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A gel filtration assay to determine glycogen synthase activity
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Abstract

We developed a gel filtration assay for the determination of glycogen synthase activity in cultured cells or tissue homogenates. Compared
to the commonly used filter paper assay, the gel filtration assay resulted in a more than 5-fold reduction of background levels leading to an –
at least – twofold increase in precision. These benefits allow the gel filtration method to detect differences of±5% in enzyme activity out of
300�g total cell protein. In addition to high precision and sensitivity, the method’s additional salient advantages include lesser expenditure
of time and labour and reduced exposure time of the personnel to radioactivity.
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. Introduction

Glycogen synthase (EC 2.4.1.11) is a key enzyme in the
egulation of glycogen synthesis. Its activity is regulated by
hosphorylation and dephosphorylation at least at nine dif-

erent sites[1,2]. Enzyme activity is also regulated by the al-
osteric activator glucose-6-phosphate and other phosphory-
ated monosaccharides[3]. Insulin stimulates glycogen syn-
hase activity by increasing intracellular glucose-6-phosphate
oncentrations and, moreover, by activating a signalling cas-
ade resulting in dephosphorylation of glycogen synthase.
lycogen synthase activity is most commonly determined to
tudy the effects of changes in the phosphorylation pattern of
lycogen synthase and of mutations in the glycogen synthase
ene on enzyme activity[4,5]. Reduced glycogen synthase
ctivity has been observed in a number of different metabolic
iseases including type-2 diabetes[6–8].

To our knowledge, two different approaches have been
ublished to determine glycogen synthase activity. The first
ethod is based on UDP release from UDP-glucose upon

ncorporation into glycogen[3]. Free UDP is subsequently
easured photometrically by an indicator reaction. The large

amount of required sample material limits the applicatio
this method.

The second method, originally published by Thomas e
exhibits an increased sensitivity allowing its use with sma
samples[9]. For this assay, cell- or tissue homogenates
mixed with glycogen and radiolabeled UDP-glucose in
presence or absence of glucose-6-phosphate. The sep
of incorporated from free UDP-glucose is achieved by s
ting the reaction mix onto a filter paper followed by exten
washing with ethanol. Several modifications of the orig
protocol based on filter paper precipitation for bound/
separation have been published resulting, however, in n
nificant improvement of the assay’s precision[10–12].

Here we report a glycogen synthase activity assay w
affords a higher precision and accuracy by using gel filtra
instead of filter paper precipitation to separate incorpor
from free UDP-glucose.

2. Experimental

2.1. Chemicals and reagents
∗ Corresponding author. Tel.: +43 512 504 23326; fax: +43 512 504 28539.
E-mail address:michael.pedrini@uibk.ac.at (M.T. Pedrini).

L6 Skeletal muscle cells were purchased from ATCC
(Manassas, Virginia, USA), foetal calf serum (FCS, Cat. No.
570-0232/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.jchromb.2005.02.019
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C-3736) was from PromoCell (Heidelberg, Germany), UDP-
[U-14C]-glucose (25�Ci/ml, Cat. No. CFB102) was from
Amersham Pharmacia Biotech (Buckinghamshire, UK).
PMSF and the Quick Spin Columns Sephadex G50 were
supplied by Roche (Hertfordshire, England). Sephacryl S100
HR was from Amersham Biosciences (Uppsala, Sweden) and
insulin-free bovine serum albumin (BSA, Clinical Reagent
Grade, RIA Grade, Cat. No 105033) from Valeant Pharma-
ceuticals (Bryan, Ohio, USA). Insulin (human recombinant,
cell culture tested),�-MEM, glycogen, glucose-6-phosphate,
UDP-glucose and all others reagents were from Sigma (St.
Louis, Missouri, USA). Whatman filter paper No. 3 (Madis-
ton, England) was used for the filter paper assay.

2.2. Cell culture

The L6 skeletal muscle cells were seeded at 5–6× 103

cells/cm2. Cells were cultured in�-MEM containing 10%
FCS to confluency and then switched to the same media
containing 2% FCS. Experiments were performed with fully
differentiated L6 skeletal muscle cells grown in 60 mm cell
culture dishes. Each plate contained 300�g total protein es-
timated by the method of Bradford using a BSA standard.
Following overnight starvation, cells were incubated without
or with 100 nM insulin for 30 min at 37◦C.
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tensively with ice-cold 70% ethanol. Radioactivity was then
counted.

2.3.2. Gel filtration method
The reaction was terminated by adding 50�l of 0.6N per-

chloric acid to the sample. Then 50�l of the sample were
loaded onto Quick Spin Columns Sephadex G50 (Roche).
The columns were subsequently centrifuged at 1000× g for
4 min and eluted radioactivity was counted. In a pilot ex-
periment we first confirmed that the addition of perchloric
acid to our samples did not affect the retention and filtration
properties of the columns.

2.4. Calculations

To determine total and basal activity, 30�l collecting
buffer, 60�l reaction mix and 50�l of 0.6N perchloric acid
were mixed. For total activity (DPMtotal), 50�l of this mix
was counted. For the basal activity (DPMbasal), 50�l of the
above mix was loaded onto a column, centrifuged and then
radioactivity was counted in the eluate.

Glucose integration (GI) into glycogen was calculated as
GI = (DPMsample− DPMbasal)/DPMtotal.

Glycogen synthase activity (GSA) was then calculated as
GSA = GIlow G6P/GIhigh G6P.
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.3. Sample preparation

Cells were washed twice with ice-cold washing bu
50 mM Tris–HCl, pH 7.6, 100 mM potassium fluoride) a
ubsequently scraped in 100�l collecting buffer (50 mM
ris–HCl, pH 7.6, 30% glycerol, 1 mM EDTA, 100 m
otassium fluoride, 10�g/ml aprotinin, 10�g/ml leupeptin
mM PMSF). Cells were lysed by sonification and after c

rifugation at 1000×g for 10 min at 4◦C, the supernatant
ach sample was split in two fractions of 30�l each. To on
f these fractions, 60�l of reaction mix (50 mM Tris–HC
H 7.6, 20 mM EDTA, 25 mM potassium fluoride, 10 mg
lycogen, 7.2 mM UDP-glucose, 25�Ci/ml UDP-[U-14C]-
lucose) including 0.3 mM glucose-6-phosphate conce

ion (low G6P) and to the other fraction, 60�l of the above
eaction mix including 6.7 mM glucose-6-phosphate con
ration (high G6P) were added[13]. These concentratio
f glucose-6-phosphate were chosen since after dilutio

he reaction mix with 30�l of collection buffer the resultin
lucose-6-phosphate concentrations of 0.2 and 4.5 mM
pectively, correspond to physiological intracellular gluc
-phosphate concentrations in the unstimulated (0.2

14] and in the maximally stimulated state (4.5 mM)[15].
amples were incubated for 120 min (unless otherwise s

n a water bath at 30◦C under constant agitation.

.3.1. Filter paper method
For the filter paper method[9], the reaction was terminat

y spotting 85�l of the sample onto 2 cm× 2 cm square
f Whatman filter paper that were subsequently washe
. Results and discussion

In a series of pilot experiments we analysed the filtrat
nd retention properties of the Quick Spin Columns

ng pure glucose- and glycogen solutions. We were ab
emonstrate that 0.2–0.5% of glucose and over 95% of g
en were found in the eluate indicating a strong separ
ower of the gel filtration method (Table 1). Comparabl
esults were achieved using Sephacryl S100 HR inste
uick Spin Columns (data not shown).
To determine the linear range of glycogen synthase a

ty as a function of time in our cell culture system, the gly
en synthase reaction was performed for various lengt

ime. Cells were incubated without or with 100 nM insu
ysed and subsequently analysed for glycogen synthase
ty using gel filtration as the separation technique. As sh
n Fig. 1, glucose incorporation into glycogen was found to
inear for up to 240 min of incubation time. Linearity is a

able 1
iltration and retention properties of Quick Spin Columns Sephadex G

Loaded (�g) Eluted (�g) % eluted N

lucose 529± 7 1.55± 0.86 0.3± 0.16 8
lycogen 430± 12.5 412.5± 3 96 ± 0.71 8

ifty microlitres of pure glucose or glycogen solutions were loaded
olumns, and filtration was performed as described. Glucose and gly
oncentrations were measured in the sample prior to loading and
luate. Experiments were performed twice in quadruplicates. Numbe
xpressed as mean± standard deviation.
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Table 2
Comparison of gel filtration and filter paper method

Filter paper Gel filtration p-valuet-test p-value Levene test

Background levels (DPM) 245.2± 60.5 52.6± 22.5 <0.001 0.04
Glycogen synthase activity without insulin in % of

the glucose-6-phosphate stimulated condition
52.0± 15.1% 45.7± 6.0% NS 0.003

Glycogen synthase activity with 100 nM insulin in %
of the glucose-6-phosphate stimulated condition

68.2± 16.2% 70.5± 5.4% NS 0.01

Cells were incubated without or with 100 nM insulin for 30 min, lysed and incubated with low and high glucose-6-phosphate as described in Section2. Glycogen
synthase reaction was performed for 2 h. Experiments were performed seven times in duplicates (N= 14).p-values for assessing differences of the means were
calculated using the unpairedt-test;p-values for assessing differences of the standard deviation were calculated using the Levene test. Numbers are expressed
as mean± standard deviation. NS, not significant.

Fig. 1. Glucose integration into glycogen as a function of glycogen syn-
thase reaction time. Cells were incubated without or with 100 nM insulin for
30 min, lysed and incubated with low and high glucose-6-phosphate con-
centrations as described in Section2. The glycogen synthase reaction was
terminated after 0, 20, 40, 60, 90 120 and 240 min. Glycogen was separated
from unincorporated UDP-glucose by gel filtration. Glucose integration into
glycogen was expressed in percent of total labelled glucose. Experiments
were performed twice in triplicates for each time point. G6P, glucose-6-
phosphate; Ins, insulin.

evidenced by high correlation coefficients (r2 > 0.97,N= 6
for each of the 6 time points). For all following experiments,
we performed a 120 min incubation for the glycogen synthase
reaction.

Next, we compared the gel filtration method with the
filter paper assay which, in our hands, showed similar de-
grees of variance compared to a number of published reports
[5,10,11,16].

As shown inTable 2, no significant differences in glycogen
synthase activity were found between both separation tech-
niques. However, using the gel filtration method the back-
ground could be reduced 5-fold (N= 14) and standard devia-
tion of glycogen synthase activity was reduced significantly
by about 50% (N= 14). The reduced background levels of
the assay allow the detection of even±5% differences in en-
zyme activity among various conditions. In addition to the
improved precision and sensitivity, the gel filtration’s salient
advantages compared to the filter paper assay include lesse

expenditure of time and labour, avoidance of contaminated
washing solutions and, thus, reduced exposure time of the
personnel to radioactivity.
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