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The molecular mechanism that initiates the synthesis of starch granules is poorly understood. Here, we discovered two
plastidial proteins involved in granule initiation in Arabidopsis thaliana leaves. Both contain coiled coils and a family-48
carbohydrate binding module (CBM48) and are homologs of the PROTEIN TARGETING TO STARCH (PTST) protein; thus, we
named them PTST2 and PTST3. Chloroplasts in mesophyll cells typically contain five to seven granules, but remarkably, most
chloroplasts in ptst2 mutants contained zero or one large granule. Chloroplasts in ptst3 had a slight reduction in granule
number compared with the wild type, while those of the ptst2 ptst3 double mutant contained even fewer granules than ptst2.
The ptst2 granules were larger but similar in morphology to wild-type granules, but those of the double mutant had an
aberrant morphology. Immunoprecipitation showed that PTST2 interacts with STARCH SYNTHASE4 (SS4), which influences
granule initiation and morphology. Overexpression of PTST2 resulted in chloroplasts containing many small granules, an
effect that was dependent on the presence of SS4. Furthermore, isothermal titration calorimetry revealed that the CBM48
domain of PTST2, which is essential for its function, interacts with long maltooligosaccharides. We propose that PTST2 and
PTST3 are critical during granule initiation, as they bind and deliver suitable maltooligosaccharide primers to SS4.

INTRODUCTION

Starch, one of the most abundant biopolymers on Earth, is pro-
duced by most plants in leaves and storage organs. Starch is
composed of two glucose polymers, amylopectin and amylose,
which are arranged in insoluble, semicrystalline granules. Starch
synthesis in green plants is confined to the plastids, and in Ara-
bidopsis thaliana leaves, a typical chloroplast contains five to
seven starch granules (Crumpton-Taylor et al., 2012). These
granules are synthesized during the day from photoassimilates
and are almost fully degraded during the subsequent night to
provide energy required for metabolism and growth (Stitt and
Zeeman, 2012; Smith, 2012). Despite this critical role of starch in
plant growth and productivity, and our reliance on starch as
a major component of our diet, little is known about the mecha-
nisms that initiate starch granule synthesis, or the factors that
control granule number, shape, and size within plastids. An un-
derstanding of these mechanisms is crucial for ultimately con-
trolling these properties, which is a goal that has significant
industrial interest (Lindeboom et al., 2004).

Previous research on starch granule initiation in Arabidopsis
has focused on the role of STARCH SYNTHASE4 (SS4), one of
five starch synthase (SS) isoforms. These glucosyltransferases
elongate glucan chains using ADP-glucose as a glucosyl donor.
The isoforms SS1, SS2, and SS3 are involved in amylopectin
synthesis,whileGRANULEBOUNDSTARCHSYNTHASE (GBSS)
is involved in amylose synthesis (Streb and Zeeman, 2012; Pfister
and Zeeman, 2016). However, SS4 is proposed to play a unique
role in generatingglucanprimers required to initiate starchgranule
synthesis. This notion is supported by three lines of evidence:
First, while mutants lacking the other SS isoforms have altered
amylopectin structure (Delvallé et al., 2005; Zhang et al., 2005,
2008; Pfister et al., 2014), ss4mutants have only minor alterations
(Roldán et al., 2007). However, chloroplasts of the ss4 mutant
containeitherzero,one,or rarely two largestarchgranules (Roldán
et al., 2007; Szydlowski et al., 2009;Crumpton-Taylor et al., 2013).
Such a severe reduction in granule number has not been reported
formutants lacking the other SS isoforms (Szydlowski et al., 2009;
Seung et al., 2015). Furthermore, the ss4 mutant leaves contain
less starch than thewild type at the end of the day, butmore at the
end of the night. Second, ss4mutants accumulate large amounts
of ADP-glucose (Crumpton-Taylor et al., 2013; Ragel et al., 2013).
This accumulation of the SS substrate is consistent with the idea
that the other SS isoforms have limited activity in the absence of
SS4. SS4 may therefore function upstream of the other SS in the
initiation process. The amount of adenylates sequestered into
ADP-glucose in ss4 exceeds the total adenylate pool in wild-type
plants. This may limit the availability of adenylates for photo-
phosphorylation, resulting in thepaledwarfedphenotype reported
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for ss4 (Ragel et al., 2013). Finally, the ss4phenotype canbepartly
rescued by abolishing the activity of the glucan hydrolase,
a-AMYLASE3 (AMY3) (Seung et al., 2016). Although the amy3
mutant has no obvious difference in granule number per chlo-
roplast compared with the wild type, chloroplasts in the amy3 ss4
doublemutanthavemanymoregranules thanss4andaccumulate
less ADP-glucose. This suggests that glucan primers can be
generated in the absence of SS4, but SS4 is necessary to prevent
their premature degradation. All of these studies are consistent
with the notion that SS4plays an important role in the initial stages
of granule formation. However, it is not known exactly which
features of SS4 make it particularly suited to fulfill this role, or
whether other proteins are required in the process.

Recently, we reported that the PROTEIN TARGETING TO
STARCH (PTST or PTST1) protein plays an essential role in
amylose synthesis, as it is important for the localization of
GBSS on thestarchgranule (Seungetal., 2015). ThePTST1protein
contains coiled coils, typically implicated in protein-protein inter-
actions (Mason and Arndt, 2004), adjacent to a family-48 carbo-
hydratebindingmodule (CBM48)at theCterminus (Lohmeier-Vogel
et al., 2008; Seung et al., 2015). CBM48s are conserved glucan
binding domains found in proteins involved in starch metabolism
in plants, such as the phosphoglucan phosphatases, branching
enzymes, and debranching enzymes (Janeček et al., 2011;
Meekins et al., 2014;Møller et al., 2016), aswell as themammalian
AMP kinase glycogen binding b-subunit (McBride et al., 2009).

In this study, we identified two homologs of PTST1 in the
Arabidopsis genome, which we named PTST2 (At1g27070) and
PTST3 (At5g03420). Both proteins have predicted coiled coils
adjacent to a CBM48 domain. We show that both homologs are
required for proper granule initiation in Arabidopsis chloroplasts.
Interestingly, PTST2 is the Arabidopsis ortholog of FLO6, a CBM48-
containing protein in the rice (Oryza sativa) endosperm that contains
coiled coils (Seung et al., 2015) and influences grain starch content,
granule morphology, and the physicochemical properties of starch
(Peng et al., 2014). The FLO6 protein was proposed to interact with
the rice debranching enzyme ISOAMYLASE1 (ISA1), but the exact
mechanism by which it participates in starch metabolism is un-
known. We propose here that in Arabidopsis leaves, PTST2 and
PTST3 interact with SS4 rather thanwith ISA1 and play a critical role
in granule initiation by delivering suitable glucan primers to SS4.

RESULTS

PTST2 and PTST3 Are Conserved Coiled Coil and CBM48-
Containing Proteins

Wepreviously demonstrated that the CBM48-containing PTST1
protein plays an important role in localizing the amylose-
synthesizing enzyme, GBSS, to the starch granule (Seung et al.,
2015). To find other proteins with a similar function, we used
BLASTp against the Arabidopsis proteome to find proteins with
sequence similarity to PTST1. The top two hits were encoded by
At1g27070 and At5g03420, with E values of 3 3 10213 and 4 3

10212, respectively, and both proteins had not been previously
characterized in Arabidopsis. We then analyzed the sequence for
known features and domains. Both proteins were predicted to

haveachloroplast transit peptide (cTP)using theTargetPprogram
(Emanuelsson et al., 2007). The COILS/PCOILS server (Lupas,
1996) alsopredicted that bothproteins contain coiledcoils, similar
in length to those found in PTST1. Both proteins also contained
CBM48 domains at the C-terminal end, directly adjacent to the
predicted coiled coils. The two proteins therefore had similar
domain arrangements to PTST1, so we named them PTST2 and
PTST3 (Figure 1). PTST2 is encoded at locus At1g27070 and is
theArabidopsis ortholog of the rice FLO6protein, as shownby the
phylogenetic analyses of Peng et al. (2014). Most (83%) of the
Arabidopsis PTST2 sequence could be aligned to the rice FLO6
sequence using BLASTp, over which the proteins shared 38%
identity. PTST3 is encoded at locus At5g03420. No alternative
gene models are predicted for either the PTST2 or PTST3 locus
from full-length cDNAs or RNA-seq data. The amino acid se-
quencesofbothPTST2andPTST3differ fromthatofPTST1 in that
they have long N-terminal extensions with no predicted domains
or motifs (Figure 1A). The N-terminal sequences from PTST2 and
PTST3 show weak similarity with each other, with 25% identity.
To assess the evolutionary relationship between the PTST

proteins, we conducted a phylogenetic analysis, extending on the
previousanalyses forPTST1 (Seunget al., 2015) andFLO6/PTST2
(Peng et al., 2014). Amino acid sequencesof homologs for eachof
the threeArabidopsisPTSTproteinswere retrievedusingBLASTp
against NCBI RefSeq genomes. The C-terminal region of the
sequences containing the coiled coils and the CBM48 domain
werealigned (Supplemental Figure1), andaphylogenetic treewas
constructed using the neighbor-joining method (Figure 1B). The
N-terminal sequences were not included in this analysis as they
aligned poorly between the three isoforms. The tree was rooted
using an outgroup containing the closest prokaryotic sequence to
each PTST, identified using BLASTp. The plant sequences
grouped into three clades with strong bootstrap support, each
representing PTST1-, PTST2-, or PTST3-like sequences. To
further substantiate this grouping, we analyzed the position of
introns for each sequence. We observed a perfect retention of
intronpositionswithin eachcladeandmostly differencesbetween
the three clades (Supplemental Figure 1). However, a conserved
intron was observed between the PTST2 and PTST3 clades in the
highly conserved CBM48 domain. Another intron outside the
CBM48domain coincidedbetween thePTST1andPTST2clades,
but the sequences in this regionwere poorly conserved. Thus, it is
unlikely that these introns have a common origin. These ob-
servations, together with the finding that the PTST2 and PTST3
clades group closer together in the tree thanwith the PTST1 clade
(Figure 1B), suggest that PTST2 and PTST3 share a more recent
common ancestor.
We then assessed the conservation of PTST2 and PTST3

sequences among plant species. No sequence from Physcomitrella
was observed in the PTST2 clade. Also, no sequences from
Amborellaor grasses such asBrachypodium,Sorghum, andSetaria
were found in the PTST3 clade. This suggests that the PTST3 gene
was lost multiple times during plant evolution. However, none of the
land plant genomes assessed had lost both PTST2 and PTST3,
suggesting the necessity of at least one of the two proteins.
To verify experimentally that both PTST2 and PTST3 localize to

theplastid,wecloned the full-lengthcodingsequences intoaplant
expression vector yielding fusion proteins with a C-terminal YFP
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tag. The fusion proteins were transiently expressed in Nicotiana
sylvestris leaves by infiltrating Agrobacterium tumefaciens cul-
tures carrying theexpression vectors, and the resultingYFPsignal
was imaged using confocal laser scanning microscopy. Both
PTST2-YFP and PTST3-YFP localized to the chloroplast of
transformed epidermal cells (Figure 2). Interestingly, the YFP
signal was not homogenously distributed in the chloroplast for
either protein, suggesting that the proteins localize to distinct
regions. Although the pattern did not resemble a starch-granule
localization, which typically appears as discrete flattened bodies
within the chloroplast (Feike et al., 2016; Seung et al., 2015), the
observation that PTST2 and PTST3 proteins have CBM48s
prompted us to investigate whether this subchloroplastic locali-
zation was associated with the presence of starch granules. We
therefore also expressed the proteins in the starchless phos-
phoglucomutase (pgm) mutant of N. sylvestris. However, similar
localization patternswere observed (Figure 2), suggesting that the
subchloroplastic localization is not due to the presence of starch.

Figure 1. PTST2 and PTST3 Are Chloroplast-Localized CBM48-Containing
Proteins with Coiled Coils.

(A)Schematic illustration of domains in the PTST proteins. The chloroplast
transit peptides (TP) and the CBM48 domains are shown in green and
violet, respectively. Coiled coil (CC)-containing regions are shown in blue.
The locations of coiled coils predicted using COILS analysis with a
14-amino acid prediction window are shown with an indication of
probability score (from 0 to 1, where 1 is the highest probability).
(B) Phylogenetic tree of PTST proteins. The tree was constructed using the
neighbor-joiningmethod,andcladescorrespondingtoPTST1-,PTST2-,and
PTST3-likesequencesarehighlighted inpink, yellow,andcyan, respectively.
Branches in red, green, and blue represent sequences from Bryophytes,
Pteridophytes, and monocots, respectively. Bootstrap values greater than
50 are shown above or underneath the branches. The amino acid alignment
used to generate this tree is provided in Supplemental Figure 1.

Figure 2. Localization of Arabidopsis PTST2-YFP and PTST3-YFP.

The fusion proteins were transiently expressed in either wild-type N. syl-
vestris or its starchless pgm mutant. YFP and chlorophyll fluorescence
were imaged using confocal microscopy. All panels are shown at the same
scale. Bar = 5 mm.
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Mutants Lacking PTST2 Initiate Fewer Starch Granules
per Chloroplast

To investigate the role of PTST2 andPTST3 in starchmetabolism,
we obtained Arabidopsis mutants harboring T-DNA insertions in
either of the two loci (Figure 3).Multiple T-DNA insertion lineswere
available (Supplemental Table 1). For further analysis,we selected
three independent lines forPTST2 and two forPTST3. ForPTST2,
we chose ptst2-3 with an insertion in exon 7, ptst2-4 with an in-
sertion in the intron between exons 6 and 7, and ptst2-6 with an
insertion in exon 3 (Figure 3A). Both ptst2-3 and ptst2-4 were
generated in theColumbia (Col) geneticbackground,whileptst2-6
was in the Nossen background. For PTST3, we selected ptst3-1
(Landsberg erecta [Ler] background) and ptst3-5 (Col background),

both with insertions in exon 1. Lines homozygous for the insertion
alleleswere isolatedusingPCR-basedgenotyping (seeSupplemental
Table 2 for primers).
To observe the effect of the insertions on PTST2 and PTST3

expression, we detected the proteins in total protein extracts of
young leaves by immunoblotting. We used antisera raised in
rabbits against either Arabidopsis PTST2 or PTST3 recombinant
proteins, which were expressed in and purified from E. coli. The
expected molecular masses of PTST2 and PTST3, after cleavage
of the predicted transit peptides, are 51.4 and 61.0 kD, re-
spectively. The PTST2 antiserum recognized a band of the ex-
pected size in extracts from leaves of wild-type plants, but not in
extracts from mutants carrying homozygous ptst2 alleles (Figure
3B). However, a faint band of lowermolecularmasswas observed

Figure 3. Starch Granules in Chloroplasts of Arabidopsis Mutants Carrying T-DNA Insertions in PTST2 or PTST3.

(A) Schematic illustration of the exon-intron structure of PTST2 and PTST3 genes. Exons are represented with blue boxes, while the pale-blue boxes
represent the 59 and 39 untranslated regions. The position of the translation start codon (ATG) and the stop codon (TGA) are shown with black arrows. Red
arrowheads represent the position of T-DNA insertions.
(B) Immunoblot detectionofPTST2andPTST3proteins in total protein extracts fromArabidopsis leaves.Panels from top tobottomshow immunoblotswith
antisera raised against Arabidopsis PTST2, PTST3, SS4, and ISA1, respectively. An equal amount of total protein (30 mg) was loaded in each lane. The
leftmost lanes on the PTST2 and PTST3 immunoblot panels were loaded with the respective recombinant (recomb.) protein (0.01 mg), expressed in E. coli,
and purified. Thewild-type controls for the ptst2-6 and ptst3-1mutants are Nossen (No) and Ler, respectively. All other mutants are in the Col background.
The migration of molecular mass markers (in kD) is indicated on the left of each panel.
(C)Observationof starchgranules inchloroplastsofmutantsusing lightmicroscopy. Leaf segmentswereexcised fromyoung leaves (asshown inFigure4B)
at the end of the day and embedded in resin for sectioning. Thin sectionswere stainedwith toluidine blue. Similar starch granule phenotypeswere observed
in at least three independent experiments performed on different batches of plants, and representative images are shown. Bars = 10 mm.
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in ptst2-3 and ptst2-4. It should be noted that the location of
the T-DNA insertion in these alleles is toward the 39-end of the
gene, and the lower band may result from the translation of
aC-terminally truncatedversionof theprotein,missingmostof the
CBM48 domain. Such a band was not observed in the ptst2-6
mutant in the Nossen background, suggesting that it completely
lacks thePTST2 protein. ThePTST3 antiserum recognized a band
in extracts of the wild type that was absent in both ptst3-1 and
ptst3-5 mutant extracts. Interestingly, this band consistently
migrated higher than expected (at ;110 kD). The reason for this
anomalous migration is unknown, but since the recombinant
proteinmigratedsimilarly,wesuggest that theproteinhas inherent
features (e.g., hydrophobic regions that interfere with SDS binding)
that retard migration on SDS-PAGE gels.

We hypothesized that PTST2 and PTST3 could play a similar
role to PTST1, by targeting SS isoforms to their substrates. We
therefore investigated whether the mutants have alterations in
starch content and/or structure. We quantified the starch content
of plants harvested at the end of the day and end of the night and
found onlyminor differences between themutants andwild types;
all ptst2 and ptst3mutants had slight increases in starch content,
relative to the respective wild types, at the end of the night. The
ptst2-6mutant had slightly less starch than the Nossen wild type
at the end of the day (Table 1). There was no altered phenotype
visible in the ptst2 and ptst3 mutants under our conditions. We
then profiled the amylopectin chain length distribution in the ptst2
and ptst3 mutants. Alterations in amylopectin structure might be
expected if the activities of SS1 and SS2 were affected by the
mutations (Delvallé et al., 2005; Zhang et al., 2008). However, no
major changes in chain length distributions were observed in
either mutant compared with the Col-0 wild type (Supplemental
Figure 2A). To investigatewhetherGBSSactivitywas affected,we
quantified the amylose content of starch in the mutants. Small
increases in amylose content relative to the wild type were ob-
served in both the ptst2 and ptst3mutants (Supplemental Figure
2B). However, as these mutants do not fully degrade their starch
during the night (Table 1), this may allow more time for amylose

synthesis to occur within the granule. Higher amylose has pre-
viously been observed in other mutants that do not fully degrade
their starch (Zeeman et al., 2002; Seung et al., 2015). PTST2 and
PTST3 therefore play adifferent role in starch synthesis compared
with PTST1, since ptst1 mutants produce starch that is almost
completely amylose-free.
We then investigated the number of starch granules per chlo-

roplast, which might be altered if the mutations affected SS4
activity. Segments of young leaves were harvested at the end of
day, fixed inglutaraldehyde, andembedded in resin. Thin sections
were briefly stained in toluidineblue to allowvisualization of starch
granules via light microscopy. Chloroplasts of the ptst2 mutants
contained far fewer starch granules than the respective wild-type
chloroplasts, with most chloroplast sections containing only one
large starch granule (Figure 3C). This strong reduction in granule
number was observed in all ptst2 mutants, suggesting that the
residual truncated PTST2 protein potentially present in ptst2-3
andptst2-4 has little or no functional capacity. A similar qualitative
observation of chloroplasts in ptst3 mutants did not reveal an
obvious alteration in granule number. Taken together, these data
suggest that PTST2 strongly influences the number of granules in
each chloroplast but has only minor effects on starch content,
amylopectin structure, and starch composition.
We investigated whether the loss of PTST2 might affect

debranching enzyme (ISA1) function during starch synthesis,
since the orthologous protein in rice, FLO6, was reported to in-
teract with ISA1 (Peng et al., 2014). Arabidopsis isa1 mutants
accumulate a soluble glucan (phytoglycogen) in the chloroplast in
place of much of their starch (Delatte et al., 2005). However,
soluble glucans did not accumulate in either the ptst2 or ptst3
mutants (Supplemental Table 3). It therefore appears unlikely that
PTST2 affects ISA1 function in a significant way during starch
synthesis in Arabidopsis leaves.

The Function of PTST3 in Granule Initiation Is Partially
Redundant with That of PTST2

The reduced granule number per chloroplast observed in all ptst2
mutants suggests thatPTST2 is involved in granule initiation.Given
thatPTST2andPTST3are related,and thatsomespeciesappear to
have lost one or the other isoform (Figure 1B), we investigated
whether there was any redundancy between the two proteins. The
ptst2-3 and ptst3-5mutants were crossed to produce a ptst2 ptst3
double mutant (Figure 4). The double mutant, like the single mu-
tants, didnothaveavisiblegrowthdefect (Figure4A).Uponstaining
the rosettes with an iodine solution, we noted that the ptst2 and
ptst2 ptst3 mutants had alterations in the distribution of starch
within the rosette, where the center of the rosette stained visibly
lighter than thewild type (Figure4B).Thiswas reminiscentof the ss4
mutant phenotype described previously (Crumpton-Taylor et al.,
2013) and reproduced here (Figure 4B).
Starch quantification again showed that both the ptst2 and

ptst3 single mutants retained more starch at the end of the night
than the wild type (Tables 1 and 2). However, this effect was
exacerbated in the ptst2 ptst3 doublemutant (Table 2), which had
an end-of-night starch content that was significantly higher than
that of ptst2 and comparable to that of the ss4mutant. Given this
similarity to ss4, we measured starch over a 24-h day-night cycle

Table 1. Starch Content of ptst2 and ptst3 Mutants

Starch Content (mg/g FW)

Ecotype Genotype ED EN

ptst2 mutants
Col-0 Wild type 9.5 6 0.2 0.5 6 0.1

ptst2-3 10.1 6 0.7 1.4 6 0.1 *
ptst2-4 9.9 6 0.3 1.5 6 0.1 *

No-0 Wild type 9.9 6 0.4 0.5 6 0.0
ptst2-6 7.9 6 0.4 * 1.0 6 0.1 *

ptst3 mutants
Ler Wild type 10.2 6 0.2 0.8 6 0.1

ptst3-1 10.7 6 0.3 1.5 6 0.1 *

Col-0 ptst3-5 10.3 6 0.6 1.0 6 0.1 *

Values for starch content at end of day (ED) and end of night (EN) time
points are the mean6 SE from n = 6 individual plants. Values marked with
an asterisk are significantly different from the corresponding wild type
under a two-tailed t test at P < 0.05. FW, fresh weight.
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(Figure 4C). Thepatternof starch turnover in theptst2ptst3double
mutant closely resembled that of ss4, with a reduced starch
synthesis rate during the day and a reduced degradation rate
during the night. This was also observed, although to a lesser
extent, in the ptst2 and ptst3 single mutants.

To visualize the starch granules in chloroplasts, we harvested
a young leaf (examples shown in Figure 4B) from the single and
double mutants and prepared them for observation via light mi-
croscopy. The double mutant appeared to contain even fewer
starch granules than the ptst2 single mutant (Figure 5A). To
quantify the number of granules in the chloroplasts of these
mutants, we counted the number of granule sections in a total of
540 chloroplasts from three individual plants for each genotype.
The number of granule sections is indicative of the actual number
of granules, since the presence of more granules increases the
likelihood of sectioning through one. However, it should be noted
that it is not the actual number of granules, as such information
cannot be obtained from two-dimensional sections. Wild-type
chloroplasts had a median number of three granule sections per
chloroplast and a broad frequency distribution (Figure 5B). In-
terestingly, although the ptst3 mutant had multiple granules per
chloroplast (Figure 3C), the frequency distribution was shifted

toward lower numbers compared with that of the wild type, with
a median of two granule sections per chloroplast. This suggests
that the ptst3 mutant does in fact have a reduction in granule
number that was not immediately obvious from qualitative as-
sessments. Most chloroplasts of the ptst2mutant contained zero
or one granule section. However, in ptst2 ptst3, the frequency of
chloroplastscontainingnogranulesectionswasmuchhigher than
in the ptst2 single mutant. The ss4 mutant contained the fewest
granules overall, with no granule sections observed in more than
75% of the chloroplasts assessed.
In the light micrographs, the shape of the starch granules in the

double mutant appearedmore rounded than those in the wild type
and single mutants, which had the typical flattened morphology of
leaf starch (Figure 5A). We therefore purified starch granules from
themutantsandassessedtheirmorphology indetailusingscanning
electronmicroscopy.Asexpected, thegranulesweremuch larger in
the ptst2 mutant than in the wild type, but they had the same
flattened shape (Figure 6). The ptst3 mutant granules also had
a similar morphology to wild-type granules but were slightly larger.
Granules in the ptst2 ptst3 double mutant were similar in size to
ptst2 granules but appeared more rounded. However, the ptst2
ptst3granuleswere not as roundedas ss4granules. Thus, theptst2
ptst3 double mutant has granule numbers and morphology more
like the ss4 mutant than the wild type.
The reduction in granule number in SS4 was accompanied by

an accumulation of ADP-glucose (Crumpton-Taylor et al., 2013;
Ragel et al., 2013). We therefore quantified ADP-glucose in our
ptst2 and ptst3mutants (Figure 7). We detected wild-type levels of
ADP-glucose in the ptst3mutant, which was expected, as granule
numbers were only slightly altered inptst3. However, ADP-glucose
level in the ptst2mutant was almost 30-fold higher than in the wild
type. Theptst2 ptst3mutant accumulated evenmoreADP-glucose
(twice that of ptst2), which is consistent with the fewer granules
detected in the double mutant (Figure 5B). In ptst2 and ptst2
ptst3, the ADP-glucose level was 34 and 78%, respectively, of
that measured in the ss4 mutant.
We verified that these changes in granule number, granule

morphology, and ADP-glucose content in the ptst2 ptst3 mutant
were not due to alterations in SS4 abundance. Immunoblots
showed no difference in SS4 levels between the double mutant
and the wild type (Supplemental Figure 3). Taken together, our

Figure 4. Phenotype of the ptst2 ptst3 Double Mutant.

The ptst2-3 and ptst3-5 alleles were used for all experiments in this figure.
(A) Photographs showing the appearance of ptst2, ptst3 and double
mutant rosettes, compared with ss4 rosettes.
(B) Iodine staining of starch in rosettes harvested at the end of day. The
lighter-stainingareasat thecenterofptst2,ptst2ptst3, and ss4 rosettesare
indicated with red arrows. The blue arrows indicate examples of young
leaves taken for light microscopy analysis.
(C) Starch turnover over a 12-h-day/12-h-night cycle. Entire rosettes were
harvested at the indicated time points and starch content was determined.
Each value represents the mean 6SE of measurements made on n = 4 to
6 rosettes. All data were collected within a single experiment. For clarity,
data from the singlemutants are presented on the left panel, and data from
the doublemutant and ss4 are presented on the right panel. The samedata
from the wild type are shown in both panels.

Table 2. Starch Content of the ptst2 ptst3 Double Mutant

Starch Content (mg/g FW)

Ecotype Genotype ED EN

Col-0 Wild type 8.3 6 0.3 0.5 6 0.1
ptst2 9.0 6 0.3 1.2 6 0.2 *
ptst3 9.1 6 0.2 * 1.0 6 0.0 *
ptst2 ptst3 8.3 6 0.1 1.6 6 0.1 *
ss4 6.5 6 0.3 * 1.6 6 0.1 *
isa1 isa2 4.2 6 0.1 * 0.0 6 0.0 *

Values for starch content at end of day (ED) and end of night (EN) time
points are the mean6 SE from n = 6 individual plants. Values marked with
an asterisk are significantly different from the wild type under a two-tailed
t test at P < 0.05. Mutants carrying the ptst2-3 and/or ptst3-5 alleles were
used in this experiment. FW, fresh weight.
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data provide strong evidence that PTST2 plays an important role
in granule initiation. PTST3 appears to be less important than
PTST2, as the ptst3 single mutant had only a subtle reduction
in granule number. However, PTST3 may partially compensate
for the loss of PTST2, as the double mutant is much more
impaired in its ability to initiate starch granule formation than the
ptst2 single mutant.

These phenotypic analyses further suggest that PTST2 or
PTST3 are unlikely to affect ISA1 function in Arabidopsis leaves,
contrasting to what was reported for the FLO6 protein in the rice
endosperm. Furthermore, no change in ISA1 abundance was
detected in either of our single mutants or the double mutant
(Supplemental Figure 3), and no soluble glucans were detected
(Supplemental Table 3).

PTST2 Interacts with SS4

Given the importance of PTST2 in granule initiation, we sought to
understand the mechanism by which it acts and explain the ob-
served similarities between the ptst2 and ss4 phenotypes. Given
that PTST2 has both coiled coils and a CBM48 domain, we hy-
pothesized that PTST2 may interact with SS4 and help it come
into contact with suitable glucan substrates, thereby facilitating

granule initiation. We therefore designed a series of experiments
to test for interaction between PTST2 and SS4 (Figure 8). First,
we created transgenic Arabidopsis lines overexpressing either
PTST2 or PTST3 via the constitutive CaMV 35S promoter, with
both proteins tagged with YFP at the C terminus. Proteins were
extracted from leaves of the transgenic lines harvested during
the middle of the day, and the fusion proteins were purified by
immunoprecipitation using beads that specifically bind the
YFP tag. Immunoblotting the immunoprecipitate (IP) fraction
with antiserum specific for YFP showed that both fusion
proteins could be effectively recovered (Figure 8A). Using the
SS4 antiserum, we could detect SS4 in the IPwith PTST2-YFP.
This suggests that PTST2 and SS4 interact in Arabidopsis
leaves. A smaller amount of the SS4 protein copurified with
PTST3-YFP. However, we did not detect any ISA1 protein in
the IP with PTST2-YFP or PTST3-YFP. Interestingly, immu-
noblotting with PTST2 and PTST3 antibodies showed a sub-
stantial amount of endogenous untagged PTST3 in the IP with
PTST2-YFP and endogenous untagged PTST2 in the IP with
PTST3-YFP. This suggests that PTST2 and PTST3 can also
interact with each other.
We then generated stable Arabidopsis lines expressing RFP-

tagged SS4 under the control of the constitutive UBIQUITIN10

Figure 5. Number of Starch Granules per Chloroplast in the ptst2 and ptst3 Single and Double Mutants.

The ptst2-3 and ptst3-5 alleles were used for all experiments in this figure.
(A)Starchgranules inchloroplastsobservedwith lightmicroscopy in leafsectionsstainedwithtoluidineblue.Leaveswereharvestedattheendoftheday.Similar
phenotypes were observed in three independent experiments performed on different batches of plants. Representative images are shown. Bars = 10 mm.
(B)Quantificationofgranule sectionswithinchloroplasts.Lightmicrographswereacquiredas in (A), and thenumberofstarchgranulesobservedwithineach
chloroplast sectionwas counted. Histograms show the frequency of chloroplasts containing a given number of granule sections relative to the total number
of chloroplasts analyzed (n = 540 for each genotype). Equal numbers of chloroplasts were analyzed in leaves from three different plants for each genotype.
Arrows indicate the bin containing the median value.
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promoter (Grefen et al., 2010) and conducted the reciprocal im-
munoprecipitation with beads that specifically bind RFP. PTST2
was detected in the IP fraction with the SS4-RFP protein, con-
firming the interaction between the two proteins (Figure 8B). No
PTST3 was detected in the IP fraction. The amount of SS4-RFP
fusion protein in these lines was lower than the level of endoge-
nous SS4 protein. Interestingly, however, a substantial amount of
endogenous, untagged SS4 protein copurified with the SS4-RFP
protein in the IP. This is consistent with the recently published
evidence that SS4 forms dimers (Raynaud et al., 2016).

To further test these interactions,weusedan immunoprecipitation-
based assay using epitope-tagged proteins expressed inNicotiana
benthamiana leaves. For unknown reasons, neither the full-length
SS4-HAproteinnor theSS4-RFPproteincouldbereliablyexpressed
inN.benthamiana leaves.This isnotunexpectedconsideringthatwe
achievedonlymodest expressionof the full-lengthSS4-RFPprotein
in Arabidopsis. However, a truncated version of SS4 lacking the
coiled coils at the N terminus (SS4 ΔCC-HA) showed robust
expression in N. benthamiana leaves. This protein was then
coexpressed with either PTST1-YFP, PTST2-YFP, or PTST3-YFP.
Immunoprecipitations were then performed with beads that spe-
cifically bind the YFP tag. This effectively recovered the tagged
PTSTproteins (Figure8C). TheSS4ΔCC-HAproteinonlycopurified
withPTST2-YFP.We thencoexpressed tandemaffinity purification
(TAP)-tagged PTST proteins with GBSS-CFP and conducted im-
munoprecipitations using beads conjugated to myc antibodies,
which bind the c-myc epitopes in the TAP tag. The GBSS-CFP
was only detected in the IP with PTST1-TAP (Figure 8D). These
data suggest that both PTST1 and PTST2 specifically interact with
their respective SS partners. Interestingly, it also appears that the

N-terminal coiledcoils ofSS4arenot required for its interactionwith
PTST2.
We also tested the interaction between the Arabidopsis PTST2

and PTST3 proteins in N. benthamiana leaves. We coexpressed
PTST2-HA with PTST3-YFP and conducted an immunoprecipi-
tation with beads that specifically bind YFP. A substantial amount

Figure 7. ADP-Glucose Accumulation in ptst2 and ptst2 ptst3 Mutants.

Entire rosettes of 4-week-old plants were harvested at the end of the day
and metabolites were extracted with the chloroform/methanol procedure.
ADP-glucose was quantified using UHPLC-MS/MS. Values represent
mean 6SE of n = 4 rosettes.

Figure 6. Starch Granule Morphology in the ptst2 and ptst3 Single and Double Mutants.

Granules were purified from entire 4-week-old rosettes harvested at the end of the day (;60 rosettes per genotype) and observed using scanning electron
microscopy. The same sample prepared from each genotype was imaged at three different magnifications, 20003 (upper panels, bars = 5 mm), 50003
(middle panels, bars = 2 mm), and 15,0003 (lower panels, bars = 1 mm).
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of PTST2-HA copurified together with PTST3-YFP, confirming
that the two proteins interact (Figure 8E).

Overexpression of PTST2 Increases Granule Number
per Chloroplast

Since PTST2 could interact with SS4, and the absence of either
protein strongly reduced the frequency of granule initiations, we
further investigated the effect of PTST2 overexpression on starch
metabolism using the stably transformed 35Spro:PTST2-YFP
Arabidopsis lines (Figure 9). The starch content of the over-
expression lines was not different from that of the wild type at the
endof theday,but theycontainedslightlymorestarchat theendof
night (Table 3). However, chloroplasts of the overexpression lines
contained many more granules than wild-type chloroplasts, and
these granules were small and rounded (Figure 9A). Immuno-
blotting showed that the PTST2-YFP protein was expressed to

much greater levels than the endogenous, untagged PTST2
protein (Figure 9B). Neither PTST3 nor SS4 protein abundance
was affected by PTST2 overexpression (Figure 9B).
To investigate the role of SS4 in initiating the large number of

granules observed in the PTST2-YFP overexpression lines,
we also overexpressed this fusion protein to a comparable
level in the ss4 mutant background (Figure 9D). Chloroplasts
in these lines did not contain many small granules and were
most similar in appearance to chloroplasts of the untransformed
ss4 mutant (Figure 9C). Nevertheless, there was a measur-
able impact of PTST2 overexpression in the ss4 background.
Chloroplasts sections containing no granules were more
frequent in the ss4/35Spro:PTST2-YFP lines (89 to 95%of total
chloroplasts observed) than in the ss4 mutant (66% of total
chloroplasts observed) (Supplemental Figure 4). PTST2
overexpression therefore repressed granule initiation in the
ss4 mutant background rather than stimulating it. Thus, we

Figure 8. Immunoprecipitation Experiments for Interaction Partners of PTST2 and PTST3.

The antibodies (Ab) used for detection and the migration of molecular mass markers (in kD) are indicated on the left of all immunoblot panels.
(A) Immunoprecipitation of PTST2-YFP and PTST3-YFP expressed in Arabidopsis. Proteins extracted from leaf tissue (Input) were incubated with beads
conjugated to YFP antibodies. The bound proteins were eluted (anti-YFP IP), and proteins in the input and IP fractions were detected by immunoblotting.
(B) Immunoprecipitation of SS4-RFP expressed in Arabidopsis. The experiment was conducted as for (A), except that anti-RFP beads were used. SS4,
PTST2, and PTST3 proteins in the input and IP fractions were detected by immunoblotting.
(C) Immunoprecipitation of YFP-tagged PTST proteins coexpressed in N. benthamiana leaves with HA-tagged SS4 protein. A truncated version of SS4
lacking theN-terminal coiledcoils (SS4ΔCC)wasused. Immunoprecipitationwasconductedas for (A). Epitope-taggedproteins in the Input and IP fractions
were detected using immunoblotting.
(D) Immunoprecipitation of PTST proteins tagged with TAP-tags, coexpressed inN. benthamiana leaves with CFP-tagged GBSS protein. The experiment
was conducted as described for (C), except using anti-myc beads, which bind the c-myc epitopes in the TAP tag.
(E) Immunoprecipitation of YFP-tagged PTST3 coexpressed inN. benthamiana leaves with HA-tagged PTST2 protein. The experiment was conducted as
described for (A). Epitope-tagged proteins in the input and IP fractions were detected using anti-YFP (upper panels) and anti-HA (lower panels).
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Figure 9. Effect of PTST2 Overexpression on Starch Granule Numbers.

(A)Starch granules in chloroplasts of transgenic Arabidopsis lines overexpressing PTST2-YFP under the control of the 35S promoter. Leaves harvested at
the endof thedaywere sectionedandstainedwith toluidineblueprior to observation by lightmicroscopy. Similar starchgranule phenotypeswereobserved
in at least three independent experiments performed on different batches of plants (either on plants from the T2 or T3 generation). Representative images
from T3 homozygous plants are shown. Bars = 10 mm.
(B) Immunoblots showing the levelof transgeneexpression.Theantibodies (Ab)used fordetectionand themigrationpositionsofmolecularmassmarkers (in
kD) are indicated on the left of each panel. An equal amount of total proteinwas loaded in each lane: 10 mg for anti-YFP and anti-PTST2 blots; 20 mg for anti-
PTST3 and anti-SS4 blots.
(C) Starch granules in chloroplasts of transgenic Arabidopsis lines expressing PTST2-YFP under the control of the 35S promoter, as in (A), but in the ss4
mutant background. Similar starch granule phenotypes were observed in a second, independent experiment performed on a different batch of plants.
Representative images are shown. The line in the wild-type background is from the T3 generation and homozygous for the insertion. The lines in the ss4
background are from the T2 generation (either homo- or heterozygous for the insertion). Bars = 10 mm.
(D) Immunoblot with anti-YFP showing the levels of transgene expression in ss4/35Spro:PTST2-YFP lines. Protein extracts were produced from the same
plants analyzed in (C). Equal fresh weight (equivalent to 1.8 mg) was loaded per lane.
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conclude that PTST2 stimulates the formation of granules
in wild-type chloroplasts in a manner that depends on the
presence of SS4.

PTST2 Interacts with Glucans Able to Adopt a Helical
Secondary Structure

Since PTST1 can bind to starch through its CBM48 domain
(Lohmeier-Vogel et al., 2008; Seung et al., 2015), we investigated
the importance of the CBM48 domain on PTST2 function (Figure
10). First, we tested whether PTST2 could interact with starch.
Recombinant proteins were coincubated with maize (Zea mays)
starch granules, and the starch was subsequently pelleted. After
washing thepellet, the boundproteinswere eluted from the starch
using a medium containing SDS. In this assay, PTST2 bound
strongly to starch and was mostly detected in the pellet fraction
(Figure 10A). The protein remained almost completely soluble in
the absence of starch. We then tested whether the starch binding
was mediated by the CBM48 domain. We found that Trp-475
and Trp-510 residues of PTST2 aligned to the known glucan
binding tryptophan residues in the CBM48 of the mammalian
AMP-kinase b-subunit (Trp-100 and Trp-133) (McBride et al.,
2009) (Supplemental Figure 5). We therefore substituted these
tryptophanswith alanine residues, creating the23W→Avariant of
the protein. These mutations completely disrupted the binding of
PTST2 to starch, suggesting that the CBM48 domain is essential
for its interaction with glucans.

We then investigated whether a functional CBM48 domain is
important for PTST2 function in planta. We overexpressed
the non-glucan-binding 23W→A variant of PTST2 in Arabidopsis
plants to assess whether it could stimulate granule initiation,
as observed for the wild-type PTST2. One of the 35Spro:
PTST223W→A-YFP lines (#2-2) had lower levels of protein ex-
pression compared with the 35Spro:PTST2-YFP overexpression
linesanalyzedabove,while theother line (#4-6) hadcomparableor
slightly higher expression (Figure 10B). The overexpression of the
23W→A variant did not result in the production of more granules
(Figure 10C). In fact, the lines overexpressing themutated form
had fewer granules than untransformed wild-type plants.
Quantification of the granules in the light micrographs showed
that both 35Spro:PTST2

23W→A-YFP lines had a frequency distri-
bution of chloroplasts that was shifted toward lower granule
numbers compared with the wild type. This effect was most
pronounced in line #4-6, which strongly overexpressed the

mutated form of the protein (Figure 10D). These data suggest that
the mutated form of PTST2 has a dominant-negative effect,
whereby the non-glucan-binding form of PTST2 competes with
the endogenous wild-type form, presumably for SS4 binding.
Indeed, we confirmed that the 23W→A variant could still interact
with SS4 in vivo (Supplemental Figure 6). The CBM48 domain is
therefore necessary for PTST2 function.
Given our evidence that PTST2 is involved in granule initiation,

we reasoned that mature starch granules may not be its in vivo
substrate, as its primary function would presumably precede the
formation of a starch granule. Additionally, the proteins did not
localize to the starch granules (Figure 2). Therefore, we in-
vestigated whether PTST2 could also bind to soluble maltooli-
gosaccharides (MOS), as these could act as primers for starch
granule synthesis. For this analysis, we used isothermal titration
calorimetry (ITC), which measures heat exchanged as the titrated
ligand (in this case, the sugar) interactswith the receptor (here, the
PTST2 protein) (Figure 11). First, we titrated the candidate ligand
maltoheptaose (Glc7) into the recombinant PTST2 protein solu-
tion. However, the heat variations collected after each injection
were not consistent with an interaction (Figure 11A). We tested
different [ligand]/[receptor] ratios with different protein concen-
trations (4 and 7.5 mM) and maltoheptaose concentrations
(120 and 200 mM), but in no case was binding detected.We then
tested b-cyclodextrin (Glc7), which also has seven glucose units,
but in a cyclic configuration. While the cyclodextrin does not occur
naturally inArabidopsisplants, it canmimic thehelical conformation
of longer MOS and of the starch polymers, amylose and amylo-
pectin. Injections ofb-cyclodextrin produced significant integrated
heat variations that were consistent with its binding to PTST2. We
confirmed that these heat variations were a result of sugar-protein
interaction bymeasuring the heat valuesofb-cyclodextrin injection
without PTST2 protein present, which showed no significant heat
variations (Supplemental Figure 7A). The Kd for the binding of
b-cyclodextrin to PTST2 ranged from 1 to 3.3 mM.
To investigate whether the specificity for b-cyclodextrin was

determined by the CBM48 domain of PTST2, we repeated the
analysis above with a truncated form of the PTST2 protein con-
taining the CBM48 domain alone. Like the full-length protein, no
binding was detected upon maltoheptaose injections (Figure
11B).However, theCBM48domain interactedwithb-cyclodextrin
with a Kd range between 1.7 and 4 mM, similar to what was
measured for the full-length PTST2 protein. Furthermore, we
performed a complementary experiment in which we injected
b-cyclodextrin intoanequimolarmixofPTST2andmaltoheptaose
(Supplemental Figure 7B). Similar heat variations were detected
with or without maltoheptaose in the sample cell. This confirms
that maltoheptaose does not occupy the binding sites, as it does
not interfere with the interaction between the CBM48 and the
cyclodextrin.
The interaction with b-cyclodextrin suggests that PTST2 se-

lectively recognizes the helical conformation of MOS. Malto-
heptaose is too short to stably form such conformations by itself,
as its length would only allow a single helical turn with limited
stabilization by intramolecular interactions parallel to the helical
axis (Goldsmith et al., 1982). We therefore tested the longest
commercially available maltooligosaccharide, maltodecaose,
which has 10 glucose units and is long enough to form helical

Table 3. Starch Content of PTST2 Overexpression Lines

Starch Content (mg/g FW)

Construct Line ED EN

– Wild type 5.76 6 0.26 0.31 6 0.05
35Spro:PTST2-YFP #3-8 6.07 6 0.13 0.48 6 0.03 *

#5-5 6.06 6 0.34 0.59 6 0.05 *

Values for starch content at end of day (ED) and end of night (EN) time points
are the mean6 SE from n = 5 individual plants. Analyses were conducted on
plants homozygous for the transgene from the T3 generation. Values marked
with an asterisk are significantly different from the corresponding wild type
under a two-tailed t test at P < 0.05. FW, fresh weight.
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structures by itself (Gidley and Bulpin, 1987). Unlike for malto-
heptaose, we observed significant integrated heat variations with
each injection ofmaltodecaose, consistent with binding to PTST2
(Figure 11C). The Kd (between 1.5 and 4.7 mM) was in a similar
range to that determined for b-cyclodextrin. No significant

variations were observed in the control, showing the heats of mal-
todecaose dilution without the PTST2 protein present (Supplemental
Figure7A). Together, these data suggest that the CBM48 domain
of PTST2 can bind to long MOS, probably by recognizing their
helical secondary structure.

Figure 10. The Role of the Glucan Binding CBM48 Domain in PTST2.

(A)Glucan binding assay using recombinant His-PTST2 against intact waxy maize starch granules. Unbound proteins are in the soluble fraction (S), while
bound proteins are in the starch pellet (P). The final wash fractionwas also loaded (W). The 23W→A variant of PTST2 carries two Trp-to-Ala substitutions in
both conserved glucan binding Trp residueswithin theCBM48 (Trp-475 and Trp-510). Similar results were obtained in two other independent experiments.
(B) Levels ofPTST2-YFP and the 23W→Avariant expressed under the control of the 35Spromoter in transgenic Arabidopsis lines. An equal amount of protein
(30 mg) was loaded per lane, and immunoblots were probed with the PTST2 antibody (upper panel) and the actin antibody as a loading control (lower panel).
(C)Starchgranules inchloroplastsoverexpressingeither thewild typeor23W→AvariantofPTST2.Leaves harvested at theendof thedayweresectionedand
stainedwith toluidine blue prior to observation under light microscopy. The lines are from the T3 generation and homozygous for the transgene. Bars = 10 mm.
(D) Quantification of granule sections within chloroplasts. Light micrographs were acquired as in (C), and the number of starch granules observed within
each chloroplast section was counted. Histograms show the frequency of chloroplasts containing a given number of granule sections relative to the total
number of chloroplasts analyzed (n=705 for each line). Equal numbersof chloroplastswere analyzed in leaves from threedifferent plants for eachgenotype.
Arrows indicate the bin containing the median value.
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DISCUSSION

PTST2 and PTST3 Are Components of the Granule Initiation
Mechanism in Chloroplasts

Our work has identified PTST2 and PTST3 as two components of
the starch granule initiation mechanism in Arabidopsis chloro-
plasts. Both are CBM48-containing proteins that are homologs of
the recently characterized PTST1 protein (Figure 1). The PTST
family of proteins therefore play diverse roles during starch syn-
thesis, as PTST1 facilitates amylose synthesis rather than granule
initiation (Seung et al. 2015).

PTST2appears tobe indispensable fornormalgranule initiation,
asmost chloroplasts in the ptst2mutants contain zero or only one
starchgranule. Inour proposedmodel (Figure 12),wesuggest that
PTST2 facilitates granule initiation by delivering suitable sub-
strates to SS4, an enzyme known to play a critical role in granule
initiation (Roldán et al., 2007; Szydlowski et al., 2009; Crumpton-
Taylor et al., 2013). PTST2 interacts with SS4 (Figure 8), and,
through its CBM48 domain, with soluble MOS primers that have
a propensity to adopt a helical secondary structure (Figure 11).
Since SS4 itself does not possess a specialized CBM, the in-
teraction with PTST2 provides access to a CBM that can bind
suitable MOS substrates. TheMOS can then be further elongated
by SS4 and ultimately develop (with the action of other starch
biosynthetic enzymes) into a starch granule. The efficiency at
whichSS4elongates theseMOSmaybeenhancedby theabilityof
SS4 todimerize (Figure 8;Raynaudet al., 2016). Inourmodel, both
the enzymatic activity of SS4 and the carbohydrate binding ac-
tivity of PTST2 are necessary for granule initiation. This is con-
sistent with our experimental observations, as both proteins are
necessary for normal granule number in chloroplasts (Figures 3

and 5). We have also demonstrated that the CBM48 domain is
essential for PTST2 function in planta (Figure 10).
The ptst3 mutant also had fewer granules per chloroplast

compared with the wild type, but this was a minor change
compared with what was observed in ptst2 (Figure 5). We also
foundnoevidence thatPTST3could interact directlywithSS4,but
it interacted with PTST2 (Figure 8). Thus, PTST3 appears to work
together with PTST2 in granule initiation, but it appears less im-
portant than PTST2 under our growth conditions. Several plant
species appear to have lost the gene encoding PTST3 altogether,
including the grasses (Figure 1B). Nevertheless, in Arabidopsis,
PTST3 has some ability to function in granule initiation in the
absence of PTST2, since the ptst2 ptst3 doublemutant contained
fewer granules than ptst2 and accumulated more ADP-glucose
(Figures 5 and 7). The pattern of starch turnover in the ptst2 ptst3
double mutant more closely resembled that of ss4 than either the
ptst2 or ptst3 single mutants (Figure 4C). We do not yet fully
understand the mechanism by which PTST3 acts in granule ini-
tiation in the absence of PTST2, but clearly, this process is not
efficient, as demonstrated by the strong phenotype of the ptst2
mutant.
However, it should be noted that the ptst2 phenotype was

milder than that of ss4 in several ways. First, most chloroplasts in
ss4 leaves did not contain any starch granules, while in ptst2
leaves, most chloroplasts contained at least one (Figure 5).
Second, the ptst2mutant accumulated only one-third the amount
of ADP-glucose measured in ss4 plants and did not have an
obvious defect in its growth phenotype (Figures 4 and 7). Since
starchcontent is normal inptst2, itmaybecounterintuitive that the
mutant accumulates ADP-glucose at all. However, it should be
noted that we did not observe starch granules in almost 50% of
the chloroplasts in our sections of ptst2 leaves (Figure 5). It is

Figure 11. ITC Analysis of Interactions between PTST2 and Different Soluble Glucans.

(A) ITCprofile ofmaltoheptaose (blue) andb-cyclodextrin (black) injected into a solutionof the full-lengthHis-PTST2protein. Theupper panels show the raw
calorimetric data. The bottom plots are integrated heats as a function of the glucan/PTST2 molar ratio. The best fit for b-cyclodextrin was obtained from
a nonlinear least squares method using a one-site binding model for two significantly distant N-values. Heats of dilution without PTST2 protein have been
obtained from independent titration experiments (Supplemental Figure 7A). Reactions are exothermic.
(B) As for (A), but showing maltoheptaose (blue) and b-cyclodextrin (black) injected into the isolated CBM48 domain.
(C) As for (A), but showing maltodecaose injected into the full-length His-PTST2 protein.
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possible that ADP-glucose only accumulates in these starchless
chloroplasts.
The ss4mutantwas alsomore impaired ingranule initiation than

the ptst2 ptst3 double mutant. Compared with ss4, the double
mutant still had more granules (Figure 5), lower ADP-glucose
levels (Figure 7), and no visible pale phenotype. We therefore
conclude thatSS4 function isgreatly compromised in theabsence
of both PTST2 and PTST3, but its activity is not completely
abolished.This issimilar towhathasbeenobserved forPTST1and
GBSS. While starch in the ptst1 mutant is almost completely
amylose-free, there is some residual GBSS bound to the granule
that cansynthesize small amountsof amylose (Seunget al., 2015).
Thus, both GBSS and SS4 can act in the absence of their partner
PTST isoforms, but at greatly reduced efficiency.
In addition to the reduction in granule number, the morphology

of granules in the ptst2 ptst3 double mutant was aberrant, ap-
pearing larger and slightly rounder than those of the wild type.
Granules in both single mutants were also larger than wild-type
granules, but they retained the flat, discoid morphology of the
latter. Therefore, PTST2 and PTST3 appear to have some control
over establishing correct granule morphology. The exact mech-
anismofhowtheyexert thiscontrol isnotknown,but it is likely they
do so by altering SS4 activity, as ss4mutants have granules that
are round (Roldán et al., 2007) (Figures 5 and 6). However, the
function of SS4 in establishing granule morphology appears
compromisedbutnot completely abolished in theabsenceofboth
PTST2 and PTST3: The granules of the ss4mutant were generally
more rounded than those in the double mutant (Figure 6).
Overall, our discovery of components involved in granule ini-

tiation demonstrates that SS4 is necessary, but not sufficient for
establishing the correct number of granules in chloroplasts. SS4
hasbeen reported to interactwith theplastidial fibrillins through its
N-terminal coiled coils (Gámez-Arjona et al., 2014; Raynaud et al.,
2016), but the importance of fibrillins in determining granule
number has not yet been established. Also, a later study of
chloroplast complexes could not detect the interaction between
fibrillins and SS4 (Lundquist et al., 2017). Interestingly, we noted
that the N-terminal coiled coils of SS4 are not required for its
interaction with PTST2, although further experiments are required
to determine whether the coiled coils can influence the interaction
in vivo, perhaps by enhancing or regulating the interaction.
However, sincePTST1 interactswithGBSSon theC-terminalGT1
domain (Seung et al., 2015), the primary interaction site of PTST2
on SS4 may also reside in the GT1 domain. This might allow the
SS4 N-terminal end to remain available for dimerization (Raynaud
et al., 2016) or for interacting with other proteins, possibly in-
cluding the fibrillins or as yet unidentified components.

Figure 12. A Model for PTST2 Function in Granule Initiation.

In an initial step (A), short MOS (such as maltose and maltotriose) is
elongated into longerMOS.This is likely tobeastochastic process, and the
amount of longer MOS available will be influenced by the rate of MOS
elongation by the SS isoforms and phosphorylase, as well as the rate of

MOS degradation by starch-degrading enzymes. Once PTST2 recognizes
a longMOS through its CBM48 domain, it can recruit SS4 to the substrate
(B), allowing SS4 to further elongate the MOS (C). PTST2 could then
dissociate from the MOS, becoming available to interact with other SS4
and MOS molecules (D). Since SS4 can also dimerize, several MOS
moleculesmaybe recruited byPTST2 for elongationwithin close proximity
of each other, which could increase the efficiency at which crystalline
glucans are formed (E). The other starch biosynthesis enzymes (SS iso-
forms, branching enzymes, and isoamylase) then further elaborate the
structure of these substrates until a starch granule is formed (F).

1670 The Plant Cell



PTST2 May Determine the Glucan Substrates Available
to SS4

Previous studies have examined the substrate specificity of SS4
in vitro to understand its role in granule initiation (Szydlowski et al.,
2009; Cuesta-Seijo et al., 2016). However, our study raises the
possibility that the activity of SS4 in vivo may not only depend on
the substrate specificity of SS4 itself, but also on the binding
specificity of the CBM48 domain of PTST2. Our ITC experiments
suggest that the CBM48 domain of PTST2 is specific for longer
MOS, as it could bind to maltodecaose but not maltoheptaose
(Figure 11).Maltodecaose, having10glucoseunits, is the shortest
MOS able to form stable helical structures in solution (Gidley and
Bulpin, 1987). Maltoheptaose has been observed to form helices,
but only when bound to proteins that specifically stabilize it into
that conformation (Goldsmith et al., 1982). PTST2 appears unable
to do this, as it cannot initiate binding to the molecule at all.
However, PTST2could interactwithb-cyclodextrin,whichmimics
the helical conformation of glucans. PTST2 therefore appears to
recognize the helical secondary structure adopted by longer
glucan chains, rather than the length per se. Such recognition of
helical glucan conformation has been reported for a bacterial
glucan binding protein (Koropatkin et al., 2008). The CBM48
domain of the b-subunit of AMP kinase also appears to have higher
affinity for cyclodextrin over maltoheptaose in some NMR studies
(Koay et al., 2010), although not in others (Koay et al., 2007).

The formation of secondary structure is a prerequisite for glu-
cans to crystallize. We speculate that PTST2 may direct SS4
activity toward glucans already having secondary structure be-
cause thesehaveagreaterpropensity to formacrystallineproduct
(Gidley and Bulpin, 1987). We previously suggested that SS4may
increase the rate at which stable, crystalline glucans form during
granule initiation (Seung et al., 2016). The ability to interact with
PTST2maybeoneof the featuresofSS4 that facilitates this invivo.
However, in a yeast model system expressing different combi-
nations of starch biosynthetic enzymes, the presence of SS4 had
a tendency topromote the formation of insoluble glucans, and this
effectwasseen in theabsenceofPTST2 (Pfister et al., 2016). Thus,
SS4 is likely to have other inherent features that promote the
formation of crystalline insoluble glucans. Such additional fea-
tures may include the ability of SS4 to dimerize (Raynaud et al.,
2016). We also detected an interaction between SS4 monomers
in Arabidopsis leaves, supporting the idea that SS4 can form
oligomers with itself (Figure 8).

The Generation of Longer MOS in the Chloroplast

The generation and elongation of MOS is proposed to be im-
portant during the granule initiation process in different plant
species (Nakamura, 2015). In our model (Figure 12), we suggest
that the availability of longer MOS for PTST2 binding is important
for granule initiation in Arabidopsis leaves andmay depend on the
rate ofMOSgeneration against the rate ofMOSdegradation in the
chloroplast. MOS may be generated in the chloroplast using
several stromal enzymes. The a-glucan phosphorylase (PHS1)
has been implicated in granule initiation in rice endosperm (Satoh
et al., 2008), and this enzyme could generate longer MOS from
maltohexaose using glucose-1-phosphate (Glc-1-P) in vitro at

physiologically relevant concentrations of Pi and Glc-1-P (Hwang
et al., 2010). In the rice endosperm, PHS1 interacts with dis-
proportionating enzyme,whichallows it to synthesize longerMOS
efficiently (Hwang et al., 2016). PHS1 also interacts directly with
branching enzyme in the cereal endosperm (Tetlow et al., 2004),
and the two enzymes act synergistically in producing branched
MOS in vitro (Nakamura et al., 2012). We speculate that PTST2
couldalsobindbranchedMOS, if the linear chainsare longenough
to produce helical secondary structure. PHS1 is present in the
chloroplast in Arabidopsis leaves, although its role in starch
synthesis or degradation remains unclear (Zeeman et al., 2004).
However, its role in generating MOS may be redundant, as all
Arabidopsis SSenzymescould elongatemaltose into longerMOS
(including maltodecaose) in vitro after an extended incubation
period (Brust et al., 2013). It is difficult to estimate the frequency of
such occurrence in the stroma, as longerMOSare often below the
level of detection.
The presence of glucan-degrading enzymes in the chloroplast

could mean that longer MOS are available only transiently. Thus,
PTST2 may ensure that these substrates are efficiently detected
and elongated, so that they form crystalline structures that can
evade degradation. Our previous work has shown that the starch-
degrading enzymeAMY3could interferewith the granule initiation
process in the ss4mutant, but this interference is negligible in the
wild type (Seung et al., 2016). SS4 can therefore prevent the
premature hydrolysis of glucanprimers in vivo, andweexpect that
efficient substrate targeting by PTST2 helps SS4 fulfill this role.
However, glucan-degrading enzymes can also promote granule
initiationbygeneratingMOSprimers, especially once largeglucan
polymers have already been synthesized (Seung et al., 2016). An
example of a glucan-degrading enzyme that can both promote
and suppress granule initiation is ISA. On one hand, ISA can
liberate linear MOS from larger polymers as part of the normal
amylopectin biosynthetic process, providingPTST2 andSS4with
suitable substrates.However, potato (Solanumtuberosum) tubers
andbarley (Hordeumvulgare) endospermsdeficient in ISA activity
accumulatemanysmall granules (Burtonet al., 2002;Bustoset al.,
2004), suggesting that ISA normally suppresses granule forma-
tion, possibly by degrading away small soluble glucans thatmight
otherwise go on to nucleate new starch granules.
The importance of MOS availability is also demonstrated by

our PTST2 overexpression lines. The overexpression of PTST2
stimulated granule formation in thewild-type background, but not
in the ss4 background (Figure 9; Supplemental Figure 4). In fact,
a greater majority of chloroplasts were starchless in the over-
expression lines in the ss4 background than in the ss4 mutant
itself, suggesting that PTST2 overexpression repressed granule
initiation in the absence of SS4. This is probably because the
excess PTST2 can bind MOS, but SS4 is not present to elongate
them. Thus, the PTST2-bound MOS may be less accessible for
elongation by other enzymes, such as SS3, which normally ini-
tiates the formation of the few granules found in the ss4 mutant
(Szydlowski et al., 2009).
The observation that PTST2 could stimulate granule formation

in the wild-type background suggests that PTST2 abundance at
least partially limits the number of granule initiations. If the fre-
quencyof encountersbetweensuitableMOSandPTST2 limits the
number of initiations, we expect that raising the abundance of
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either component may increase the number of granules. Alter-
natively, it is possible that primer MOS are always present in
excess and that PTST2 is a major node where granule number is
controlled. In this case, further experiments should focus on how
the binding between PTST2 andMOS, as well as between PTST2
andSS4,maybe regulated in thechloroplast toexert suchcontrol.
Possible factors include posttranslational modifications (e.g.,
phosphorylation) or other protein interaction partners. We also do
not knowwhether PTST2 is the only protein limiting the number of
granules initiated. The overexpression of SS4 did not alter granule
number per chloroplast (Supplemental Figure 8). However, it
should be noted that the levels of SS4 overexpression in these
lines were not as high as those achieved for PTST2. We do not
knowwhywe could not achieve substantial overexpression of the
full-length SS4 protein, either in Arabidopsis or N. benthamiana.

PTST2/FLO6 Is a Potential Target for the Biotechnological
Modification of Starch

PTST2 is a promising target gene for the biotechnological mod-
ification of starch, particularly for modifying granule size. Despite
their differences in granule number, the ptst2 mutant and the
overexpression lines still synthesized the same total amount of
starch as the wild type (Tables 1 and 3). The ability to alter granule
number without changing starch content allows the modification
of granule size. Indeed, the ptst2 mutant had much larger starch
granules than the wild type, while much smaller granules were
observed in the overexpression lines (Figures 5, 6, and 9). There is
commercial interest in genetic approaches to alter granule size,
as it influences the physicochemical properties of starch (such as
gelatinization temperature and pasting properties) as well as
milling efficiency (Lindeboom et al., 2004).

PTST2 is especially promising as a target gene, since the
knockout of its ortholog in rice, FLO6, has been shown to affect
starch synthesis in the endosperm (Peng et al., 2014). The mech-
anism of starch granule initiation in developing rice grainsmay differ
in someways from that in Arabidopsis leaves. In amyloplasts of rice
endosperm, granules form from multiple initiation centers that are
held together into larger structures, so-called compound granules
(Matsushima et al., 2013; Toyosawa et al., 2016). Rice flo6mutants
have reduced starch content in the grain, altered physicochemical
properties of starch, and minor changes in the chain length distri-
bution of amylopectin. Some amyloplasts in the mutant did not
contain any starch granules, while others contained many small
granulesorstarchwithaberrantcompoundgranulemorphology.The
flo6 phenotype could therefore be interpreted as defects in granule
initiation, and, in light of our work in Arabidopsis, it would be in-
teresting to investigate whether there is any interaction of PTST2/
FLO6 with SS4 in the endosperm.

One difference between Arabidopsis PTST2 and rice FLO6 is
that the latter interacted with ISA1 in bimolecular fluorescence
complementation experiments, in vitro pull-down assays, as well
as yeast two-hybrid experiments. In Arabidopsis, we found no
evidence that PTST2 interactswith ISA1 in vivo. Furthermore, loss
of ISA1 activity in Arabidopsis results in a reduced amount of
insoluble starch, the accumulation of soluble phytoglycogen, and
altered chain length distribution of amylopectin (Delatte et al.,
2005)—traits that were not observed in ptst2mutants. In contrast,

the physical and functional interaction of PTST2 with SS4 is
strongly supported by phenotypic impact on granule numbers.
However, ISA1-containing isoamylase is known to differ in the
endosperms of rice and other cereals comparedwith Arabidopsis
leaves and other dicots like potato. In rice endosperms, ISA1 is
present primarily as a homodimer, whereas in Arabidopsis, it is
exclusively present as an ISA1/ISA2 complex (Delatte et al., 2005;
Utsumi and Nakamura, 2006; Streb and Zeeman, 2014).
It is also important to note that a rice mutant deficient in the

major isoformofSS4 in the endosperm (SS4b) has relativelyminor
alterations in starch content and granule morphology (Toyosawa
et al., 2016). Therefore, it would not be easy to explain how altered
SS4 activity would cause the flo6 phenotype. Rice mutants that
are deficient in ISA1 have defects in granule initiation in the en-
dosperm and have some starchless amyloplasts, both of which
were observed to a smaller extent in flo6 (Kawagoe et al., 2005;
Peng et al., 2014). However, the isa1 mutants of rice also accu-
mulate phytoglycogen, which was not reported for flo6 (Kawagoe
et al., 2005;Penget al., 2014). In conclusion, it appears thatPTST2
is a conserved protein important for granule initiation in both
leavesandcereal endospermandpossiblyother importantstarch-
storing organs. Further investigation will be necessary to de-
termine if the mechanism by which it participates in this process
differs between plant tissues.

METHODS

Plant Growth

For all experiments, Arabidopsis thaliana plants were grown on soil in
a controlled environment chamber: either a Percival AR-95L (CLF Plant
Climatics) fitted with fluorescent lamps and supplemented with red LED
panels or a Kälte 3000 chamber fitted with fluorescent lamps. The
chambers were set to provide a 12-h-light/12-h-dark cycle, with light in-
tensity of 150 mmol photons m22 s21, temperature at 20°C, and relative
humidity of 65%.

The T-DNA insertion mutants used in this study and their background
accessions are as follows: ptst2-3 (SAIL_1148_C07; Col), ptst2-4
(SALK_206998; Col), ptst2-6 (RATM16-0310-1_G; Nossen), ptst3-1
(GT_5_14201; Ler), andptst3-5 (SALK_33414; Col). Theptst2 ptst3 double
mutant was generated by crossing the ptst2-3 mutant with ptst3-5. The
ss4 mutant used in this study is ss4-1 (GABI_290D11), characterized as
a knockoutmutant byRoldán et al. (2007). The isa1 isa2mutant, whichwas
described by Delatte et al., (2005), carries the isa1-1 T-DNA allele
(SALK_042704), and the isa2-1 allele has a single base pair deletion in the
ISA2 coding sequence. Both ss4 and isa1 isa2 are in the Col background.

Iodine Staining and Quantification of Starch and ADP-Glucose
Content

For iodine staining of plant material, rosettes were harvested at the end of
day and chlorophyll was removed with 80% (v/v) ethanol. Excess ethanol
was rinsed awaywith water before staining in Lugol solution (KI/I2 solution;
Sigma-Aldrich). Excess iodine was washed away with water before
imaging.

The method used for starch quantification was based on Smith and
Zeeman (2006). Entire rosettes of 4-week-old plants were homogenized in
0.7Mperchloric acid.The insolublematerialwaspelletedbycentrifugation,
washed three times in 80% (v/v) ethanol, and resuspended in water. The
starch in the insoluble fraction was gelatinized at 95°C for 15 min and
digested to glucose at 37°C using a-amylase and amyloglucosidase
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(Roche). Starch content (in glucose equivalents) was determined by
quantifying the glucose with a hexokinase/glucose-6-phosphate
dehydrogenase-based spectrophotometric assay. Soluble glucans were
also digested to glucose by treating the supernatant with a-amylase and
amyloglucosidase, as for the insoluble fraction. The glucose was then
quantified as described for starch. Soluble glucan content (in glucose
equivalents) was calculated by subtracting the amount of glucose after
digestion with the amount of glucose in the undigested sample.

ADP-glucosewas extracted fromentire rosettes harvested at the endof
the day using chloroform/methanol and quantified by UHPLC-MS/MS, as
described in detail by Seung et al. (2016).

Visualization of Starch Granules in Chloroplasts

Leaf sampleswere harvested from3-week-old plants at the end of the day,
fixed, and embedded in Epon resin. Young leaves of equivalent age were
selected for all mutants (examples of leaves taken for this analysis are
indicated with a blue arrow in Figure 4B), and samples were taken ap-
proximately two-thirds along the length of the leaf, toward the distal part.
Thin sections produced from the embedded leaves were stained with
toluidine blue and imaged by light microscopy using an AxioImager Z2
microscope fitted with a 1003 oil immersion lens (1.4 numerical aperture)
and anAxioCammonochromecamera (Carl Zeiss). A detailed protocol can
be found in Seung et al. (2015).

Protein Extraction and Immunoblotting

For the extraction of total proteins from leaves, young leaves were ho-
mogenized in protein extraction medium (40 mM Tris-HCl, pH 6.8, 5 mM
MgCl2, 2% [w/v] SDS, and Complete Protease Inhibitor [Roche]). Insoluble
material was pelleted at 20,000g, and the proteins were collected in the
supernatant. Protein content was determined using the BCAprotein assay
kit (Thermo Scientific), and equal amounts of protein per sample were
loaded onto SDS-PAGE gels.

For immunoblotting, proteins were transferred onto a PVDFmembrane
following SDS-PAGE. PTST2 was detected using polyclonal antibodies
raised against the recombinant Arabidopsis PTST2 protein. Antibodies
specific for PTST2 were affinity purified from the antisera using NHS-
activatedSepharosebeads conjugated to the recombinant PTST2protein.
PTST3 antibodies were prepared in the same manner. No PTST2 protein
could be detected in plant extracts with the PTST3 antibody, and vice
versa, suggesting the antibodies had low cross-reactivity. SS4 was
detected using the antisera described by Roldán et al. (2007), while ISA1
was detected using antisera described by Delatte et al. (2005). For de-
tectionofepitope taggedproteins,weusedanti-GFP/YFP (ab290;Abcam),
anti-HA (ab9110; Abcam), and anti-myc (M4439; Sigma-Aldrich). Proteins
were detected with either chemiluminescence, using horseradish
peroxidase-coupled secondary antibodies (Bio-Rad), or with IR fluo-
rescence. For IR fluorescence, IR800-conjugated secondary antibodies
and an Odyssey CLx detection system (Li-Cor) were used. Primary
antibody dilutions are as follows: anti-PTST2, 1:200; anti-PTST3, 1:200;
anti-SS4, 1:5000; anti-ISA1, 1:1000; anti-GFP/YFP, 1:10,000; anti-HA,
1:7000; and anti-myc, 1:10,000.

Phylogenetic and Bioinformatics Analyses

To build the phylogenetic tree, sequences of PTST1, -2, and -3 homologs
were retrieved from NCBI using BLASTp, searching in genomes for which
Refseqs were available. Species were chosen so that the major evolu-
tionary branches of land plants were represented. Sequences selected as
theoutgroupwere identifiedby finding theclosest prokaryotic sequence to
each PTST sequence using BLASTp. Sequences were aligned using
Clustal Omega (Sievers et al., 2011), and then a treewas constructed using

the neighbor-joining method in MEGA v6 using a Poisson substitution
model, uniform substitution rates among sites, complete deletion of gaps,
and 1000 bootstrap replicates (Tamura et al., 2013).

The prediction of coiled coils in amino acid sequences were performed
on the COILS/PCOILS server (Lupas, 1996). Results obtained with
a 14-amino acid prediction window are shown.

Recombinant Protein Expression in Escherichia coli

All primers used for cloning the following constructs are shown in
Supplemental Table 2. For the IPTG-inducible expression of His-PTST2 in
E. coli, a PTST2-cTP:pProExHTb expression vectorwas clonedas follows:
Arabidopsis cDNAwas prepared using the RevertAid reverse transcription
kit (Thermo)on total RNA,whichwaspreparedusing theRNeasyPlant total
RNAextraction kit (Qiagen). The full-length cDNAsequenceof Arabidopsis
PTST2was amplified from the cDNApreparation and cloned into the pCR8
vector using the pCR8/GW/TOPO TA cloning kit (Thermo Scientific). The
region encoding the PTST2 protein, lacking the predicted 71-amino acid
chloroplast transit peptideat theN terminus,wasamplifiedwithBamHIand
XhoI restriction sites and cloned into the pProExHTb vector (Invitrogen).
The point mutations in the CBM48 were generated using the QuikChange
site-directed mutagenesis kit (Agilent Technologies) according to the
manufacturer’s instructions.

For the IPTG-inducible expression of PTST3-His in E. coli, a PTST3-
cTP:pET21a+ expression vector was cloned as follows: The full-length
coding sequence of PTST3 was amplified from the Arabidopsis cDNA
preparation, but was unstable in E. coli when amplified in a high-copy-
number plasmid. To circumvent this, the full coding sequencewas created
by gene synthesis and cloned into a low-copy-number pCC1 vector by
Genscript. Fromthis template,weamplified the regionencoding thePTST3
protein, lacking the predicted 47-amino acid chloroplast transit peptide at
the N terminus, together withNheI and XhoI restriction sites. This was then
cloned into thepET21a+ vector (Novagen). This vectorwas stable inE. coli,
either due to the lowcopy number of pET21a+, or due to the absence of the
transit peptide sequence.

For the IPTG-inducible expression of His-PTST2 CBM48 in E. coli,
aPTST2CBM48:pProExHTbexpressionvectorwasclonedas follows:The
sequence encoding the CBM48 of the PTST2 protein (amino acids 453–
532) was amplified with NcoI and XhoI restriction sites and cloned into the
pProExHTb vector (Invitrogen).

For protein expression, the appropriate expression vector was trans-
formed into E. coli BL21 (DE3) CodonPlus cells (Agilent Technologies).
The cells were cultured in LB medium at 37°C until OD600 of 0.5 to 0.6.
Protein expression was then induced by adding 1 mM IPTG to the culture,
followed by incubation overnight at 18.5°C. The lysis of cells and sub-
sequent purification of His-tagged protein was performed as described
(Seung et al., 2013).

Starch Binding Assay

The indicated amount of recombinant PTST2 protein was incubated in
binding medium (50 mM HEPES-NaOH, pH 7.5, 2 mMMgCl2, 1 mM DTT,
0.05% [w/v] BSA, and 0.005% [v/v] Triton X-100)with 30mgofwaxymaize
starch (Sigma-Aldrich) for 30 min at 20°C in a total volume of 250 mL. For
the control reaction, starch was substituted with Sepharose G-10 resin.
The reactions were mixed on a spinning wheel during the incubation. The
starch/resin was pelleted at 5000g for 30 s, and unbound proteins were
collected in the supernatant. The pellet was then washed three times in
equivalent volumes of bindingmedium, and bound proteins were eluted in
an equivalent volume of elution medium (50 mM HEPES-NaOH, pH 7.5,
2 mMMgCl2, 1 mM DTT, and 2% [w/v] SDS). Proteins in the supernatant,
final wash, and pellet fractions were detected by SDS-PAGE followed by
immunoblotting (see above).
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Isothermal Titration Calorimetry

Unless otherwise specified, 35 injections of ligand solution at the indicated
concentration, eachwith a volume of 8 mL,weremonitoredwith the VP-ITC
instrument. An injection spacing of 300 s was selected, and duration of
each injection was automatically calculated. An initial injection of 2mLwas
excluded from data analysis. Default sample cell volume was 1.4644 mL.
Stirring speed and reference power were set to 307 rpm and 10 mCal$s21,
respectively. Before measurement, the samples were homogenized and
degassed for 10 min at 22°C. The proteins were desalted into interaction
medium (20 mM Tris-HCl, pH 7.5, and 10 mM NaCl) using a NAP-5 de-
salting column (GE Healthcare) prior to the experiment. The ligands tested
were b-cyclodextrin (C4805; Sigma-Aldrich), maltoheptaose (M7753;
Sigma-Aldrich), and maltodecaose (Glu320; Elicityl) and were dissolved
directly into the interaction medium. All data have been fitted in the Origin
software version 7 (Origin Lab) with the one-site binding model. Since the
saturation of binding sites occurred early, we opted for an optimized
protocol to determine a reliable Kd range (Milev, 2015). Data fitting was
performed with two assumed extreme N-values of n = 0.2 and n = 0.0002
(the ITCN-value corresponds to binding ratios of active reactants involved
in the interaction).

Cloning of Expression Vectors for Plant Expression
and Transformation

For expression of PTST2-YFP under the control of the 35S promoter, the
PTST2:pB7YWG2 vector was cloned. The Gateway-compatible PTST2:
pCR8 vector, cloned as described above, was recombined directly into the
pB7YWG2 vector (Karimi et al., 2002), yielding PTST2 in-frame with the
C-terminal YFP tag.

ForexpressionofPTST3-YFPunder thecontrol of the35Spromoter, the
PTST3:pB7YWG2 vector was cloned. Since the full-length PTST3 se-
quence was unstable in E. coli (as described above), the coding sequence
ofPTST3wascodonoptimized forE.coliusingJCat (Groteetal., 2005), and
this sequence was synthesized by Biomatik (sequence provided as
Supplemental File 1). This was done to change the codons, which would
alter the formation of any secondary structure thatmayhave contributed to
the instability of the wild-type sequence. The optimized coding sequence
was then amplified with attB-flanked primers and recombined into the
Gateway-compatible donor vector pDONR 221. The insert was then re-
combined into the pB7YWG2 vector as described above.

For expression of SS4-RFP under the control of the UBIQUITIN10
promoter, the SS4 coding sequence was recombined into the pUBC-RFP
vector (Grefen et al., 2010), in frame with the C-terminal RFP tag. For
expression of SS4 ΔCC-YFP under the control of the 35S promoter in
Nicotiana benthamiana, the region encoding the coiled coils of SS4 (amino
acids 184–465) was deleted out of the SS4:pDONR 221 vector using the
QuikChange site-directed mutagenesis kit (Agilent). The coding sequence
was then recombined into the pB7YWG2 vector as described above. For
expression of GBSS-CFP, the GBSS:pEarleyGate102 vector was used, as
described by Seung et al. (2015).

To generate stably transformed Arabidopsis lines, the appropriate
constructs were transformed into Agrobacterium tumefaciens (strain
GV3101), andwild-type Columbia plants were transformed using the floral
dip method as described previously (Zhang et al., 2006). Many trans-
formants (20–40 seedlings) were isolated in the T1 generation and
screened for transgene expression using immunoblotting. For plants ex-
pressing the transgene, insertion number was determined by segregation
analysis of the BASTA selection marker in the T2 generation. Two in-
dependent transformants with single insertions, originating from different
T0 parents, were selected for detailed analysis, either in the T2 generation
(resistant plants that areheterozygousorhomozygous for the transgene) or
T3 generation (resistant plants that are homozygous for the transgene), as
specified. Transient transformation of N. benthamiana and Nicotiana

sylvestris leaves was performed as previously described (Seung et al.,
2015; Feike et al., 2016).

Immunoprecipitation

For immunoprecipitations, proteins were extracted from leaf tissue har-
vested fromArabidopsis rosettes, orN.benthamiana leavesexpressing the
epitope-tagged proteins, by homogenizing in immunoprecipitation me-
dium (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% [v/v] Triton X-100, 1 mM
DTT, and Complete Protease Inhibitor cocktail). Insoluble material was
removed by centrifugation at 20,000g. The supernatant was incubated for
1hat 4°CwithmMACSmagneticbeadsconjugated toanti-YFPoranti-myc
(Miltenyi Biotec) or RFP-Trap magnetic particles conjugated to anti-RFP
(Chromotek). After incubation, the beadswere recovered using a mColumn
(Miltenyi Biotec) on a magnetic stand. The beads were washed five times
with immunoprecipitation medium before eluting the bound proteins with
SDS-PAGE loading medium (50 mM Tris-HCl, pH 6.8, 2% [w/v] SDS,
100 mMDTT, 3% [v/v] glycerol, and 0.005% [w/v] bromophenol blue). For
immunoprecipitation assays usingN. benthamiana leaves, the beadswere
washedwith washmedium (50mMTris-HCl, pH 8, 300mMNaCl, 1% [v/v]
Nonidet P-40, 1 mM DTT, and Complete Protease Inhibitor cocktail) in-
stead of immunoprecipitation medium.

Confocal Laser Scanning Microscopy

Localization of YFP signal in leaf tissue was imaged using confocal laser
scanning microscopy as described by Seung et al. (2015).

Analysis of Amylose Content and Amylopectin Structure

The amylose content of the purified starch granules was determined using
an iodinecolorimetry-basedmethod, aspreviously describedbyHostettler
et al. (2011). For amylopectin chain length distribution, starch in the in-
soluble fractions from perchloric acid-extracted Arabidopsis rosettes was
debranched enzymatically, and the liberated linear chains were analyzed
by high-performance anion exchange chromatography with pulsed am-
perometric detection as described previously (Streb and Zeeman, 2014).

Accession Numbers

Sequence data from this article can be found in TAIR (www.arabidopsis.
org) under the following accession numbers: PTST2 (At1g27070), PTST3
(At5g03420), PTST1 (At5g39790), SS4 (At4G18240), ISA1 (At2g39930),
and GBSS (At1g32900).

Supplemental Data

Supplemental Figure 1. Alignment of the PTST1, -2, and -3
C-terminal amino acid sequences used to generate the phylogenetic
tree shown in Figure 1B.

Supplemental Figure 2. Analysis of amylopectin structure and
amylose content in ptst2 and ptst3 mutants.

Supplemental Figure 3. Immunoblot detection of SS4 and ISA1 in the
ptst2 ptst3 double mutant.

Supplemental Figure 4. Quantification of granule sections in chloro-
plasts of PTST2 overexpression lines in the ss4 mutant background.

Supplemental Figure 5. Alignment of CBM48 sequences from
Arabidopsis proteins and the mammalian AMP kinase b-subunit.

Supplemental Figure 6. Glucan binding residues in the CBM48 of
PTST2 are not required for the interaction with SS4.

Supplemental Figure 7. ITC experiments measuring heats of sub-
strate dilution and competition between substrates.
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Supplemental Figure 8. Starch granule number in Arabidopsis plants
overexpressing SS4.

Supplemental Table 1. Arabidopsis mutants used in this study.

Supplemental Table 2. Oligonucleotide primers used in this study.

Supplemental Table 3. Quantification of soluble glucans in ptst2 and
ptst3 mutants.

Supplemental File 1. Codon-optimized coding sequence of PTST3
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