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ABSTRACT: Solid-state cross-polarization magic-angle spinning carbon-13 nuclear magnetic resonance (*C CP/MAS NMR)
spectroscopy is used to analyze starch derived from plants including wheat, maize, and potato, but few reports have described its
application to rice starch. Here, we combined *C CP/MAS NMR with deconvolution and subtraction methods to analyze rice lines
including mutants that are deficient in at least one enzyme involved in amylose and/or amylopectin biosynthesis. We found that
differences in the content of ordered structures between rice lines could be evaluated using C1 signal deconvolution and subtraction.
The content of the V-type ordered structure increased with increasing amylose content. Furthermore, starch derived from a starch
synthase (SS) IIla/starch branching enzyme (BE) IIb-deficient mutant formed B- and V-type ordered structures and significantly
more nonordered structures than the other rice lines. These data indicate that *C CP/MAS NMR analysis is useful for
discriminating the genetic backgrounds of starch derived from different rice cultivars.

H INTRODUCTION lines deficient in these isozymes compared with wild-type
rice.>”

Starch consists of the glucose homopolymers, amylose and
Several studies have investigated molecular changes in starch

amylopectin. Amylose is primarily a linear polysaccharide with L
a-(1—4)-linked p-glucose units, and it accounts for 15—35% of using differential scanning calorimetry (DSC),” X-ray
starch in wild-type rice cultivars. On the other hand, diffraction (XRD),’ near-infrared (NIR),” Fourier transform
amylopectin has an a-(1—4)-linked D-glucose backbone with infrared (FT-IR),® Raman,” 3C CP/MAS nuclear magnetic
~5% a-(1—6)-linked branches that profoundly affect the resonance (NMR),"°™"> and 'H NMR spectroscopy. Among
physicochemical properties of starch. At least four enzymes them, solid-state *C CP/MAS NMR is the most powerful for
participate in starch biosynthesis: ADP-glucose pyrophosphor-
ylase (AGPase'), starch synthase (S?)z, branching enzyme (BE), states of starch structures.

and debranching enzyme (DEB).”" Among ‘Fhes.e enzymes, The present study combined *C CP/MAS NMR with
granule-bound starch synthase I (GBSSI) is involved in
amylose biosynthesis, and the others are involved in
amylopectin biosynthesis. Branching enzyme is the only
enzyme that forms branch points in amylopectin molecules.
Starch synthase elongates amylopectin chains using ADP-

simultaneously analyzing amorphous nonordered and ordered

deconvolution and subtraction methods to confirm the
structure of starch from several rice lines including starch
biosynthetic enzyme-deficient mutants and a wild-type strain.

glucose produced by AGPase as a substrate. Many isozymes of Received: June 28, 2020
these starch biosynthetic enzymes in rice are encoded by Accepted:  July 28, 2020
different genes that are specifically expressed in tissues. High Published: September 14, 2020

levels of GBSSI, SSIla, SSIIla, BEIIb, and ISA1 are expressed in
the rice endosperm. The structure and physicochemical
properties of endosperm starch are quite different in mutant
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B RESULTS AND DISCUSSION

13C CP/MAS NMR Spectra of Starch Biosynthetic
Enzyme-Deficient Mutants and Wild-Type Rice. The
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Figure 1. *C CP/MAS NMR spectrum of japonica rice with signal
assignments.

composition, conformation, crystalline form, and gelatinization
of starch have been analyzed using solid-state NMR spectros-
copy.'”'°™'® Figure 1 shows a typical *C CP/MAS NMR
spectrum of japonica rice (ss2a"/gbss1, Nipponbare) with four
typical signal areas: 91—106 ppm for C1; 78—86 ppm for the
C4 nonordered structure; 66—78 ppm for C2, C3, C4, and CS
of glucose; and 58—66 ppm for C6 of glucose."™'?** Table 1
summarizes the '*C CP/MAS NMR chemical shifts with
revious findings of other crops including maize, potato, and
ea.'"19192% The 13C CP/MAS spectra of the rice lines were
very similar to those of starch prepared from other crops.
Figure 2 shows the 13C CP/MAS spectra of waxy (ssZaL/
gbss1, EM21), japonica (ss2a"/gbss1", Nipponbare), and indica

(WT, IR36) rice cultivars and the SSIIIa-deficient (ss2a"/ss3a/
gbss1®, el) and SSIIla/BEIIb-deficient (ss2a"/ss3a/gbssI"/
be2b, #4019) mutants. Figure S1 shows large differences
among them in terms of layers of stacks. The profiles of the C1
and C6 (Figure S1b,c) regions were unique to each rice line,
which might be useful for rice line comparisons.

Deconvolution Analysis for '>*C CP/MAS NMR Spectra.
The C1 and C6 regions did not overlap other carbon atoms
(Figures 2 and S1) and thus are very informative for structural
analyses of rice starch. More precisely, the peak of each C6
signal was fitted by the SOLA solid line shape program in
TopSpin software. The C6 region in all rice lines could be
deconvoluted into two signals at 62.2 or 62.0 and 60.6 ppm
(Figure 3 and Table S1). The signal intensity at the high field
(60.6 ppm) tended to increase with amylose content. As a V-
type chemical shift at 60.6 ppm has been determined,”’ the
signal at the high field (60.6 ppm) might be assigned to a V-
type ordered structure. On the other hand, the very broad
chemical shift of the nonordered structure C6 signal was
assigned at 61.7 ppm with reference to the C6 signal of
amorphous rice powder (Figure S2), indicating that the signal
positioned at the low field (62.2 ppm) might contain ordered
(A or B) and nonordered structures. Furthermore, the
chemical shift of the SSIITa/BEIIb-deficient mutant positioned
at the low field shifted to the high field (62.0 ppm) compared
with the other rice samples. This shift indicated that the
SSIIIa/BEIIb-deficient mutant contained a more nonordered
structure than the other rice lines. However, C6 is positioned
at a side chain of a glucose chain and it was more mobile than
that in the main chain. Therefore, detailed structural
information was not reflected in the NMR chemical shift.
Indeed, the A- and B-type ordered and nonordered structures
could not be separated. Although these results indicated that
the SSIIIa/BEIIb-deficient mutant is structurally different from
other rice lines, more detailed information could not be
obtained from the C6 region.

Table 1. *C CP/MAS NMR Chemical Shifts and Assignments for C1 and C6 Regions

A type
nonordered

strach structure 1 peak 1 peak 2 peak 3
waxy 102.9 101.5 100.4 99.4
japonica 102.9 101.4 100.3 99.4
indica 102.9 101.5 100.4 99.4
SSIIla-deficient mutant 103.0 101.5 100.4 99.3
SSIIIa/BEIIb-deficient 102.9

mutant
rice, maize 102—105 100.4 99.2 98.2
potato 102—105
maize 102.3 101.5 100.3
potato
maize 102.4 101.5 100.4 99.4
potato 102.1
maize 102.4 101 100 98.7
potato
100.5 99.4 98.8
waxy maze 101.3 100.1 99
maize 102.4 101.2 100.1 99
gelose SO (maize) 102.4, 101.5
gelose 80 (maize) 102.9, 101.7
24593

B type
nonordered
peak 1  peak 2 structure 2 UK® Cé reference
97.7 944 622,607  present
97.4 944 623,607  Study
97.6 944 623,606
97.6 94.4 62.2, 60.6
101.0 99.8 97.4 94.4 62.0, 60.4
94-98 10
100 99.2 94-98
62.8 15
101.4 100.4 62.1
97.5 12
100.9 99.9 98.1
27
100.4 99.4
23
61.9
65.9—60
100.4 99.3 64.8—58.4
100.6 99.6 61.7-58.6
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Figure 2. *C CP/MAS NMR spectra for (a) waxy, (b) japonica, (c) indica, (d) SSIIla-deficient mutant, and (e) SSIIIa/BEIIb-deficient mutant.
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Figure 3. Spectral decomposition of the C6 area in (a) waxy, (b) japonica, (c) indica, (d) SSIIIa-deficient mutant, and (e) SSIITa/BEIIb-deficient
mutant. Blue, experimental data; red, simulated data; and magenta and green, individual components.

Like the C6 signal, those from other carbons did not overlap
the C1 signal, and the glycosidic torsion angle more relatively
reflected an NMR chemical shift.'® Therefore, the C1 region
was more informative than the C6 region about structural
details. Starch has four crystalline states. A-type crystals have

24594

another double helix that fills the channel of the hexagonal
packing”>~** and adopts a twofold packing symmetry that
leads to three inequivalent residues per unit. Therefore, C1 had
three distinct peaks.'” B-type crystals consist of six hexagonally
arranged double helices packed in a hexagonal unit cell with
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Figure 4. Spectral decomposition of the C1 area of (a) waxy, (b) japonica, (c) indica, (d) SSIIIa-deficient mutant, and (e) SSIITa/BEIIb-deficient
mutant. Blue, experimental data; red, simulated data; and magenta, individual components.

Table 2. Components Obtained from NMR Deconvolution
of the C1 Region

ordered
structure
nonordered A type B type UK”
structure (%) (% (% (%) UK*(%)
waxy 29 52 15 4
japonica 36.8 41 19 4
indica 334 46 18 3
SSIIIa-deficient 47 44 18 3
mutant

SSIIla/ BEIIb- 45 28 23 4

deficient mutant

“Unassigned signals.

Table 3. Components Determined by NMR Subtraction of
the C1 Region

ordered structure

apparent nonordered 'V A B
amylose structure e e e UK
content (%) (%) %) %) %) (%)
waxy 0 46 4 42 9
japonica 21.2° 56 7 32 6
indica 25.6™ 52 7 36 4
SSIIla- 30.7%! 47 13 30 8
deficient
mutant
SSIIla/ BEIIb- 45.1%" 69 8 19 4
deficient
mutant
“Unassigned signal.

the P6, space group, and the middle channel contains some
water molecules.”®> Therefore, C1 had two peaks. As C-type
starch is a composite of the A and B types, C1 had two peaks
of mixed A and B types.'” Another type of starch is the V type,
in which a single helical amylose-lipid complex gives rise to one
C1 peak.'® Figures 2 and S1b show the *C CP/MAS NMR
spectrum of the C1 region. The five rice lines considerably
differed. The structure of the SSIIIa/BEIIb-deficient mutant
was obviously changed. To obtain more precise structural
information, each spectrum was deconvoluted using SOLA.
This resulted in six peaks, including the three distinct peaks
(~101.5, ~100.4, and ~99.4 ppm), two broad peaks (~102.9
and ~97.6 ppm), and one unassigned small peak (~94.4 ppm),
except for the SSIIla/BEIIb-deficient mutant (Figure 4). The
two broad peaks were assigned to a nonordered structure
because they were much broader (~400 and ~700 Hz for the
peaks at lower and higher fields, respectively) than those of the
ordered structure (130—220 Hz). The three distinct peaks
(101.5, 100.4, and 99.4 ppm) indicated an A-type structure.
Thus, waxy, japonica, indica, and the SSIIIa-deficient mutant
mainly had A-type ordered structures and the spectra were very
similar to those of regular maize and wheat.'”">'*'¥?° On the
other hand, the SSIIIa/BEIIb-deficient mutant could not fit the
three-peak pattern. Five peaks comprised two peaks (101.0 and
99.8 ppm), two broad peaks (102.9 and 97.4 ppm), and one
unassigned small peak (94.4 ppm). Because the chemical shift
of the two peaks coincided with B-type ordered structures, the
starch of the SSIIIa/BEIIb-deficient mutant formed a B-type
ordered structure. Indeed, X-ray analysis confirmed B-type
ordered structure packing in the SSIIIa/BEIIb-deficient
mutant.*®
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Figure S. Subtraction spectra of (a) waxy, (b) japonica, (c) indica, (d) SSIIIa-deficient mutant, and (e) SSIIIa/BEIIb-deficient mutant.
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Figure 6. Spectral decomposition of the C1 area of subtraction spectra for (a) waxy, (b) japonica, (c) indica, (d) SSIIIa-deficient mutant, and (e)
SSIIIa/BEIIb-deficient mutant. Blue, experimental data; red, simulated data; and magenta, individual components.
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Figure 7. Spectral decomposition of the C6 area of subtraction spectra for (a) waxy, (b) japonica, (c) indica, (d) SSIIIa-deficient mutant, and (e)
SSIIIa/BEIIb-deficient mutant. Blue, experimental data; red, simulated data; and magenta and green, individual components.

Quantitative Analysis of the Ordered Structure Using
Deconvolution before Subtraction. The ordered structure
has been determined from NMR spectra, using deconvolu-
tion,'” the portion of the peak area for C4 resonances relative
to the total area of the spectrum,'” and spectrum subtraction.'®
Each rice sample herein was quantitatively analyzed using
deconvolution and spectrum subtraction.

Deconvolution of the C1 region showed that the amount of
ordered structure in waxy assigned to the A type (peak 2—4)
was the highest (51.9%) and that the amounts of ordered
structures in japonica, indica, and the SSIIIa-deficient mutant
were all ~0%. Conversely, the amount of ordered structure of
the SSIITa/BEIIb-deficient mutant (= assigned B type; peaks 2
and 3) was the lowest (28.1%) among the five rice lines
(Tables 2 and S2). Furthermore, the deconvolution results
indicated that the peak width of the ordered structure of the
SSIIla/BEIIb-deficient mutant (~250 Hz) was broader than
that of the type A (130—220 Hz) for other rice lines. These
findings indicated that the ordered structure of the SSIIIa/
BEIIb-deficient mutant had not only changed but was more
flexible than those of the other rice lines.

Quantitative Analysis of the Ordered Structure Using
Subtraction and Deconvolution after Subtraction. The
subtraction method was applied to the five rice samples as
described by Tan et al.'® The CP/MAS spectra of these rice
lines were subtracted from those of lines with nonordered
structures (for example Figure S2). Amorphous rice powder
was the nonordered reference in the present study. The
difference obtained by subtracting the integral value of the
subtracted spectrum (Figure S2c) from that of the total
spectrum (Figure S2a) indicated the amount of nonordered
components. The amount of nonordered structure increased
with amylose content (Table 3) except in the SSIIIa-deficient

mutant. As the subtracted spectra of rice only had the ordered
structure, the subtracted spectra were deconvoluted (Figure S).
The subtracted spectra in the C1 region had five deconvoluted
peaks for waxy, japonica, indica, and the SSIIla-deficient
mutant and four for the SSIIIa/BEIIb-deficient mutant (Figure
6 and Table S3). The deconvoluted spectra of waxy, japonica,
indica, and the SSIIIa-deficient mutant clearly had three sharp
signals (100.5, 100.4, and 99.4 ppm); thus, the ordered
structure of these rice lines was the A type. On the other hand,
the SSIITa/BEIIb-deficient mutant had two signals (101.0 and
99.8 ppm), indicating a B-type ordered structure. In addition
to the peaks of the A- and B-type ordered structures, two more
peaks (102.7—103.0 and 97.4—98.4 ppm) were identified. The
lowest peak at 103 ppm was assigned to a V-type ordered
structure as described.'® Table 3 summarizes each component.
Because the difference between waxy rice and other rice lines is
the absence or presence of amylose, these data showed that the
content of the V-type ordered structure increased with amylose
content except in the SSIIIa/BEIIb-deficient mutant with a B-
type ordered structure.

The A- and B-type ordered and the nonordered structure
could not be separated to analyze the total C6 signal. The
subtraction spectra indicated that the C6 signal contained only
the crystal structure. The subtracted spectra in the C6 region
were then deconvoluted to signals at 62.2 and 60.4—61.0 ppm
(Figure 7 and Table S4). The content of the V-type structure
in the ordered structure increased with increasing amylose
content.

Structure of Starch for Each Rice Based on *C CP/
MAS NMR Analysis. C1 deconvolution could not separate
the nonordered and V-type structures. On the other hand,
deconvolution after subtracting the C1 and Cé6 signals
simultaneously provided more precise structural information
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amylose contents of rice lines.

24598

about ordered (A, B, and V type) and nonordered structures.
The above data indicated that the signal assigned to the
ordered structure in indica rice, which is thought to have wild-
type starch biosynthetic enzymes, originated from longer
chains within the amylopectin cluster than in japonica rice
(Figure 8). The GBSSI cannot function in waxy rice because
amylose is scant or absent. The '*C CP/MAS spectrum
indicated that the amorphous region decreased and then
crystallinity increased (Figures 4, 4, S, and Table 3).
Furthermore, waxy rice comprises only 4% V-type ordered
structures (Table 3), indicating that this structure might occur
in amylopectin as well as in amylose. The activity of SSIIa,
which extends amylopectin chains, is very low in japonica
rice.”” Therefore, the crystal region comprising double helices
is shorter in japonica than in indica rice (Figures 8 and 9). The
13C CP/MAS spectrum indicated a lower content of the
ordered structure in japonica than in indica rice (Table 3).
Furthermore, the width of the peak that was assigned to the A-
type ordered structure in japonica rice (average of three peaks;
176 Hz) was broader than that of indica rice (average of three
peaks: 168 Hz; Table S2). These data indicated that the A-type
ordered structure of japonica rice is more flexible than that of
indica. On the other hand, GBSSI activity and the amylose
content are lower in japonica than in indica rice (Figures 8 and
9). The total crystallinity was lower in japonica than in indica
rice (Figures 4, 4, S and Table 3). Although amylose content
was higher in the SSIIla-deficient mutant (30.7%) than in
indica rice (25.6%), the content of the nonordered structure
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was slightly lower in the SSIIIa-deficient mutant (47%) than in
indica rice (52%). As the long chains connecting amylopectin
clusters cannot extend in the SSIIIa-deficient mutant (Figure
8), the nonordered structure of amylopectin might have
decreased and crystallinity slightly improved. Furthermore, the
content of the V-type ordered structure of the SSIIIa-deficient
mutant (11%) with a higher amylose content (Figures 8 and 9)
was higher than those of indica and japonica rice (~7%).
Because the BEIIb deficiency reduced the amylopectin
branching structure in the SSIIIa/BEIIb-deficient mutant
(Figure 8) and created spaces between amylopectin chains,
the ordered structure was changed to B and V types.

B CONCLUSIONS

The wide structural variation of rice starch has been confirmed
by solid-state '*C CP/MAS NMR combined with deconvolu-
tion and subtraction methods. The data obtained by the
deconvolution spectra after subtracting amorphous spectra
were consistent with our concept of the structure of the starch
derived from five rice lines (Figure 8). These procedures
simultaneously generated large amounts of information about
the nonordered and A-, B-, and V-type ordered structures of
rice. The content of the V-type ordered structure increased
with increasing amylose content. The starch prepared from the
SSIIla/BEIIb-deficient mutant formed a B-type ordered
structure with a much higher nonordered content than the
other four rice lines. These data indicated that '*C CP/MAS
NMR analysis is useful for analyzing starch from rice strains
with different genetic backgrounds.

B MATERIALS AND METHODS

Materials. This study investigated wild-type mutant rice
cultivars with a wide variation in starch structure. Most indica
rice cultivars are thought to have wild-type biosynthetic
enzymes that largely affect the starch structure. In contrast,
most japonica rice cultivars are leaky () mutants of SSIIa with
a degree of polymerization (DP) from 6—12 to DP13—24 from
amylopectin branch chains and GBSSI, which synthesizes
amylose. The DP13—24 chain contents of amylopectin and
amylose are lower in japonica than in indica rice cultivars.””**
Here, we analyzed typical indica (SS2a/GBSS1, IR36) and
typical japonica (ss2a"/gbss1*, Nipponbare) rice cultivars and
three rice starch biosynthetic enzyme mutants isolated from
japonica rice cultivars. The GBSSI-deficient mutant® (ss2a’/
gbssl, EM21) does not contain amylose and it has an
amylopectin structure that is similar to Nipponbare. The
SSIIla-deficient mutant™ (ss2a"/ss3a/gbss1", e1) has a specific
starch structure, in which the amount of amylopectin long
chains (DP > 33) is decreased and the apparent amylose
content is 10% higher than that of Nipponbare.* Both SSIIIa-
and BEIIb-deficient mutants®' (ss2a/ss3a/gbss1*/be2b,
#4019) have a significantly high apparent amylose content
and significantly fewer amylopectin chains (DP < 14)
compared with Nipponbare.* Figure 9 shows the traits of the
five rice lines as three-dimensional plots based on amylopectin
structure and apparent amylose content. Most rice starches
have the A-type ordered structure, whereas the BEIIb-deficient
mutant has the B-type ordered structure,”” and only the starch
derived from the SSIIIa/BEIIb-deficient mutant has the B-type
ordered structure. Rice flour of NiPponbare was treated using a
shear and heat milling machine®™ (SHMM) to obtain starch
with an amorphous (nonordered) structure.

Sample Preparation for Solid-State 3C CP/MAS NMR.
Rice grains were polished using a PEARLEST grain polisher
(Kett Electric Laboratory, Tokyo, Japan) for 60 s and then
homogenized in a Milser blender (Iwatani Corp., Tokyo,
Japan) for 10 s.

Solid-State '*C CP/MAS NMR Analysis. All *C cross-
polarization and magic-angle spinning (CP/MAS) nuclear
magnetic resonance (NMR) spectra were obtained using an
Avance 600 Wide Bore spectrometer with a double-bearing
CP/MAS probe (BL4DVT) (Bruker, Billerica, MA). Dipolar
decoupling was systematically applied during the acquisition
sequence. The spinning rate was 10 kHz at room temperature
in a 4 mm ZrO, rotor. A satisfactory signal-to-noise ratio was
obtained after 10 000 accumulations. A repetition time of 2 s
appeared to be sufficient, and an optimal contact time was
selected on the order of 1.25 ms after probing a range of 0.75—
2.25 ms. Spectra were referenced using the high-field
resonance of adamantane (29.5 ppm).

The NMR spectra were analyzed using TopSpin 3.6.0
software (Bruker). All spectra were deconvoluted using the
SOLA solid line shape program included in TopSpin software.
The amorphous standard was nonordered rice (see Materials),
and the degree of the ordered structure was determined as
described'® for spectrum subtraction.
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