content occur diurnally 
and during development [8,11 ]. 

Variation in iodine absorption also occurs in tobacco [! I-13] and cotton leaves [14] 
on a diurnal-nocturnal basis. In mature tobacco leaves [12] starch-iodine spectra 
indicated that the proportion of apparent amylose was higher in the day than at night. 
However, two other studies with tobacco leaves [11,13] have shown the inverse pattern. 
In rapidly expanding leaves and seedling leaves [I I] a potentiometric estimation of 
isopotential iodine absorption indicated that the proportion of apparent amylose de- 
creased during the day and increased at night, in leaves that had just expanded to full 
size [13] a similar result was obtained when the amylose-amylopectin ratio was 
estimated by a paper chromatographic method, in cotton leaves [14], iUuminated during 
a tenohour period, starch accumulation was inversely related to the apparent amylose- 
amylopectit~ ratio when estimated colorimetrically after iodine addition. Iodine spectra 
of older leaves indicated an increasing resistance to degradation of amylopectin in the 
dark [151, When isolated chloropla~ts from bean leaves [161 were illuminated and the 
amylose~amylopectin ratio measured by sizeoexclusion chromatography on Sepharose 
4B, the prop~mion of amylose varied with time of illumination, Whereas in senescing 
tobacco leaves (both attached to [17] and detached from [18] the plant) no change in the 
amylose-amylopectin ratio accompanied depletion, in cotton leaves [15] changes were 
observed. The difl~rent patterns found lbr apparent amylose contents in leaves [11-18] 
indicates that whereas the apparent amyiose content varies, t'actors other than time of 
sampling may be operating, 

The effective preparative fractionation of tobacco leaf starches, collected from rapidly 
expanding tobacco lea'~es at various times of the day and night, and also when they were 
fully mature, as well us the structural changes that these fractions undergo arc now 
reported, The properties descried include various average chain lengths, chain length 
distributions, A:B chain ratios, average frequencies of substitution and relative average 
molecular si~es in solution and tool wt of the amylopectins, ~nd iodine absorptions, 
relative average molecular si~es in solution and weights of the amyloses. 
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2. Results and discussion 

Isolation and .t~'actionation ~" statz'h.--Rapidly expanding leaves were sampled at 
dawn, 11 a.m., dusk and !! p.m. and fully expanded leaves at i l  a.m. Starch was 
isolated as granules. 

When fractionation was attempted by complexing with n-butanol, the isopotentiai 
iodine absorption of the precipitated fraction was much lower than expected for amylose 
and that of the soluble fraction was much higher than expected for amylopectin, 
indicative of possible extensive cross-contamination. Repetition of complexing did not 
substantially alter the iodine values. The problem was not due to incomplete dissolution 
of the starch, since centrifugation at 14,000g prior to addition of n-butanol gave no 
precipitate. It was also not due to a diffuse boundary between the n-butanol complex 
and the supernatant, as is found with cereal samples, sioce centrifugation of the 
n-butanol complex gave a sharp boundary. The amylose and amylopectin fractions were 
also not effectively separated by size-exclusion chromatography. When the starch 
samples were chromatographed, the amounts of the lower molecular weight portion 
differed from the values expected from iodine absorptiou and the wavelength maximum 
was much lower than expected for amy~o~e. These effects were more pronounced in 
samples from rapidly expanding leaves. Incomplete fractionation ~:, complexing with 
n-butanol occurs with amylose extender starches, as these contain bath am~lose and 
amylopectin of low molecular weight, and the lo~ger chains of its amylopectin may 
complex. The solution after complexing contains low molecular weight amylose [19] and 
the precipitate some amylopectin. Cross-contamination has also been detected in the 
fractions from a number of normal starches, such as wheat, pea, potato, maize, and bean 
[9,20-22]. To overcome these problems, in some studies [23,24] an additional step such 
as ultracentrifugation [9,25,26] or size-exclusion chromatography [9,27,28] has been 
applied. This is effective with normal but not with high amylose starches. But each 
additional fl'actionation procedure increases the risk of hydrolysis of glycosidic linkag~.s 
and a further complication is the tendency Ibr amylose to retrograde on standing, 
particularly as it is purified. Retrograded amylose is very difficult to re-dissolve, The 
presence of amylose in an amylopectin fraction leads to incorrect values for its 
parameters. 

Precipitation of the branched fraction by a high concentration of concanavalin A 
provides a method tbr efficient fractionation comprising a single step. and which can be 
used analytically [29] or preparatively [20,30]. This method [29] was applied for 
quantitative estimation of amylose content (Table I). The absorption (A,,,,~) per unit 
weight of glucan at the absorption maximum ( A,,,,.~ ) was also measured. The A,,,,~ tbr all 
samples was 620 nm as expected for amylose. The amylose content in rapidly expanding 
leaves was lower during the day and there was an increase in amylose content with time 
of development. The values tbr 100 A,,,,~ p.g~ t of glucan varied diurnally with lower 
values during the day. They were all lower than those for the amyloses from n-maize 
and n-rice starches. The starch samples were then fractionated with concanavalin A on a 
preparative scale [20,30]. 

Properties of amylosefrac'tions.~The soluble fractions (amyiose) were examined by 
size-exclusion chromatography on Sepharose CL-4B, and the glucan contents and 
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Table I 
Estimation of amylose content of tobacco leaf starches with ¢oncanavalin A 

Time of sampling Amylose A,~ 100A,,,~/concn amylose 
(%) ( + 0 . 4 )  (am) ( p g / m L )  (+0.03) 

Rapidly expanding at dawn 17,2 
Rapidly expanding at I I a.m. 15.7 
Rapidly expanding at dusk 16.1 
Rapidly expanding at I ! p.m. 16.7 
Fully expanded at 11 a.m. 20.3 

620 1.78 
620 1.74 
620 1.65 
620 1.72 
620 1.78 

spectra of the iodine complexes of the column fractions were determined. The elution 
patterns for samples from rapidly expanding leaves at i I a.m. and fully expanded leaves 
are shown in Fig. IA and IC. No material of higher molecular size with A,,~., and Am,,~ 
per unit weight values corresponding to amylopectin was detected by chromatography 
on Sepharose CL-2B. indicafno efficient fractionation. The elution behaviour. A,,~, and 
100 A,,,,,~ per unit weight of glucan tbr the five samples from tobacco leaves and from 
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Fig, 1, Sizeoexclusion chromatography of amyiose fractions frou~ tobacco leaves: (A) rapidly expaqding ( I I 
a,m,) on S~phar~sc CLo4B: (B) rapidly expanding (11 a.m,) on Scpharose CL-6B: {C) fully expanded on 
Sepha~se CL-4B: (D) debranchcd rapidly expanding (11 a,m3 on Sepharose CL-6B . . . .  Glucan concentra- 
tion: • , , A,,,,, ~;1' the glucan-i~line complex. 
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Table 2 

Size-exclusion chromatography of amylase and amylopectin samples 

Glucan and column matrix Source - log KAy Ama,t 

Amylase on Sepharose CL-4B 

(nm) 
Average lOOAma ~/concn 
glucan (/zg/mL) 

Tobacco leaves 
Rapidly expanding 
dawn 0.35 620(630) ~ !.8 
I I a.m. 0.35 620(630) a 1.7 
dusk 0.37 620(630) a 1.7 
I 1 p.m. 0.36 620(630) a 1.7 

Fully expanded 0.38 620, 630 1.8 
n-Pea seeds b 0.59 630, 640 2.1 
n-Maize seeds " 0,59 620, 630 1.9 

Amylopectin on 
Fractogel TSK 75{S) 

Tobacco leaves 
Rapidly expanding 

dawn 0.48 560 1.0 
11 a.m. 0.42 560 1.0 
dusk 0.27 560 1.0 
11 p.m. 0.39 560 1.0 

Fully expanded 0.36 550-560 I.O 
n-Pea seeds h 0.69 550 0.9 
n-Maize seeds ~ 0.66 540(550) 0.9 

'~ For major part of elution profile. 
h From ref. [20]. 
c FI'OlYI ref. [10], 

n-pea and n-maize seeds are given in Table 2. Chromatography of the rapidly expanding 
(11 a.m.) sample on Sepharose CL-6B (Fig. I B) indicated thai: the second glucan peak 
appearing on CL-4B was due to Ibreshortening of the elution pattern because of the 
presence of low molecular weight material in a single molecular-size distribution and 
not a second distribution, since on CL-6B the second elution peak present on CL-4B 
became part of the tail of the main peak. The - log Kay values (Table 2) lbr all tobacco 
samples were close, indicating only minor differences in average molecular size in 
solution. The - l o g  Kay value is directly proportional to molecular size in solution. All 
values were lower than those from the seed storage organs of n-maize and pea. 

The Am,,, , values (Table 2) were in the range of that expected tbr amylase. The 100 
Area x /3,g-t glucan values were similar to those obtained in the estimation of amylase 
content and were slightly lower than those obtained tbr n-pea and n-maize amylases. 
The values for tobacco were less in the lower molecular size range of the elution 
profiles, and the Am,,~ values were also slightly lower in the latter part of this legion. 
The A,,,,~ per unit weight and the Am~ ~ values both decrease as the chain length of an 
unbranched a ( l  .-* 4)Ainked glucan chain decreases, or when o~(1 ~ 6) branching is 
introduced [31-34], indicating that the amylase fractions contained branched mater;al or 
some short a(I ~ 4) chains. Comparison of the elution profiles on Sepharose CL-6B 
before and after debranching of amylase from rapidly expanding leaves showed (Fig. I B 
and I D) a sigtlificant increase in chains of lower molecular size. The - l o g  KAV value 
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Fig, 2. Size-oxclusion chromato~.raphy of periodate oxidised-borohydrid¢ reduced amyloses on Sephacryl 
S-400: (A) from rapidly expanding tobacco leaves ( l l  a.m.): (B) from tully expanded tobacco leaves. 

decreased from 0,49 to 0.41, indicating the presence in the original amylose of branched 
material of relatively low molecular weight in significant amounts. Short-chain un- 
branched chains may also have been present. Similar results were obtained with the 
other amylose fractions from rapidly expanding leaves and fully expanded leaves. 

The average M r (molecular weight relative to protein standards) was estimated tbr 
amylose ti'actions from rapidly expanding leaves after oxidation by periodate and 
reduction with horohydride [35], Periodate oxidation converts the repetitively internally 
bridged structure of the a,(I ~ 4) glucan, in which the atoms in the pyranose rings are 
unable to rotate, to a polymer in which these atoms can rotate. Borohydride reduction 
stabiiises the bonds, Reaction cause~ a slight change in reel wt ( + I%) but a sJgnJl'Jcant 
decrease in molecular size in solution, consistent with a change from a somewhat 
extended conmrmation to it globular niolecule, the reel wt o1' which can be compared by 
si~eoexclttsion cht~0matography with standard globular proteins. The oxidised-reduced 
samples of amylose were chromatographed on Sephacryl S-400 against standard pro° 
teins. The elution profiles for oxidised-reduced amylose from rapidly expanding leaves 
at I I a.m. and fully expanded leaves are shown in Fig. 2A and 2B. The - l o g  KAy 
values for rapidly expanding ( i i  a.m.) and fully expanded samples were 0.3S and 0.38, 
giving estimated average M, values of 3.9 × IO s and 4.4 X I0 ~, i.e. average dp values 
of 2,4 × 10 ~ and 2.7 x I0 ,~, retaining the relationship in molecular size in solution found 
for the original (unoxidised) samples on Sepharose CL.4B (Table 2). 

The results indicate that the decrease in iodin~ absorption of tobacco leaf starch 
during illumination was due to a decrease in the absorption ol' the amylose l~action, 
consistent with increased branching (and possibly the presence of unbranched glucan of 
low dp) combined with a decrease in the proportion of amylose fraction. However. 
substantial quantities of amylose were always present. Amylose is defined as that 
portion of the star~:h not pr~cipitated by concanavalin A, with a A,,~,,, at or near 620 nm, 
and which is ot' low tool wt. Mature leaves contained a higher proportion of amylose 
fraction than rapidly expanding leaves consistent with a storage function of leaves. The 
average molecular sizes in solution and relative tool wts of the amylose fi'actions 
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Fig, 3. Size-exclusion chrom~tograplly of  amylopectin I'ractions li"om tob~lcct) leaf slm'¢h: (A) r~q~idly 
cxpmlding (d~lwn) on t:ractogel T S K  75(S): (B) rapidly eXl~audinL~, (dusk) on I:l'~lctogel T S K  75(S): {C) Iblly 
cxpalltled o1| Fraclogel  TSK 75(S): ( D ) d e b r u n c h c d  lillly cxflandcd on I:raclo~el T S K  50(S), . . .  Ol . . . . . .  

gltt¢ltll COll¢¢lltrlllion; ' ' ' A m,~, tll' ~ltltqlll~i~,~tlJllO gOll|l'dcx, 

sampled at all five times showed only small variations and were lower than those from 
% ~ S seed storage organs (n-pea and n-maize, eed, ). 

Properties of amylopectins.--The amylopectin l'ractions resulting IYom precipitation 
by concanavalin A were shown to be t're~: of amylose by size-exclusion chromatography 
on Fractogel TSK 75(S) - -  the Am,,, , and IOOAm,,x p g I glucan values (Table 2 and 
Fig. 3A, 3B, and 3C) were those of amylopectin throughout the whole elution profile of 
all samples. Chromatography on Sepharose 4B-CL and 6B-CL also indicated the 
absence of :my amylose fraction (of low molecuhu" size and high Am,,~). Amylopectins 
from rapidly expanding leaves had a considerable range of molecular sizes in solution 
with - log KAy values (Table 2, Fig. 3A and 3B) decreasing during the light period and 
increasing in the dark, indicating that material of lower size is preferentially depleted in 
darkness, and, that. on illumination, preferential accumulation of polysaccharide of 
lower size occurs. Amylopectin fi'om mature leaves was disperse (Fig. 3C), and of 
intermediate size. All leaf samples were of lower size in solution than those of 
amylopectins from the storage starch of n-pea and n-maize seeds. Lower molecular 
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Table 3 
Proportions of types of chain lengths of debranched amyiopectins on size-exclusion chromatography [Fractogel 
TSK 50(S)] 

Source Percentages of  fractions 

Long Medium Short 

Tobacco leaves 
Rapidly expanding 

dawn 9 35 56 
I I a,m. 8 36 56 
dusk 6 38 56 
I 1 p.m. 7 36 57 

Fully expanded 6 38 56 
n-Maize seeds " I0 24 66 
n-Pea seeds ~ 8 28 64 

" From ref. [10]. 
h From ref. [20]. 

sizes in solution for amylopectins have been estimated by size-exclusion chromatogra- 
phy of this polymer from other leaf tissues, bean chloroplasts [16] and germinating lupin 
cotyledons [36]. 

Average relative reel wts were measured for the periodate oxidised, borohydride 
reduced ,8-limit dextrins by size-exclusion chromatography on Fractogel TSK 65(S) 
with protein ,~landards [35]. Average M r values for the amylopectins were then 
calculated after allowing for the loss of maltose on /3-amylolysis. For the amylopectins 
from mature leaves and rapidly expanding leaves sampled at I I a.m. and dusk, these 
were 2.5 × 10', 2.7 x 10'. and 2.0 × 10" respectively, i.e. ,tverage dp values of 
15 × IO ~, i7 x 10 ~, and 12 × 10 ~, lower than generally obtained Ibr amylopectins from 
storage organs but approximately tenfi~ld the values fi~r the accompanying amylose. 
Despite the differences in reel wt of these samples the number of tiers of t~(I -~ 4) 
chains (9 as the nearest whole number) were the same. 

The strt,cture of a biodendrimer like amylopectin can only be described in statistical 
terms, by parameters :~ach as the averages of the various a(I  ~ 4) glucan chain lengths, 
average reel wt, average branching frequency, and distributions of chain lengths. The 
last can be fi~und by ~ize-exclusion chromatography after debranching. When the 
tobacco amylopectins were debranched and chromatographed on Fractogel TSK 50(S) 
the chain length distributions were similar for all samples. The elution profile for 
amylopectin from rapidly expanding leaves at I I a.m, is shown in Fig. 3D. and the 
proporlions of long, medium, and short chains for all the samples in Table 3. Compari- 
son with debranehed n-pea and n°maize samples (Table 3) showed that the tobacco 
samples had a higher proportion of medium chains. Other than the differences in average 
molecular size in solution of the tobacco samples (Table 3 and Fig. 3A, 3B, and 3C) 
their molecular architecture appears to be similar at all stages of synthesis and depletion, 
suggesting that adequate levels of branching enzyme with the same branching pattern 
ate present during synthesis and that the deposition of amylose and its increasing levels 
during development are not a consequence of limiting levels of this enzyme. 
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Fig. 4. Size-exclusion chromatography of debranched /~-limi! dextrins c~n Frack,~cl TSK 40(S) in series with 
TSK 50(S): (A) n*nlaize amylopeclin: (B) amylopectin from rapidly expanding (11 a.m.) Iobacco leuves; (C) 
at-maize,, amylopeclin; (I)) ral~hit liver g l y c o g e n . .  , • Maltose arid maholriose fraction: . . . . .  glucan of 
d p >  5, 

The chain-length distributions o1" cote chains of amylopectins fron, tobacco (rapidly 
expanding, II a.m.), n- and ae-maize amylopectins, as well as rabbit liver glycogen 
were then compared by debranching and chromatographing their/~°limit dextrins. After 
debranching and size-exclusion chromatography on a column of Fractogel TSK 40(S) 
and 50(S) in sequence, the maltose and maitrotriose froITI the remnants of A chains 
could be sufficiently separated frorn the longer chains to give a distribution of the 
fl-amylase-modified B chains. The profile (excluding the maltose-maltotriose section) is 
that of the core chains extended by 2 or 3 glucose units (in equal proportiont. The 
elution profiles G~r the foul" debranched fl-limit dextrins are shown in Fig. 4, in which 
the dotted section is material eluting at the same volumes as maltotriose and maltose. 
Comparing Fig. 4A and 4B, the tobacco polymer still has a higher proportion of its 
glucosyl units in longer core chains than n-maize. In all these profiles the ordinate is the 
amount of glucose in chains, not the number of chains [37]. The ae-maize sample (Fig. 
4C) has an even higher proportion of glucose in longer than in shorter core chains, and 
the glycogen (Fig. 4D) the reverse. Chromatography on Sephadex G-50 of debranched 
fl-limit dextrins prepared fl'om whole starches of w-, n- and ae-rnaize has previously 
shown differences in their elution patterns [38]. 
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Further properties o f  mature tobacco amyiopectin and other (1 --) 4)(1 -+ 6) a- 
glucans.--Detailed characteristics [average chain length (CL), degree of /3-amylolysis, 
and A:B chain ratio] of the structure of the amylopectin from fully expanded leaves were 
then determir~ed (Table 4) and compared with other (i --+ 4XI --+ 6) ot-glucans. Average 
core chain length (CCL), internal chain length (ICL), external chain length (ECL), 
fractions of A chains, and frequency of chain substitution were then calculated [39]. 
Comparison of the various structural parameters of tobacco leaf amylopectin (Table 4) 
with those of other starches (see ref. [39]) shows that the tobacco values are in the range 
of normal starches. 

Three new parameters of the dendrimeric structure of ( ! ~ 4X I ---, 6) ot-glucans were 
also calculated ~ the ratio of external chains to core chains (E:C), the fraction of 
glucosyi unit~ in core chains, and an index of compactness, if the total rmn'lber of chains 
is T arid a and b are the fractions of A and B chains, since each B chain consists of two 
sections, an external part, and another that is a core chain (plus the outermost 
6-branching glucosyl unit), the ratio is 

aT + bT 1 
E:C = - -  

h b 

which is equal to F (the average frequency of branching). Then if e and c are the 
fractions of external and core chains, we have 

E:C 
e ~ a n d  c = I - e 

I +E:C 

The I'raction of glucosyl units in core chains is the number of units in core chains 
divided by the total number of units. The latter is the number of units in external chains 
plus the outermosl 6oghlcosyl branching unit, plus the units in core chains. Theretk)re the 
fraction of gltlco~yl Ul~lit~ ila core chains i~ 

7'× I)CCI, 

~-" bCCL] T[aECL + I (LCL + I) + 

bCCL hCCL 

ECL( a + b) + bCCL + b ECL + bCCL + b 

Alternatively, after calculation of the fraction of core chairls ((') and external chains (e)  
this vahle can he Ibund frona the formuht: 

cCCL 

eECL + cCCL + c 

It can also be calculated fi'om the /3-limit dextrin when the fraction of traits in core 
chains in the origiual amylopeclin is 

T × hCCL 
×(t 

T[2.Sa + 2.5b + bCCL] 

bCCL 

= 2.5(a + b) + bCCL × ( i - / 3 )  = 

bCCL 

2.5 + bCCL 
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where 13 is the fraction of molecule removed by fl-amylase. (2.5 is the average chain 
size of B chain stubs plus the outermost 6-glucosyl branching unit.) 

A number of studies have described some (l ~ 4Xi --~ 6) a-glucans as having more 
compact structures than others. A numerical basis has been decribed for indicating the 
degree of compactness [40]. This index has now been modified. The indices of 
compactness in Table 4 have been calculated from the formula: 

c(r+l) 
eECL 

which derives from simplification of 

( F +  !) c(CCL + 1) 
X 

CCL + l eECL 

The first fraction in the latter expression is the average degree of branching divided by 
the chain length of the core chain (over which branching occurs). In this calculation that 
part of a B chain external to the outermost a(I ~ 6) linkage is considered to be a 
branch, so that the average number of branches is F + I: one is added to the CCL to 
include the glucosyl unit which provides the outermost branch point. The second 
fraction is the ratio of the number of glucosyl units in the core chains together with the 
outermost 6-1inked glucosyi unit, divided by the number of glucosyl units in external 
chains. It expresses the effect on compactness of the length and number of external 
claams relative m core chains. The ifitgliet tile value of c ( F  + i:  . . . . .  t / e~&.L ihe moie 

compact the dendrimer. It can be considered as a numerical index of compactness and 
differs from the previously published fomlula [40] in including the terms c and e, so 
that it expresses the proportion of glucosyl units exterior to the outermost branching 
point to those inside, instead of the ratio of average chain lengths of exterior and core 
chains. 

, , (F+ I) t,(t:+ I) 
can also be expressed as 

eECL ECL 

In Table 4 the E:C ratios, the fraction of glucosyl units in core chains, and the index 
of compactness of a number of (I -* 4X I ~ 6) tr-glucans are shown; tobacco leaf starch 
from data in this paper and the remainder from data in ref. [39]. The E:C ratios reflect 
the average frequency of substitution of chains. The glycogen and phytoglycogen have 
higher proportions of glucosyl units in core chains than the amylopectins, and the degree 
of compactness decreases from the glycogens to waxy (maize and rice), then no,'mal 
(maize and tobacco leaf), and then the amylose extender samples. 

Amylopectins from different sources belong to a family of biodendrimers with 
varying structural characteristics. The differing sources can arise from among species, 
genotypes of a species or at stages in plant development. The structural characteristics of 
a particular amylopectin will then depend on the pattern ot" action of the endogenous 
branching enzyme (or enzymes), Chain length studies of glycogens from different 
sou:'ces indicate that these also differ [34], and the family of biodendrimers includes 
these, An aspect of the relationship of these polymers i:: shown in Fig, 5, the relationship 
of the various average chain lengths to the compactness. The decrease in compactness 
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Fig. 5. Chain lengths of ( 1 --* 4)( I ~ 6) ~-glucans vs. indices of compactness. 

proceeding t'rom glycogen to ae-amyiopectin is associated with increases in tile average 
chain lengths of all types o1' chains (external, core, interior, and total) in a relalively 
proportionate manner, and not with selective changes in one type of chain (e.g~, 
exterior). This pattern leads to progressively more open molecules. The results are in 
accord with the earlier observations on chain lengtll distributions of core chains (Fig. 4). 

The occurrence of (I ~ 4)(I ~ 6) te-glucans with differing branching characteristics 
and average chain lengths raises the question of what factors produce these differences. 
One possible effect is branching enzymes with different substrate requirements in terms 
of the length of the ot(I ~ 4) glucan chain and the position of joining of the new 
a(I  --* 6) linkage. Another is that decreased affinity of the branching enzyme for the 
a(!  --* 4) glucan main chain may allow (on average) longer chains to form before 
branching occurs. 

A preference for elongation by starch synthase of either A or B chains could lead to 
different patterns of dendrimeric structure. If A chains show a slight preference lbr 
elongation, on branching these by intra-chain transfer [41] (pathway A, Fig. 6), a 
polymer with an A:B chain ratio of less than one, with a compact spheroidal structure 
like glycogen, results. Exclusive branching of A chains with intm-chain transfer would 
lead to a laminated (Haworth) structure. Inter-chain transfer to another A chain would 
also reduce the A:B chain ratio, but that to a B chain would increase it. If B chains show 
a slight preference for elongation with intra-chain transfer, on branching (pathway B, 
Fig. 6) a polymer with an A:B chain ratio greater than one and an ellipsoidal shape like 
amyiopectin is formed. Exclusive branching of B chains with intra-chain transfer would 
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Fig. 6. Alternative intra-chain branching pathways: (A) by branching of A chains; (B) by branching of B 
chain.,,. - -  B chain; --- A chain; 1,-- a(I ~ 6) branchi~lg point. 

lead to a comb (Staudinger) structure. Inter-chain transfer to another B chain would also 
increase the A:B chain ratio, but that to an A chain would decrease it. If, on branching, 
the newly formed A chain and that section of the B chain external to the outermost 
branching point were of differing chain lengths and these chains associated (possibly as 
two helical sections), then the longer chain, with a non-associated non-reducing end, 
would react more readily with starch synthase, providing a mechanism for preferential 
extension of one chain. 

3. Experimented 

Phmt s~mq~litL~ aml isolalhm ¢ff'star¢'h grm,fh.s.~The leaves of tobacco plants were 
numbered l'ron~ the cotyledon~ a~ they appe'|red. Five adjacent leaves, that wel~ known 
from a previou~ pl;mting to become the I~rgest on the plaint, were used. When these 
leaves were in the rapidly expanding phase at dawn, ! i a.m., dusk, and I! p.m., discs 
were cut from 60 plants from three positions on the one leaf, chosen randomly from the 
five labelled leaves, Disc~ were also cut when the leaves were fully expanded and the 
chlorophyll content had just started to decrease. Immediately after sampling, discs were 
macerated in a mixture of 0,1 M NaCi, 0.01 M HgCI,, and toluene, the mi×ture passed 
thl~ugh cl~eesecloth and the residue re-macerated and filtered until no more starch 
granules were produced. The granules were centrifuged (600g × 20 rain, 20 °C) and 
purified by repeatedly shaking with toluene and salt solution, filtering through cheese- 
cloth, and centrifuging. When white and free of cell debris, the purified granules were 
washed with ethanol, acetone, and ether and dried in a vacuum desiccator. 

Dissoimios~ amt .h'a~'fiouation o.f granules.~Granules were dispersed in dimethyl 
suifoxide ~nd precipitated in ethanol and then fractionated as previously described 
[10,20,30,39], 

I'stimathm of amyh~se co,~tent nJ' starches.~The amylose content was estimated by 
reaction with phenol-sulfuric acid of an aliquot of the supernatant alter concanavalin A 
precipitation of amylopecti~a [29]. Iodine spectra were measured on the ~;ame solution. 
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Preparation of B-Ihnit dextrin and debranching.--These were performed by previ- 
ously described methods [30,39]. 

Size-exclusion chromatography.--Chromatography of amyiose on Sepharose CL-4B 
and CL-6B, amylopectin on Fractogel TSK HW 75(S), and of debranched amylopectin 
on Fractogel TSK HW 5tNS) was performed following earlier methods [10,30,39]. 
Debranched/3-limit dextrins were chromatographed on a column of TSK HW 40(S) (25 
cm) in sequence with TSK HW 50(S) (63 cm) in a 1.4 cm diameter column. 

Estimation of chain lengths and fl-amylolysis lhnits.--The average total chain length 
of amylopectins was estimated from the reducing capac-;ty with copper ions after 
debranching, the /3-amylolysis limit by the reducing capacity with copper ions of 
released maltose, and the fraction of A chains by size-exclusion chromatography of 
debranched B-limit dextrin by previously described methods [20,39]. Average internal, 
external, and core chain lengths and average frequency of branching were calculated as 
described in ref. [39]. 

Determination of average relatice tool wt (M,.) z'ahws.--To avoid the presence of 
ions in solution and the need to re-dissolve amyiose, solutions for oxidation were 
prepared by twice washing with cold ethanol the amylose-iodine complex (ca. 5 mg) 
prepared from the supernatant left after precipitation with concanavalin A of the 
amylopectin in starch. The residue was suspended in water (2.0 mL), nitrogen was 
bubbled to remove oxygen and excess iodine, and the solution was warmed in a water 
bath (with nitrogen still passing) to remove bound iodine and dissolve the amylose. The 
previously described method [35] for determination of M. was modified. After oxidation 
and destruction of excess periodate with dihydroxy butane the addition of lead acetate to 
precipitate iodate and the subsequent centrifugation step were omitted. Also, potassium 
borohydride was added without prior adjustment of the pH and then the centrifugation 
step was unnecessary. The changes gave a higher recovery of prodt, ct. Polysaccharide (5 
rag) in water (2,0 mL) was reacted with NalO 4 (30 mg) in a gently stirred solution in the 
dark at 4 °C for 18 h. 2,3-Dihydroxy butane (20 p,L) was added and after 2 h KBI14 (5 
tug) added and the solution was kept at room temperature Ibr 4 h. Oxidi,sed-rcduced 
amylose was chromatographed on Sephacryl S-400 with B-amylase (2.0 × 10 '~). apofer- 
ritin (4.43 × 10"~), and thyroglobulin (6.69 x 10 '~) as standards. Oxidised-reduct~d amy° 
Iopectin was chromatographed on Fractogel TSK HW 65(S) with apofen'itin and 
thyroglobulin as standards. Since no standard protein with a tool wt as high as the 
B-limit dextrins was available, the mol wt - l o g  KAy relationship of the proteins was 
extended linearly. The amount of polymer in column fractions was estim~ted by heating 
with 2,4-dinitrophenyihydrazine followed by addition of ethanolic NaOH and measure° 
ment at A.~.~ 0. All reagents, less polysaccharide, produced a small peak at the total 
volume of the column which was subtracted from the profiles obtained with samples 
containing polysaccharide. 
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