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terminal domain common to both proteins. The sub-domains of the DSP domain are labeled per 

standard nomenclature (Alonso et al., 2003) and colored in the following manner: green, substrate-

recognition domain; black, delta-like; purple, variable loop; beige, D-loop; red, active site; black, 

AYLM motif; and salmon, R-motif. The Asp and Cys that participate in the nucleophilic attack of 

the phospho-substrate are boxed in red. 

B. Percent similarity (in black) and identity (in red) between Arabidopsis LSF2 and SEX4 for the 

full- length proteins (left), for the dual specificity phosphatase domain (DSP), and carboxy-terminal 

domain (CT), as indicated. 

C. The C-terminal domain is essential for soluble expression of LSF2. Coomassie-stained SDS-

PAGE showing the purification of LSF2 (32 kDa) and LSF2CT (28 kDA), which lacks the C-

terminal 35 residues. UI, uninduced cells; I, cells induced with IPTG; P, pellet of insoluble protein; 

S, soluble protein; E, eluted fraction. 
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Supplemental Figure 2. Temporal and spatial expression pattern of LSF2. 

A-G. GUS reporter gene expression in transgenic Arabidopsis plants carrying the β-glucuronidase 

gene fused downstream of the LSF2 promoter. (A) Seven-day-old seedlings. After 6 h, staining was 

strongest in cotyledons, the vasculature, the lower part of the hypocotyl and the root-shoot junction. 

(B) Seven-day-old etiolated seedlings. Staining was observed only in the vasculature. (C) Floral 

organs. Strong staining was observed in the sepal vasculature, the stamen and the distal part of the 

style. (D and E) Roots of light-grown seven-day-old seedlings (as in (A)). Staining was detected in 

the central cylinder and the root tip and the lateral root primordia. (F) Developing siliques. (G) A 

decrease in staining was observed in cotyledons of light-grown seedlings after 72 h of dark treatment 

(samples were stained for 24 h). 

H. Expression levels of LSF2 in different organs at different developmental stages. Data were 

retrieved from the public eFP browser microarray dataset ‘Developmental map’ 

(http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Each value is the mean ± SD of three replicate 

samples. 

I. Comparison of expression profiles of SEX4 and LSF2 over a diurnal cycle (12 h dark/12 h light). 

Expression values were normalized to the median of all eleven time points for each gene. Data used 

in this analysis are from Smith et al. (2004) and were retrieved from the NASC website 

(http://arabidopsis.info/). 

J. Numbers of peptides identified in different tissue proteomes of Arabidopsis (http://fgcz-

atproteome.unizh.ch/). Overall, the number of identified peptides is representative of protein 

abundance. 
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Supplemental Figure 6. Phenotypic characterization of lsf2 mutant alleles.  

A. Quantitative RT (Reverse Transcriptase)-PCR analysis of LSF2 expression in leaves of 4-week-

old plants. Transcript level for each line was normalized to the expression of the PP2A housekeeping 

gene. Transcript levels in lsf2 plants are given relative to the respective wild-type plants. Reactions 

were run in triplicate with three different cDNA preparations and each value is the mean ± SE. 

B. Release of 33P from isolated starch granules by crude extracts of wild-type and lsf2 leaves. 

Purified phosphate-free starch granules from the GWD-deficient Arabidopsis sex1-3 mutant were 

pre-labeled with 33P at either the C6- or C3-positions and were then incubated with desalted leaf 

extracts. Phosphate release over time was linear under these conditions and is expressed relative to 

the phosphate released by the corresponding wild-type extracts. Each value is the mean ± SE of four 

replicate samples. 

C. Leaf starch content at the end of the day and the end of the night (as indicated) in the wild types 

Col-0 and Ler-0 and in the lsf2-1and lsf2-2 mutants. Each value is the mean ± SE of eight replicate 

samples. FW, fresh weight. 

D. Starch-bound phosphate content in lsf2-1 and lsf2-2 mutant alleles and their respective wild types. 

The phosphate content of starch purified from leaves of 4-week-old plants harvested at the end of the 

light period is shown as grey bars. The amylopectin content for the same starch preparations was 

determined to be 92.6% ± 0.2% for Col-0, 91.4% ± 0.1% for lsf2-1, 88.7% ± 0.4% for Ler, and 

88.4% ± 0.5% for lsf2-2. Amylopectin-bound phosphate (black bars) was calculated assuming all the 

phosphate is bound to amylopectin. Each value is the mean ± SE of four replicate samples. 
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detailed acquisition parameters are given in Supplemental Table 1. Spectra were processed with 

Topspin 2.1 (Bruker AG) and analyzed with Sparky (Goddard and Kneller). The 1H axis was 

calibrated to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) according to Markley et al. (1998) 

and the 31P axis was indirectly referenced to H3PO4 (85% wt solution in H2O) using a  value of 

0.404807356 (Maurer and Kalbitzer, 1996). 

The 31P chemical shifts of the hydrolyzed starch are numbered 1 to 4 and the chemical shifts of 

correlated protons within the phosphorylated glucose are indicated. Signal 1 is assigned to C3-bound 

phosphate because the 31P-1H HSQC shows a single correlation with a similar coupling pattern as in 

the reference substance Glc-3P and all the 1H chemical shifts of 2D TOCSY correlations within the 

same sugar ring correspond to calculated chemical shifts of a Glc-3P flanked by 1,4-linked Glc 

units on either side using the software CASPER (Lundborg and Widmalm, 2011). The lack of a 

correlation to H1 (5.35 ppm) in the 2D DQF-COSY excludes a C2-bound phosphate. Signals 2 and 3 

show correlations to two protons, indicative that the phosphate is bound to a CH2 group and thus to 

C6. Signal 4 did not show any 31P-1H correlation and was assigned to inorganic phosphate. A 

TOCSY mixing time of 120 ms was used. 

 

  

Supplemental Data. Santelia et al. (2011). Plant Cell 10.1105/tpc.111.092155 

11



 

 

 

 

 

 

 

Supplemen

1D 31P NM

recorded at

calculate th

of each pea

 

ntal Figure

MR spectra

t 303 K, p

he relative a

ak. 

e 8. 31P NM

a of lsf2-2 

pH 6.0, wit

amounts of 

 

R analysis 

(bottom) in

th between 

phosphate a

S12 

of Arabidop

n comparis

9216 and

at each pos

opsis starch

son with w

16384 tran

ition, which

 

-bound pho

ild type Le

nsients. Pea

h are given 

lsf2-2 

Ler 

osphate. 

er (top). Sp

ak areas w

as a percen

pectra were

were used to

ntage on top

e 

o 

p 

Supplemental Data. Santelia et al. (2011). Plant Cell 10.1105/tpc.111.092155 

12



 

 

Supplemen

MALDI-TO

starch (see 

a mixture o

1 phosphate

low. Mass c

Mass (m/z)

N, polymer

*, multiplie

 

ntal Figure

OF spectrum

Methods). 

of phosphor

e. Doubly p

calculations

) = 180 + 39

rization deg

ed by 

e 9. MALDI

m of phosp

The spectru

rylated oligo

phosphoryla

s are as follo

9 (K) + N* 

gree - 1 

 

I/MS/MS a

phorylated o

um displays

osaccharide

ated glucans

ows:  

162 + 80 

S13 

analysis of p

oligosaccha

s a series of

es ranging fr

s were also 

phosphoryl

arides derive

f species dif

rom 3 hexo

detected, b

lated oligos

ed from dig

ffering by 1

ses + 1 pho

but the signa

saccharides

gested Col-

162.1 m/z, i

osphate to 1

al intensitie

s. 

-0 wild-type

ndicative o

6 hexoses +

es were very

 

e 

f 

+ 

y 

Supplemental Data. Santelia et al. (2011). Plant Cell 10.1105/tpc.111.092155 

13



 
S14 

 

Supplemental Data. Santelia et al. (2011). Plant Cell 10.1105/tpc.111.092155 

14



S15 
 

Supplemental Figure 10. GWD and PWD protein levels in leaves of wild type Col-0, lsf2, sex4, 

and lsf2 sex4 plants. 

Total protein was extracted from 4-week-old plants harvested at the end of the light period and equal 

amounts of protein were separated by SDS-PAGE. GWD and PWD were then detected by 

immunoblotting using an antibody against potato GWD and Arabidopsis PWD, respectively. The 

Rubisco large subunit (RbcL), which appeared as a dominant band when the extracts were visualized 

using Coomassie-stained SDS-PAGE, was used as internal loading control. Densitometry analysis of 

three replicate blots was used to quantify the band intensities. Values are expressed relative to the 

mean band intensity of the wild type. Both sex4 and lsf2 sex4 had small, but significant increases in 

GWD , whereas no differences were detected for PWD . Each value is the mean ± SE of three 

biological samples. Each sample was blotted in three technical replicates. Asterisks indicate 

significant differences (p value < 0.05). 
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Supplemental Table 2. Sequence of primers used in this work. 

Primer Sequence 

Primers used for genotyping homozygous mutant plants 

T-DNA left border primers 

LBb1 Sail GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC 

LBb1 Salk GCGTGGACCGCTTGCTGCAACT 

DS3-2 (for GT10871) CCGGTATATCCCGTTTTCG 

lsf2-1 (Sail_595 F04) 

SAIL_595 F04 LP ATATTGCGGTGCAACTTTACG 

SAIL_595 F04 RP CTGAGCATTTATCAGTTGGGG 

lsf2-2 (GT10871) 

At3g10940_fw1 TGTGATTGGAAGCAAGAGCT 

At3g10940_re1 CCGAACACGTTCTTGAATCAAC 

sex4-3 (Salk_102567) 

Salk_102567 LP AAGCTGATGCGTAATGAATCG 

Salk_102567 RP GAAATCCCCAAACATCCTCAC 

Primer used for qRT-PCR 

PP2A houskeeping gene (At1g13320) 
PP2A_F01 CTCTTACCTGCGGTAATAACTG 

PP2A_R01  CATGGCCGTATCATGTTCTC 

LSF2 gene (At3g10940) 

At3g10940_F01 GACATGAATCTTAACACGGCT 
At3g10940_R01 ATCATATGTTGCACCACGG 

Primers used for recombinant cloning 

Subcellular localization (LSF2-GFP) 

LSF2pGFP2 fw (KpnI site added) GGGGTACCATGAGTGTGATTGGAAGC 

LSF2pGFP2 rev (KpnI site added)  GGGGTACCGGTTCCACGGAGGGCC 

Construction of LSF2prom:GUS fusion gene 

LSF2prom fw GATTGCATTATTGATTTGTTGCTCTTGTAG 

LSF2prom rev CGTTCTCTATCTCTCGTTCTTCACCTG 

Cloning of recombinant proteins 

LSF2 wt 

LSF2 full length cDNA fw ATGAGTGTGATTGGAAGCAAGAGC 

LSF2 full length cDNA rev TCAGGTTCCACGGAGGGC 

65-LSF2 

65-LSF2_fw TTTCATATGAACAAAATGGAGGATTACAATACAGC 

65-LSF2_rev AAACTCGAGTCATCAGGTTCCACGGAGGGCC 

78-LSF2 

78-LSF2_fw TTTCATATGATGAGAAGCCCTTATGAATATCATCATG 

78-LSF2_rev AAACTCGAGTCATCAGGTTCCACGGAGGGCC 

LSF2CT 

LSF2-CT fw GAATGATCCCTGAAAAGAGCCCTTTG 

LSF2-CT rev CAAAGGGCTCTTTTCAGGGATCATTC 

LSF2 C/S 

LSF2 C193S fw GGTAAAGGAAGAGTCTATGTGCATTCTTCAGCCGGATTGG 

LSF2 C193S rev CCAATCCGGCTGAAGAATGCACATAGACTCTTCCTTTACC 
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