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amylopectin. Taken together, these results provide essential information about starch synthesis
initiation in crop plants like barley and shed new light on the functionality of Pho1 in starch
biosynthesis.

Results

Immunological and zymographic detection of HvPho1 throughout barley
endosperm development
The amount of ��Pho1 throughout endosperm development between 0 and 24 days after
flowering (DAF) was determined using semi-quantitative immunological analysis with highly
pure recombinant ��Pho1 as a standard (Fig 1A). Our results show that ��Pho1 is already
present at 0 DAF with its abundance decreasing in the following 10 days. This is followed by a
large increase in protein production at 12 DAF. Protein levels of ��Pho1 remain high until 24
DAF. Native gel analysis of the same protein samples shows that ��Pho1 activity does not
completely correlate with ��Pho1 abundance (Fig 1B and 1C). The activity of ��Pho1 first

Fig 1. Abundance levels and enzymatic activity of HvPho1 during barley endosperm development. (A)
HvPho1 protein abundance from barley endosperm extracts analyzed via immunoblot at 2 d intervals. Only one
band is visible just above 100 kDa in accordance with an expected mass of 105 kDa. (B) Relative quantification
of the data from panel A (blue line) and activity from panel C (H2O control; red line). (C) Starch phosphorylase
activity probed in 2 day intervals as for panel A but with native gels and Lugol coloring of activity products.
Strong synthetic activity appears as a dark stained band and is marked with a black arrow. White bands and
smears represent amylolytic activities. All gels include a recombinant HvPho1 control as the right-most band.
The different redox treatments are indicated next to each gel. (D) Immunoblot (top) and native gel (bottom)
analysis of HvPho1 protein abundance on buffer soluble (S) protein and buffer insoluble (P) protein fractions of
barley endosperm between 0 and 8 DAF. Numbers indicate the DAF. Arrows mark the position of the two
relevant bands in the immunoblot and the position of the (single) activity band in the zymogram.

https://doi.org/10.1371/journal.pone.0175488.g001
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decreased and subsequently increased between 0 DAF and 10 DAF. The activity levels then
greatly increased at 12 DAF but steadily decreased thereafter.

The discrepancy between protein abundance and activity levels could be due to specific
modifications of ��Pho1 during endosperm development. We tested the hypothesis that the
redox state could be influencing the activity levels of ��Pho1 by incubating soluble barley
endosperm protein extracts harvested at 0 to 24 DAF with either H2O (as control), reduced
DTT, oxidized DTT or a barley thioredoxin system composed of highly purified recombinant
thioredoxin (��Trxh2), thioredoxin reductase (��NTR2) and NADPH [19], prior to native
gel analysis. No significant effect on ��Pho1 activity was observed (Fig 1C). The activity of
purified recombinant ��Pho1 (control lane) was also not affected by the same treatment. In
contrast, the overall amylolytic activities increased when plant protein samples were treated
with reduced DTT or the thioredoxin system.

These analyses were done using soluble grain extracts. Interestingly a protein band specific
for the anti-��Pho1 antibody, of approximately 20 kDa less than the full-length ��Pho1, par-
tially associates with the insoluble protein fraction during the onset of endosperm develop-
ment (0 DAF to 6 DAF). The fragment was most prominent at 2 DAF (Fig 1D), although still
representing only a minor fraction of total Pho1 abundance. Native gel analysis on those frac-
tions showed that both proteins (full-length and full-length minus ~20 kDa) are active with
glycogen and G1P as substrates (Fig 1D).

Assessment of the oligomeric state of active HvPho1 and effect of the
L78 insertion of Pho1
Data about the oligomeric state of ��Pho1 �� ����� and �� ���� were lacking and we assessed
the hydrodynamic properties of the enzyme prior to structural studies. Therefore, we used size
exclusion chromatography (SEC), native gel electrophoresis and dynamic light scattering
(DLS) analysis to assess the oligomeric state of ��Pho1 in barley endosperm. The SEC elution
pattern of ��Pho1 ranged from 300 kDa to 360 kDa with a maximum at 330 kDa (Fig 2A and
2B). The SDS-PAGE gel migration pattern of those bands corresponds to a size of just above
100 kDa in good agreement with the calculated monomeric size of ��Pho1 of 105 kDa.

To determine if the protein forms trimers in solution, we chemically cross-linked recombi-
nant ��Pho1 using glutaraldehyde. After 30 s of incubation with glutaraldehyde (0.15% v/v)
the cross-linking of the ��Pho1 dimer was apparent by SDS-PAGE with no evidence of higher
oligomerization states (Fig 2C). Thus, we considered if the high apparent molecular weight in
SEC analysis could be due to the presence of other proteins in complex with Pho1.

We analyzed SEC fractions containing ��Pho1 with antibodies targeted against branch-
ing enzyme IIb (��BeIIb), since these two proteins have been reported to have a functional
interaction which could also be physical [10], but ��BeIIb does not appear to co-elute with
��Pho1 (Fig 2D). Fractions containing ��BeIIb instead eluted at a position which corre-
sponds to a dimer of 190 kDa. No changes in the elution profile of ��Pho1 or ��BeIIb
occurred after ATP treatment of endosperm extracts either (Fig 2D). We also tested the SEC
behavior of recombinant ��Pho1 in mixtures with recombinant branching enzyme I
(��BeI), branching enzyme IIa ���BeIIa) and ��BeIIb. Each protein eluted at its expected
elution volume, hence we could not find any interaction between these three branching
enzymes and ��Pho1 �� �����.

Pho1 contains a specific insertion that is not found in Pho2 enzymes. This insertion was
named L78 in sweet potato ��Pho1 based on its length. It was suggested that L78 forms a flexi-
ble loop in Pho1 enzymes [17,18]. However, the exact function of this insertion has not been
elucidated. The L78 insertion within the GT35 domain of ��Pho1 contains a large number of
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Fig 2. Apparent molecular weights and affinity of HvPho1 constructs. (A), (B), (C) Total barley endosperm
soluble protein loaded onto a 26/60 Superdex S-200 SEC column. (A) Protein fractions as analyzed by
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