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The elongation of the linear chains of starch is undertaken by starch synthases. class

3 of starch synthase (SS3) has a specific feature: a long N-terminal region containing

starch binding domains (SBDs). In this work, we analyze in vivo the contribution of these

domains to the localization pattern of the enzyme. For this purpose, we divided the

N-terminal region of Arabidopsis SS3 in three domains: D1, D2, and D3 (each of which

contains an SBD and a coiled-coil site). Our analyses indicate that the N-terminal region is

sufficient to determine the same localization pattern observed with the full-length protein.

D2 binds tightly the polypeptide to the polymer and it is necessary the contribution of D1

and D3 to avoid the polypeptide to be trapped in the growing polymer. The localization

pattern of Arabidopsis SS3 appears to be the result of the counterbalanced action of the

different domains present in its N-terminal region.

Keywords: starch, starch binding domain, starch synthase 3, Arabidopsis, starch metabolism

INTRODUCTION

Most plants store any excess energy and carbon produced by photosynthesis in the form of
starch. Starch granules are semicrystalline structures composed of two different α-glucan polymers:
amylose and amylopectin. Both are composed of linear chains of α-1,4-linked glucose units
branched through α-1,6 bonds (Buléon et al., 1998). Amylose, the minor component, has an
amorphous structure and few branches, while the major partner, amylopectin, is moderately
branched and gives rise to the semicrystalline structure of the starch granule (Buléon et al.,
1998). The synthesis of starch requires the concerted action of different activities: the elongation
of the chains of the glucan polymer by starch synthases (SSs, ADP-Glc: α-1,4 glucan α-4-
glucosyltransferases, EC 2.4.1.21), the synthesis of branches by starch branching enzyme (SBE,
α-1,4 glucan branching enzyme, EC 2.4.1.18) and the removal of excess branches (to allow the
crystallization of amylopectin branches grouped in clusters) by starch debranching enzyme (DBE
or Isoamylase, EC 3.2.1.68). All these enzymes have different isoforms. Thus, Arabidopsis contains
six classes of SSs, GBSS (granule-bound starch synthase), SS1, SS2, SS3, SS4, and SS5. In some cases,
such as cereals, maize or rice, there are more than one isoform for each class (Jeon et al., 2010).

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.704161
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.704161&domain=pdf&date_stamp=2021-09-23
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:angel@ibvf.csic.es
https://doi.org/10.3389/fpls.2021.704161
https://www.frontiersin.org/articles/10.3389/fpls.2021.704161/full


Gámez-Arjona and Mérida Starch Binding Domains of AtSS3

GBSS is responsible for the synthesis of amylose (Kuipers et al.,
1994; Denyer et al., 1995; Nakamura et al., 1995), SS4 and SS5 are
involved in the process of initiation of the starch granule (Roldán
et al., 2007; Abt et al., 2020), and the remaining SSs elongate the
different chains of the amylopectin molecule (Szydlowski et al.,
2011).

SS3 was first identified in potato (Edwards et al., 1995; Abel
et al., 1996) and is present in all starch-accumulating organisms
(Ball and Morell, 2003). The suppression of SS3 activity in
Chlamydomonas (Fontaine et al., 1993) and potato (Edwards
et al., 1999) has a major impact on the synthesis of amylopectin,
resulting in a polymer with a modified chain-length distribution
and the reduced synthesis of starch. Arabidopsis mutants lacking
SS3 (AtSS3 mutants) activity showed significant increases in
the frequency of linear chains of amylopectin with a degree
of polymerization >60. Furthermore, the total SS activity is
increased in Atss3 mutants, with plants showing greater starch
content in the leaves during the light period, suggesting that
SS3 has a negative regulatory function on the biosynthesis of
transitory starch in Arabidopsis (Zhang et al., 2005). Our group
has also shown that SS3 can partially substitute the function
of SS4 in the initiation of the starch granule, and therefore
most of the chloroplasts of the ss3-ss4 double mutant are devoid
of starch (Szydlowski et al., 2009). Other authors report that
SS3, together with other enzymes involved in starch metabolism
(SS2, SBE2a and SBE2b), form a multiprotein complex in maize
amyloplasts, indicating that they may modulate each other’s
activities (Hennen-Bierwagen et al., 2009).

SS3 contains different functional domains that enable it to
perform the functions described above. Like other SSs, SS3 is a
GT-B-fold glycosyltransferase, classified within family GT5 in the
CAZy database (Coutinho et al., 2003). The C-terminal region is
homologous to other SSs and contains the catalytic (GT5) and the
glycosyltransferase (GT1) domains. SS3, however, has a long N-
terminal region, exclusive to its class with three Starch Binding
Domains (SBDs) belonging to the family 53 of Carbohydrate
Binding Modules (CBM) (Palopoli et al., 2006) (http://www.cazy.
org). These SBDs have been comprehensively analyzed in vitro
both in Arabidopsis (Valdez et al., 2008; Wayllace et al., 2010)
and the picoalgaeOstreococcus tauri (Barchiesi et al., 2015, 2018).
These studies indicate that they modulate the catalytic activity
of the C-terminal region, and highlight the importance of SBDs
2 and 3 in binding to starch and in the regulation and catalysis
of SS3 (Wayllace et al., 2010). Computational analysis of the N-
terminal region of maize SS3 has identified two coiled-coil (CC)
domains, which typically function to mediate protein-protein
interactions (Rose and Meier, 2004). The two CC domains flank
the central SBD, which Wayllace et al. (2010) indicate to be
the most significant domain with respect to substrate affinity.
These analyses suggest that the N-terminal region of SS3 may
contain regions that undertake protein-protein interactions and
non-catalytic glucan binding (Hennen-Bierwagen et al., 2009).

We have previously shown that AtSS3 surrounds the surface
of the starch granule and, after disrupting the chloroplasts, it
is found in the soluble, stromal fraction; it is not detected in
the membrane or starch fractions (Gámez-Arjona et al., 2014).
The present work shows that the N-terminal region of AtSS3 is

responsible for the localization pattern of the enzyme. This region
contains three predicted CC domains and three SBDs. We show
that the region containing the CC and SBD 1 and 2 are necessary,
and sufficient, for correct localization (AtSS3 localization) to be
achieved. Those containing the CC and SBD 2 and 3, in the
absence of CC1 and SBD1, change the localization pattern, with
the polypeptide appearing tightly bound to the starch granule.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Nicotiana benthamiana plants were grown in soil (in pots) in a
greenhouse under a 16-h light/8-h dark cycle (light intensity 250
µmoles m−2s−1) at 22◦C.

Plasmids Construction
cDNAs required for the transient expression of truncated
versions of AtSS3 in N. benthamiana were cloned using
the Gateway system (ThermoFisher Scientific). The different
fragments were amplified using the oligonucleotides shown in
Supplementary Table 1. The sequenced fragments were cloned
into the pDONR207 plasmid (ThermoFisher Scientific) via BP
clonase reaction and subsequently transferred to pEarleyGate103
(Earley et al., 2006) via a LR clonase reaction to allow the
C-terminus translational fusion of the fragments to GFP. An
overlapping PCR strategy was employed to clone fragments D13,
D23, D2, and D3 and to fuse the AtSS3 chloroplast transit peptide
(CTP) with the sequence of interest.

Transient Expression in N. benthamiana
Corresponding transgene vectors were electroporated into
Agrobacterium tumefaciens strain C58 (Wood et al., 2001).
The agroinfiltration of N. benthamiana leaves was assessed as
previously described (Gámez-Arjona et al., 2014).

Confocal Microscopy
A DM6000 confocal laser-scanning microscope (Leica
Microsystems) equipped with a ×63 oil immersion objective
and a ×20 objective was used to detect the localization of the
GFP fusion proteins. GFP and chlorophyll autofluorescence
imaging was performed by exciting the cells with an argon laser
at 488 nm and detecting fluorescence emissions at 500–525 nm
and 630–690 nm, respectively.

AtSS3 Fragments Localization Analysis by
Immunoblotting
The fragments D123, D12, D2, and D23, cloned into pEarlyGate
103 vector, were transiently expressed in N. benthamiana
leaves by agroinfiltration as described above. Leaf material
(500mg) was harvested 2 days after infiltration at the same
time of the day/night cycle to avoid differences of starch
accumulation between samples analyzed. Samples were disrupted
in liquid nitrogen with a mortar and pestle. Extracts were
resuspended in 500 µl PD buffer (20mM HEPES-KOH, pH
7.6, 80mM NaCl, 1mM MgCl2, and 1mM DTT) supplemented
with 2 µl protease inhibitor cocktail (SIGMA) and filtered
through Miracloth (Merck). The extract was centrifuged at
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FIGURE 1 | Schematic representation of the AtSS3 protein. Numbers at the top indicate amino acid positions. SBD, starch-binding domain; CC, coiled-coils sites;

CTP, chloroplast transit peptide. D1, D2, and D3 are the domains employed in this study.

12,000 × g at 4◦C for 20min over 1ml Percoll 90%
diluted in PD buffer. The pellet (starch granules) was washed
with 500 µl PD buffer supplemented with 0.2% Triton X-
100 and pelleted again by centrifugation at 12,000 × g
at 4◦C for 20min. The pellet was resuspended in 20 µl
preloading buffer (50mM Tris-HCl, pH 6.8, 2% SDS) and
boiled for 10min. Samples were then centrifuged a 12,000
× g at 4◦C for 10min to eliminate debris. Protein in the
supernatant fractions was determined according to the Lowry
method (Lowry et al., 1951) and 2 µg of each sample
were analyzed by SDS-PAGE (Laemmli, 1970) (15% total
acrylamide) in a Mini-Protean Tetra cell (BIO-RAD), transferred
to nitrocellulose membrane by electroblotting in a Trans-Blot
Turbo transfer cell (BIO-RAD) and immunoblotted using anti-
His5 horseradish peroxidase conjugate antibody (QIAGEN) at
1:2,000 dilution. The chemiluminescence was visualized using a
Chemidoc Imaging System (BIO-RAD) running Quantity One
software (BIO-RAD).

RESULTS

The N-Terminal Region of SS3 Determines
the Localization of the Enzyme
AtSS3 has two well-differentiated regions, the C-terminal region,
containing the catalytic and substrate binding sites, and the
N-terminal region, which contains three SBDs (SBD1 from
amino acid 205 to 290, SBD2 from 380 to 476, and SBD3 from
547 to 637, according to TAIR – http://www.arabidopsis.org-
) plus CC domains of imprecise localization. The DeepCoil
tool of the web service for protein bioinformatic analysis
MPI Bioinformatics Toolkit (https://toolkit.tuebingen.mpg.de)
(Zimmermann et al., 2018) was used to predict the position
of these CC. Three were predicted: CC1 from amino acid
161 to 177, CC2 from 301 to 349, and CC3 from 493
to 517. Figure 1 shows the different regions and domains
of AtSS3.

We have previously shown that each Arabidopsis SS displays a
specific pattern of localization in the chloroplast. The localization
of AtSS3 has been indicated as restricted to the region
surrounding the starch granules in the chloroplast (Gámez-
Arjona et al., 2014). Using the same technical approach as
reported in this latter paper, analyses were made to determine
whether the N-terminal region of AtSS3 is sufficient to determine
the localization pattern observed for the full-length protein.

FIGURE 2 | Localization of full-length AtSS3 (A–C) and the N-terminal region

of AtSS3 (D–I) fused to GFP in Nicotiana benthamiana chloroplasts. GFP

column: fluorescence of the GFP marker. Chlorophyll column:

autofluorescence of the chlorophyll. Merge column: merged images of previous

columns. Bottom: structures of the constructs fused to GFP. SS3-GFP:

full-length AtSS3 fused to GFP. D123-GFP, N-terminal region of AtSS3 fused

to GFP. The white arrows indicate the presence of a starch granule.

Figure 2 shows that the N-terminal region of AtSS3 (denoted
D123) displayed the same localization pattern than the complete
protein. Figures 2G–I show magnified images of the localization
of D123-GFP, with the polypeptide surrounding the starch
granule. Starch granules appear as black areas lacking chlorophyll
autofluorescence (Figure 2H).
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Contribution of Each Domain to the
Localization Pattern of AtSS3
To analyze the contribution of the different domains in the AtSS3
N-terminal region to the localization pattern of the full protein,
the region was divided into three domains: D1, containing CC1
and SBD1, D2, containing CC2 and SBD2, and D3, containing
CC3 and SBD3 (see Figure 1). The effect of eliminating one or
two domains on the pattern of localization was then tested.

The removal of D3 did not seem to affect the localization
pattern: the D12-GFP polypeptide displayed the same
localization than D123-GFP (Figures 3A–C). The elimination of
D2, however, modified the localization pattern, with the resulting
D13-GFP polypeptide localizing preferentially in certain patches
without apparent relation to any starch granules (Figures 3D–F).
Finally, the elimination of D1 led to the resulting polypeptide,
D23-GFP, localizing throughout the chloroplast but mainly
in areas coincident with the starch granules (Figures 3G–I).
D1 and D3 alone drove a similar pattern, with the resulting
D1-GFP and D3-GFP polypeptides found all over the chloroplast
(Figures 4A–C,G–I, respectively). D2-GFP showed a similar
localization pattern to D23-GFP, with signals across the entire
chloroplast, but especially concentrated in the regions coincident
with the starch granules (Figures 4D–F).

Presence of the AtSS3 Truncated Versions
in the Starch
The localization pattern of D23-GFP and D2-GFP seemed to
indicate that these polypeptides co-localized with the starch
granules. To determine whether these truncated polypeptides
were bound to the polymer, their presence was sought on purified
starch granules. Purified starch granules from N. benthamiana
leaves agroinfiltrated with the constructs D12-, D123-, D2-, and
D23-GFP were washed to eliminate proteins weakly bound to the
polymer and then boiled to extract any proteins tightly bound to
the polysaccharide. These proteins were analyzed by immunoblot
using anti-His × 5 antibody (pEarleyGate 103 allows the C-
terminus translational fusion of the fragment to GFP and to the
5×His tail). This confirmed D2-GFP and D23-GFP to be tightly
bound to the starch (Figure 5B). A faint band was also observed
in the starch purified fromD12-GFP infiltrated leaves, suggesting
that its binding is weaker than that shown by D2-, and D23-GFP
polypeptides. No signal was detected in the starch purified from
leaves infiltrated with the D123-GFP polypeptide.

DISCUSSION

Most of the proteins involved in the starch metabolism are
found in the soluble fraction of chloroplasts, although they must
interact with the surface of the polymer, where its synthesis
and degradation take place. Some of these proteins interact with
the starch granule through SBDs (non-catalytic CBMs) whereas
others, such as GBSS, require interaction with other polypeptides
that contain a CBM. Indeed, the localization of GBSS in the
starch granule requires an interaction with Protein Targeting
To Starch 1, a polypeptide with a CC domain through which
interacts with GBSS and a SBD domain belonging to the CBM48

FIGURE 3 | Localization of different truncated versions of AtSS3 fused to GFP

in N. benthamiana chloroplasts. D12-GFP: (A–C). D13-GFP: (D–F). D23-GFP:

(G–I). GFP column: fluorescence of the GFP marker. Chlorophyll column:

autofluorescence of the chlorophyll. Merge column: merged images of

previous columns. Bottom: structures of the constructs fused to GFP.

D12-GFP: N-terminal region of AtSS3 without D3 fused to GFP. D13-GFP:

N-terminal region of AtSS3 without D2 fused to GFP. D23-GFP: N-terminal

region of AtSS3 without D1 fused to GFP. The white arrows indicate the

presence of a starch granule.

family required for binding the protein to starch (Seung et al.,
2015). Analysis of the interaction of glucan water dikinase and
α-amylase 3 (both examples of starch metabolism proteins with
SBDs belonging to the CBM45 family) with starch indicates
that they bind with an affinity about two orders of magnitude
lower than that of classical SBDs in microbial extracellular
amylolytic enzymes. This suggests that low-affinity SBDs are a
feature in plastidial starch metabolism, which allows binding to
be reversible and facilitates the regulation of enzyme activities
(Glaring et al., 2011).

SS3 contains three SBDs belonging to the CBM53
family (Palopoli et al., 2006). The functionality of the SBDs
domains of Arabidopsis and Ostreococcus tauri SS3 have been
comprehensively studied in vitro (Palopoli et al., 2006; Valdez
et al., 2008; Wayllace et al., 2010; Barchiesi et al., 2015, 2018)
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FIGURE 4 | Localization of different truncated versions of AtSS3 fused to GFP

in N. benthamiana chloroplasts. D1-GFP: (A–C). D2-GFP: (D–F). D3-GFP:

(G–I). GFP column: fluorescence of the GFP marker. Chlorophyll column:

autofluorescence of the chlorophyll. Merge column: merged images of

previous columns. Bottom: structures of the constructs fused to GFP.

D1-GFP: N-terminal region of AtSS3 without D2 and D3 domains fused to

GFP. D2-GFP: N-terminal region of AtSS3 without D1 and D2 domains fused

to GFP. D2-GFP: N-terminal region of AtSS3 without D1 and D2 domains

fused to GFP. The white arrows indicate the presence of a starch granule.

and the results indicate that the N-terminal region shows an
increased capacity to bind starch depending on the number of
SBDs modules present. Moreover, the region containing SBD2
and 3 appear to makes the greatest contribution to binding
(Valdez et al., 2008). The N-terminal SBDs also seem to have
a regulatory role modulating the catalytic properties of SS3
(Valdez et al., 2008; Wayllace et al., 2010). We have previously
shown that AtSS3 is localized to the area surrounding the
starch granules, and that there is no strong interaction with the
polysaccharide since the polypeptide is not found in the starch
fraction after disrupting the chloroplasts (Gámez-Arjona et al.,
2014). In the present work we show that the N-terminal region
of AtSS3, which contains three SBDs, is sufficient to determine
the same localization pattern shown by the full-length protein
(Figure 1). In agreement with results of Valdez et al. (2008),
SBD2 binds tightly to the starch granule, and the constructs

FIGURE 5 | Localization of different AtSS3 truncated versions in starch of

agroinfiltrated N. benthamiana leaves. The constructs D12-GFP, D123-GFP,

D2-GFP and D23-GFP were transiently expressed in N. benthamiana leaves

by agroinfiltration. Infiltrated leaves were harvested and starch was purified,

washed and boiled to extract proteins localized in the polymer. 2 µg of protein

were electrophoresed in SDS-PAGE and silver stained (A) or immunoblotted

using anti-His5x antibody (B). Asterisks indicate corresponding polypeptides.

M, kDa marker.

D2-GFP and D23-GFP are detected in the purified starch
granules of infiltrated Nicotiana leaves (Figure 5), likely because
the tight binding of these polypeptides to the starch granule
determine that they become trapped and buried in the growing
polymer. The presence of D1 appears to weaken this interaction
with the polymer, allowing the construct D12-GFP to show a
localization pattern similar to that of the complete AtSS3. D1
seems to be more efficient than D3 at weakening the interaction
of D2 with the starch granule (see the different localization
pattern of D12-GFP and D23-GFP in Figure 3), but the presence
of D12-GFP in the purified starch and the absence of D123-GFP
(Figure 5) indicates that D3 is also necessary to prevent excessive
binding. SBDs 1 and 3 seem unable to drive the localization
of the polypeptide to the starch granule (see Figures 3D–F,
4A–C,G–I), supporting the idea that SBD2 is necessary for this
to occur. Nevertheless, each domain contains a SBD and also
a CC site, and it cannot be ruled out that some of the effect
observed for the different construct are the consequence of the
presence or elimination of these CC sites. It has been shown
that SS3 form multiprotein complexes with other proteins of the
starch metabolism in developing maize endosperm, and these
interactions likely take place via the CC sites of the enzyme
(Hennen-Bierwagen et al., 2008). Thus, the weakening effect of
the SBD2-mediated interaction with starch observed for the D1
and D3 modules may be the consequence of interactions with
other proteins exerted through their CC domains.
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In summary, the in planta localization pattern of AtSS3
would appear to be the result of a balance between the different
activities of the domains present in the N-terminal region of
the enzyme.
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