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Abstract  

 

The starch synthase 4 (SS4) is a key enzyme for initiation of starch granules and regulation of the starch granule number 

in chloroplasts of higher plants. These enzymes transfer glucosyl residue from ADPglucose to the non-reducing end of a 

preexisting glucan chain. The presence of a coiled-coil motive in the N-terminus of Arabidopsis SS4 has been involved in 

mediating some of the protein-protein interactions. Thus, it was also shown that AtSS4 directly interacts with the 

plastidial phosphorylase (AtPHS1). However, phosphorylase enzymes are widespread in animals, microorganism, and 

plants. So far, it was unclear if the observed protein-protein interaction is specific for plant origin phosphorylase 

enzymes. Therefore, we tested whether or not an animal type phosphorylase, the rabbit muscle phosphorylase a (Pho a), 

also interacts with AtSS4. Our results show that the protein-protein interaction of AtPHS1 and AtSS4 is specific and 

cannot archived by Pho a. Furthermore, also a functional interaction between AtSS4 and the Pho a was not detected. 

Keywords: Arabidopsis thaliana, plastidial phosphorylase, starch synthase, rabbit muscle phosphorylase, protein 

interaction, protein crosslinking. 
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INTRODUCTION 
Carbohydrates are one of the main types of 

biomolecules, playing a vital role in the living 

organism. The two most abundant storage 

carbohydrates are starch and glycogen. Starch is a 

polysaccharide that consists of two polymers amylose 

and amylopectin in both the glucosyl residues are 

linked by α 1-4 glycosidic bond with a lesser frequency 

of α 1-6 linkages in amylose, so it is defined as a major 

linear glucan, and significant amount in amylopectin [1, 

2] Like amylopectin glycogen is a polymer that is 

exclusively formed by glucose units that are linked by α 

1-4 and α 1-6 glycosidic linkage. These linkages 

formed during the starch and glycogen biosynthesis by 

the activity of starch synthases (SSs) with branching 

(BE) and debranching (DBE) enzymes and glycogen 

synthase (GS) with glycogen branching enzyme (GBE), 

respectively. However, the formed α 1-6 branches are 

randomly distributed in glycogen but were ordered in 

amylopectin. 

 

In addition to the chemical similarities of both 

glucans, the mode of action of the metabolizing 

enzymes is also clearly related [3]. For instance, starch 

phosphorylase (AtPHS1 in Arabidopsis or Pho1 in 

other plant species) and glycogen phosphorylase (Pho 

a) have a similar function, as both of them catalysis the 

reversible exchange of glucosyl units between glucose-

1-phosphate (G-1-P) and the non-reducing ends of α 1-4 

glucans. In higher plants, PHS1 play a dynamic role in 

starch metabolism, thus in degradation and synthesis [4-

6]. Pho1 plays a crucial role in starch synthesis in 

plastids of non-photosynthetic storage tissue of higher 

plants, as the loss of Pho1 caused smaller starch 

granules and accumulation of a modified amylopectin 

structure. Recently, more biochemical and genetic 

studies revealed that PHS1/Pho1 play a key role in the 

initiation and formation of storage starch. Barley Pho1 

was reported to initiation α 1-4 glucan synthesis from 

G-1-P alone, based on experiments where preparations 

of enzyme and substrate missing the potential acceptor 

glucans [7]. In rice, Pho1 can work in starch priming by 

elongating short glucan chains [6] which can be 

generated during starch degradation by the activity of 

-amylase (AMY3), β-amylase (BAM) and isoamylase 
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(ISO3) [8]. Besides the plastidial phosphorylase to 

elongating the short glucan chains, there are several 

other plastidial enzymes that can act e.g. disproportion 

enzyme (DPE1) which has the ability to release a 

portion from the non-reducing end of one glucan chain 

and connect it to another non-reducing end thereby 

forming short and long glucan chains [9, 10]. Also 

starch synthases (SSI, SSII and SSIII) are involved in 

the elongation of α-glucan chains of amylopectin [11]. 

Recently, a new hypothesis proposes protein-protein or 

multi-protein complex machinery for starch 

metabolism, for instance, starch synthase 4 (AtSS4) 

which possess a coiled-coil motive in its structure led to 

the interaction with other starch metabolizing proteins 

[12]. However, AtSS4 is required for granule initiation 

[13]. Interaction of AtSS4 and AtPHS1 was shown 

[14]. Thus, we tested the specificity of the interaction of 

starch synthase 4 with the Arabidopsis plastidial 

phosphorylase by using a non-plant, phosphorylase- the 

rabbit muscle phosphorylase a (Pho a). 

 

MATERIAL AND METHODS 
Starch granules were isolated from 

Arabidopsis leaves as described by [15]. Glycogen 

phosphorylase was purchased from Sigma Aldrich 

product No.-232-878-8 and the isoamylase (200U/ml) 

from Megazyme. 8-aminopyrene-1, 3-6trisulfonic acid 

(ATPS) and sodium Cyanoborhydrid were purchased 

from Sigma Aldrich.  

 

Cloning, expression, and purification of recombinant 

AtSS4 and AtPHS1proteins  

AtSS4 and AtPHS1 were cloned as described 

elsewhere [16, 2]. The proteins were expressed without 

transit peptide using pET23b vector (Novagen) and the 

E. coli strain BL21 (DE3). For expression, cells were 

grown in 800ml (37Cᵒ) Luria-Bertani medium 

containing 100µg/ml ampicillin. Expression (overnight 

at 20Cᵒ) was induced by addition of isopropyl thio--

galactoside (IPTG 1mM final concentration) at OD 

600nm values between 0.6 and 0.8. Harvesting of the 

cells and purification of His-tagged protein were 

performed as described [16]. Purified protein fractions 

were concentrated via ultrafiltration (50kDa; Amicon 

Ultra; Millipore) in 50mM HEPES/NaOH, pH 7.5, 

1mM EDTA, 2mM DTE and 10% (w/v) glycerol. 

Aliquots were frozen in liquid nitrogen and stored at     

-80ᵒC until use. Protein concentration was estimated 

using Bradford assay (SIGMA, Taufkirchen, Germany). 

 

SDS-PAGE, Western blotting, and immune detection 
Fractions were analyzed by SDS-PAGE and 

the proteins were transferred to a membrane see [17]. 

The membrane was analyzed by antibodies specific 

against AtSS4 and AtPHS1, respectively. 

 

 

 

 

 

Protein-Protein Interaction Studies 

The interaction between AtPHS1 and AtSS4 by 

using a cross linker  

10mg of a cross linker DTSSP was dissolved 

in 495µl of dry DMF solvent. The cross linker was used 

in a 20–fold excess compared to the proteins. The final 

cross linker concentration was 0.5mM and optimal pH 

range was from 7 to 9. 40µg of the recombinant 

plastidial phosphorylase and 200µg of crude extract 

isolated from Col-0 were incubated with cross linker 

DTSSP for 5min at 21°C. Quench of any unreacted 

DTSSP was performed by using 25M of Tris, pH 7.4 

and allowed to react for 10-15min, 21°C. Following 

purification of the recombinant AtPHS1 by using Ni-

NTA agarose column and washing 6 times with 1mL of 

50mM Imidazole the proteins were eluted by 6 mL 

150mM Imidazole. After purification all fractions were 

transferred to ultrafiltration units (Amicon®, 10kDa 

Millipore, and Billerica, MA, United States) and 

centrifuged for 12min at 4°C, 13000rpm. Finally, all 

fractions were analyzed by SDS–PAGE (7.5%) and 

incubated with anti–SS4 antibody. In addition, the same 

procedure was performed but without recombinant 

plastidial phosphorylase. 

 

Confirm the interaction between AtPHS1 and AtSS4 

by using α-amylase  
40µg of the AtPHS1 and 200µg protein crude 

extract were incubated in the presence of 20 units α-

amylase for 10min at 37°C. After the incubation the 

purification were done by using the Ni-NTA agarose as 

described above.  

 

The interaction between AtPHS1 and both enzymes 

AtSS1 and AtSS3  

250µg crude extract proteins isolated from 

Col-0 were incubated with 40µg of AtPHS1 and the 

recombinant protein was isolated by Ni-NTA agarose as 

described above. The eluting fractions were loaded on 

native gel. As a control 250µg crude extract were 

directly loaded on native gel. After electrophoreses the 

gels were incubated in buffer that contained 50mM 

Tricin/KOH pH.8, 25mM K-acetate, 5mM DTE, 2mM 

EDTA, 0.02% (w/v) bovine serum albumin, and 1mM 

ADPglucose overnight at room temperature and stained 

with iodine.  

 

The interaction between AtSS4 and Pho a 

using the cross linker DTSSP, 40µg of AtSS4 and 40µg 

of Pho a were incubated in presence of the cross linker 

DTSSP and the recombinant AtSS4 was purified and 

analyzed by native-PAGE as described above. For 

washing and elution 9mL 50mM and 9mL 150mM 

Imidazol were used.  

 

Native-PAGE and phosphorylase activity staining 

Native-PAGE followed by phosphorylases 

activity staining was performed as described by [14]. 
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Glucan synthesizing assay and glucan preparation  

0.5mg of native starch granules were 

resuspended in incubation buffer [50mM HEPES/KOH 

pH 7.4 ,1mM DTE, 10mM G-1-P ] with 10µg of 

glycogen Pho a or 5µg of starch phosphorylase AtPHS1 

alone or in presence of 5µg AtSS4. The samples were 

incubated for 60min at 30Cᵒ under continuous agitation 

and were centrifuged at 1500g for 2min. The 

supernatant was then discarded and the starch pellets 

were resuspended in 10mM Na- acetate buffer, pH 5.5, 

2mM DTE, 7 units isoamylase (final volume 100µl 

over nights at 37ᵒC) under continuous agitation. The 

samples were centrifuged for 10min at 1500g; the 

supernatant was heated at 95ᵒC for 5min and were 

filtrated (10kDa), lyophilized, labeled, and analyzed 

using CE-LIF as described in [17]. 

 

CE-LIF analysis  

Chain length distribution analysis of the 

samples were performed by measuring the ATPS- 

labeled α 1-4 glucans using a PA-800 (Beckman 

coulter) equipped with a laser-induced fluorescence 

detector (LIF). The total length of the N-CHO-coated 

capillary (i.d., 50µm) was 50cm. The running buffer 

was a mixture of 25mM Li-acetate (pH 4.75) and 0.4 

(w/v) polyethylene oxide. The separation was 

performed for 25min at 30kV and 25°C.  

 

RESULTS 
Conformation of the direct interaction of AtPHS1 

with AtSS4 

As published in [14] a direct protein-protein 

interaction was observed for the plant derived plastidial 

phosphorylase and the starch synthase 4. We therefore 

test if this interaction is observed also under our 

experimental conditions. In E. coli heterologous 

expressed AtPHS1, that has a C-terminal 6x His-tag, 

was incubated with crude extract of Arabidopsis leaves 

harvested in the middle of the light period. Following 

incubation for five minutes at 21°C the recombinant 

AtPHS1 was purified by a Ni-NTA agarose column. 

The proteins bound to the column were eluted and 

analyzed using SDS-PAGE, western blotting, and 

immune detection using a specific antibody against 

AtSS4. As shown in Figure (1, A) the interaction 

between AtSS4 and AtPHS1 was confirmed. As control 

an identical experiment was performed but the 

recombinant AtPHS1 was omitted. In this control 

experiment no signal for AtSS4 was observed, 

excluding any unspecific co-purification of the enzyme 

by this procedure (Figure 1, A). The co-purification is 

specific for AtSS4, as no interaction with AtSS1 and 

AtSS3 was observed (Fig. 1, B). 

 

No protein interaction was observed for the rabbit 

muscle phosphorylase a with AtSS4 

We then test if the rabbit muscle 

phosphorylase a also interacts with AtSS4. Therefore, 

we incubated purified rabbit muscle phosphorylase a 

directly with purified recombinant AtSS4 C-terminal 

fused to a 6x His-tag. Following incubation for five 

minutes at 21°C the His-tagged AtSS4 was purified 

using a Ni-NTA agarose column. The eluted protein 

fraction was tested for the presence of the rabbit 

phosphorylase a using a native-PAGE and staining for 

phosphorylase activity. No phosphorylase was co-

purified with AtSS4 (Fig. 1, C). As maybe the 

interaction of the rabbit muscle Pho a and AtSS4 is 

much weaker and thus during the purification procedure 

the phosphorylase is not co-purified, we included the 

cross-linking by DTSSP. Therefore, we test again first 

the procedure with both plant derived enzymes and 

observed again a clear interaction also using the 

crosslinking protocol (Fig. 1, C). However, using the 

same procedure for Pho a and AtSS4, we did not 

observe any phosphorylase activity (Fig. 1, C). Thus, 

even a very weak protein-protein interaction between 

these two proteins is very unlikely. 

 

 
Fig-1(A) 

 

Fig 1(A): The interaction of starch synthase 4 

(AtSS4) with the recombinant plastidial phosphorylase 

(AtPHS1). 40µg C-terminal 6x His tagged recombinant 

plastidial phosphorylase protein from Arabidopsis 

thaliana expressed in E.coli was incubated with 200µg 

protein crude extract (CE) isolated from Col-0 for 5min 

at 21°C. Following purification of the recombinant 

plastidial phosphorylase using Ni-NTA agarose 
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column, all fractions were analyzed by an antibody 

specific for AtSS4. In addition, in order to rule out the 

possibility of the correlation between AtSS4 and 

AtPHS1 the recombinant plastidial phosphorylase and 

the protein crude extract (CE) isolated from Col-0 were 

incubated with 20 units α-amylase for 10min at 37°C. 

As a control the recombinant plastidial phosphorylase 

was omitted (AtSS4-AtPHS1). (B): 200µg of the crude 

extract with recombinant plastidial phosphorylase were 

incubated then purified with the column, the fractions 

were loaded on native-PAGE and incubated with buffer 

containing 50mM Tricin/KOH pH 8, 25mM K-acetate, 

5mM DTE, 2mM EDTA, 0.02% (w/v) bovin serum 

albumin and 1mM ADPglucose over night at room 

temperature and stained with iodine. Thus no              

co-purification of plastidial phosphorylase with AtSS1 

or AtSS3 was observed. (C): 40µg of the starch 

synthase 4 and 40µg of non-plant phosphorylase a from 

rabbit muscle was incubated with the cross linker 

DTSSP for 5min at 21°C. Following purification using 

Ni-NTA agarose column for the recombinant AtSS4, 

washing, and elution with Imidazole (50 and 150mM) 

all fractions were loaded on native-PAGE and after 

electrophoreses incubated for phosphorylase activity 

staining. Thus, no co-purification of phosphorylase a 

and starch synthase 4 was observed. 

 

Simultaneous incubation of AtPHS1 and AtSS4 

revealed alterations of the glucans accessible by 

isoamylase at the surface of starch 

We did not observe any direct protein-protein 

interaction for phosphorylase a and AtSS4, thus we 

analyzed whether or not the proteins functional interact 

during glucan synthesis. Therefore, we incubated 

AtSS4 with AtPHS1 or Pho a in presence of                 

glucose-1-phosphate and starch as substrate. As control 

AtSS4 was omitted. The glucan products were analyzed 

after 1h incubation in synthesizing direction. Following 

debranching of the starch surface by isoamylase 

treatment, the glucans were analyzed by CE-LIF. We 

observed slightly different glucan distribution patterns 

for both phosphorylase. Thus incubation with the plant 

derived AtPHS1 resulted in elongation of short glucan 

chains compared to the incubation with the animal 

phosphorylase a. However, for the plant derived 

phosphorylase a small increase of shorter glucan chains 

were detected in the presence of AtSS4 that was 

significant, even very weak. However, the resulting 

patterns for the animal phosphorylase showed no 

significant alterations in presence or absence of AtSS4 

(Fig. 2). Thus, no evidence for a functional interaction 

was observed. 
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Fig-2 

 

Fig 2: Chain length distribution of Arabidopsis 

starch formed by the interaction of AtPHS1 or Pho a 

with AtSS4. (A, B): 5mg Arabidopsis starch were 

incubated with 10µg Pho a or 5µg AtPHS1 alone as a 

control or with 5µg AtSS4.The pellets were debranched 

with isoamylase, glucans were labeled with APTS, and 

then separated and detected using CE-LIF. Values are 

the means ± SD (n=3). C: Deference plots to compare 

the effect of AtSS4 on the action of Pho a and AtPHS1. 

Values are the means ± SD (n=3) *, P≤ 0,5 according to 

Student's t-test. 

 

DISCUSSION 
Recently more biochemical and genetic studies 

reveal the role of AtSS4. Thus, it was shown that AtSS4 

is involved in the process of starch initiation by 

formation of the priming molecule, but also appeared to 

be required for other activities during starch synthesis. 

However, the precise role has not yet been clarified 

[18]. All classes of SS contain a highly conserved C-

terminal end that included the glucosyl transferase 

catalytic domains (GT5) and (GT1). The N- terminal 

regions differ in size and amino acid sequence [19]. 

AtSS4 differs from the other classes in containing two 

long coiled-coil domains, extended from the (GT5) 

domain [20, 21].This region is highly conserved and led 

to the suggestion that it is important for protein-protein 

interactions [12, 22]. Recently, more evidences revealed 

that interaction of SS4 with the other proteins is 

important for granule initiation for instance in 

Arabidopsis, thus three proteins were identified, 

belonging to the protein targeting to starch (PTST) 

family, PTST1, PTST2, and PTST3 [23, 24]. Other 

results showed that AtSS4 interact with the protein 

fibrillin1a and 1b (FBN 1a and FBN 1b), respectively 

which are mainly located in the plastoglobules (PGs) 

[25]. Furthermore, a protein named PII1 (protein 

involved in starch initiation) was identified as an 

interacting protein of AtSS4. Also the pii1 mutant 

revealed a reduced number of starch granules compared 

to the wild type [26]. It was also reported, that AtSS4 

interacts with the plastidial starch phosphorylase 

(AtPHS1) [14]. In the present study we tested whether 

or not this reported interaction is specific for plant 

phosphorylase or can this interaction also be observed 

by non-plant phosphorylases. Therefore, we included 

the rabbit muscle phosphorylase a. Both proteins share 

the same biochemical reaction that catalyses the 

reversible reaction of α 1-4 glucan and inorganic 

phosphate to glucose-1-phosphate and a glucan reduced 

in length by one glucosyl unit from the non-reducing 

end. We analyzed the direct protein-protein interaction 

and showed that AtSS4 and AtPHS1 interact, as 

reported by [14]. However, no interaction of AtSS4 and 

Pho a was observed (Fig.1, C) .As we know all 

phosphorylases consist of dimers or tetramers of 

identical subunits. Further, their kinetic and structural 

properties are also similar but, they differ in their 

regulation mechanisms which depend on the source of 

these enzymes [4]. Thus, the presence of specialized 

interaction between AtSS4 and AtPHS1 can be 

explained by the origin of these enzymes.  

 

Furthermore, we analyzed if a functional 

interaction can be detected. Therefore, we incubated 

both phosphorylases with starch and glucose 1-

phosphate (synthesizing reaction), and analyzed the 

formed product by CE-LIF in presence and absence of 

AtSS4. However, the significant elongation of short 

glucan chains in the presence of AtSS4 with AtPHS1 

indicates a functional interaction between both proteins 

(Fig. 2, A). By contrast, no significant alterations were 

observed in the presence of AtSS4 with Pho a, thus a 

functional interaction can be excluded (Fig 2, B). 

However, missing of the functional interaction between 

AtSS4 and Pho a and the clear detection with AtPHS1 

uncover a potential function for AtSS4 with AtPHS1 

during starch synthesis. Several studies revealed that 
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starch phosphorylase has a certain effect during starch 

synthesis rather than during degradation in higher 

plants. While, it was shown that the increasing of starch 

phosphorylase activity coincides with starch 

accumulation in wheat, developing rice cereal 

endosperms, and [5, 6, 27]. 

 

Our study showed that Arabidopsis plastidial 

phosphorylase (AtPHS1) specifically interacts with 

AtSS4 that cannot be replaced by Pho a. However, so 

far it is unclear whether or not other plant derived 

phosphorylases can replace the Arabidopsis enzyme 

and if all animal phosphorylases don’t show an 

interaction with the AtSS4. However, our data support 

the idea that during starch synthesis the plastidial 

phosphorylase and the starch synthase 4 interact. 
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