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ABSTRACT: The first two-dimensional structural distributions are reported for a hyperbranched polymer,
the two dimensions being macromolecular size and individual branch length. The 2D distributions for native
starch, a polymer with both short- and long-chain branched components (amylopectin and amylose), were
obtained by size fractionation using size-exclusion chromatography combined with enzymatic debranching.
These distributions show distinct macromolecular architectures: separate “mountains” corresponding to
amylopectin and amylose and two “foothills” assigned to hybrid populations. The distributions reveal new
mechanistic information on the underlying polymer synthesis. The branch-length distributions for amylo-
pectin are independent of macromolecular size, whereas a size variation is observed for amylose. Biological
imperatives in amylopectin biosynthesis force the same branching structure for all macromolecular sizes
because of evolutionary pressure to provide the crystallinity indispensable for the plant survival. Amylose
biosynthesis does not have such restrictive biological constraints, offering a range of branched structures
throughout macromolecular sizes and revealing a previously unsuspected size dependence.

Introduction

Size separation of polymers (e.g., using size-exclusion chroma-
tography or field-flow fractionation) separates by hydrodynamic
volume ¥}, (the definition of which' depends on the technique
employed). For linear (homo)polymers, there is a one-to-one
relationship between the molecular weight M and V3 thus (in
principle), complete structural information for a linear (atactic)
homopolymer can be obtained from a one-dimensional distribu-
tion, using size separation together with a single mass- or number-
sensitive detector (although another detector may sometimes be
required to find the relation between M and 77,). This one-to-one
relationship does not hold for complex branched polymers, and
indeed an infinite-dimensional distribution is required to completely
specify the distribution of structures of a sample of a branched
homopolymer.> One-dimensional separation techniques with dif-
ferent detectors characterize different one-dimensional projections
of the structural distribution: e.g., number, total weight, and weight-
average molecular weight size distributions from viscometric,
differential refractive index (DRI), and multiple-angle laser light
scattering (MALLS) detectors, respectively. While such one-dimen-
sional projections provide useful information, it is clear that new
information sensitive both to the underlying synthetic processes and
to structure—property relations could be obtained with two-dimen-
sional distributions. No fully characterized 2D technique has yet
been reported for the simultaneous analysis of branched polymers
based on size and branching structure. Comprehensive 2D liquid
chromatography, combining SEC and interaction chromatogra-
phy, enables the separation and further structural analysis of com-
plex (co)polymers based on size and chemical composition (e.g., refs
3—5), but these setups may not be applicable for the character-
ization of branched polymers with complex architectures.
Molecular-topology fractionation is an elegant method which
has been successfully implemented to separate by both branch-
ing structure and 7;,%” but a problem is that the branching
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separation parameter has not been worked out for this technique
(although methods are emerging to do this®).

In this paper, the first full 2D structural distribution of a
branched homopolymer is reported, where the two structural
dimensions are total size of a molecule (V7,) and the degree of
polymerization (DP) of a branch in that molecule. This experi-
mental distribution is found for starch, taking advantage of the
fact that all branches in this polymer can be quantitatively cut
using a debranching enzyme; the method can also be applied to
synthetic branched polymers where quantitative debranching is
possible (e.g., ref 9). The application of this new technique to
native starch will be seen to shed new light on the mechanisms
involved in its biosynthesis.

Starch is a homopolymer of anhydroglucose, where the o-p-
glucopyranosyl monomeric units are lineally extended by (1—4)
linkages and branches are formed by (1—6) bonds at the branching
points. Starch comprises basically two types of macromolecular
branch structure: amylose, with relatively low molecular weight
(10°-10° Da) and a few long-chain branches, and amylopectin,
with much higher molecular weight (10’—10° Da) and hyper-
branched, having an enormous number of very-short-chain
branches. Using a polymer with distinct both short- and long-chain
branching components is useful for distinguishing effects that can
arise from these different branching architectures. Starch also has a
higher level of structure: neighboring amylopectin branch clusters in
(undissolved and ungelatinized) native starch form a-helices, re-
sulting in alternating crystalline and amorphous lamellae (these
lamellae themselves form higher structural levels). Shorter amylo-
pectin branches are confined to a single crystalline lamella, while a
few longer amylopectin branches span two or more lamellae. Both
amylose and amylopectin have a broad distribution of sizes and
molecular weights, which depend on plant variety.

The method used here to obtain 2D distributions uses prepara-
tive size-exclusion chromatography and enzymatic debranching;’
pioneering work by Ball and co-workers'®!! and by Jane and co-
workers!? also used this combination of techniques, but systematic
2D structural distributions were not reported. Preparative SEC is
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used here to yield starch fractions having different average hydro-
dynamic volumes; the weight distributions of the size-separated
fractions are individually characterized using analytical SEC. These
individual fractions are then enzymatically debranched, and the
resulting samples of linear polysaccharides also characterized using
analytical SEC. The result is a two-dimensional distribution: the
weight of branched starch molecules having a given V4, and (after
debranching) a branch with a given DP X.. The information from
this distribution, being for a sample of essentially undegraded
native starch (from rice), will be seen to enable a number of
qualitative inferences to be made about starch biosynthesis. The
methodology used here has considerable potential to be used in
the future for quantitative information on (bio)synthesis and
structure—property relations for starch and for those synthetic
polymers where quantitative debranching is possible.

Experimental Section

Materials and Sample Preparation. Native rice starch flour
(MRQ74) from MARDI (Kuala Lumpur, Malaysia), with a
total starch content of 84.28 + 0.23% as measured using the
Total Starch Kit (Megazyme, Wicklow, Ireland) and a amylose
content in starch of 27% (reported by the supplier), was
extracted from the whole rice grain using dimethyl sulfoxide
(DMSO). Starch samples for chromatographic fractionation
and analysis were prepared by dissolving directly in the SEC
eluent, consisting of DMSO (ACS grade, Merck) with 0.5% w/w
LiBr (ReagentPlus) for 8 h without stirring in a thermomixer set
at 80 °C. The concentrations were fixed at 10 g L™' for
preparative SEC and 2 g L™ for analytical SEC. This procedure
has been reported to completely dissolve starch while also
minimizing degradation during sample preparation.'

Fractionation of Starch by Size Using Preparative SEC. Rice
starch was fractionated with a PREP GRAM precolumn, a PREP
GRAM 30, and PREP GRAM 3000 columns from PSS (Mainz,
Germany) in a AF2000 setup (Postnova Analytics, Landsberg-
Lech, Germany), kept at 80 °C, with a mobile phase flow rate of
1.5 mL min~' DMSO/LiBr 0.5%. Sample volumes of 1 mL with
concentrations of 10 g L™ were manually injected using a Rheo-
dyne 7000 high-pressure switching valve (IDEX Health & Science
LLC, Rohnert Park, CA). Ten fractions were collected manually at
different elution volumes (and were therefore fractionated by
hydrodynamic volume). Each fraction was then further analyzed
separately to obtain the size distribution of the branched molecules
(first dimension) and, following debranching, the chain-length
distribution (CLD) of the branches (second dimension).

Using SEC for finding the CLD of the short branches of
amylopectin is not without problems because SEC suffers from
significant band broadening in this range.'* While fluorophore-
assisted capillary electrophoresis'>'® (FACE) does not suffer
from these problems for (linear) starch oligomers, this technique
is currently constrained to relatively low DPs (<80) and thus
cannot be used for the amylose component of starch; SEC is
currently the best separation method for larger oligomers. As
one objective in the present study is to look at any systematic
differences between the 2D distributions of these two starch
components, SEC was used to cover the whole range of the
second dimension (branch length).

Size Analysis of the Whole (Branched) Molecules. An aliquot
of each collected fraction was taken, precipitated overnight by
adding 5:1 v/v in proportion of absolute ethanol (grade for analysis,
Merck) (ethanol:DMSO), and centrifuged at 4000 rpm in an Allegra
X-13 R centrifuge (Beckman Coulter, Brea, CA). The supernatant
was discarded, and the remaining starch precipitates were redis-
solved in SEC eluent prior to analysis. The size distributions of the
branched fractions were obtained using an Agilent 1100 series sys-
tem (PSS, Mainz, Germany) equipped with a GRAM precolumn
and 30 and 3000 analytical columns (PSS). 100 uL samples were
injected in the SEC system with DMSO/LiBr 0.5% w/w as the
mobile phase at a flow rate of 0.3 mL min~ ' and 80 °C. Triple
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detection was performed by a setup consisting of multiple-angle
laser light scattering (MALLS; BIC-M,,A7000, Brookhaven Instru-
ment Corp., New York), followed by parallel flow into a refractive
index detector (RID; Shimadzu RID-10A, Shimadzu Corp., Japan)
and a viscometric detector (ETA-2010, PSS).

Debranching of Starch Fractions and Size Analysis of the
Branches. The remaining sample from each preparative fraction
was precipitated and centrifuged using the same procedure as for the
branched fractions and debranched as follows with isoamylase from
Pseudomonas sp. (Megazyme, Wicklow, Ireland). The starch frac-
tions were dispersed with 9 mL of deionized water and heated in a
boiling water bath for 15 min with gentle stirring. The dispersion was
cooled to room temperature and incubated in a water batch at 37 °C
for 4 h after adding 20 uL of sodium azide solution in deionized
water (0.1 gmL™"), 1 mL of 0.1 M sodium acetate buffer (pH 3.5),
and 5 uL of the enzyme solution. The enzyme was deactivated by
immersion of the solution in boiling water for 15 min. The deb-
ranched fractions were immediately frozen, to avoid retrogradation
of the debranched chains, until subsequent freeze-drying in a VirTis
Benchtop K freeze-dryer (VirTis, Gardiner, NY), and finally redis-
solved in DMSO/LiBr 0.5% w/w prior to SEC analysis.

The branch size distributions were analyzed using the same
SEC setup described for branched molecules, with triple detec-
tion. Separation of the debranched fractions was performed in
this case with combined GRAM precolumn 100 and 1000 ana-
lytical columns (PSS) with a flow rate of 0.6 mL min~! DMSO/
LiBr 0.5% w/w at 80 °C.

SEC calibration was performed using pullulan standards with
molecular weights ranging from 342 to 1.66 x 10° Da (PSS,
Mainz, Germany). The standards were dissolved in the SEC
eluent and injected into the branched and debranched SEC
setups to provide universal calibration curves to relate elution
volume V,; with 7. The Mark—Houwink parameters for pull-
ulan in DMSO/LiBr (0.5 wt %) at 80 °C are K = 2.427 x 10*
dL g~ ' and a = 0.6804, while the dn/dc value is 0.0853 mL g '
(Kramer and Kilz, PSS, Mainz, private communication).

Data Processing and Size Distributions from Sec Coupled with
Multiple Detection. The data recorded after the analytical SEC
separations and multiple detection were processed using WinGPC
software (PSS) and further analyzed by additional procedures to
obtain different size distributions.>'” For branched starch, the
results from SEC are presented for sake of clarity in terms of hydro-
dynamic radius (Ry), with V;, = */57R;>. DRI detection provides
the so-called SEC weight distribution w(log V) through eq 1, and
the number distribution N(14,) is derived from the specific viscosity
(1sp), directly obtained from the viscometric detector (eq 2).2

d I;cl( Vh)

1
d log 1)

w(log Vh) = _SDRI(Vel)

_ N ( Vcl) d I;el ( Vh)

N T

(2)

Here Spri(Ve) is the DRI signal, 7, is the specific viscosity
obtained from the viscometric detector, and V'¢(¥},) is the universal
calibration curve giving the dependence of elution volume on
hydrodynamic volume.

Throughout this paper, the (overall) weight-average molecu-
lar weight for the unseparated sample is denoted M,,, while the
average molecular weight in an increment of hydrodynamic
volume is denoted M (¥77},) (and similarly for the radius of
gyration). The size dependences of the weight-average molecu-
lar weight, M,(V%,), and of the root-mean-square weight-aver-
age radius of gyration, R4(V},), are obtained from the MALLS
and the DRI signals, using the differential refractive index (dn/
dc) for the macromolecule in the solvent system at the tempera-
ture of the detector. The value of dn/dc = 0.0544 mL g~ ! for rice
starch in DMSO/LiBr 0.5% w/w at 80 °C (measured by PSS,
Mainz) was employed for the branched rice starch calculations;
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Figure 1. SEC weight [w(log V3,)] and weight-average molecular
weight [M,(7},)] distributions for the rice starch fractions, as functions
of the hydrodynamic radius of these branched samples. Broken vertical
line: upper limit of SEC calibration. F2—F10 denote fractions collected
in the preparative SEC, with average sizes of the full (undebranched)
fractions decreasing from F2 to F10 (Table 1). The thick black line
denoted “rice starch” is the parent (unfractionated) sample.

for the case of debranched linear rice starch molecules, dn/dc
was taken to be 0.0689 mL g~' (measured by PSS, Mainz, for
amylose in the solvent and temperature of this study).

Results

Fractionation of Rice Starch and Size Distributions of the
Branched Fractions. Size fractionation of rice starch was
performed using preparative SEC, as detailed in the Supporting
Information. These size-separated fractions were further char-
acterized using analytical SEC to give the size distributions of
these fractions. If separation were perfect, these would be per-
fectly monodisperse in size, but in actuality one sees distributions
of moderate width, the average of which increases with decreas-
ing elution time for the preparative SEC (band broadening is
worse in preparative SEC than in analytical SEC). M (74,) and
w(log V) for the whole rice starch sample and its fractions are
given in Figure 1. The SEC distributions of the different frac-
tions progress within the envelope of the original distribution of
the parent (unfractionated) rice starch sample. The My (V})
distributions of the consecutive fractions also tend to lower
molecular-weight values with smaller size. For example, frac-
tions F5 and F6 display a well-defined two-peak size distribution
in the analytical SEC runs, corresponding to amylopectin and
amylose.

SEC of extremely large molecules such as amylopectin suffers
both from calibration problems with standards and from shear
scission of the biggest molecules.'® Indeed, the M( V1) distribu-
tions for the amylopectin-rich fractions (F3 and F4) show ano-
malous shapes precisely in the region that is beyond the calibra-
tion range, which can be attributed to the poor separation of
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Table 1. Properties of the Branched Molecules in the Collected
Fractions”

fractionation
volumes (Ve))preP

sample (mL) log(Rp/nm) M, (Da) R, (nm)

rice starch 1.35 2.08 x 10% 222
F1 58.00—62.35 3.34 3.11 % 108 354
F2 62.35—65.25 3.04 4.44 % 10° 538
F3 65.25—69.60 2.82 2.81 x 10 254
F4 69.60—73.95 2.56 3.45x 108 245
F5 73.95—79.75 2.06 5.09 x 108 251
F6 79.75—85.55 1.65 1.58 x 10° 190
F7 85.55—91.35 1.17 6.11 x 10° 91
F8 91.35-97.15 1.10 2.99 x 10°

F9 97.15—104.40 0.89 1.96 x 10°

F10 104.40—113.10 0.67 3.72 % 10°

“ Average macromolecular size log(R 1,); average weight-average mole-
cular weight, M,,; and root-mean-square weight-average radius of
gyration, R.

amylopectin molecules using SEC. These technical limitations of
the SEC fractionation and collection procedure do not affect
inferences that will be made from the experimental data (other
size separation technlques such as flow field-flow fractionation
may reduce shear scission,'>?” but as yet no reliable data for
undegraded native starch using any variant of this technique
have appeared in the literature). The lower size fractions F9 and
F10 probably include some impurities from protelns and lipids
retained in the rice flour (Supporting Informatlon)

The average size and molecular weight values for the
different branched fractions are given in Table 1. The
average hydrodynamic radius of the branched macromole-
cules, log(Ry,), is obtained using an equivalent expression to
the number-average molecular weight for linear polymers,
defined here by eq 3:

JZ w(log Vy) d log Ry
w(log Vh)
J-. log Ry

log(Ry) =
og(Rn) = 4108 & (3)

This average hydrodynamic radius decreases progressively
for the different collected fractions. The M, values decrease
for consecutive fractions, with some deviations for the
amylopectm rich fractlons that is attrlbuted to band broad-
ening. These values, in the range of 10’—10®* and 10°—10° Da
for the amylopectm rich and amylose-rich fractions, respec-
tively, jare in agreement with previous studies for rice
starch.>? The overall radius of gyration R results for the
different fractions follow similar behavior, w1th values ran-
ging between 200 and 550 nm for the amylopectin-rich
fractions. R, values could not be obtained with precision
for the different amylose-rich fractions (F7 to F10) using
MALLS; this could be due to the low concentrations and
sizes of the amylose macromolecules in the sample and to
interference from amylopectin populations present in these
fractions that biased the results to higher (and unrealistic) R,
values (MALLS is sensitive to higher molecular weights and
works best with higher concentrations).

Debranched Chain-Length Distributions. The enzymatically
debranched starch fractions were analyzed using the analytical
SEC setup with multiple detection. Figures 2 and 3 show the
comparative of the branched and debranched distributions for
the whole (unfractionated) rice starch sample and the different
fractions, respectively. The branched and debranched w(log )
and N(1},) distributions for the parent unfractionated rice starch
(Figure 2) show the usual characteristic features. Two clear
peaks at R, ~ 10°> and ~30 nm are observed in the branched
distributions, corresponding to amylopectin and amylose,



7324  Macromolecules, Vol. 43, No. 17, 2010

AP Rice starch

In(N(Vp,))/arb. units
w(logVp)/arb. units

“calibration limit -

100 1000 10000
Rp/nm

Figure 2. Comparison of the SEC weight w(logl},) and number N(V7,)
distributions for the branched (red points) and debranched (black
points) for the parent (unfractionated) rice starch. Broken vertical line:
upper limit of SEC calibration. AM = amylose, AP = amylopectin, br =
branched, de = debranched.

respectively; the debranched distributions show a bimodal peak
for the short amylopectin branches (at R, ~ 1.5 nm) and another
bimodal peak for the amylose branches at R, ~ 20 nm, a
behavior typical of such distributions found in the literature.
Figure 3 gives the N(7},) of branched and debranched distribu-
tions for the collected fractions. The branched and debranched
N(V,) in the amylopectin-rich (largest branched size) fractions
(F1 to F4) are distinctly different, as expected; the smaller frac-
tions F5 and F6 show features of both amylose and amylopectin
populations, and the smallest fractions (F7—F10) show that the
branched and debranched distributions for the amylose chains
are similar.

The debranched size distributions, being for linear chains,
can be expressed in terms of either hydrodynamic volume, or
in terms of (debranched) molecular weight, or in terms of
(debranched) DP. Because of band broadening in the SEC
separation of the debranched samples, this last has to be in
terms of an average (debranched) degree of polymerization,
AZ de- This is obtained using MALLS and DRI detection; thus,
X 4c1s a weight average. A master calibration curve (Supporting
Information) to convert elution volume (V) into X 4. was
obtained using the data from the different fractions. (In practice,
only the amylose-rich fractions provided a sufficient MALLS
signal for this procedure, due to the small molar mass of the
amylopectin linear branches.) The debranched SEC weight
distributions were then obtained from the DRI signal in the
usual way; for linear polymers, w(log X 4.) and N(X 4) are
related by eq 4 (e.g., refs 23 and 24):

w(log X ) = )?deZN(‘\?de) (4)

The resulting distributions are plotted in Figure 4 for the
whole rice starch sample and the preparative fractions. These
fraction distributions together constitute the desired 2D
distribution, plotted in Figure 5. The debranched distribu-
tions display distinct populations corresponding to short
amylopectin (X ge ~ 5—125) and longer amylose (X go ~
400—20000) branches. The debranched distributions have
the features familiar in the starch literature, which for
convenience here are discussed in terms of three regions:
zone AP1 (X 4. ~ 5—30) corresponding to the short (single-
lamella) branches of amylopectin; zone AP2 (X g ~
40—125), corresponding to the slightly longer, lamella-span-
ning, chains of amylopectin; and AM3 (X 4. ~ 400—20 000),
corresponding to the amylose branches. (The amylose de-
branched distribution in this zone may be bi- or trimodal, as
seen in the many literature examples of debranched distribu-
tions of unfractionated amylose.)
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Figure 3. Comparison of the number distributions N(},) for the branched
(red points) and debranched (black points) for the starch fractions, with
average sizes of the full (undebranched) fractions decreasing from F2 to
F10. Broken vertical line: upper limit of SEC calibration.

Interestingly, the amylopectin-type short branch distribu-
tions in regions APl and AP2 can be observed in all the
collected fractions, even for the smaller macromolecular
sizes corresponding to amylose regions. When renormalized
to all have the same maximum in AP1, the quantitative forms
of w(log X 4.), and hence also of N(X 4.), for the amylopectin
debranched zones AP1 and AP2 are essentially the same for
all the collected fractions. This indicates that the branch
chain-length distributions for amylopectin are not influ-
enced by their macromolecular size. On the other hand, the
branch chain-length distribution for the amylose region
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Figure 4. SEC weight [w(log X 4.)] and number [N(X 4)] distributions
for debranched rice starch and the fractions as functions of degree of
polymerization. Three zones in the debranched distributions can be
observed: AP1 and AP2, the short branches of amylopectin, and AM3,
the long branches of amylose.

AM3 exhibits significant variations for the different frac-
tions. For the amylopectin-rich fractions F2—F4, a small
peak appears in the w(log X 4.) distributions at X 4. ~ 1000,
which indicates the presence of medium-sized branches that
do not correspond with the typical short branches for the
amylopectin populations. The implications of this macro-
molecular architecture for understanding the biosynthetic
pathway for rice starch will be discussed in the following
section.

Results for the number- and weight-average debranched
DPs, X gen and X 4. v, are presented in Table 2. As expected
from the shape of the SEC weight distributions, the values of
these quantities for the amylopectin regions AP1 and AP2 do
not systematically vary for the different fractions and areina
similar range to those reported by many authors for various
rice starch varieties (e.g., refs 25—27). On the other hand,
X gen and X 4 for the amylose region AM3 decrease sys-
tematically with decreasing branched macromolecular size.
The values of X 4., and X 4., for the amylose region given
here are slightly higher than those reported using wet chem-
istry and SEC with fluorescent labeling®®?’ and similar to
those obtained by SEC and light scattering.*

Two-Dimensional Size/Branch Chain-Length Distribu-
tions. The two-dimensional size distributions, based on
macromolecular size Ry, as the first dimension and chain-
length distribution of the branches X 4. as the second dimen-
sion, were obtained from the experimental branched and
debranched distributions of the collected fractions from
preparative SEC, using the Renka—Cline random-gridding
method implemented by Origin 7.0 software. The plots of the
2-dimensional SEC weight w(log(R,X 4c)) and number N-
(Rpn,X 40)) distributions are presented in Figures 5a and 5b,
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Figure 5. Two-dimensional experimental distributions for rice starch
based on macromolecular size and branch chain length: (a) SEC weight
distribution w(log(R,X 4c)); (b) number distribution N(Rp,X 4c); the
size axis is labeled Ry, to emphasize that this refers to the fully
branched (whole) molecule. The black points correspond to the experi-
mental data from each collected fraction from preparative SEC. The
blue surfaces correspond to the mathematical distributions after Re-
nka—Cline random gridding. The four features (two “mountains” and
two “foothills”) described in the text are indicated.

respectively. As discussed later, there are four features
(maxima), two “mountains” and two “foothills”, in these
distributions.

Kinetic Analysis of the Chain-Length Distribution of the
Debranched Starch Fractions. As well as the maxima of the
four features seen in Figure 5, information can be obtained
from other details of the distribution. This requires some
model of starch biosynthesis, which is an extremely complex
process involving interconnected phenomena that occur
simultaneously in the plant endosperm. A simplified treat-
ment based on general kinetic principles’' suggests that the
debranched distribution can be plotted as In N(X 4) against
X 4o, When straight-line regions give an indication of the
relative rates of chain growth and chain stoppage. A more
advanced treatment® which takes specific account of the
mechanisms of the enzymes catalyzing branching, debranch-
ing, and propagation (starch branching enzymes, starch
debranching enzymes, and starch synthase, respectively)
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Table 2. Properties of the Debranched Molecules in the Collected Fractions for the Three Regions in the Chain-Length Distributions”

zone AP1 (X go ~ 5—30)

zone AM3 (X 4. ~ 400—20000)

zone AP2 (X 4. ~ 40—125)

Sample 10g(Eh/nm) Yde‘n A7de,w Xde‘n Yd&w X_de.n Yde,w T
parent rice starch 1.35 16 18 76 93 7.2% 10° 1.4 10* 3.0x107*
F1 3.34 16 16 56 65
F2 3.04 14 16 62 87
F3 2.82 15 18 74 91
F4 2.56 16 18 68 88
F5 2.06 15 18 71 92 7.2%10° 1.3 x 10* 28%x 1074
F6 1.65 15 19 74 96 7.5% 103 1.2 x 10* 33x 107
F7 1.17 15 18 75 93 6.7%10° 1.0 x 10* 3.6x107*
F8 1.10 15 19 82 88 5.0x 10° 9.3 x 10° 3.7x 107
F9 0.89 15 19 73 88 3.2x10° 5.7 x 10° 53%x 107
F10 0.67 15 19 78 92 1.4 x 10° 2.5x10° 1.6 x 1073

“ Average size, number-average and weight-average degrees of polymerization X 4., and Yde,w, respectively. The rate ratio 7 for the amylose

component is also shown.

In [N(X_ )/X,_V/arb. units

T T T 1
5000 10000 15000 20000
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Figure 6. Kinetic plots, In(N(X 4¢)/X o), as a function of X 4 for the
debranched distributions for the amylose component. Points: experi-
ment; lines: linear fitting to eq S for the amylose region.

suggests that

dsBE 1 dDBE 5)

N(ch) o< ch exp(— T)Fde); T =
ass

where aspg, dpgg, and asg are respectively the rates of actions
of starch branching enzyme, starch debranching enzyme,
and starch synthase, averaged across all isoforms. This
treatment did not however take account of the fact that
starch branching enzymes only operate on branches of DP
greater than some minimum value, ~7 (e.g., ref 32). Equa-
tion 5 should be quantitatively applicable to amylose chains,
where the branches are sufficiently long that the minimum-
DP effect for branching enzyme is unimportant but is only
semiquantitatively applicable to amylopectin branches. A
treatment to take the minimum-DP effect into account has
recently been developed.* However, this more precise treat-
ment cannot be applied in the present case because the use of
SEC for the branch-length distribution, necessary for tech-
nical reasons, means that the branch-length distribution for
the amylopectin chains suffers significantly from band
broadening,'* which vitiates the accurate application of the
more advanced treatment to the present data.

Being valid for amylose, eq 5 is used here to give a
semiquantitative estimate of the ratio of chain stoppage to
chain growth rates for the branch-length distributions at
different sizes for this component. Equation 5 implies that a
plot of In([N(X 40)]/X ¢e) against X 4. should be linear, with
slope given by the rate ratio 7. The value of T is directly
related to the average chain length (a large T corresponding
to a small X 4.). Figure 6 displays these kinetic plots for the

o &
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Figure 7. Sketch of the macromolecular architectures of the features
found in native rice starch.

rice starch and the corresponding fractions for the amylose
component (AM3); the values for the rate ratio T are
displayed in Table 2 for each sample fraction and zone.
The values of T increase progressively with decreasing
macromolecular size, as do the average DPs. This indicates
different biosynthetic behavior for amylopectin and amylose
architectures.

Discussion

The 2-dimensional experimental studies reveal novel mecha-
nistic information for the distinct macromolecular popula-
tions present in native rice starch. Four distinct features (two
“mountains” and two “foothills”) are seen in the 2-dimensional
structural distribution plots (Figure 5). Feature 1 (a “mountain”)
corresponds to populations with large macromolecular sizes and
short branches (X 4. ~ 5—125): amylopectin molecules. Feature 2
(the other “mountain”) comprises amylose molecules with inter-
mediate macromolecular sizes and larger branches (X 4. ~
400—20000). A smaller “foothill”, feature 3, is composed of
large macromolecular sizes (about the same size as that of the
main peak of amylopectin, R, ~ 10° nm) and medium branch
lengths (X 4. ~ 1000) similar to amylose branches: like amylo-
pectin with long-chain branches. Finally, a small “foothill”,
feature 4, is observed in the region of small macromolecular sizes
(R ~ 10 nm), with branch chain lengths corresponding to
typical short amylopectin branches. This fourth feature could
either be an intermediate component with amylopectin branch-
ing structure but with macromolecular sizes similar to amylose
or an artifact from the fractionation during preparative SEC.
It is significant that these smaller “foothills” (features 3 and 4),
while apparent in the 2D distribution, cannot be distinguished
in the parent 1D distribution (i.e., of the unfractionated starch,
black lines in Figure 1). Sketches of the proposed macromole-
cular architectures of starch molecules in these features are
presented in Figure 7.
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The most important observations in these 2D distributions
come from the main two features: the amylopectin and amylose
“mountains”. It is seen from feature 1, the amylopectin “moun-
tain”, that the debranched chain-length distributions for the short
chains of amylopectin are similar for all the fractions; reflecting
this, the average degrees of polymerization X 4., and X g show
no systematic variation for the different fractions (Table 2). That
is, the experimental 2D distribution function in this region is
separable in X4, and V},. Hence, this part of the 2D distribution
can be expressed (within experimental uncertainty) as the product
of two separate functions: w(log Vy, X4e) = A(Vy,) B(Xge). Could
this apparent separability be an artifact from the shear scission
which, as stated, cannot be avoided for the large amylopectin
whole molecules? While the size-separated fractions suffer some
shear scission in this region, shear scission in SEC predominantly
results in two large fragments, rather than one very large and one
very small."® It would be a remarkable coincidence if this limited
scission were to convert a nonseparable parent distribution into a
separable one: chain scission is limited to a small number of
linkages throughout the whole branched structure and should not
affect the overall branch chain distribution. It is therefore reason-
able to suppose that the parent (unbroken) distribution is also
separable, i.e., that in the amylopectin region, the branch-length
distribution is independent of total molecular size.

The 2D data thus imply that the branching structure of
amylopectin is completely independent of the size of the whole
molecule: the branching architecture of amylopectin is the same
throughout all scales of macromolecular size. This conclusion is
in fact a very reasonable one. The biological function of starch in
starch-accumulating plants, such as the rice used here, is energy
storage for the germinating seed. The “right” energy storage
comes from the crystalline structure of the alternating lamellae,
formed by o-helices between pairs of short branches of amylo-
pectin within a cluster (Figure 7, population feature 1).** The
formation of a crystalline lamella is highly likely only to be
possible within a fairly narrow range of branch distributions
because the branch distributions seen in starch-synthesizing
plants are all semiquantitatively similar (e.g., ref 31). Any muta-
tions in a plant that results in a significantly different branch
distribution would therefore be discriminated against in evolu-
tion and thus would not be seen in native (or cultivated) plants.
The observation of an amylopectin branch distribution that is
independent of whole-molecule size reinforces these inferences:
the biological imperative of a tightly constrained range of branch-
length distributions of short branches, linked within a cluster,
which are able to form crystalline lamellae.

Feature 2, the amylose “mountain”, shows that amylose
macromolecular architectures, in contrast to those of amylopec-
tin, exhibit a systematic variation of branched-chain-length
distributions with total macromolecular size. Reflecting this,
the average branch length X 4. increases (and the rate ratio T
decreases) with increasing hydrodynamic volume (Table 2).
Thus, the mechanism controlling amylose formation must in-
clude a whole-molecule size-dependent term. Amylose biosynth-
esis has often been described as a downstream process from that
of amylopectin and involves a different propagation enzyme
(GBSS, granule-bound starch synthase, rather than, or in addi-
tion to, starch synthase).''*>* The mechanisms that completely
terminate the growth of an entire starch molecule (as distinct
from those that cause a single branch to terminate), and thus
determine total molecular size (74,), are not well understood and
may well be under the control of total size itself (crowdedness)
and/or under diurnal control. However, it is accepted that GBSS
is located in confined regions within the granule matrix.?” Thus, it
is not unreasonable to suppose that the branch termination
process for amylose molecules may be influenced by total
molecular size.
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The presence of long-chain branches in amylopectin-like
architectures (feature 3) has been reported by other authors as
“extra-long” or “super-long” chains.** #° This hybrid compo-
nent could not simply be molecules containing long amylopectin
branches which span three crystalline lamellae: branches span-
ning three lamellae have maxima at DP ~ 70, which is outside
the region where the intermediate foothill is found. The possibi-
lity of elution of amylose-type macromolecules (feature 2) in such
fractions due to band broadening during SEC fractionation can
be discarded because if that were the case, the debranched
distributions would rather exhibit larger branches with X 4. ~
7000, similar to the debranched distributions of fractions F5 and
F6, rather than the smaller observed values of X 4. ~ 1000. The
existence of these long-chain amylopectin-like architectures man-
ifest in feature 3 can be explained from the mechanism of amylose
biosynthesis by GBSS using amylopectin short branches as
primers for elongation'' and has been experimentally demon-
strated by the introduction of a rice Wx gene encoding GBSS into
a waxy rice.*” Recent theory™ also shows that mutations leading
to such intermediates would not be discriminated against by
evolutionary pressure. The appearance of a small peak corre-
sponding to long chain branches of X 4. ~ 1000 for the fractions
with higher macromolecular sizes (F2—F4) can only be ascribed
to the presence of such hybrid macromolecular architectures.

Amylopectin-like short-chain branches are found in the deb-
ranched distributions for all the preparative SEC fractions, prin-
cipally for higher macromolecular sizes, feature 1 (amylopectin),
but also in smaller quantities in the fractions corresponding to
smaller macromolecular sizes (feature 4). Thus amylopectin-like
populations may have a wide range of sizes in rice starch, from Ry,
~ 10 to 3000 nm. There are some hints of this small-amylopectin
effect in literature data, which has been identified as an inter-
mediate component with amylopectin-like branching structure
but with macromolecular sizes similar to amylose.**** In the
Supporting Information, it is shown that this feature is unlikely to
be an experimental artifact. Being able to observe the presence of
small amylopectin molecules in the present system, where there is
also a significant fraction of amylose present, is only possible by
the 2D technique developed here; the small-amylopectin compo-
nent is masked by the amylose component in 1D distributions. If
(as we believe) the observation of significant amounts of small
amylopectin molecules is not an artifact, then it would be
expected also to be apparent in pure amylopectin samples, i.e.,
for a native waxy starch. At present, there seem to be no data in
the literature for size distributions of waxy (100% amylopectin)
native starch obtained under conditions' such there was no
degradation of the starch during the extraction and dissolution
process (although there are data for commercially extracted
starch®® which may have suffered degradation). The implications
of the observation that there are probably very small amylopectin
molecules are not yet apparent; if this observation is indeed found
to be artifact-free, then it needs to be taken into account in
descriptions of starch biosynthesis, for which there are significant
unresolved questions.?>37#4:43

Interpretation of the 2D number distributions is difficult at this
point. It is important to realize that while size and number
distributions are trivially related for linear polymer, eq 4, there
is no such relation for branched polymers: the number and weight
distributions include complementary information. Number dis-
tributions are controlled by the various mechanisms initiating
whole starch molecules, adding monomer units, and completely
terminating the growth of the whole molecule; as stated, this last
mechanism is not known at this point. In the future, data
obtained using the technique given here should shed light on
the nature of this process.

The number distributions of the branched and debranched
fractions (Figure 3) tend to superpose in the amylose region for
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the fractions with smaller macromolecular sizes. This is as
expected. There are relatively few branches in amylose, and thus
smaller amylose molecules contain fewer branches; in the limit of
no branches, which will also be the small-molecule limit, then the
branched and debranched size distributions will trivially be the
same.

Conclusions

This paper reports the first two-dimensional structural dis-
tribution for a branched polymer in which the separation para-
meters are well-defined: the hydrodynamic volume and the
branch length. Such distributions have the potential to reveal
new information about synthesis mechanisms and about struc-
ture—property relations. The 2D distributions were obtained first
using fractionation by preparative size exclusion chromatogra-
phy and subsequent enzymatic debranching of these fractions;
both whole and debranched samples were analyzed using analy-
tical SEC and multiple detection to obtain their size and branch
chain-length distributions. The two-dimensional distributions for
native rice starch obtained here reveal hitherto unreported
structural features of the macromolecular populations present.
These distributions show four distinct features: a “mountain” of
molecules with large size and many small branches, which is
amylopectin; another “mountain” with smaller size and longer
branches, which is amylose; a “foothill” which is best thought of
as a hybrid component of relatively large (amylopectin-like)
molecules but with a significant number of long-chain branches;
and a last “foothill” corresponding to molecules with typical
amylopectin branching structure but with macromolecular sizes
similar to amylose. This observation, if it is artifact-free, rein-
forces other data in the literature, suggesting the presence of an
intermediate starch.

The 2D distribution show that amylopectin molecules have a
branching structure that is independent of macromolecular size. On
the other hand, amylose molecules exhibit a systematic variation in
branching structure with increasing macromolecular size. These
structural differences can be interpreted from, and shed light on,
current understanding of the biosynthetic pathways during starch
biosynthesis. Amylopectin biosynthesis is restricted by evolutionary
pressure to yield a well-defined branching structure for all scales of
macromolecular sizes so as to give an efficient energy storage
molecule for the germinating plant: being able to arrange in the
hierarchical cluster structure independently of overall macromole-
cular size. Mutations in a plant which do not give such a structure
will place the plant at an evolutionary disadvantage and so will not
last a generation or two. Amylose biosynthesis is not restricted by
such constraints, offering a wide range of branching architectures.
Indeed, the branch distribution in amylose is controlled by some
process which this study reveals to depend on molecular size; this is
an area of future investigation. This has significant implications for
nutrition, since starches containing lon,%er chains tend to have
beneficial digestion properties in humans.***’ The 2D distributions
which can be obtained using the method given in the present paper
have the potential to shed light upon the processes controlling these
chain lengths and on the mechanism(s) which terminate overall
growth of the whole molecule.

The methodology developed here can be applied to any
branched biological or synthetic homopolymer which can be
quantitatively debranched.
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